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1- 2 

a) Current X-Band links from Satellite to Ground for medium data rates are limited in 
gain and to one beam. In order to increase the potential data rate, the objectives of this study is 
to desi~n and manufacture a multibeam scannini antenna (l\P to three beams in three a~ sub-bands) for a LEO mission (800 Kms). It covers a very promising domain for future 
performant spaceborne missions. 

The concept choosen to satisfy the mission is a Conformal Array Antenna made on a 
truncated cone. 

This concept presents some advantages: 
- electronically scanning (no mechanical disturbances during scan operation) 
- higher gain than conventionnal antenna (due to its interesting geometry, particularly 
well suited to a large field of view as required in LEO mission) 

A Conformal Array Antenna (with a single beam) had been developed by ALCATEL during a 
similar CNES study (SPOT mission with an altitude between 680 and 800 KIns). This antenna 
was built in a truncated cone of 60 columns and an active concept was choosen to form the 
beam: the electronically scanning consisted in switching ON/OFF columns around the 
circonference of the cone. 

In this study, the same concept will be extended to three beams generation and the passive and 
semi-active options will then be studied. 

b) The study has been carried on by an international team lead by ALCA TEL Espace, 
with CASA, and LEMA / EPFL as subcontractors. 

c) As recalled on the WBS next page (fig. I-a), the study is divided in three phases: 

PHASE I 

- a system analysis 
- a trade-off between active, semi-active and passive concepts 
- preliminary design and performances computations for these concepts 

PHASE 2 

- detailed design of all parts of the antenna 

PHASE 3 

- manufacturing and test of an elegant breadboard of the antenna 
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1. SCOPE 

The aim of this document is to define the best configuration for the payload telemetry 

transmitter, taking into account: 

1 - The spectral allocation constraints at X-band (8025-8400 MHz) and ; 

2 - The degradation not to be exceeded for the link quality losses (ACI and IMP) of the 

3-carriers multiplex. 

The output of the document is a proposal for an updated requirement specification of the 

conformal array antenna. 
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2. APPLICABLE AND REFERENCE DOCUMENTS 

2.1. Applicable documents 

[AD1]: Negociation Meeting DOTT 95058 at ESTEC on 25/10/95. 

[AD2] : Confonnal array antenna proposal in response to ESA-AO 2816 (p627E, ITom June 

1995). 

[AD3] : Confonnal array antenna: Answers to ESA questions and updating ofP627E 

proposal (p627E, Rev. A fÌ'om October 1995). 

2.2. Reference documents 

[RDl] : UIT/CCIR. Regulation of Radio-Communications RR8-137/139. 

[RD2] : UIT/CCIR. Rapport 687-1 : règles de partage SFS (7-8 GHz) et Espace lointain. 

[RD3] : UIT/CCIR. Recommandation 358-3 : Flux max. admissibles au sol produits par 

satellites. 

[RD4] : UIT/CCIR. Rapport 685-3 : Protections de l'Espace lointain. 

[RD5] : UIT /CCIR. Recommandation 328-7 : Spectres et largeur de bande d' émission. 
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3. MAIN SYSTEM HYPOTHESIS 

3.1. X-Band Link Hypothesis 

- Orbit geometry: the assumption is an heliosynchronous orbit at 800 Km altitude. 

The mission type is considered similar to ERS or ENVISA T systems. 

- Operational conditions: the transmission system is designed in order to be able to send data 

trom satellite to earth as soon as the elevation angle is equal or higher than 50. 

The link budgets are defined for Kiruna 1 earth station [AD 1]. 

- Multiplex definition: up to three QPSK or BPSK-modulated carriers can be transmitted. 

In case ofBPSK modem, the data rate on one carrier is 50 Mb/s, and for QPSK modem the 

data rate becomes 2*50 Mb/s. 

The 3 carriers trequencies are 8100, 8200 and 8300 MHz. This trequency plan can be 

reviewed in the course of this study. 

- Telecommunication characteristics: the BER requirement is 10-7 for BPSK modulation 

and 10..5 for QPSK modulation. 

The link availability requirement is 99%. 
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3.2. Frequency AUocation Constraints 

The fTequency bandwidth within the range 8025-8400 MHz is allocated by UIT ICCIR to the 

earth exploration service (EEX), as reported in document [RD 1]. 

3.2.1. Compatibility with Satellite Services below 8.025 GHz and within 

8.025-8.4 GHz range. 

It is required by UIT/CCIR that space agencies and space operators insure the compatibility 

between the Earth Exploration Service (EEX) and the FixedIMobile Satellite Services 

(FFS/MSS). This is ruled by the report [RD2] and the recommendation [RD3] fÌ"om CCIR and 

also confirmed by the final acts ofW ARC-92 and W ARC-95 (Genève). 

Below 8025 MHz, the maximum power flux at earth level shall not exceed the following 

values, 8 being the earth station elevation angle: 

- 152 db(W/m2) pour 8 ~ 50 

- 152 + 0.5 * (8 - 5) db(W/m2) pour 50 < 8 ~ 250 

- 142 db(W 1m2) pour 250 < 8 ~ 900 

Power flux density limits are integrated in any 4 KHz bandwidth. 

Within the 8.025-8.4 GHz range, the levels are quite similar to the previous ones (-150 and 

-140 instead of -152 and -142 are given in WARC-95 document). 
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3.2.2. Compatibility with the Satellite Services above 8.4 GHz 

It concerns the sharing conditions between the Earth Exploration Service and the Space 

Research Service (Deep Space). The regulation rules are given in report [RD4]. 

This report defines that the maximum admissible Power Flux Density at earth level shall not 

exceed - 255 dbW/m21Hz within the ffequency range 8.4-8.45 GHz. 

3.2.3 . Occupancy of the allocated frequency channel. 

CCIR define as follows the signal frequency bandwidth [RD5] : 

It is the bandwidth in which 99% of the total transmitted power is concentrated. 

This definition applies to the allocated bandwidth 8.025-8.4 GHz. 

The signal here is the 3-carriers multiplex. 
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The PSK spectra of the three modulated carriers are given on figures 4.1.11 A, 4.1.11B 

and 4. 1. 1IC. 
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Figure 4.1.1IA : Channell spectrum (8.1 GHz). 
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The required filtering attenuation depends on the channel linearity. 

When it is linear, the analysis is detailed in annex 1 and the conclusion is that a smooth pass- 

band filter (6 dB attenuation at 8025 and 8400 MHz) is sufficient. 

In case the channel is non-linear, we have to consider a power rise ofPSK spectrum 

secondary lobes. As computed in annex 2.1, an extra-dB attenuation (total 7 dB) has to be 

added for the filter out-of-band attenuation. 

4.1.2. Out-of-band Power Flux Density 

4. 1.2. 1. Linear channel 

We have to deal with power flux below 8025 MHz and power flux above 8400 MHz. 
- Below 8025 MHz, the worst case is obtained for channell (8100 Mhz). The computed 

Power Flux within 4 KHz bandwidth is shown on figure 4.l.2/A. 
The margin w.r.t. the requirement is lúgher than 20 dB and there is no need of filter for that. 

Power Flux for F < 8025 MHz I 
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Figure 4.1.2/ A : Channell power flux 
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- Above 8400 Mhz, the worst case condition is for channel 3. The computed Power Flux 

Density (PFD) is shown on figure 4 .1.21B. 

There is no margin and the out-of-spec. is around 38 dB. As a worst case, the contributions 

of channel 2 (5 dB below) and of channell (8 dB below) can increase the total out-of-spec 

value to 40 dB (when r.m.s. summed). 

Computation of power fluxes is given in annex 3. 

I Power Flux Density for F>8400 MHz I 
-200 

-210 

~ 
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J:I 
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-250 

Channel 3 PF 

... CCIR Reqnt. 

-200 
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100 80 

Figure 4.1.21B : Channel 3 PFD 

4.1.2.2. Non-linear channel 

When the RF channel is affected by a non-linearity, two effects have to be analysed : 

1 - The occurence of Inter Modulation Products (IMP) between the 3 carriers. 
2 - The reduction of the filters efficiency when these filters are located in front of the N-L. It 

is due to the Intermodulation Products within the PSK spectrum creating power rise of the 

secondary lobes. 
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4.1.2.2.1. IMP between the 3 carriers. 

The IMP analysis is perfonned in annex 7.4.1. 

Taking into account the percentage of IMP falling within the 8400-8450:MHz range, the 

spectrum widening and the CII3Ievel (11 dB is the figure achieved for nearly-saturated 

amplifier), we obtain without filtering at SSPA output the levels of figure 4.1.2/C. 

I Power Flux Density for F>8400 MHz I 
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Figure 4.I.2/C : 3-carriers multiplex IMP 

The out-of specification is around 34 dB regarding the level required by CCIR 

The compliance could be achieved: 

* Either by increasing the CII3 ratio up to 45 dB; 
* Or by putting a 34 dB attenuation filter at SSPA output; 
* Or by changing the fTequency plan to remove IMP's out of the 8400-8450:MHz band. 
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4.1.2.2.2.Efjects of IMP from PSK spectrum power components 

Tlús effect, analysed in annex 2.2, is produced when filter exists in front of the non-linearity. 

Even with high attenuation filters, the out-of-spec remains around 20 dB (the secondary lobe 

is risen by 20 dB). 

The compliance could be aclúeved : 

* Either by increasing the CIl3 ratio to cancel the IMP effect; 

* Or by filtering at SSPA's output; 

* Or by both actions. 

A iTequency plan slúft towards lower iTequencies gives some advantage by combining PSK 

spectrum components with lower RF powers (at least one component belonging to first 

secondary lobes). 

4. 1.2. 2. 3. On-board configurations 

Five configurations are analysed more in detail: 

- The first one consists in putting a band-pass filter (BPF) in iTont of each of the 3 BFN's, 

without aiming at CCIR conformity. These filters will be smooth ones (15 dB attenuation) in 

order to prevent iTom secondary lobes rise. In tlús case, there is an out-of spec. of around 

28 dB w.r.t. CCIR recommendation for spectrum and 34 dB for IMP's (with C1l3=11 dB). The 

harware impact is limited and simple since only a filter at each output of the 3 PSK modulators 

is needed. 

- A second configuration has the same design as the first one except that the conformity to 

CCIR requirements is now guaranteed. It is done by operating the amplifiers in the linear zone 

with a lúgh CIl3 requirement (45 dB), and by using BPF's with 40 dB-attenuation at 8400 

MHz and steep amplitude slope between 8325 and 8400 MHz. 
- A third configuration uses also high attenuation filters located in iTont of the SSPA's 

. 
It 

is based on a C/I3 ratio of32 dB which is an intermediate value between the two previous ones 

and uses a modified iTequency plan giving some improvement on IMP's (4 dB) . 
The proposed 

plan is 8100 MHz for channell, 8175 for channel 2 and 8250 for channel 3. 

There is a reduced CCIR out-of-spec (around 16 dB) compared to config 1. 



Õ 
0: 

-;; 
-51 >. 

'0 
ã 

1ä ~ 
W 0 
U '" 
ô:JJ 

'" .... 
u,JO 
..J= r; ~ 

-< 6 
u '" 

<!jj 
o.ë - ~ 

~-5 
'5. :; 
e~ 
~.~ 
.- .. 5 ~ 

....::..~ 

.- -= 
':;0 c: .- c: 
""'.. <> .- c .9- 's ~ 
c ... 
0 ., u..:: 
g;' 
.- .D 
õî"", ë 1l 

a~ 
0: II! 

.;:; 'Õ 

~.8 

u.J 
U 
-< 
Q. 
~ 
..J 
u.J 

1- " 

-<~ u:!/ 
..: g 
$-.~ 

;:; õ 
.. 

u 
" ~ 
.... ~-;;; 
"t; ã 
ê"-: 
Q,~ 

.!! .g 
-= ~ 
~." 
"'... ~ u 
C - 

u .- ""'~ 
- .. c :: 
'" .;:: 
E ~ 
""" ~ u 

-:;~ 
u Q. 

~.ß 

~]> 
u '" '" > 
:: .- u'O ê g 
""" 
ë! ~ 

.9 Q. 
;;; ë: 
c '" 
t: > 

c .- 
.... 

c 
~ 

~ 
REF: A TES 96 005003SCSOO17 

Conformal array 
Antenna 

ALe .. TEL 
DATE: 

23/02/96 

ED/REV: 

lIA 

PAGE: 

18 

ESPACE 

The implemention of config. 1,2 and 3 are shown on figure 4.1.2/D. 

- The fourth and fifth configurations are based on implementation of a rejection filters at 

the output of each SSP A, along with three BPF's at the input of each BFN (to prevent fTom 

ACI degradations). They both guarantee the compliance with CCIR. requirement. 

For configuration 4, the modified fTequency plan is proposed. The filtering function is shared : 

24 dB in fTont of the BFN's and 13 dB behind the SSPA's; indeed 37 db is now required for 

spectrum filtering instead of 40 dB, the secondary lobes level being at -21 dB instead of -18 

dB. A 28 dB CIl3 ratio (17 dB improvement w.r.t. figure 4.1.2/C) is required to remove the 

30-dB out-of-spec . 

For configuration 5, we stick to the initial fTequency plan. A 28 dB CIl3 ratio (17 dB 

improvement w.r.t. figure 4.1.2/C) allows to remove the 34-dB out-of-spec. when associated 

with a a 17 -dB rejection filter at SSP A's outputs. A 23 dB BPF is still needed at BFN's inputs. 

Implementation of config. 4 and 5 is shown on figure 4.1.2Æ 

Remarks: 
* Solution with Nyquist filters (or sub-optimal base-band filters) and adjacent channels 

should allow to satisfy CCIR. requirements without extra-filtering within the 8400-8450 MHz 
range by removing the all the 3-carriers IMP's out of this band. 

Nevertheless, we disregard this channel scheme since ESA do not intend to implement base- 

band filters. 

* Solution with high rejection filters (40 dB) at SSPA's outputs is not considered for the 

design would be complex, the losses high and the accomodation difficult. 
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4.2. Design trade-ofT 

4.2.1. Definition of criteria 

The following criteria are choosen in order to compare the different configurations: 

- CCIRIUIT conformity; 

- RF and link quality losses; 

- Design complexity; 

- Mass and on-board accomodation; 

- Power consumption and dissipation; 

- Frequency plan impact. 

4.2.2. CCIR Conformity 

Configurations 2, 4 and 5 are fully compliant while configurations 1 and 3 are not. It 
depends on mission analysis to judge if the non-confonnance is really unacceptable. 

4.2.3. RF and link quality losses 

The best solution occurs when the following conditions are fullfilled : 

* Absence of filters after the SSP A's and then no additional RF losses; 
* Existence of a sufficiently stong channel filter in fTont of the BFN ' 

s and then no 

truncation losses; 

* 
Very low level of IMP and ACI falling in the adjacent channels and then reduction of 

link quality losses. 

On the contrary, if one or several out of these conditions are not satisfied, the solutions 

are considered as less favourable. 
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The worst cases are obtained for configuration 4 with around 1.5 dB EJNo losses (ACI) 

and for configuration 5 with 0.5 dB minimum additional RF losses (with DRO or cavity filters 

technology) 
. 

The other three configurations have similar EJNo losses (< 1 dB) and negligible 

additional RF losses. 

Principles for losses computation are given in annex 4. 

4.2.4. Design complexity 

Configurations without high attenuation filters and/or without large bandwidth filters 

and/or without significative on-ground impact are considered better than the others ftom 
design point of view. 

Configurations with amplitude linearisers in ITont of the SSPA's are regarded as more 

complex. 

4.2.5. Mass and on-board accomodation 

The number offilters (32 for configurations 4 and 5, 3 for the others) along with the 

required technologies define the more or less favourable evaluation of the solutions. 

Wide-band BPF's with 40 dB attenuation close to the RF channel typically have a mass of 
0.1 Kg in << comb-line)) or interdigital technology and 0.4 Kg with Invar cavity. 

4.2.6. Power consumption and dissipation 

As preliminary analysis, we take the assumptions of 30-3 5% efficiency of SSP A's when 

operating at compression and 10% when operating in linear zone (C1I3 - 45 dB) [AD2] [AD3]. 
With an active antenna, the overall power consumption of typically 8 SSPA's is around 

lOW at compression (0 dB Output Back-Off or OBO). For a semi-active one, this figure 

becomes around 13 W, assuming 32 SSPA's (*) operating in linear area (6 dB OBO). 
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For an active antenna, the maximum power dissipation is around 6 W, concentrated on 8 

among 32 SSPA's and then on 8 hot spots. For a semi-active one, the max. dissipated power is 

11.5 W but splitted over 32 SSPA's. 

F or high CII (40 dB or more) the benefit fTom lineariser is questionable but for CII ratios 

around 25-30 dB, a significant improvement in term of efficiency can be expected. 

We can obtain thanks to a lineariser a good CII with a limited OBO (3 dB) and then still a 

high efficiency (25-30%). Such a circuit can be interesting for configurations 3, 4 and 5. 

As an example, simulations were performed with COSSAP software in the fTame of the 

trench telecom. technological satellite, and gave an improvement of 10.5 dB on the CII3 ratio 

ofa linearized-11Ghz-CAMP (fTom 18.7 dB to 29.2 dB with 3-dB OBO). 

(*) The figure of32 comes trom Alcatel-Espace proposal [AD 2], but can be reviewed and 

decreased during the course of the study. 

4.2.7. Frequency plan impact 

Configurations without change on fTequency plan are considered better as the others. 

4.3. Trade-off results 

The comparaison between the different configurations is shown on table 4.3. 
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CCIR Losses Design Mass Power Freq. Total 

Accomodation Cons/Diss Plan 

WEIGHT 2 1 1 1 1 1 

CONFIG. 1 + + + + + + 1 

-- 
CONFIG. 2 + + + + +1 

-- -- 
CONFIG. 3 + = + = 

- 1 
- 

- 

CONFIG. 4 + = + 0 
- - 

- 

CONFIG 5 + = + + +2 - - 

Table 4.3 : Trade-offresults 

The configuration 5 appears to be ahead and is considered as the baseline solution. It is based 

on three filters in tront of the BFN's and extra rejection filters are added at SSPA's outputs. 

This rejection filter will be designed by CAS A during WP 2500 activities. 

Among the configurations 1 and 2, the solution 2 is preferred as an option for two reasons: 

1- It allows to meet the CCIR requirements even if the design feasibility has to be checked 

more in detail. 

2- In case of5-10 dB relaxation of these requirements this solution becomes more 

attractive since it can reduce the design constraints on CII level, main drawback of this 

solution. 
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5. ANTENNA RE UIREMENTS SPECIFICATION 

5.1.. Antenna modes 

The antenna shall transmit, from LEO satellites to the ground, three simultaneously beams 

carrying high rate digital data provided by earth observation instruments. 

There is no receive mode for the antenna. 

5.2. Frequency band 

The allocated frequency bandwidth shall be the X-band within the 8025-8400 MHz range. 

Each beam takes one channel and the three carriers frequencies are : 

* 8100, 8200 and 8300 MHz. 
Each carrier is PSK-modulated and the information rate is 50 Mbauds. The relevant 

channel bandwidth (Nyquist one) is 50 MHz. 

5.3. Polarisation 

The antenna polarisation shall be RHCP (Refer to (( IEEE Standard Definition of Terms for 

Antennas )) : IEEE Standard 145). 

The maximum axial ratio over the whole antenna coverage shall be less than 1.5 (or 3.5 dB). 

5.4. Field of view 

The antenna field of view shall be : 

* 0-3600 in azimut (<I> angle); 

* 0-630 in elevation (8 angle). 

The 00 antenna reference angle is defined as the antenna axis of revolution for each beam. 
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The requirement is for continuous beam while scanning. 

5.5. Minimum Gain 
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The minimum and maximum EIRP per channel versus the off-nadir antenna angle is given on 

figure 5.6/A. It is computed according to the document [AD 1] and it takes into account the 

assumptions of paragraph 3.1. 

The requirement is for uniform power flux density on earth's surface in the beam pointing 

direction within the coverage area. 

50 Mbauds PSK Link 
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Figure 5.6/ A : EIRP per Channel 
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5.7. Link quality requirements 

5.7.1. Phase and amplitude jumps during scanning 

The maximum phase and amplitude jumps are 30 and:t 0.3 dB. These figures shall be 

considered as design goals, but higher figures could be proposed by Alcatel-Espace (typically 

100 and:t 1 dB) without significant BER performances degradation. 

The scan rate of the antenna is 10/sec. 

5.7.2. Th1P effects 

The C/I3 ratio shall be higher than 28 dB for the baseline configuration (typical OBO 

of 3 dB). 

The C/I3 ratio shall be within the 35-45 dB range for the optional configuration (typical 

OBO between 6 and 8 dB). 

5.8. Out-or-band filtering requirements 

5.8.1. Baseline configuration 

Each channel filter shall have a 3-dB bandwidth of 100 Mhz. 

The amplitude losses, within :t 25 MHz around each carrier frequency, shall be lower than 

0.4 dB. The group delay variation shall be lower than 3 ns within :t 25 MHz around each 

carrier frequency. 
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The global amplitude attenuation ofthe filter between 8400 and 8450 MHz shall be higher 

than 37 dB. This filtering scheme will be shared between BPF's in ITont of the BFN's and 
rejection filters behind each SSP A. 

The filters masks are shown on figures 5.8/ A and 5. 8IB. 
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Figure 5.8/A: BPF amplitude mask 
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Figure 5.8IB : Rejection filter amplitude mask 
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5.8.2. Optional configuration 

Each channel filter shall have a 3-dB bandwidth of 100 Mhz. 
The amplitude losses, within :t 25 MHz around each carrier fTequency, shall be lower than 

0.4 dB. The group delay variation shall be lower than 3 ns within:t 25 MHz around each 

carrier trequency. 

The amplitude attenuation mask is given on figure 5.8/C. 

-(48) 

Î 
I 
I 

-" 
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Figure 5. 8/C : BPF amplitude mask 

5.9. Other specifications 

- The input V.S.W.R. at the antenna interface shall be less than 1.5. 
- The overall antenna mass shall be less than 20 Kg. 
- Thermal conditions: -1500/+1500 for the external equipment (TBC by thermal analysis in 

WP 2600); 

-200/+400 for the internal equipment. 

- Environmental conditions: ESD tree (all the exposed surfaces are conductive). 
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6. CONCLUSION 

The main conclusions of the RF system analysis are : 

1- With the current frequency plan, i.e. channell at 8100 MHz, channel 2 at 8200 and 

channel 3 at 8300, it is not easy for the active or semi-active antenna to meet the UIT/CCIR 
out-of-band requirements. Solutions would induce more complex design either with steep 

band-pass filters and linearizers before the amplifiers, or with a great number of high rejection 

filters at SSPA's outputs. 

2- By slight modification of the frequency plan, i.e. channell at 8100 MHz, channel 2 at 
8175 and channel 3 at 8250, the filtering constraints could be released and it could make easier 

the conformity status regarding the UIT/CCIR requirements. Nevertheless, such a design is not 
proposed in this study since ESAÆSTEC prefer to keep the current frequency plan in order 

not to restrict the allocated band utilization. 

3- A third frequency plan with Nyquist adjacent channels (8050, 8118.5 and 8187 Mhz) 
would be interesting to investigate since both IMP's and ACI's could be removed by using 

only base-band Nyquist filters. However, mismatch losses between on-board and on-ground 

filters can increase with such non-linear channels and it is out of scope of this study to cover 
this channel filtering concept whose performances can only be assessed by simulation. 
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7. ANNEX 

7.1. Annex 1 : RF Power Computations with NRZ/PSK spectrum 

The power spectrum of a NRZ/PSK modulated signal is a square cardinal sine function 

centered on the carrier frequency. Its form is [sin(1t*x)/(1t*x)]2, x being the variable, product of 

the frequency fby the inverse of the information rate 1IR. 

On figures 7. 1/ A, 7.1 /B and 7. 1/C, is computed the percentage of power versus the variable x. 

Without any filtering, concentration of99% of the power is achieved for x=10 i.e. fì'R = 10; 

then the total occupied frequency band is equal to 2*[ 
The allocated channel bandwidth being 2 *f, a 50 Mbauds information rate would require 

2*10*50*106 = 1000 MHz bandwidth; on other words, a maximum allocated band of375 Mhz 
as it is at X-band allows a maximum rate of 18.75 Mbauds. 

We conclude that filtering is required when information rate is higher than 18.75 Mbauds. 

Here we have three channels, 50 Mbauds each. 

F or channell at 8100 Mhz, about 3.5% of the power is located below 8025 Mhz and then a 

filter with 6 dB attenuation at the comer frequency is sufficient to comply with CCIR spectral 

occupancy rules. Indeed we have the result (0.965*P)/(0.035*P/106/1O) > required 99%. 

For channel 2, 3 dB attenuation on both limits (8025 and 8400 Mhz) is enough and for 

channel 3, 5 dB attenuation at 8400 Mhz comer frequency is required. 

To summarize, a gauge as shown here-below (figure 7.1/0) has to be applied on each 

channel in order to satisfY the bandwidth occupancy requirement (99% of total power). 
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Figure 7.1/0 : bandwidth occupancy requirement 
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Figure 7.11 A : power integrated within [-x, +x] upon total power versus x 
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Figure 7.1/B : power integrated within [-x, +x] upon total power versus x 
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7.2. Annex 2 

7.2.1. Annex 2.1 : non-linear effects computation 

On figure 7.2/A, we represent the PSK spectrum for one channel. We can see that the -6dB 

attenuation required without non-linearity takes place at different ftequencies according to the 

channel number. 

The most critical impact of non-linearity is obviously on the channell, the closest ftom 
8025 MHz, lower limit of the ftequency band. Indeed, it is only for this channel that we can 

have IMP's between spectral components of the main lobe. For the other 2 channels, the 

IMP's are very low since they result ftom combination of secondary lobes with a very little 

percentage of power. 

So, for channell, we have the following combinations of powers components falling in the 

first secondary lobe below -75 MHz : 

- one combination within the main lobe (2 parts accounting each for 10/15% of total power); 
- combinations between main lobe and first secondary lobes. 

With a CIJ3 ratio of 11 dB, we obtain for these combinations a level of - 33 dB. 

When combining this level with the power within the secondary lobe attenuated by 6 dB, we 
have to sum up - 33 dB and -20-6 = -26 dB; it gives a resulting level of -25 and then an extra 
attenuation of 1 dB is required for the filter. 
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Figure 7.2/ A : IMP on first secondary lobe 
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7.2.2. Annex 2.2: analysis and simulations results 

As an example ofN-L effects, we show on figures 7.2!B and 7.2/C simulation results giving 

the secondary lobes level increase when a PSK-modulated-filtered signal go through an 

amplitude non-linearity. These simulations demonstrated that the pre-amplification filters 

become less and less efficient when their out-of-band attenuation increases. 

Indeed, on figure 7.2/B, the spectrum is centered on 8250 MHz, and the information rate is 

the same as for our application. It can be seen that the filter efficiency, when this filter is 

located in tront of the N-L, is reduced by some tens of dB. On the contrary, with a filter 

whose attenuation is now 20 dB at 8400 MHz (figure 7.2/C), the non-linearity does not 

degrade more than 3-6 dB the efficiency. 

In our application, tbe centre trequency is 8300 MHz and we can estimate on figure 7.2/B 
that, by using a high attenuation filter, its efficiency decreases trom 40 to 20 dB in the 100-150 

MHz range far iTom the carrier (relevant to DSN band). 
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By rough computations, we can get figures whose range of magnitude is quite similar to the 

one provided by simulations. It can also explain the differences regarding the BPF's out-of- 

band attenuation. 

Indeed, if we analyse the spectrum components combination, we have different spectral 

components falling within the 8400-8450 MHz band: 

- one IMP due to main lobe ftequencies (2*fl-f2 form); 

- two IMP's due to main lobe and first secondary lobe mixing (2*fl-f2 form); 

- four IMP's due main lobe and first secondary lobe mixing (fl+f2-f3 form). 

Schemas and computations here-below (figure 7.2/D) show examples of these IMP power 

combinations. 

In case of strong filters (AI ~ 10 dB), it can be seen that individual levels for each IMP is 

around -50 dB; rms summed it gives around -40 dB higher by 20 dB than the filtered power. 

In case of smooth filters (AI~5 dB), the individual levels of each IMP is around -45 dB or - 

36 dB rms summed, and the filtered power is at -36 dB. 

Ifwe change the ftequency plan, as proposed, we can remove some IMP's and a filter having 

40 dB attenuation becomes 30 dB after passing through the N-L. 
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7.3. Annex 3 : Power Flux Computations 

NRZ/QPSK-modulated carrier exhibits a power spectral density whose expression is as 

follows: 

PSD(f.. fo) = (A2/2) * Ts * (sinu/u)2, with u = 1t 
* (f - fo) * Ts 

A amplitude of transmitted signal; 

Ts symbol duration (= inverse of information rate in Mbauds). 
Ít) carrier frequency. 

The EIRP is the intégral of the PSD over the whole signal spectrum: 

EIRP = .r PSD(f - fo) df= A2/2 and then PSD(f - fo) = (EIRP) * Ts * (sinu/u)2 

The RF transmitted power integrated within a frequency band B, at fl - fo from the carrier, 
has the following expression: 

Pe = (EIRP) * Ts * (SinUI/uI)2 
, avec UI = 1t 

* (fl - fo) *Ts 

The surfacÏc power on-ground Ps integrated in B, with atmospheric attenuation aqual to zero 
(worst case) is : 

Ps = Pe * B / 4 / 1t / D2 
, 

D earth to satellite range. 

And considering the real satellite EIRP, we get: 

Ps = 

(E1RP)rcal. 
* Ts * B * (SinUtlUI)2/ (4 * 

1t 
* D2) 

(SinUI/UI)2 accounts for the attenuation in B (around fl) W.r.t. the maximum power density 

at fo. 

With on-board filtering, the previous expression has to be multiplied by the transfer function 
of the filter TF(fl . fo). 
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7.4. Annex 4 : link quality effects 

7.4.1. IMP analysis 

The computation of the IMP's power is performed by taking into account: 
- The percentage of power concentrated within the Nyquist bandwidth of each channel 

(worst case channel). 

- The ffequency spreading of the IMP's power (=3 times the Nyquist channel bandwidth for 
third-order products). 

- The C/h ratio. 

Nine third-order IMP's are spurring both DSN band and comms adjacent channels: 

2*f2-f3 (1) ; 2*f3-f2 (2) ; 2*f1-f2 (3) ; 2*f2-f1 (4) ; 2*f1-f3 (5) ; 2*f3-f1 (6) ; 

f1+f2-f3 (7) ; f1+f3-f2 (8) ; f2+f3-f1 (9). 

Figure 7.4/A describes the spectral occupancy of the 3-carriers third-order IMP's for the 

current ffequency plan (so-called Po) : 8100, 8200, 8300 MHz. 
On figures 7.4/B, IMP's description is given for proposed modified ffequency plan (so-called 

PI), i.e. 8100, 8175, 8250 MHz. 
Finally figure 7.4/C shows a ffequency plan (P2 for 8050,8118.75,8187.5 MHz) with quite- 

adjacent channels, but without any interference within the DSN bandwidth. 

With Po, there are 3 IMP's, (2), (6), (9), spurring the DSN band; for 2 of them only 1/3 of 
their power faIls in this band, and for 1 of them only 1/6. So, 5/54 of the total IMP power is 

located inside the DSN band. Concerning IMP within adjacent channels, in worst case 2/54 of 
the total IMP power is concentrated in the DSN band. 

With PI, the ratios are 1/27 within DSN band and 5/54 in worst case within adjacent 

channels. 
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With P2, there are only interferences within adjacen channels (119 ratio in worst case). 

Then the degradation affecting the Et/No ratio is computed by adding the thennal noise PSD 
and the Th1P PSD. Et/No = 17 dB in our case: 

(Et/No hotal = 1/[ 1 0-(C/IY1O 
+ 10-(EblNOYlO] 

Baseline: 0.6 dB. 

Option: 0.1 dB. 

7.4.2. ACI analysis 

The ACI's are computed by taking in account: 

1 - The percentage of adjacent channel falling in the considered channel (its Nyquist 
bandwidth) : worst case is channel 2. With current fteq. plan this power accounts for 2% (1% 
ftom each adjacent channel). 

2 - The BPF attenuation at the edge of Nyquist bandwidth. 

Then the degradation affecting the Et/No ratio is computed by adding the thennal noise PSD 

and the ACI PSD. 

Baseline: 0.6 dB (8 dB filter). 

Option: 0.6 dB. 

7.4.3. Summation Th1P+ACI 

We perfonn a nns sum between IMP, ACI and on-ground thennal noise. 

For the baseline, we get 0.84 dB and for the option 0.6 dB. 
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Figure 7.4/A : IMP's description with Po current frequency plan 
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7.4.4. Transmitter thennal noise 

The transmitter thennal noise includes: 

- The contribution iTom PSK modulator; 

- The contribution of SSP A noise figure. 

Assuming a noise power spectral density of -160 dBm/Hz at modulator output, and RF 
losses of 30 dB between the modulator output and the SSPA input (RF splitter, cables, atten., 
phase shifters, etc), we have a level of noise PSD equal to -190 dbm/Hz at SSP A input. 

Concerning the SSPA itself (noise figure 10 dB ), we get -164 dBm/Hz noise PSD. 

With a typical modulator output level of 0 dBm, the SIN ratio at SSP A output is 40 dB 
within 2 GHz bandwidth (SSP A pass-band), imputable to the SSP A noise. In order to make 
totally negligible the transmitter noise contribution to the link degradation, a way to improve 
this ratio is to put a 20 dB amplifier at the BFN input. Then the signal to noise ratio at SSP A 

output becomes around 60 dB. 
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I INTRODUCTION 

The objectives of this preliminary study (WPI200) are to determine the complete geometry of 
the truncated conical antenna and then to analyse which concept (among passive, active and 
semi-active concepts) is more suited to reach the specifications of the mission. 

A preliminary trade-off has been made in our proposal, which have shown that the passive 
concept has main drawbacks. So in the following analysis, only active and semi-active 
concepts will be detailed. 

The outputs of task 1200 will be: 

- the geometry of the antenna (cone angle, elementary radiator, number of patches in a 

column, number of total column in the whole antenna) 
- a trade-off between the active conct4't developed for CNES contract (and extended to 

a three beam generation) and a semi-active conct4't based on the use of BUTLER matrixes. 

II TECHNICAL SPECIFICATIONS 

The technical specifications of the antenna are summarised in the table of fig. II-a. 

Parameter Specifications 

800 Kms Orbit 

Antenna modes Txonly 
3 simultaneous beams 

Frequency band 8025 - 8400 MHz 
(each beam has a 3-dB bandwidth of 100 Mhz) 

The three carriers frequency are 8100, 8200 and 8300 MHz 
Circular (right hand); A.R < 1.5 (3.5 dB) Polarisation / Axial Ratio 

(within 50 of the pointing 
direction) 

Field of view 3600 in azimuth (~angle) 

0 - 62.30 in elevation (9 angle) 

Continuous beam while scanning 

20 dBi at 62.30 in elevation 

* 
minimum = 17.23 dBWat 62.30 elevation angle 

and uniform power flux density on the earth's surface from 00 

to 62.30. 

* 
maximum = minimum + 2 dB for any angle (See figure II-b) 

Minimum gain 

EIRP 
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Maximum amplitude / phase :t 0.3 dB / :t 30 
jumps when scanning 

Scan rate 1O/second 

Antenna VSWR < 1.5 (14 dB return loss) 

Mass 10 to 20 kg 

Thermal Conditions external equipment: -1500 / + 1500 

covered equipment: -200 / +400 

internal dissIpation of the generated heat 

Environmental conditions ESD tree (all exposed surfaces should avoid 

electric charges storage) 

Fig. II-a: Technical specifications 

The EIRP per channel versus the off-nadir antenna angle had been determined in the System 
Analysis task (WP1100 see CHAPTER 2) and is given on fig. ll-b. 
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III THE CONICAL ANTENNA 

There are two main reasons for choosing a conical antenna: 
- fIrst, the required coverage is a revolution coverage (~=O to 3600) which implies that 

the antenna must have a revolution axis, 
- then, the particular pattern of the EIRP specification (maximum radiation at 62.30 in 

elevation and uniform power density elsewhere) leads to the choice of an antenna in which the 
elementary radiators are tilted in order to have their maximum radiating axis at 62.30 in 
elevation. 

That's why, a truncated cone of angle ß as shown in figure III-a is an antenna well suited to 
the mission. The nadir direction is chosen as the revolution axis of the antenna. In this figure, 
the notion of azimuth (8 angle) and elevation (~ angle) are also clarifIed. 

If the normal of each generatrix points towards around 600 from the nadir: so half angle of the 
cone would be about 300. The cone can be folded with a lower part pointing towards an 
elevation angle lower than 600 to improve the gain around nadir, if necessary. 

To comply the EIRP specification (or Elevation mask), an original concept, assuming both 
elevation and azimuth scanning, with a minimum number of phase controls, has been patented 
by ALCATEL: 

- along each generatrix (Ntot generatrixes on the circonference of the cone), the NER 
radiating patches are fed from a single port with a matched amplitude and phase distribution: 
the pattern of such a subarray approaches the elevation mask. 

- phase control of each columns insures both: 
. 

azimuth scanning by collimation of the useful part of the array towards the 
desired ~ angle (for maximal gain at 62.30) 
* 

elevation scanning from 62.30 to 00 by suited phase shifts between the 
columns 

So one dimensionnal set of phase shifters (around the circonference of the cone) provides two 
dimensionnal scanning (azimuth / elevation) thanks to Conjugate Matching in a virtual Rx 
mode to the phases induced at each subarray port. If N patches are necessary in each column, 
this concept divides by N the number of phase-shifters, compared to a conventional two 
dimensional phased array. 

This concept is compatible to active or semi-active option. 
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IV PRINCIPLES OF ACTIVE AND SEMI-ACTIVE CONCEPTS 

IV-I THE ACTIVE CONCEPT 

The design of a Confonnal Active Antenna is shown in figure IV -a as the result of WP 1100. 

Acn\'E 
~1~IICMODt!LE 

= / 

CltAl\'liEL 
FILTERS ASIC 

\.~\6S ~ Q \.l ,;:-:-;~ /~'!=- ~-~? 
~\\\-\'.~.n \ì ~ G .~ -:' ."::'i-:::' .-:-..~7 

~~'ò.'C."" w \" \ " 
L.....: - ---C '-- ~ -=:' ~\~ ~ 0 ñ n C .-;:- ~ .-:;::. ::-':.-_- 

~~S:;~\:', \.', .;[~ - ~ .... 
~=-=;i 

I 

I 
I 

I 
I 

I 

., ""~IR 

t COl\TROL I... 
i l',,"1T i 

PAYLOAD 
ifF 

Fig. IV-a: The active concept 

There are three RF dividers connected to "a three way active modules" and three phase- 
shifters are obviously necessary, one being associated to each beam. An absorptive switch 
must be put on each of the three ways (possibly integrated on the same MMIC chip as the 
phase-shifter), such as to supress signals corresponding to the beams which do not use this 
radiating subarray. If the output of a divider is not connected to a phase-shifter, it is equivalent 
to a connection to a load; this avoids bad VSWR at the beam inputs, and loosen power is low 
because it is at low level, before the amplifiers. 

The main drawback of this solution is the output power of the amplifier. It varies from 1 to 3 
according to 1, 2 or 3 channels are active on a given module (i.e: 1, 2 or 3 beams can use the 
corresponding radiating subarray). So, these amplifiers will be oversized: they should be able 
to remain linear for 3 more watts than necessary if the beams are spread regularly. 

Their Power Added Efficiency will be very bad: unless complicate adaptive biaising would be 
used, the DC power consumption will remain the same even if RF power is 1/3 or 2/3 of the 
maximum operating point compliant with CIl specification. 

When one or two of the other beams goes through the same amplifier, intennodulation 
products would occur from the 2 or 3 channels simultenously present in the same amplifier. 
That's why filtering is required at the output of the amplifier (see WP 1100 - Chapter 2). 
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IV-2 THE SEMI-ACTIVE CONCEPT 

The high losses in the passive concept and the bad efficiency of the amplifiers in the active 
concept lead to assess deeply a semi-active concept where distributed amplifiers are placed at 
the middle of the BFN (ie: after power dividers and phase-shifters, and 3~ 1 combiners, all 
lossy components, but before several Butler matrixes which can transform equal amplitude 
inputs to a suited amplitude / phase distribution for feeding the radiating subarray). 

Such concept has been proposed by M. ROEDERER for multi-beam antennas, either for a 

Focal Array Fed Reflector (FAFR), or for a cylindrical antenna, alternative to the 
Electronically Despun Antenna (EDA) for spinned Meteosat Satellites. 

The principle is applied to an array with a symmetry of revolution (fig. IV -b). This figure is 
for a two beams case with 16 subarrays. 

If we want that the outputs AI> BI> C1 and Dl would be fully excited, the phase distributions at 
the input of each Butler matrix are linear, with total shift even or odd multiple of 1t radians 
(according to using 1800 or 900 hybrids in the matrices); by discrete Fourier Transform, the 
energy is concentrated to only one of the four outputs of each matrix. 

If it is better for pattern shaping to excite at half level Dl and D4, the appropriate phase 
distribution is applied at the input of the Butler matrix D, without changing phase-shifters at 
the input of the three other Butler matrixes. 

The critical electrical points will be the computation of the suited phases for each beam 
provided for a conical geometry, limiting the amplitude and phase errors after the amplifiers 
(dispersions in the Butler matrixes and the cables towards the subarrays), and checking that 
equal amplitude on all amplifiers (all loaded by the various beams) do not degrade beam 
forming capability. . 

If these points are solved, this concept is very attractive because it could use all amplifiers at 
equal and constant power to transmit three independent beams, so minimizing the global 
consumption of the amplifiers. 
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Fig. IV-b: Semi-active conformal antenna with 2 beams and 16 subarrays 
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v LOGIC FOR OPTIMIZING THE CONICAL ANTENNA 

V-I DETAILING THE SOFTWARE TOOLS 

All the software packages necessary to optimise the profile of the antenna will be reviewed: 

- SYRLC optimises complex excitations and patches orientation along a subarray 
w.r.t. the elevation mask (in relative dB, which means that the maximum value of the mask 
will be equal to 0), with amplitude range limitation for excitations. 

* input parameters: 
- radiated pattern of the elementary radiator and number of radiators 
- frequency, polarisation, Axial Ratio 
- elevation mask (in relative dB) 

* 
output parameters: 

- complex excitations of each radiator 
- orientation of each radiator 

- geometrical description of the conical antenna 
- RI File (including geometry and excitations) 

- GECRI optimises complex excitations among the radiating columns by amplitude / 
phase conjugate matching or phase only conjugate matching. This software is used only for 
the active concept. 

* 
input parameters: 

- RI file issued from SYRLC 
- radiating pattern of each elementary radiator 
- Frequency, polarisation 
- Description of the cone (Ntot> NacJ 
- pointed direction (in 8, ~ coordinates) 

* 
output parameters: 

- RI File (including geometry and excitations) in the pointed direction 

- RIASA computes far field pattern of the antenna (in the pointed direction specified 
in GECRI software) in (8,~) coordinates. 

* iIwut parameters: 
- RI file issued from GECRI 
- radiating pattern of each elementary radiator 
- Frequency, polarisation 

* 
output parameters: 

- SA File (radiated pattern of the whole antenna in (8,~) coordinates) 
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- SYCOB optimises complex excitations at the inputs of Butler matrixes for the semi- 
active concept. In this software, the Butler matrix is equivalent to its tranfer function given in 
page 3-35. 

* 
input parameters: 

- Geometrical characteristics of the cone CRsup, ßi, Hcone, NtoJ 
- complex excitation of a subarray (issued from SYRLC) 
- radiating pattern of each elementary radiator 
- Butler's configuration (Number NB, order N and connexion to the 
conical antenna) 
- Polarisation 

* 
output parameters: 

- CO file (including EIRP performances for each elevation point) 
- BUT file (including the optimal excitations at the input of the Butler's 
for each elevation point, this is the result of the optimisation) 

- BUTRI describes both geometry and excitations of the columns as a RI standard file; 
computation of far-field radiated pattern for the semi-active concept is given by using RIA SA 
software. 

* input parameters: 
- RI file (issued from SYRLC) 
- BUT file (issued from SYCOB) 
- complex excitation of a subarray (issued from SYRLC) 
- pointed direction (8, cþ) 
- Butler's configuration (Number NB, order N and connexion to the 
conical antenna) 

* 
output parameters: 

- BUT file (including the optimal excitations at the outputs of the 
Butler's for each elevation point) 
- RI file (including geometry and excitations of the columns of the 

antenna in the specified (8, cþ) pointed direction) 

Remark: in the BUTRI software, BUT file is both an input and an output parameter for the 
reason that BUTRI uses the BUT file generated by SYCOB and the transfer function of a 

Butler to give another BUT file which contains the amplitudes and phases at the output of the 
Butlers (excitations applied to the subarrays). 
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V-2 PROCEDURE FOR OPTIMISA TION 

The complete procedure of optimisation is given in the following algorithm (figure V -a). 

Elementary radiator 

Frequency, Polarisation 

NER, orientation, Mask 

ACTIVE 
CONCEPT 

SEMI-ACTIVE 
CONCEPT Column synthesis 

Cone geometry (NtoI) 

Nwnber ofactive column: 
N.c! 

Pointed direction e, cþ 

Butler configuration: 
NB,N 

Pointed direction e, cþ 

:::::::::::::::,:::::i,:::,:::::::,:,:::::::::::::,:::::::::::::t::,:::::::::::::::::it::::,:::::t:~: 
. ::::::::::::::::::::m::::mitiiEB::F:~~':::~~::::::~~::~::~ 

'111::I!:lliil'i':"'llì:l!il~I:llllllillllllll~íllli 

- radiated pattern of the 

conical antenna in the 

e, cþ specified direction 

Fig. V-a: Optimisation of the conical antenna for active and semi-active concept 
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VI THE ELEMENTARY RADIATOR 

For the purpose of the study, the radiator must have the following constraints: 
- Bandwidth: 8025 - 8400 Mhz (4.6 %). 

- Axial Ratio: A specification of 3.5 dB is required for the antenna; so for the element, 
a similar value on the whole bandwidth for 8 angle up to about 600. 

- Polarisation: RHCP 
- Directivity: ITom 7 to 8 dBi, to be suited to the area of the array cell. 

ALCA TEL had developed several kind of radiating elements ITom L-Band to Ku Band. The 
reasons for development of such element are the following: 

- minimization of mass and volume (by using printed antenna technology) 
- increase of the bandwidth (by stacked resonators of different widths) 
- limitation of the electromagnetic coupling (by inserting the resonators in cavities for 

better antenna pattern control) 
- reduction of ohmic losses and surface waves (by the use of low permittivity 
substrate) 

- one access circular polarization (fed by only one stripline, special shape of the 
resonators) 

A priori the elementary radiator developed for CNES contract will be re-used in this study 
(See figure VI-a). No software is able to predict the radiated patterns of such kind of elements: 
Presently, waiting the work to be performed by LEMA-EPFL in WP 1300, optimisation has 
been made by "cut and try" on the different parameters (diameters and height of cavities, deep 
and width of the slots, position of patches...), and measuring the VSWR, the Axial Ratio and 
directivity in the whole bandwidth. 

,. 

røøøJYÆ ~ 
. 

~~~~ :=48~ 

Fig. VI-a: Geometrical characteristics of elementary radiator 



8 
:2 
~ 

<.2! 
Ð5.:: 
t.IJ 0 

...J- t.lJÐ 
t-j!! ð8 
...J C 

<!I s'~ 
Ïij., 
'is';:; 
'C '3 
~..ê 
~.~ 
.- '" ê! S 
~ I!! 
~~ 
~.- .~ -5 
-=s 
c- :; .~ 
~ .e- 
.- u 
S !! S ., 
U-5 
S >, 
.- .rJ 

;~ ..-... 

~.B 

t.IJ 
U 
< 
ø.. . 

"'~ 

<-~ 
U., ...J~ 
~'5 
.,'" >~ .- 15 

]8 ~ .to 
., - 

~j!! 
:Sl1J! 
g.1!! 

Is:! 
-'" C ., !!~ ='" 
~.~ 
~~ 
ê!.g 
~~ 
~..!! 

~ - 

8a 
'" '" C ., ~1 
"'":! !! > 

C'- .,~ 1q~ 
8Si... 
".." 

Jj 15 

.5~ 
'" c 

~'iS 

ESTEC CONTRACT 11698/95/NL/SB 
T CONFORMAL ARRAY 

ANTENNA 
AES 960596 1 ASP 019 AlC.ÂTEl 

TELECOM 
DATE: 
26/06/96 

ED/REV 
1/- 

3- 14 

The obtained electrical perfonnances are the following: 
- Axial Ratio: under 1 dB on the Bandwidth (see figure VI-b) 
- Directivity: about 7.7 dBi (see fig. VI-c) 

The effect of the ground plane is observed with a diminution of directivity in 00 axis. If we 
would simulate with the measured pattern, there would be a false drop of the directivity near 
00; it has been proved, during the CNES study, that this problem does not appear in the final 
breadboard. That's why, a theoretical model best suited for simulations. The simulations will 
be made with a theoretical pattern of 7.7 dBi directivity with a zero at +1200 and -1200. A 

comparison between measured and theoretical patterns is proposed at 8200 MHz in figure VI- 
c. 

,""xi At 
Ra.Ho (lB) 

H;L::, 
~ .', . 

- ~ 
! , : '. 

"'. -' ~ 
' 

é' .IJ 

~.13 

Eo i3 

5.Ø 
of.0 

Ie 

3.0 
2.e 
l.\J 
~1tJ/.:;jW ::\.:: 7,41iJ 

F~ ('HJ) 

Fig. VI-b: Axial Ratio of the elementary radiator 
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Fig. VI-c: Radiating pattern of the elementary radiator 
Measurement and theoretical mode/isation 
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VII DETERMINATION OF THE GENERATRIX PROFILE 

VII-l ANTENNA LOSS BUDGET 

In order to take enough margin in the synthesis of the subarray, an antenna loss budget is 
done. The values considered in this budget come from ALCA TEL experience during other 
studies in the same frequency bandwidth or in the same concept. The antenna loss budget will 
depend essentially on one parameter: the number of patches in a subarray, NER' 

* Difference between (fitted on previous breadboard measurements) and actual patch pattern, 
on the whole bandwidth: 

- 0.20 dB 

* 
Return loss (< 14 dB): 

(worst case over whole bandwidth and all pointing directions) 
- 0.15 dB 

* ohmic losses on the subarray 
(estimation for parallel repartitor) 

4 patches: 
6 patches: 
8 patches: 

- 0.30 dB 
- 0.50 dB 
- 0.80 dB 

* amplitude and phase errors from ideal values within a subarray 4 patches: 
6 patches: 
8 patches: 

- 0.05 dB 
- 0.10 dB 
- 0.20 dB 

* 
amplitude and phase errors from ideal values among various subarrays: - 0.05 dB 

(corresponding to standard deviations: gaussian error function with 0.5 dB / 50) 

TOTAL LOSSES: 4 patches subarray: 0.75 dB 
6 patches subarray: 1.00 dB 
8 patches subarray: 1.40 dB 

Remark: ESA mask will now be drawn including the budget loss. 

VII-2 P ARAMETRICAL STUDY 

The generatrix of the antenna has a profile presented on figure VII-a. Each radiating element 
lies on a plane and centers within a subarray is in a meridian. The orientation of the patch 
number i is described by an angle ßi between the nadir of the antenna and the line which 
contained the patch. In order to limit mutual coupling between the patches of the same 
subarray, by widening the elevation field of view of the antenna, the angles (ßi) must increase 
from i=1 to NER' 

This constraint is not taken into consideration in SYRLC software. That's why it is really 
difficult to optimise the orientation of the patches with SYRLC. An example of SYRLC 
output, when an optimization of the generatrix profile is required, is proposed in figure VII-b 
for NER=4 and NER=6. 
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Fig. VII-a: Generatrix profile 
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Fig. VII-b: Optimisation of the patches orientation using SYRLC 
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It is evident, especially when NER is higher than 4, that SYRLC can not be used for optimising 
the generatrix profile. That's why, a parametncal study will be lead in order to see the best 
suited profile (in terms of number of patches and orientation of patches). 

The number of patches in a same subarray, NER, is limited to 8 and the number ofbrisures will 
be limited to: 1 for NER =4 

2 for NER =6 and 8 

Several sets of values ofßi (for i=1 to NER) (with the constraint that ßl $; ß2 $;..ßNBR) have been 
computed in SYRLC software. For each profile, optimisation of complex excitations is done 
with the only constraint of 6 dB range in the amplitude control of each elementary radiator. 
The conjugate matching in a specified direction is done by phase control only, which means 
that each active column has the same RF power. 

In the following studies: 

Ntot is the total number of columns in the cone 
NER is the number of elementary radiators in a column 
Hcone is the height of the cone 
Røup is the upper radius of the cone 
ßi are the orientations of the elementary radiators 
margin=computed performance - total loss - specified value 

(for the worst case in elevation trom 00 to 62.30) 
Dmin 62.3 is the directivity obtained at 62.30 in elevation 

(so, if we analyse the first line of the following table, we can conclude that the worst case is 
obtained at 62.30 in elevation because the directivity is equal to 20.76 dBi which gives a 

margin of: 20.76 - 0.75 - 20 = +0.01 dB) 

* first parametrical study: NER =4, Ntot=29 and Nact=11 (see figure Vll-c) 

Ntot Ner Hcone Rsup fJI Ih fJ3 fJ4 margin D",;" 62.3 
(in mm) (in mm) (m 0) (in 0) (in 0) (m' (in dB) (m dBi) 

29 4 99.40 150.90 25 25 25 25 +0.01 20.76 
29 4 94.99 158.32 30 30 30 30 ii).11 20.89 
29 4 89.84 165.38 35 35 35 35 +0.04 20.85 
29 4 98.30 153.02 25 25 25 30 +0.02 20.77 
29 4 97.01 155.04 25 25 25 35 +0.01 20.76 
29 4 93.70 160.34 30 30 30 35 +0.10 20.87 
29 4 90.63 164.00 30 30 30 45 +0.01 20.78 
29 4 94.62 159.18 25 25 35 35 ii).14 20.92 
29 4 92.42 162.36 30 30 35 35 +0.12 20.90 
29 4 89.50 166.15 30 30 40 40 +0.08 20.88 
29 4 92.23 163.31 25 35 35 35 -0.02 20.77 
29 4 86.76 170.07 30 40 40 40 -0.12 20.68 

Fig. VII-c: Parametrical study for the generatrix profile for NER=4 
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The table of figure VII-c leads to the conclusion that a folded subarray of (250/250/350/350) is 

the best solution. But, if we compared this solution with a straight subarray of angle 300, a 

gain of only 0.03 dB is obtained. We can not consider that this gain is sufficient to justify the 
use of a folded sub array for NER=4 patches. That's why, for the following simulations with 
NER=4, only a straight sub array will be taken into account. 

* second parametrical study: NER =6, Ntot=24 and Nact=9 (see figure VII-d) 

Ntot Ner Hcone Jàup 131 131 133 134 135 136 margin DIIÙII 62.3 

24 6 142.48 166.55 30 30 30 30 30 30 -0.44 20.65 
24 6 134.77 177.65 35 35 35 35 35 35 -0.66 20.43 
24 6 148.00 157.01 25 25 25 25 25 30 -0.32 20.75 
24 6 146.72 159.02 25 25 25 25 25 35 -0.30 20.76 
24 6 145.26 160.92 25 25 25 25 25 40 -0.30 20.75 
24 6 143.64 162.68 25 25 25 25 25 45 -0.65 20.43 
24 6 ]41.19 168.57 30 30 30 30 30 35 -0.65 20.35 
24 6 139.74 170.47 30 30 30 30 30 40 -0.42 20.66 
24 6 133.31 179.55 35 35 35 35 35 40 -0.67 20.42 
24 6 131.69 181.31 35 35 35 35 35 45 -0.96 20.19 
24 6 146.90 159.13 25 25 25 25 30 30 -0.36 20.72 
24 6 144.33 163.16 25 25 25 25 35 35 -0.40 20.70 
24 6 139.90 170.59 30 30 30 30 35 35 -0.52 20.58 
24 6 145.79 161.25 25 25 25 30 30 30 -0.38 20.69 
24 6 141.94 167.30 25 25 25 35 35 35 -0.48 20.59 
24 6 138.62 172.61 30 30 30 35 35 35 -0.56 20.54 
24 6 134.25 178.30 30 30 30 40 40 40 -1.17 19.83 
24 6 142.12 167.41 25 25 30 30 35 35 -0.45 20.63 
24 6 144.51 163.27 25 25 25 30 30 35 -0.36 20.71 

Fig. VlI-d: Parametrical study for the generatrix profile for NER=6 

A few sets of profiles have been computed and the conclusion is that a folded profile is really 
interesting in this case because a gain of 0.14 dB is obtained if we compared a folded profile 
(250/250/250/250/250/350) with a straight one (300). The second remark, analysing the results 
of figure VII-d, is that a profile with two brisures does not give better results. For the 
following simulations, two solutions will be retained: a straight subarray of angle ß=300 and a 

folded one with the following profile (250/250/250/250/250/350) 
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* third parametrical stucty: NER =8, Ntot=24 and Nact=9 (see figure VII-e) 

Ntot Ner Hcone Rsup ßl ß2 ß3 ß4 ßs ß6 ß7 ß" margin D",;" 62.3 
24 8 198.81 178.06 25 25 25 25 25 25 25 25 -0.74 20.66 
24 8 189.97 193.97 30 30 30 30 30 30 30 30 -0.56 20.84 
24 8 179.69 209.11 35 35 35 35 35 35 35 35 -0.56 20.86 
24 8 191.82 190.58 25 25 25 25 30 30 35 35 -0.50 20.90 
24 8 188.91 194.38 25 25 25 25 30 30 40 40 -0.46 20.94 
24 8 183.10 201.94 25 25 25 25 35 35 45 45 -0.70 20.70 
24 8 185.67 197.91 25 25 25 25 30 30 45 45 -0.46 20.94 
24 8 188.69 195.99 30 30 30 30 30 30 30 35 -0.51 20.89 
24 8 187.23 197.89 30 30 30 30 30 30 30 40 -0.47 20.94 
24 8 185.61 199.65 30 30 30 30 30 30 30 45 -0.54 20.86 
24 8 187.40 198.01 30 30 30 30 30 30 35 35 -0.51 20.89 
24 8 184.49 201.80 30 30 30 30 30 30 40 40 -0.47 20.93 
24 8 180.63 207.86 30 30 30 30 35 35 40 40 -0.43 20.97 
24 8 177.89 211. 77 30 30 35 35 35 40 40 40 -0.44 20.97 

Fig. VII-e: Parametrical study for the generatrix profile for NER=8 

The analysis of the simulated results of figure VII-e leads to the following comments: 
- first, a folded profile with two brisures is the best solution because a gain of 0.13 dB 

is obtained compared to the straight one, 
- and then, if we compare the results of figure VII -e with the ones of figure VII -d, we 

can see that for the same antenna configuration, a gain of 0.27 dB is obtained with NER=8 
. 
compared to NER=6. But as the losses are 0.4 dB higher for the column of 8 patches, it is not 
interesting to consider a subarray with 8 patches. 

The conclusion of this parametrical study on the generatrix profile is: 

- for 4 patches, straight sub arrays (ß=300) will be considered 
- for 6 patches, two kinds of subarrays will be analysed: -folded one (250/..1250/350) 

- straight one (300) 
- no 8 patches sub array will be considered 
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VIII THE ACTIVE CONCEPT: PROPOSITION OF A SOLUTION 

VIII-l UNDERSTANDING THE CONCEPT 

If the station is located at an azimuth ~o, an odd number of columns -from 1 to Nact will be 
active (the other columns are switched off - i.e.: only Nact of the Ntot amplifiers are working 
for an azimuth ~o) and the azimuth ~o corresponds to the one of the central column as shown 
in figure VIIl-a (Nact=l1, Ntot=32). The phase and amplitude control on the Nact columns is 
made by conjugate matching. 

The cone is divided in Ns angular areas of 360/ Ntot degrees. The scanning outside the angular 
area [~o - 360 / Ntot , ~o + 360 / NtoJ is achieved by commutation of the beam around the 
revolution axis: switching on the Nact+ 1 column and then switching off the first column. Inside 
the angular area, the phase and modulus control of the columns are optimized for each 
elevation angle. 

The major problem of this solution is the amplitude and phase jumps during the commutation. 
When the Nact+ 1 column is switching on, the amplitude jump can be, in the worst case, equal 
to 20 log (N act 

/ N 
act 

+ 1) if the contribution of all columns are equal (which is the worst case 
on the nadir). 

During the CNES contract, a cone of 60 columns (19 columns active) was built and the 
amplitude jumps was about 0.5 dB, coherent with the previous formula. 

It is quite evident that the objective of the study is to minimize the cost of the antenna by 
reducing the number of column. The parametrical study will be done with Ntot max = 32 and if 
we considerer that 1/3 of the cone will be active Nact=ll and the worst case amplitude jump 
will be about 0.7 dB. However, this value is not so critical because ALCATEL had 
demonstrated that value of amplitude or phase jumps up to 1 dB does not create significant 
BER performances degradation. 
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SUBARRAY 
(column) 

~ 

Fig. VIII-a: Understanding the Active solution 

VIll-2 PARAMETRICAL STUDY 

The parametrical study will be limited to the profiles selected in ~vn. 

The global notations (figure VIll-b) used during the parametrical optimisation will be: 
- AK and <!>K are respectively the amplitude and phase controls for the subarray (or 

column) number K (K varying from 1 to Nact) 
- 8.ï and Çi are respectively the amplitude and phase control of each elementary radiator 

(i varying from 1 to NER) 

Sub array nOK 

with NER patches 

Fig. VIlI-b: Amplitude and phase control of each sub array 
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The parametrical study will be lead in three steps: 

-at first, the perfonnance without any constraint (apart from the dynamic range 
limitation to 6 dB of ~ and ai) will be obtained (column called margin 1 in the table of figure 
VITI-c; margin 1 = 

Dmin (the worst obtained for the 20 elevation samples from 0 to 62.30) - 

specified value - total loss (0.75 dB and 1 dB for 4 and 6 patches), for the wont case of 
elevation among 20 samples from 00 to 62.30 in elevation. 

-then, the performance, with an equal power feeding of the columns (~is constant for 
K = 1 to Nact) and a dynamic range limitation of 6 dB for ai, will be obtained (column called 
margin 2 in the table offigure VITI-c). 

-Finally, the performance with the same constraints than in step 2 and with a constraint 
of feasibility of the repartitor (the ai must decrease from the middle to the extremity of the 
subarray) are reported in the column called margin 3. 

The results of the optimisation are proposed in the table offigure VITI-c. 

Ntot NER N.ct Beta (0) margin margin margin 
1 2 3 

24 4 9 30 -0.51 dB -0.71 dB -0.81 dB 
26 4 11 30 -0.04 dB -0.43 dB -0.51 dB 
28 4 11 30 0.21 dB -0.05 dB -0.14 dB 
30 4 11 30 0.43 dB 0.25 dB 0.14 dB 
32 4 13 30 0.82 dB 0.51 dB 0.42 dB 
32 4 16 30 0.96 dB 0.14 dB 0.07 dB 

24 6 9 30 -0.15 dB -0.44 dB -1.14 dB 
26 6 11 30 0.34 dB -0.20 dB -0.75 dB 
28 6 11 30 0.58 dB 0.19 dB -0.45 dB 
30 6 11 30 0.79 dB 0.54 dB -0.20 dB 
32 6 13 30 1.19 dB 0.74 dB 0.14 dB 
32 6 16 30 0.95 dB 0.32 dB 0.00 dB 

24 6 11 25/.../25/35 -0.06 dB -0.30 dB -1.01 dB 
26 6 11 25/.../25/35 0.42 dB -0.05 dB -0.64 dB 
28 6 11 25/.../25/35 0.66 dB 0.34 dB -0.32 dB 
30 6 11 25/.../25/35 0.88 dB 0.72 dB 0.15 dB 
32 6 11 25/.../25/35 1.28 dB 0.89 dB 0.26 dB 
32 6 16 25/. ../25/35 1.47 dB 0.57 dB 0.07 dB 

Fig. VIII-c: optimisation for active concept 
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Several remarks can be made, analysing the table offigure VIII-c: 

- In the hypothesis of equal power feeding in the columns, the results for Ntot=32 and 
Nact=13 or 16 confirm that the optimal number of active column is approximatively Nact=Ntotl3. 
This is comprehensive because if we use half of a cone, at the edges, patch radiation is very 
low (pattern for 8=900 is about -17 dB versus maximum). So power feeding these patches is 
rather wasted. As directivity is proportional to the power of the global radiated field, divided 
by total excitation power, patches which have very low contribution in the pointing direction 
lowers the global directivity. 

- the obtained performances, with the only constraint of dynamic range, permit to show 
that the number of total column Ntot can not be lower than 25. Increasing the number of 
patches (ftom 4 to 6) permits, with the same profile, to increase margin of 0.4 dB or to reduce 
the number of column ftom 27 to 25. A folded profile permits to increase margin of 
approximately 0.1 dB compared to the straight one. 

- the loss induced bya equal power feeding of the column are respectively 0.27 dB for 
a 4-patches sub array and 0.38 dB for a 6-patches sub array. We can see that this loss can be 
compensated by increasing the number of column by 2 for both 4 or 6 patches-subarrays. 
Equal RF power in the columns (i.e.: conjugate matching with only phase control) means 
better EIRP (i.e.: for maximal given power Pmax for MMIC-HP A's, or for given power 
consumption. In this case, Prad=Nact X Pmax; with tapered amplitude, Prad << Nact x Pmax). 
Moreover, equal power avoids variable attenuators. That's why. an equal power feeding of the 
active columns will be chosen. 

The EIRP and directivity specifications at 62.30 (i.e.: Dmin=20 dBi and 17.23 dBW ::; EIRP ::; 
19.23 dBW) impose a total RF power bounded by -2.77 dBW and -0.77 dBW. 

- the loss due to the feasibility of the sub array can be explained by the type of the 
chosen repartitor. Several kinds of repartitor can be selected: serial repartitor, parallel one or a 
combination of serial and parallel feeding (see figure VIII-d). 

Fig. VIlI-d: Several kinds ofrepartitors 
parallel, serial and combined serial/parallel 



'8 

~>. 
-... Iã 

f 
-' 

u 

~J! 
g]<ã 

....'" ~g 
u 8 

~i 
.g'~ 

j;" 
1$; 
'C '!j 
ê'~ 
~'!i 
.~ S 
~i 
g.., 

"'.!:I 
:B~ 
.5 '6 

]:ë- 
"; ~ 
8 " 

u... 
.~È 

-]1 0 

1 
d 

~J! 

t<J 
U 

~. ~ 

~.:! .ù" ~] 
~.., 
.~~ ] 

!j ~ ." ,,- ~ I! 
1!:! 
8'13 
s."!! 

~.g 
B'" 
E.~ 
.g~ 
1:.j 
~.g 
g.,2 

.., .. 3 I!. 
!!! rI 

~1, 
"':I ~~ 
1:1: 
8." 
- 

.::~ 

.Ii u 
" c 

j"ü 

T 
ESTEC CONTRACT 11698/95/NL/SB 

CONFORMAL ARRAY 
ANTENNA AlC.TEl AES 960596 1 ASP 019 

TELECOM 
DATE: 
26/06/96 

ED/REV 
1/- 

3- 24 

The serial repartitor is the most interesting for the purpose of our study because the feeding 
lines are going through the patches, so reducíng the width of a column and consequently the 
mass of the breadboard. Also, lenght of lines is reduced, so ohmic losses lower. But the main 
drawback of this solution is the stringent constraints in the phase and amplitude controls; that's 
why the feasibility of a serial repartitor will not taken as a criteria to cancel a solution. 

The parallel repartitor has less constraints in the realisation of the phase and amplitude controls 
but if we want to minimise the mass of a column, the transmission lines width must be small 
(which could be a drawback for the precision of the printed circuits: a precision of 20 11m is 
obtained on the printed circuits which oblige to work with width larger than 0.4 mm) and go 
very near ITom the cavities. 

The only constraint imposed for all kinds of repartitors is to have constant or decreasing 
amplitude ITom the middle to the extremities. 

The total losses introduced by this feasibility constraints are approximately 0.10 dB for 4 
patches-subarray and 0.60 dB for 6 patches-subarray. 

It leads to the conclusion that a 4-patches sub array is more interesting that a 6-patches one, 
folded or not folded. A total number of 29 columns is necessary to be compliant whereas 30 
columns are necessary with the 6-patches folded subarray. 

That's why, the retained solution for the active concept will be : N121=29. Nm=ll and NER=4. 
This solution will be detailed in next part of the chapter. 

VIII-3 THE CHOSEN SOLUTION 

Geometrical characteristics 

The chosen solution is proposed in figure VITI-e. The truncated cone is characterised by the 
following parameters: 

Hconc, the height of the cone (94.99 mm) 
Røup, the upper radius of the cone (158.32 mm) 
Rmr, the lower radius of the cone (103.48 mm) 

In the truncated cone, the elementary radiators ( or patches) are arranged in 29 columns of 
NER=4. A constant elevation spacing is chosen: 27.42 mm (i.e.: 0.75 ^ at 8.2 GHz). 
Concerning the azimuth spacing, it varies according to the crown of the cone trom 24 mm 
(0.66 ^ at 8.2 GHz) to 32.95 mm (0.90 ^ at 8.2 GHz): 

dazl=32.95 mm 
dazl=29.96 mm 
dazl=26.98 mm 
daz4=24.00 mm 
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Fig. VIII-e: Geometrical characteristiCs of the active solution 

Electrical characteristics 

The feeding law of the subarray is proposed in the table of figure VIII-f. 

; 
ai (en dB) "" (en 0) 

1 -3.35 0 
2 -2.16 48 
3 0 0 
4 -5.04 348 

Fig. VIII-/: feeding law of the 4-patches subarray 
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The radiated pattern of the sub array is given in figure VTII -g. The pattern is rather similar to 
EIRP mask. 
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Fig. VIlI-g: Radiated pattern of the 4-patches subarray 

The EIRP performances of the antenna, when 11 columns are active, are given in figure VTII-h, 
with a RF power of -2.18 dBW. ESA mask is represented including a margin of 0.75 dB, 
which represents the total losses of a 4-patches sub array (see the antenna loss budget). The 
numerical values of EIRP are proposed in annex 1 and the radiated pattern of the antenna for 
several elevation samples too. The objective of 20.75 dBi directivity is reached with a margin 
of 0.05 dB, whereas a margin of 0.64 dBW is taken on the EIRP specifications. We can notice 
that the mask is overshot ITom 500 to 600~ it could become compliant by mismatching 
somewhat the phases. 

For a single beam, each column is fed with a RF power of 55 mW (-12.6 dBW). So, for three 
beams, the RF power per column will be -12.6 + 10 log 3 = -7.83 dBW. 

The amplifiers are connected to the columns via a filter which permits to reduce the 
intermodulation effects (see chapter 1 - System Analysis). The losses introduced by this 
connection must be taken into account for determining the RF power of a single SSP A. 
Presently, we take as hypothesis 1 dB losses (0.8 dB for the filter and 0.2 dB for the 
connections). A RF power of -6.83 dBW (210 mW) per amplifier is required. As eleven 
amplifiers are working at the same time, a total RF power of 2.28 W is obtained for the 
antenna. 
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Fig. VlII-h: EIRP performances for the active antenna 

The dynamical behaviour of the antenna must now be studied. It consists in demonstrating its 
capability to follow a ground station being compliant with required specifications (0.3 dB 
amplitude jump and 0.30 phase jump). 

We have used a software developped for CNES, which computes all the commands necessary 
to follow a ground station according to three typical trajectories and to verify that the 
amplitude and phase variations do not exceed specified values. The typical trajectories 
(proposed in figure VIII-i) represent three typical passings of SPOT 1 fÌ'om the ground station 
of Aussaguel (near Toulouse - 43.4 N latitude). The characteristics of these trajectories are 
described in the table of figure VIII-Í. 
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Type QUASI NADIR MEDIUM HORIZON 
duration 771 s 741 s 110 s 

azimuth [-92.30, 86.40] [-92.30, 86.40] [-92.30, 86.40] 

coverage 
elevation [1.90,61.80] [-38.90,61.80] [-61.770,61.850] 
coverage 

Clock 77ms 150 ms 370 ms 
PRF (per column) 55mW 55mW 55mW 

Fig. VIII-i: Three typical trajectories of SPOT from Aussaguel (43.4 N latitude) 

and characterisation of these trajectories 
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The hypothesis offive bits phase-shifters is made. So the Lest Significant Bit (LSB) of a phase- 
shifter is 11.250. The results of these simulations are reported in the table of figure VIII-j and the amplitude and phase jumps versus to time are given for each trajectory in figures VIII-k to 
VIII-m. 

Trajectory Quasi Nadir Medium Horizon 
RF power ( 1 col) 55mW 55mW 55mW 

clock 77ms 150 ms 370 ms 
Amplitude jumps 0.5 dB 0.4 dB 0.3 dB 

Phasejumps 50 40 30 

Commutations 303 573 239 

Fig. V/lI-j: Amplitude and phase jumps performances 

The most critical trajectory is the quasi-nadir one. This trajectory does not require a lot of 
commutations during initial and final parts because in these regions, the azimuth of the station 
is quasi constant and equal to -900 in the initial part and +900 in the final part. When the station 
is over nadir, a shift of almost 1800 in azimuth is required which explain the high number of 
commutations obtained during time 4800 to 5300 (see figure VIII-k). 

An important parameter for commutation is the clock. Figure VIII-n represents the amplitude 
and phase jumps obtained for the quasi-nadir trajectory when the clock is 154 ms. It is clear that the time for commutation is too long and the antenna has not the time to activate the 
suited column with the same constraints than for a 77 ms-clock (0.5 dB / 50). A compromise 
must be found for the clock value: 

- a too slow value does not permit to follow the ground station 
- a too fast value means a lot of commands for the antenna, so it increases the 

complexity of the management unit. Moreover, the consumption of the ASIC's increase with 
the velocity of commutation. 

The amplitude / phase jumps performances are not compliant with the required specifications 
(0.5 dB / 50 obtained against 0.3 dB / 30 required). These excessive values are essentially due 
to the switching of the columns. The worst case of amplitude jump is given by : 20 log (Nact+ 1 
/ Nact) which is equal to 0.7 dB ifNact=ll. 

During the CNES study (cone of 60 columns, 19 active), the performances were the following: 
- theoretical simulation 1 (simulation of the column pattern): 0.3 dB / 30 
- theoretical simulation 2 (including measurement of the column pattern): 0.5 dB / 50 
- measurement (adding specific test error) 0.7 dB / 4.50 

That's why, if the same hypothesis are made for this study, the final amplitude and phase iumps 
will certainly be about 0.9 dB / 70. 
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The only way to be compliant with the 0.3 dB / 30 specifications is to increase the number of 
active columns and consequently Ntot, but it Will increase considerably the number of active 
modules, so the cost of the antenna... That's why, if we want to design an active antenna with a 
competitive cost, a solution could be to modify the specifications. An increment of amplitude 
and phase jumps up to 1 dB / 10 does not degrade significantly the performances of the antenna (see System Analysis). 
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Fig. VlII-k: Amplitude and phase jumps for quasi-nadir trajectory 
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Fig. VIII-n: Amplitude and phase jumps for quasi-nadir trajectory 
(clock= 154ms) 
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IX THE SEMI-ACTIVE CONCEPT: PROPOSITION OF A SOLUTION 

IX-I PRINCIPLE OF A BUTLER MATRIX 

The semi-active concept is based on the use of Butler matrixes, 

A BuIter matrix N x N (ie: with N inputs and N outputs) is a 2N-port network, where N=2P (p 
is an integer). All ports are matched and the N ports of the input side are mutually isolated, as 

are the N ports on the output side. 

It can be defined by a transferring matrix Bn as shown in figure IX-a. 

^ 
\Vi <Xi 

N inputs I ~ 
^ 

AK,~K Bn N outputs 

y y 

Fig. IX -a: Representation of a Butler matrix 

with the following relation 

( ø) ~(a', ø 2iK.Î 
AK, K 

= 

tí 
cfexPJ(Ø+ If/j +(K-I)( 0 +N))j 

where a is the amplitude loss through the matrix 
<I> is the insertion phasis of the matrix 

It means that a linear phase distribution is induced by the excitation of input i (see figure IX-b). 

'K:'!~=~';;;of2' ............................................... ..................,....... ; 

............................ . 

......._........L.............+'2;!}~7t/N j 
. 

i i i t (N-~X+O+2i7t/N) 
0/' ..m 

I 
mmmmmmf.................:...mmjm mmmrm...........fm....t 

1 K-I K N N+I # 1 output Db K 

Fig. IX-b: Phase distribution induced by excitation of input i 
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A Butler matrix is finally, an implementation of the Fourier transform. The signal combinations 
(sums, differences) is achieved by a set of hybrids couplers. 

For the purpose of our study, the outputs of the Butler matrixes will be connected to the 
columns of the conical antenna as shown in figure IX-c. 

SUBARRAY 
(colunm) 

~ Sl 

S9 S25 

S17 

Fig. IX-c: Semi-active concept in a cone of 32 columns (N=4 and NB=8) 

Let us consider the case of a conical antenna ofNtot columns fed by NB Butler matrixes with N 
inputs and N outputs (figure IX-c). During the active concept, it has been demonstrated that 
the optimum radiation is obtained when one third of the cone is switching on. The capability of 
a Butler matrix to concentrate energy to one output means that a particular connection of the 
outputs of the matrixes must be done in order to be able to concentrate energy to a number of 
NB columns. 

The order of connection of the outputs round a circle will be: 
- column 1: output 1 of matrix 1 
- column 2: output 1 of matrix 2 

.. .. .. 
- column NB: 
- column NB +1: 

output 1 of matrix NB 
output 2 of matrix 1 

... .. 
- column 2 NB: output 2 of matrix NB 

.... 
- column Ntot=NxNB: output N of matrix NB 
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In order to turn regularly the beam around the cone, a constant phase difference between two 
consecutive outputs must be induced by the èxcitation of an input. It is easy to demonstrate 
that the only way to reach this constraint (see figure IX-b, <1>0 multiple of 27t) is by the use of 
1800-hybrids (see annex A to chapter 3). 

The azimuth control is achieved by according the phase and amplitude of all the inputs of the 
Butler matrixes (ie: all the amplifiers are working at the same time). The amplifiers are 
introduced at the inputs of the Butler matrixes as shown in figure IX-c and all amplifiers are 
working all the time which permits to reduce DC and RF power compared to active option. 

A circular permutation of the Butler matrixes (ie: matrix 1 ~ matrix 2,...matrix NB ~ matrix 
1) permits to turn the beam of an angle equal to 3600 / Ntot, whereas a circular permutation of 
the outputs of the Butler (ie: output 1 of matrix 1 ~ output 2 of matrix 1, 

..., output N of 
matrix 1 ~ output 1 of matrix 2, ..., output N of matrix NB ~ output 1 of matrix 1) permits to 
turn the beam ofan angle equal to 3600 x NB/ N. 

From our knowledge of antenna litterature (see annex A to chapter 3), Butler matrixes are the 
best way to make multiple well decoupled beams <<turn around>> a circular array, with limited 
loss, and equal amplitude excitation at the inputs of the matrixes (so better efficiency of the 
amplifiers). 

The critical point in the use of a Butler matrix for a conical antenna is the level of the far field 
at the nadir. It is easy to demonstrate (detail of the calculation is proposed in annex number 2) 
that, if NB is the number of Butler matrixes connected to a conical antenna and if D is the 
dynamique range of the <Xi in dB, this level is equal to: 

2010g(N B.JN amaxE1) 
where 

El is the level of a single column at the nadir 
D 

and fx X' (with X = 1020 ) 
amax= X2NB+(N-l))NB 

The level at the nadir is then about proportionnal to the number of Butler matrixes NB. In case 
of equal power feeding of the Butler's inputs (D=O, so X=I), this level becomes equal to 

2010g(~NB)+2010g(El) . 

For example, if we consider a conical antenna ofNtot=32 columns, it is preferable to use 8 4x4 
Butler matrixes in place of 4 matrixes 8x8 because for a same level of a single column at the 
nadir, 3 dB more is obtained with 8 matrixes 4x4. 
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For example, if we consider a conical antenna of Ntot=32 columns, it is preferable to use 84x4 
Butler matrixes in place of 4 matrixes 8x8 becàuse for a same level of a single column at the 
nadir, 3 dB more is obtained with 8 matrixes 4x4. 

IX-2 P ARAMETRICAL STUDY 

A parametrical study in the semi-active concept will be lead assuming that the same level of 
RF power is given in each input of the Butler; which gives better efficiency of the amplifiers 
as shown in the active concept. The optimisation will be done only on a straight generatrix 
(with ß=300). If a six patches subarray is selected as the best solution, a comparison between 
the folded profile selected in the active concept and a straight profile of 300 will be proposed. 

The parameters will be: 
- Ntot (varying from 24 to 32) 
- N : 2, 3, 4 and 8 

- NB depending on Ntot and N CNB=NtolN) 
- NER : 4 or 6 

The results of the optimization are reported in the table offigure IX-d. 

Ntot NER Nø N margin for Dir PRF total 
, 

62.30 
30 4 15 2 -0.71 dB -2.01 dBW 
30 4 10 3 -0.08 dB -2.69 dBW 
32 4 16 2 -0.44 dB -2.32 dBW 
32 4 8 4 +0.16 dB -2.30 dBW 
32 4 4 8 -0.69 dB +0.72 dBW 
33 4 11 3 +0.40 dB -3.17 dBW 

24 6 12 2 -1.79 dB -1.17 dBW 
24 6 8 3 -1.06 dB -1.38 dBW 
24 6 6 4 -1.15 dB -0.13 dBW 
24 6 3 8 -1.64 dB +2.88 dBW 
27 6 9 3 -0.46 dB -1.89 dBW 
28 6 14 2 -1.10 dB -1.66 dBW 
28 6 7 4 -0.47 dB -0.80 dBW 
30 6 15 2 -0.80 dB -1.97 dBW 
30 6 10 3 -0.07 dB -2.35 dBW 
32 6 16 2 -0.53 dB -2.24 dBW 
32 6 8 4 +0.13 dB -1.38 dBW 

Fig. IX-d: Parametrical study in the active concept 
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Several remarks can be made on the results of the parametrical study: 

- a maximum RF power of -0.77 dBW is required in the specifications, and all the 
configurations with N=8 are not compliant because of the nadir level. 

- all the configurations with N=2 have an excellent level at the nadir but the directivity 
at 62.30 in elevation is critical. That's why a compromise must be realise in the order of the 
Butler matrixes It leads to the conclusion that that N=3 or 4. 

- if we analyse the different results obtained for Ntot=24 and NER=6, we can deduce that 
the best configuration will be obtained with Butler matrixes 3x3. This is normal because with 
3x3 matrixes, the beam will be formed with 8 columns which correponds to one third of the 
cone. 

- if we focus on the EIRP performances of a solution (Ntot=30, NER=6, NB=lO and 
N=3) as shown in figure IX-e, it is clear that we have a minimum margin of about 1 dB ITom 20 
in elevation to 550; and no margin at the two extremities. That's why the radiated pattern of a 
single column must be re-optimised by modifying the mask (increasing the levels at the 
extremities and decreasing the level between the extremities). A new optimisation of this 
solution lead to the pattern reported in figure IX-f The obtained performances with this new 
radiated pattern is considerably better because a total number of columns of 24 (8 matrixes 
3x3) gives compliant results for both directivity at 62.30 in elevation and total RF power 
(figure IX-f). A second step optimisation is then necessary. It will be lead only with N=3 and 
N=4. 
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Fig. IX-e: EIRP performances (NER=6, Ntot=30, NB=10 andN=3) 
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Fig. IX-f.' Subarray radiated pattern (NER=6) 

Final optimisation give the results reported in table of figure IX-g. A trade-off is made according to the feasibility of a 6-patches subarray and the feasibility of a 3x3 Butler matrix. 
The alternative to the feasibility of a 3x3 Butler matrix is a 4x4 Butler matrix and the 
alternative to the feasibility of a 6-patches subarray is a 4-patches subarray. 

Moreover, for the solutions with 6-patches subarray, a comparison between folded and straight subarrays will be made. 
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BUTLER 3x3 N6 

Feasibility of 6 
patches subarray 

Feasibility of6 
patches subarray 

y 0 y 

~F~d"""'" 

Ntot / NER 24/6 24 / 6 27/ 4 27 / 4 28 /6 28 /6 28 / 4 

Cone profile 25/..125/35 30 30 30 25/.../25/35 30 30 
Butler 8 3x3 83x3 93x3 93x3 7 4x4 7 4x4 7 4x4 

Dmln 62.30 21.08 dBi 21.05 dBi 20.92 dBi 20.92 dBi 21.43 dBi 21.28 dBi 20.80 dBi 
Marøln for Dmin 0.08 dB 0.05 dB 0.17 dB 0.17 dB 0.43 dB 0.28 dB 0.05 dB 

M.I'II. f... RJ' power 0.22 dBW 0.00 dBW 0.22 dBW 0.22 dBW 0.40 dBW 0.35 dBW 0.05 dBW 

28 /4 

Fig. IX-g: Trade-off in the semi-active concept 

If we consider that the main criterium to compare the solutions is the number of total columns (in order to reduce the complexity, the mass and so the cost of the antenna), the best solution 
is a cone of24 columns with a 6-patches folded subarray. Margins of 0.08 dB and 0.22 dB are obtained for respectively directivity at 62.30 and RF power. The results are significatively 
increased with a folded profile: 0.22 dB more margin for RF power and 0.03 dB for directivity. 

However, the proposed solution had several drawbacks: 
- the feasibility of a Butler 3x3 

- the feasibility of a 6-patches subarray (loss in the bandwidth expected higher on longer 
subarrays - to be assessed in WP 2200) 

- the folded subarray which induces some risks in the fabrication 

That's whv. alternatives are proposed with 4x4 Butler matrixes and 4-patches su~. The 
solutions will be classified ftom 1 to 4. The best solution will be more detailed in next part and 
EIRP performances of the other solutions will be proposed in annex 3. The proposed solution 
are: 

1- Ntot=24 NB=8 N=3 NER=6 
2- Ntot=27 Nø=9 N=3 NER=4 
3- Ntot=28 NB=7 N=4 NER=6 
4- Ntot=28 NB=7 N=4 NER=4 
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IX-3 THE CHOSEN SOLUTIONS 

The parametrical study has led to the choice of a 6 patches folded sub array fed by a serial 
repartitor. The complete feasibility of the serial repartitor for the 6 patches subarray has not 
been already demonstrated, That's why, two solutions will be retained and presented in ~IX: 

- a 24 column antenna with 6 patches folded sub array fed by a serial repartitor 
- a 24 column antenna with 6 patches folded sub array fed by a parallel repartitor 

The performances obtained with the two configurations of repartitors are quasi equivalent. 
Final choice between the two solutions will be made during WP 2200. 

Geometrical characteristics 

The geometrical characteristics of the retained solutions are proposed in figure IX-h. 

The truncated cone is characterised by the following parameters: 

Hcone, the height of the cone (SERIAL: 146.72 mm, PARALLEL: 146.72 mm) 

~, the upper radius of the cone (SERIAL: 159.02 mm, PARALLEL: 174.21 mm) 
Rinf, the lower radius of the cone (SERIAL: 83.29 mm, PARALLEL: 98.48 mm)) 

In the truncated cone, the elementary radiators (or patches) are arranged in 24 folded columns 
ofNER=6. A constant elevation spacing is chosen: 27.42 mm (i.e.: 0.75 Â. at 8.2 GHz). 

Concerning the azimuth spacing daz, it varies according to the crown of the cone ITom: 
-24 mm (0.66 Â. at 8.2 GHz) to 39.80 mm (1.09 Â. at 8.2 GHz) (SERIAL REPARTITOR) 
-28 mm (0.77 Â. at 8.2 GHz) to 43.80 mm (1.20 Â. at 8.2 GHz) (pARALLEL REPARTITOR) 

A minimum azimuth spacing of 24 mm is taken on the first crown because the diameter of the 
lower cavity of the elementary radiator is equal to 23 mm. This is the shortest value which 
could be taken only if a serial repartitor is chosen because no space is needed for the feeding 
lines (they pass through the patches). If a parallel or combined serial / parallel repartitor is 
chosen, this value must be greater due to the feeding lines and be equal at minimum to 28mm. 

The exact azimuth spacing values are the following: 

Azimuth spacing SERIAL PARALLEL 
dazl 39.80 mm 43.80 mm 
daz2 36.75 mm 40.75 mm 
daz3 33.70 mm 37.70 mm 
daz4 30.65 mm 34.65 mm 
daz5 27.60 mm 31.60 mm 
daz6 24.00 mm 28.00 mm 
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Electrical characteristics 

The feeding law of the subarray is proposed in the tables of figure IX-i-! and IX-i-2. 

i SERIAL REPARTITOR 
i aj (in dB) l:,; (in 0) ß (in 0) 

1 -2.00 0 25 
2 -1.00 20 25 
3 0.00 322 25 
4 0.00 348 25 
5 -1.00 265 25 
6 -2.00 219 35 

Fig. IX-i-l: feeding law of the 6-patches folded subarray fed by a serial repartitor 

i PARALLEL REPARTITOR 
i a{ (in dB) l:,; (in 0) ß (in 0) 

1 -0.23 0 25 
2 -0.27 43 25 
3 0 346 25 
4 -0.13 11 25 
5 -0.23 291 25 
6 -0.27 255 35 

-, '. 

. 

Fig. IX-i-2: feeding law of the 6-patches folded subarray fed by a parallel repartitor 

The radiated pattern of the subarrays is given in figure IX-i-3. 

- 

!! 
ì! 

10 

Sui 

Fig. IX-i-3: Radiated pattern of the folded 6-patches subarrays 
(fed by serial or parallel repartitors) 
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The EIRP performances of the antenna are given in figure IX-j, with a RF power of -0.77 
dBW, which corresponds to maximum RF pòwer possible for the antenna. ESA mask is 
represented including a margin of 1.00 dB, which represents the total losses of a 6-patches 
sub array (see the antenna loss budget). The numerical values ofEIRP are proposed in annex 3 
for the two configurations and the radiated pattern of the antenna (with the serial repartitor) 
for several elevation samples too. 
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Fig. IX -j-I: EIRP pattern for the semi-active antenna with serial feeding 
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Fig. IX-j-2: EIRP pattern for the semi-active antenna with parallel feeding 
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The objective of 21.00 dBi directivity is reached with a margin of 0.08 dB for the serial 
repartitor and a margin of 0.00 dB with the parallel one. Concerning the RF power a margin of 
approximately 0.2 dBW is obtained for both cases. 

The EIRP characteristics are fully compliant with ESA specifications (RF input power=-0.77 dBW and EIRP values don't exceed 2 dB more than minimum required values for all the 
elevation samples comprise between 0 to 62.30). 

For a single beam, each column is feeding with a RF power of35 mW (-14.57 dBW). So, for 
three beams, the RF power will be -14.57 + 10 log 3 = -9.80 dBW. The amplifiers are 
connected to the columns via a Butler matrix and filter. The losses introduced by this 
connection must be taken into account for determining the RF power of a single SSP A. These 
losses are approximately 2.0 dB (1 dB for the Butler, 0.8 dB for the filter and 0.2 dB for the 
connections). A RF power of -7.80 dBW (166 mW) per amplifier is required. 

As 24 amplifiers are working at the same time, a total RF power of 3.98 W is obtained for the 
antenna. 

The EIRP performances are obtained for ~=oo (taken at the center of a column as shown in 
figure IX-k). Due to its revolution geometry, we must analyse the performances of the antenna 
for the azimuth sector [-360/(2 NtoJ; + 360/(2 NtoJ]. This analysis will be proposed only for 
the antenna with a serial repartitor because the conclusions will be the same for the antenna 
with the serial repartitor. 

Figure IX-l shows the RF power on each column for both cases ~=oo and ~=7.5O =360/(2x24) 
when a RF input level of 1 is taken in each input. 

Thanks to the properties of the Butler matrix, we can see that energy is concentrated on one 
output because a level of quasi 3 in RF power is obtained on eight columns. For the case 
where cþ=7.5O, a symmetrical distribution of energy (with a short taperisation) is obtained 
whereas unsymmetrical distribution is obtained for cþ=Oo, which corresponds to the worst case 
and gives some backward radiations. We can conclude that the performances proposed in 
figure IX-j are the worst performances obtained in a [-7.50, 7.50] azimuth sector. 

As a comparison, if the same configuration is taken with the active concept (in which 9 
columns will be active), a level of 20.97 dBi is obtained at 62.30 in elevation (approximately 
0.1 dB less than the semi-active concept). In the active concept, the same performance can be 
obtained by a short taperisation of the column level. This taperisation is naturally induced in 
the semi-active concept by the phase distribution of the inputs. 
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Fig. IX-k: the azimuth sector [-360/(2 NtoJ; + 360/(2 NtoJ). 
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The dynamical behaviour of the semi-active antenna has not been evaluated during this work 
package. However, the principle of turning the' beam around the cone, by shifting the phases at 
the inputs of each Butler, does not require to switch on or off amplifiers. That's why better 
results are expected concerning amplitude and phase jumps. 

The principle of calculation of amplitude and phase jumps for a semi-active antenna which 
follows a ground station between position 1 (given by elevation angle 81 and azimuth angle </>1) 
and position 2 (given by 82 and </>2) will be the following: 

step 1: optimisation of the Butler's inputs for position 1 

which gives the law: ( \jill, \jI21, \jI31,..., \jIN..,I) 
step 2: optimisation of the Butler's inputs for position 2 

which gives the law: ( \jI12, \jIn, \jI32,..., \jIN..,2) 

( \jI12, \jIn, \jI32,..., \jIN..,2) - (\jI2m -\jIlm ) 
(\jI2m and \jIlm are respectively the averages of the law 2 and 1) 

step 3: ITom the initial law ('Vll, \jI21, \jI31,..., \jIN"'I)to final law ('V12, \jI22, \jI32,..., 'VN..,2) 
- ('V2m -'VIm) one LSB per one LSB incrementation (LSB depending on the number of 
bits chosen for each phase-shifler) and comparison of far field value with the far field 
value obtained with previous law. 

The bits number of each phase-shifler will certainly be an important parameter in the amplitude 
and phase jumps. A parametrical study in the number of bits will be lead in order to determine 
the best compromise. 
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x TRADE-OFF BETWEEN THE CONCEPTS 

X-I 
COST 

MECHANICAL CHARACTERISTICS. PASSIVE EO~ 
The mechanical characteristics are summarized in the table offigure X-a. 

SEMI-ACTIVE ACTIVE 
Height of the cone 146.72 mm 94.99 mm 

Upper radius 159.02 mm 158.32 mm 
Lower radius 83.29 mm 103.48 mm 

Number of 24 29 
columns 

Type of subarray folded (250/250/250/250/250/350) 
straifl.ht (300) 

Patches per 6 4 
column 

Number of active 8 BUTLER 3x3 11 active columns 
columns / Butler 
Design simpücity Butler matrixes dispersion Experience ofCNES study + 4 

effects + 6 patches subarrays patches sub array 
Beam shaping dispersion on matrixes TBV good results (cf. CNES) 

quality 
Equipment Butler + cables added to active 29 distributed active modules 

concept but 5 modules less including HPA 's (with bias 
without bias switchinfl. switchinfl.) and phase-shilters 

TRADE-OFF - + 

Fig. X -a: Mechanical characteristics of the different solutions 

The mechanical trade-off is more favourable to the active concept for two main reasons: 

- the active conical antenna is more lighter than the semi-active one: 
* 29x4=116 elementary radiators against 24x6=144 for the semi-active concept * a lower volume of the cone due to the 4-patches subarray configuration 

against a 6-patches one for the semi-active concept 

- the fabrication of a 4-patches straight subarray is very easy compared to a folded 6- 
patches one, because there is no risk in breaking the substrate by the brisure of 100 
between patch number 5 and patch number 6. 

It is then obvious that the experience of precedent study concerning the active concept and the 
use of a 4-patches sub array minimises the risks in the final breadboard performances compared 
to the semi-active solution in which: 

- a complex sub array of 6 patches must be fabricated 
- the dispersion of a Butler matrix could induce graceful degradations on EIRP 
performances 
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X-2 ELECTRICAL CHARACTERISTICS 

The electrical characteristics are summarized in the table offigure X-b. 

SEMI-ACTIVE ACTIVE 
Dmin 62.3O/margin 21.08 dBi / +0.08 dB 20.80 dBi / +0.05 dB 

compliant compliant 
EIRP margin +0.22 dBW +0.64 dBW 

compliant and LI < 2 dB compliant but LI > 2 dB 
( could be compliant bv mismatching) 

Amplitude and 1.40/0.13 dB 0.90 dB /70 
phase jumps analytically calculated (ON/OFF switching) 

No comoliant 
TRADE-OFF + 

- 

Fig. X-b: Electrical characteristics of the different solutions 

The electrical trade-off is more favourable for the semi-active concept for the following 
reasons: 

- the results are fully compliant with the technical specifications (Dmin at 62.30 in 
elevation is equal to 21.0 dBi -20 dBi specified - 1 dB (loss budget)-; the EIRP values are 
verifying both minimum and maximum masks) 

- the amplitude and phase jumps have not been computes; but an analytical calculation 
shows that there will be about 1.40 and 0.13 dB (see annex B to chapter 3). It is evident that 
the result is better than for active concept because no switching is needed to turn the beam in 
azimuth. The control of the antenna in azimuth is achieved by selecting the proper phase at the 
inputs of the Butlers by incrementing bit by bit each phase shifter. This is the great interest of 
this antenna to be able to follow a ground station without significative amplitude and phase 
jumps. If semi-active concept is chosen, a software will be developed in order to compute the 
amplitude and phase jumps by the principle explained in page 3-48. 
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X-3 ACTIVE MODULES 

The active modules trade-off is proposed in the table offigure X-c. 

SEMI-ACTIVE ACTIVE 
EffICiency of Equal and constant power three levels of power 

HPAs 
possible less degradation with one failure over 24 graceful degradation 

degradation active amplifiers instead of 1 / 11 for active 

conceot 
losses between # 2dB # 1 dB (filter+connection) 

HPAs and (Butler matrixes + cables+filter) 
subarravs 

PRF per amplifier 166 mW 210 mW 
(for three beams) for the three beams for the three beams 
total RF power 3.98W 2.28W 

DCoower J!ood efflciencv of the amolifìers DOor efflciencv of the amplifiers 
TRADE-OFF + 0 

Fig. X-c: Active modules of the different solutions 

The main drawbacks of the active concept (compared to the semi-active one) appear in two 
points: 

- at first, a failure in one amplifier will induce more degradation in the EIRP 
specifications because 10 amplifiers over 11 will work, which gives a loss of about 10 percent 
of the power compared to 1 over 24 for the semi-active concept (4 % of the power lost) 

- then, three levels of power are necessary because for the worst case in which the 
azimuth of the three beams will be closer whereas a constant power is required for the Butlers, 
which increases considerably the efficiency of the amplifiers. 

The needed RF power (at the output of the amplifiers) of the semi-active antenna is equal to 
3.98 W compared to 2.28 W for the active antenna. This phenomenon is due to the 
supplementary losses induced by the use of a Butler matrix (1 dB more). But no specifications 
is given for maximum RF consumption. 

Therefore, it is obvious that the total power consumption (DC power) will be more important 
in the active concept than in the semi-active one,due to the efficiency of the amplifiers. 
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XI CONCLUSION 

A complete summary of the trade-off is proposed, included global notations, in the table of 
figure XI -a. 

SEMI-ACTIVE ACTIVE 
mechanical, passive - + 

equip. and cost 

electrical + 
- 

active modules + 0 

GLOBAL +1 0 

NOTATION 

Fig. XI-a: Final trade-off 

Main drawback of the active concept is the value of amplitude and phase jumps during 

commutation. The modification of amplitude and phase jumps specifications, as suggested 
during WPIIOO, were the only possibility if the active concept was chosen. 

The above global notation leads to the choice of the semi-active concept to comply with the 
specification of this three beams LEO mission. 
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Let us consider a NxN Butler matrix. As shown in ~ IX-l (page 3-35 of this document), we 
have the following relation: 

(AK' ØK) = i~J ~' exp j[Ø + 
\If, 

+ (K - IXØ 
0 

+ 2:)~ 
where ø 

0 
= 0 (1800 hybrids) 

At the nadir, with a circular polarisation, the far field created by the N columns connected to a 

single Butler matrix is: 

El(nadir)= L (AK,ØK)81(nadir)exp[j~ (K-l)]~ 
~~ Æ 

where 81 (nadir) is the far field at the nadir created by a single column 

The contribution of input number i could be written as: 

L ai exp j[Ø + 
'If. 

+ (K -1) 2;; ]exp j[(K -1) ~ ]81 (nadir)~ 
K=I,N 

a I Æ 

a. & (nadir) ( 21í )K-l 
= -!. 

1 

Æ 
expj[ø+ 'If) L expjN(i + 1) 

a N 
K=l,N 

( d.) (exp j 2N1í 
(i + 1 )N) - 1 

a. & na Ir 
= 

1 1 
exp j[Ø + 'If.] a ,fN , (exp j ~ (i + I)) - 1 

This expression is equal to zero unless i=N-I. 

Ifi=N-I, the contribution of the input is: 

a 8 (nadir) 
K-l a 

, r;:; ~ 
l./N expj[ø+'" ]~(l) =~81(nadir)expj[Ø+"f .J'\'N a N 'f" N-l 

~ 
a 'f" N-l K=I,N 

For the purpose of the theoretical study, equal power is given on each input; which means that 
for a total power of 1 : 

~~NBa~ 
= 1 which implies that a. 

= 

1 
for each input of the Butler. ~1=1 1 I ~NNB 
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If we suppose that a =1 (no loss in the Butler), the modulus of the far field at the nadir 
(including the NB Butler matrixes) becomes equal to: 

~ 
1 

NBÆ!C, (nadirJI ~ 

NNB 

~NB181 (nadir~ 

so directly proportional to the number of Butler matrixes NB. 
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Frequency=8.2 
GHz 

Prf=-0.77 
dBW 

****************************** 
PHI=-7.50 

Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
. 

OOOOOOOE+OO, .4900001E+01, .9800001E+01, .1180000E+02, .1280000E+02, 
. 

1470000E+02, 
. 

1720000E+02, .1960000E+02, 
. 

2450000E+02, 
. 

2940000E+02, .3420000E+02, 
. 

3900000E+02, 
. 

4380000E+02, 
. 

4860000E+02, 
. 

5370000E+02, .5660000E+02, 
. 

5920000E+02, 
. 

6109999E+02, 
. 

6230000E+02, 
PHI=-3.750 

. 

7296994E+01, .9172892E+01, .9239302E+01, .9239302E+01, .9275618E+01, 
. 

9357183E+01, .8743603E+01, 
. 

8909016E+01 
, 

.9725931E+01, 
. 

9699458E+0 
1 

, 

.1033676E+02, 
. 

1133029E+02, .1110571E+02, .1190046E+02, .1492647E+02, .1604661E+02, .1732779E+02, .1870070E+02, .2023256E+02, 

Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
.OOOOOOOE+OO, .4900001E+01, .9800001E+01, .1180000E+02, 

. 

1280000E+02, .1470000E+02, .1720000E+02, .1960000E+02, 
. 

2450000E+02, 
. 

2940000E+02, 
. 

3420000E+02, 
. 

3900000E+02, 
. 

4380000E+02, 
. 

4860000E 
+02, 

. 

7296994E+01, 
. 

9172892E+01, .9239302E+01, 
. 

9239302E+01, 
. 

9275618E+01, 
. 

9357183E+01, .8765968E+01, 
. 

8901796E+01 
, 

.9682491E+01, 
. 

9726081E+01, .1032129E+02, 
. 

1133925E+02, 
. 

1110989E+02, 
. 

1191033E+02, 

n____._- 

--_-.__._---~_._-----._-_._-_. 
- 

-----'-----. 

---------._--_..~. 

Jun 

13 

20:29 

1996 

co.da 

Pa~ 

.5370000E+02, 

.1492562E+02, 

. 

5660000E+02, 

.1604661E+02, 

. 

5920000E+02, 
. 

1732779E+02, 

.6109999E+02, 

.1870070E+02, 

.6230000E+02, 

.2023256E+02, 

PHI=Oo 
Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
.OOOOOOOE+OO, 
. 

7296994E+01, 

.4900001E+01, 

.9172892E+01, 

.9800001E+01, 
. 

9239302E+01, 

.1180000E+02, 
. 

9239302E+01, 

. 

1280000E+02, 
. 

9275618E+01, 

.1470000E+02, 
. 

9357183E+01, 

. 

1720000E+02, 
. 

8804497E+01 
, 

.1960000E+02, 
. 

8783934E+01, 

. 

2450000E+02, 
. 

9506775E+01, 

. 

2940000E+02, 
. 

9950648E+01, 

.3420000E+02, 

.1013094E+02, 

. 

3900000E+02, 

.1132633E+02, 

.4380000E+02, 

.1119111E+02, 

.4860000E+02, 

.1180226E+02, 

. 

5370000E+02, 

.1492562E+02, 

. 

5660000E+02, 

.1604661E+02, 

. 

5920000E+02, 

.1732779E+02, 

.6109999E+02, 

.1870070E+02, 

.6230000E+02, 

.2023256E+02, 

PH 
I 

=3.750 Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
.OOOOOOOE+OO, 
. 

7296994E+01, 

.4900001E+01, 
. 

9172892E+01, 

.9800001E+01, 

.9239410E+01, 

.1180000E+02, 
. 

9239302E+01, 

.1280000E+02, 

.9275618E+01, 

.1470000E+02, 

.9357183E+01, 

.1720000E+02, 

.8800627E+01, 

.1960000E+02, 
. 

8768826E+01, 

. 

2450000E+02, 
. 

9542282E+01, 

. 

2940000E+02, 
. 

9929721E+01, 

.3420000E+02, 

.1012992E+02, 

. 

3900000E+02, 

.1133926E+02, 

. 

4380000E+02, 

.1120442E+02, 

. 

4860000E+02, 

.1181257E+02, 

. 

5370000E+02, 

.1492562E+02, 

. 

5660000E+02, 

.1604661E+02, 

. 

5920000E+02, 
. 

1732779E+02, 

.6109999E+02, 

.1870070E+02, 

.6230000E+02, 

.2023256E+02, 

PHI=7.50 
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Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
.OOOOOOOE+OO, .4900001E+01, 

. 

9800001E+01, 
. 

1180000E+02, 
. 

1280000E+02, .1470000E+02, .1720000E+02, .1960000E+02, 
. 

2450000E+02, 
. 

2940000E+02, 
. 

3420000E+02, 
. 

3900000E+02, .4380000E+02, 
. 

4860000E+02, .5370000E+02, 
. 

5660000E+02, 
. 

5920000E+02, .6109999E+02, .6230000E+02, 
. 

7296994E+01, .9172892E+01, 
. 

9239300E+O 
1 

, 

. 

9239302E+O 
1 

, 

.9275618E+01, 
. 

9357183E+01, 
. 

8743603E+01 
, 

. 

8908767E+01 
, 

. 

9725935E+01, 
. 

9699475E+01 
, 

.1033676E+02, 
. 

1133029E+02, .1110571E+02, 
. 

1190046E+02, .1492562E+02, 
. 

1604661E+02, .1732779E+02, 
. 

1870070E+02, .2023256E+02, 
---. 
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Ntot=24 Ner=6 Nb=8 N=3 non 

folded 

subarray 

(beta=300) 

****************************** 
Frequency=8.2 
GHz 

Prf=-0.77 
dBW 

****************************** 
PHI=Oo 

Elevation 
(0) 

EIRP 

(dBW) 

-------------------------- 
.OOOOOOOE-+-OO 

. 

4900001E-+-01 
. 

9800001 
E-+-O 
1 

.1180000E-+-02 .1280000E-+-02 .1470000E-+-02 .1720000E-+-02 .1960000E-+-02 
. 

2450000E-+-02 
. 

2940000E-+-02 
. 

3420000E-+-02 
. 

3900000E-+-02 
. 

4380000E-+-02 
. 

4860000E-+-02 
. 

5370000E-+-02 
. 

5660000E-+-02 
. 

5920000E-+-02 
. 

6109999E-+-02 
. 

6230000E-+-02 

.7095831E-+-01 .9172892E-+-01 .9239304E-+-01 
. 

9239302E-+-01 .9107910E-+-01 .8035112E-+-01 .7704394E-+-01 .7628924E-+-01 .9637423E+01 
. 

1040354E-+-02 .1022050E-+-02 .1095971E-+-02 .1039646E-+-02 .1197682E-+-02 .1492660E-+-02 
. 

1604661E+02 .1732779E-+-02 .1870070E-+-02 .2023256E-+-02 

--~------~---- 
- 

- 
- 

--- 
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Ner=6 
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folded subarray (beta=25/25/25/25/25/35) 
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****************************** 
Frequency=8.2 GHz 
Prf=-O.77 dBW 

****************************** 
PHI=Oo 

Elevation (0) 

-------------------------- 
EIRP (dBW) 

OOOOOOOE+OO, 
.4900001E+01, 
.9800001E+01, 
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.1470000E+02, 
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.1254332E+02, 

.1492562E+02, 

.1604661E+02, 

.1732779E+02, 

.1870070E+02, 

.2023256E+02, 
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****************************** 
Frequency=8.2 GHz 
Prf=-O.77 dBW 

****************************** 
PHI=Oo 

Elevation (0) 
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EIRP (dBW) 

OOOOOOOE+OO, 

.4900001E+01, 

.9800001E+01, 

.1180000E+02, 

.1280000E+02, 

.1470000E+02, 

.1720000E+02, 

.1960000E+02, 

.2450000E+02, 

.2940000E+02, 

.3420000E+02, 

.3900000E+02, 

.4380000E+02, 

.4860000E+02, 

.5370000E+02, 

.5660000E+02, 

.5920000E+02, 

.6109999E+02, 

.6230000E+02, 

- 

.7401068E+Ol, 

.9172892E+Ol, 

.9239302E+Ol, 
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.9298313E+Ol, 
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.1040354E+02, 
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.1349781E+02, 

.1492592E+02, 

.1604661E+02, 

.1732779E+02, 

.1870070E+02, 

.2023256E+02, 
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SEMI.ACTIVE 
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ANTENNA 

Ntot=28 Ner=4 Nb=7 N=4 non 

folded 
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(beta=3O) 
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repartitor ****************************** 
Frequency=8.2 
GHz 

Prf=.O.77 

dB\.J 

****************************** 
PHI=Oo 

Elevation 
(0) 

EIRP 

(dB\.J) 

......---..-.--........... 
.OOOOOOOE+OO, .4900001E+01, 

. 

9800001E+01, .1180000E+02, .1280000E+02, .1470000E+02, .1720000E+02, .1960000E+02, 
. 

2450000E+02, 
. 

.2940000E+02, 
. 

3420000E+02, 
. 

3900000E+02, 
. 

4380000E+02, 
. 

4860000E+02, .5370000E+02, 
. 

5660000E+02, .5920000E+02, .6109999E+02, .6230000E+02, 

.6858913E+01, .8923100E+01, .8989302E+01, .8989503E+01, .9025616E+01, 
. 

9107241E+01, 
. 

9228491E+01, 
. 

9369686E+01 
, 

.8843721E+01, 
. 
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, 

.8833711E+01, .1046997E+02, 
. 

1218260E+02, .1324810E+02, .1467589E+02, .1579681E+02, .1707795E+02, .1845070E+02, 
. 

1998256E+02. 
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ied at the end of this annex 

Pages 19 / :I 0 1 to 105 explain clearly the basic principle of moving smoothly a narrow beam 
around a circular array by changing slowly the slope of the phase excitations, linearly 
distributed over the inputs of a Butler matrix: so output excitations are samples of a (sin x)/x, 
which reduce to focused power on only one output in the best case where one sample is at the 
peak of (sin x) / x, and others at nulls. 

2 A. Roederer/ C. Van't Klooster: french atent 91/01086 

The principle of Ref Al is applied after replacing one large Butler matrix Ntot x Ntot (bulky and 
difficult to manufacture) by NB small matrixes NxN, with NB x N = 

Ntot. Emphasis is put on 
the advantages to use equal amplitude signals at the inputs of the matrixes, especially if SSP As 
are placed just after the phase-shifters. 

In figures A-J-c and d, are given excitations sets computed for eight 3x3 matrixes and various 
azimuth pointing directions û: 

a) fig. A-3-c in the case where û comes ITom the center of the array 0 to the middle 
point M between two radiating elements (R.E, which are for the pseudo-conical antenna the 
inputs to almost a column subarray): it appears clearly that each matrix <<focuse>> the power 
ITom all the inputs to a single output: 8 RE. (one per matrix) receive nearly maximal 
amplitude, and the others are very weakly excited. 
This correspond to the top part of figure 84 in ref [AI] - except that for us there is no 
amplitude taper between output excitations-, for maximizing amplifiers efficiency. 

b) in fig. A-3-d, the pointing direction û comes ITom the center of the circular array to 
one RE. M' . 

The matrix, the outputs of which are columns S 1 and S 17 has to share its power 
between and" so that the global excitation of the array should be symmetrical with respect to 
M'. 
Here, we are in the case of the bottom part of fig. 84 in ref [AI]: the (sin x) / x desired 
excitation on the RE is sampled at -3.9 dB points in the main lobe (equally spaced ITom its 
peak to the first nulls) and near the peak of the sidelobes. That's why we cannot avoid spurious 
back radiation ITom the RE nb 9 (the third output of the same matrix). 

u 

case a) eOITesponding to fJ.gw-e A-3-e 
(for case b, see figure A-3-b) 
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Figure A-3-a: 
input phase-shifts to move smoothly the power focused on one output to the next 

(example for the case where N is odd); <Po is the reference insertion phase of the matrix 
(corresponding to the shortest path) 

R.E. 

~ 81 
" 

U 

Figure A-3-b: 
How to point in û direction, by sharing excitation of the drawn matrix (number j) between 81 
and 817 (+ small spurious radiation on 89): example of the semi-active array proposed in the 

study 

(Ntot=24 with NB=8 Butlers and N=3 inputs and outputs each) 
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Figure A-3-c: 
Computed excitations for eight 3x3 Butler matrixes 

(the pointing direction comes from the center of the circular array to the middle of two R.E) 
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Figure A-3-d: 
Computed excitations for eight 3x3 Butler matrixes 

(the pointing direction comes from the center of the circular array to one R.E) 
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4) Choice of Butler architectures 

There are three kinds of such matrixes: 
a) one's built with 900 hybrids: if we connect such a matrix to N points equally spaced 

on a circle, the total phase-shift around it, when any input i is excited above is: <Pi = (2 ki + 1) 
7t, where ki are successive integers (with suited numbering of the inputs) 

b) other's built with 1800 hybrids: with similar connection and rotation, <Pi = 2 ki 7t. 
c) simpler matrixes <<Butler-like>> in multiport amplifier have the only constraint that 

output excitations corresponding to each input are orthogonal: 
* 

LEmEn = 8m n 
, 

m,n 
(Kronecker symbol; 0 if~ot equal to n, 1 ifm=n) 

They don't provide linear phase-shifts, multiples of 7t, at the output.But it is not necessary 
when inverse matrixes are used in ftont and after the amplifiers. The orthogonality condition is 
sufficient to provide power exchange between amplifiers and find the same signal on the output 
nb i of the global:MPA (e.g. M matrix / HPAs / M1 matrix) than on the input nb i. 

To feed a circular array. references [AI]. ~ say clearly that b-type of Butler 
matrixes are the best for following fundamental reasons: 

1- when one input is excited, the phase-shift between whatever two outputs is always the same, 
even between the last and the first, with <<modulo 2m> computation: because the total phase- 
shift <Pi is always an integer multiple of 27t radians. That is what various authors and us call 
<<rotational symmetry>>. 

2- if we want to focuse the energy on one output, and then the next, we add on any input i a 

phase-shift computed by the very simple formula: A<pi=(i-P)27t/N, with P=N/2 ifN is even and 
P=N+ 1 / 2 if N is odd (see figure A-3-a). On a physical antenna, with dispersion between 
HP A's and phase-shifters, we have to add a <<compensation phase>> issued ftom measurement 
of these equipments; and also a compensation of various path lengths in ftee space to the 
selected column of the concerned matrix (conjugate matching). The computation to be made in 
the control unity, or in the ASICs of the active modules (if their dispersions are put in a 

PROM, for example) to rotate the beam by 27tlNtot is very simple: add 27t(i-P)/N to the input 
nb i, take the result modulo 27t between 0 and 27t, and sample it to the nearest bit of the phase- 
shifter (LSB resolution). 

3- with b-type matrixes, to move the beam a little bit in azimuth, we have to move the global 
excitations of outputs a little bit around the array. The simplest way to induce a very low 
amplitude and phase jump in the radiated field, is to add (i-P) LSB to the inputs of matrix nb j 
(that which outputs are connected to the edges of the active part). This operation keeps always 
the ideal linear phase at the inputs of this matrix, because there is no phase discontinuity 
between input nb N and input nb 1 (see figure A-3-a): that will not the case with a-type or c- 
type of matrixes. 

Moreover, the global radiated field, as complex sum of the fields radiated by each R.E. will 
change very little: 

- R.E. ftom other matrixes will keep the same excitations 
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- the mean of the phases at the inputs of matrix j will keep the same if N is odd (for 

example, ifN=3, phase-shifts will be: -LSB, 0, +LSB) and change by only LSBIN ifN is even. 
So, the excitations around the array will move a little bit (following principle of figure 84 in 

ref AI), with very little amplitude and phase variation of the global radiated field: in the worst 
case LSBlNtct in phase; for example if 24 R.E and 5 bits phase-shifter, this phase jump will be 

0.50. 

REFERENCES 

[AI] : Lo, Lee: Antenna Handbook (ed. VNR), chapter 19 ~6: cylindrical array feeds. 

[A2] : A. Roederer, C. Van't Klooster: French patent 91/01086. 

[A3]: Sheleg: A matrix-fed-circular array for continuous scanning (especially last 9 of first 

column, p. 2018). Proceedings of IEEE, November 1968. 

[A4]: Shelton, Hsiao: Reflective Butler Matrices (especially second 9 of second column, p. 
652). IEEE A.P. Transactions, Sept. 1979. 

[AS] : Macnamara: Simplified procedures for Butler matrices incorporating 900-hybrids or 
1800-hybrids. lEE proceedings 134Hl, February 1987. 

[A6] : Rudge and al: Handbook of Antenna design (ed. Peter Peregrinus): chapters 11 and 12. 
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Selection qf most important ptlJ:es from r<ference fAll 

I Matrix-F fld C,lilulriaú Arrø,s I 
The various matrix-fed arrays can be readily understood by use of the following 

tutorial model. 
Consider two back-to-back Butler matrices with controllable phase shifters in 

between them as shown in Fig. 84a. If an input pon Dn of Butler matrix A is excited 
with any amplitude and phase, a corresponding pon b. of Butler matrix B will be 
excited with equal amplitude and phase when the phase shifters are all set equal. 
If the DnS are weighted in amplitude and phase to any desired distribution, a 

corresponding distribution is achieved at the out uts bn. Now if a linear phase 
distribution with a total hase 0 mêr m an iAte er is a lied across the arra of 
phase shifters, the entire distribution over bn will translate across the output in 
increments of one element spacing for each successive value of m. The tran~lation 
of the output distribution by an increment less than one element spacing requires a 
total phase that is a nonintegral multiple K of êr. That is, Iml < IKI < 1m/ + 1. In 
these cases there is no longer a one-to-one correspondence between an input pon excitation and an output pon excitation. Instead, if one input pon is excited, not 
one but all output pons are excited to some extent. However, as would be expected the two adjacent pons corresponding to phases of mêr and (m + .1)êr are excited 
most strongly since they straddle the "phantom" element corresponding to the 
phase of Kêr. Irf"fact, the output distribution is a discrete sampling of a sharp (sinx)lx distribution as shown in Fig. 84b. The width of the "main lobe" of the 

19-102 
AppIlc8tJona 

0l1TPUT DISlRlBUTION 
WITH ALL PHASE SHIFTERS 

SET TO ZERO 

CXJTiUT DlSlRIIIllI1ON 
WITH PHASE SHIFTERS 

SET WITH LINEAR PHASE 
DISTRIBUTION OFI!!!hJ 

PHASE ACROSS ENTIRE 
ARM V. WHERE m -INTEGER 

... b_, b.. b, b, ... b, 

BUTtBI MAlRlX B 

VARIABLE 
PHASE SHIFTERS 

/ 

BUT1..ER MAlRlX A 

~ 
UNEAR PHASE DI51RIBUTION 

TO lRANSLA TE 0l1TPUT 
AMPUIUDE DISlRllIllI1ON 

- UNUSED PORTS 
TERMINATED ... .., .., .. " ... " 

a 

COMPONENT ,..~,..\" (~nxl/x ~ '( r\, ENVELOPES 
'1 \ '\ I' 

....' I \ b, 

'" ... ... 
r__... 
I 
I 

I~n xlIx 
ENVELOPE 

ENVELOPE 
b'" OF DESIRED 
", .. 

....... / Dl5lRllIllI1ON 
- 

---, I 
I 

b 

Fig. 84. Back-ta-back Butler matrix feeding technique. (a) Tutorial model of matrix 
feeding. (b) Output excitation when only one input is excited and linear phase across bank of 
phase shifters is not an integral multiple of br. (ColUtU)! Hughes A.ircrøft Co., Fullerton, 
Calif. ) 
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Beam-Formlng Feeds 19-103 

envelope (sinx)/x is two elements and the side lobe width is one element. The 
output distribution corresponding to phases of integral multiples of 2Jr consists of 

discrete values identical with those at the input to the first Butler matrix A because 

of the one-to-one correspondence between ans and bns. This is consistent with the 

sampled (sinx)/x output in these special cases; the sampling points are all at the 

nulls of the (sinx)/x function except at the peak of the main lobe, hence only that 

element is excited. For intermediate cases corresponding to nonintegral multiples 

of 2Jr, the output distribution is a superposition of sampled (sinx)/x functions of 
the kind just described. The net result is that the envelope of this output dis- 

tribution is almost identical with that of the envelope of the designed output 

distribution, which is identical with the input distrihution of matrix A. 
Now, if the output ports b" are connected hy equal line lengths to a similar 

number of elements arranged uniformly along a circle of radius R, linear phase 

shifter adjustments will cause the distribution over the h"s to move along the 

periphery of the circular array. If the phase distriÞution is such as to radiate a plane 

wavefront from the circular array, a directive beam is formed from the circular 

array that can be steered by means of changing the linear progressive phase of the 

phase shifters. It is obvious that this peripherally scanned distribution should not 

extend more than a semicircle because elements to the rear should not be excited. 

The input ports corresponding to these rearward-looking elements are shown 

terminated in Fig. 84a. In practice, less than 180" of the circular (or cylindrical) 

array is excited for one beam direction because of active element patterns, local 

grating lobe formation, and aperture matching prohlems associated with the edge 

elements that are locally phased for near end-fire. Also, for intermediate phasing, 

the elements near the edge of the active portion of the cylinder may have their 

corresponding sampled (sinx)/x lobes to the rear that are greater than desired for 

low side lobe and rear lobe patterns. 
Collimation of the beam from the circular array requires a phase distribution of 

.pn = kR(1 - cosnå9), where å9 is the angle sub tended by one-element spacing, 

R is the radius of the cylinder, and k = 2Jr/À-. This phase is easily incorporated in 

the weighting of the a.s. 
. 

It is interesting to note that the amount of beam scan in terms of antenna 
beamwidths for each 2Jr of total phase change is equal to one beamwidth if the 

element spacing /1s is À-/2: 

/1s=RMJ=~ 2 ' MJ=.1.. 2R 

This is also the beamwidth for a uniform array of aperture 2R. 

The foregoing serves as a tutorial basis for describing some of the feeding 

techniques for cylindrical arrays to be discussed. 

Sheleg Method-In the preceding discussion it is readily seen that the output of the 

first Butler matrix A (input to the bank of phase shifters) has an amplitude and 
phase distribution that is fixed (independent of beam steering); therefore it can be 

replaced by a passrve feed network that produces that same distribution. This 

reduces to the Sheleg approach. A simplified schematic diagram of the approach 
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19-104 
Applications 

for an eight-element array is shown in Fig. 85. She leg arrived alJhis solution from a 
different point of view. He expressed the far-field pattern in cylindrical modes in 
the form 

N 

E( Ø) = L C",el""" 

-N 

where the number of elements is 2N, and 

Cm = 2:rrKj"'ImJ",(ka) 
K = constant 

She leg made the observation that it is not necessary or even desirable to use all the 
m modes of the Butler matrix. This concurs with the foregoing tutorial discussion in 
that modes that excite elemp.nts to the rearward direction of the cylinder should not 
be used, As stated earlier, in practice less than half the number of available modes should be used to avoid local end-fire radiation at the extremes of the active 
semicircle. The Sheleg scheme is depicted for an eight-element array in Fig. 85. This technique can be used to produce uniform or tapered illuminations for the cylindrical array. Sheleg gives computed and measured results for uniform, cosine, and cosine-squared array distributions with quite close correlation between 

ø ~lA~~~E~~=-~(~~~~~i~IREDJ 
0 AXED PHASE SHIFTERS - N (INEXPENSIVE) 

Fig. 85, Sheleg's approach. (Collrt~sy HlIghes Aircraft Co.. Fill/erton. Ca/if) 
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ANNEX B TO CHAPTER 3 

Analytic analysis of amplitude and phase jumps 
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As shown by active concept simulations, amplitude and phase jumps are the most critical when the beam turns around the nadir. Suppose fór example a little rotation in azimuth ftom the 
direction OM to O~, where M and ~ are points on the circle, a little before and after a 
RE. M (see figure B-3-b). 

* for the active conceDt. we put ON one lIP A, so one RE. ~ 4 on the figure B-3-a), and then put OFF one RE. on the opposite side of the active part of the array subarray (M4 on the 
figure). 
In each case, we can compem:ate with the phase-shifters for the pointing direction jump 21t / 
Ntot. But for each of this two operations, the amplitude jump is, in the worst case near nadir, 
where side columns radiation is not lowered by the element pattern (near nadir, angle viewed by each column is about the same): 20 log (Nact+ I / Nact), so I dB ifNact=8 (see figure B-3-a). 
* for the semi-active concept, we can proceed as described in annex A-3 (see ~ 4-c-3) : shift the input phases of the Butler matrix connected to M4 and ~ 4 by (i-2) LSB at each step. We 
need 21t / N LSB = 2b / N such steps, to switch offM4 and switch on ~4 (b is the number of bits of the phase-shifter). 

Recall: a total phase-shift of 21t over all the inputs + I is necessary to move the energy focused 
on one output to the next (see figure A-3-a, or fig. 84 ftom reference AI). 
So, for each step, the beam moves in azimuth by 08=(360/Ntot) / (2b/N) = 360 / (2b NB) 

Example 
NB=8 (3x3 matrixes; Ntot=24, b=5 bits) gives 08 =1.40 

The azimuth 3 dB beamwidth is about 50.8 À. / Dmid = 6.80 (Dmid=271 mm) 
If the top of the main beam is approximated as gaussian GdB = Go-3(28/83i 
It is optimal to switch the beam when the station has turned ftom 08/2=0.70. In that case, we find 0.13 dB amplitude jump. 
Phase jump will be also very low because radiated phase is constant at the top of the main 
beam (08#83/10), and global phase offset has been computed in annex A as LSB /Ntot = 0.50. 
Remark: we find the same jumps (1.40 and o.~a dB) by complex summation of vectors representing radiation of each active column, near nadir (see figure B-3-a). 

In conclusion, for this typical azimuth small rotation and same number of columns (24) for 
each concept, semÎ-art;"e one shows 7.7 times lower amplitude jump. 
Remark: with such a step "v step azimuth phase shifting [ (i-2) LSB on the input 3x3 matrix], computations of commands are very simple: there is no need for compensation by phases of 
too high angle jump when ON / OFF switching of a column in the active concept. 
The elevation phases are computed apart by conjugate matching: the same value is added at all 
inputs of a given matrix, because there are mainly 1 or 2 outputs of this matrix which 
contribute to the beam (in the case of 2 outputs, they are symmetrical w.r.t the pointing 
direction, which induce same phase by conjugate matching). 
After that, and before sending commands, a general phase offset, common for all Phase- 
shifters, is computed to keep the same average phase over all inputs: so that elevation scanning 
will be provided with very low phase jump: at last, the clock intervals at which phases will be 
modified to follow a given earth station will be computed so that the amplitude jump (mainly 
due to the elevation scanning) remain less than the specified one. 
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Such separable (azimuth / elevation) computation will be implemented in a specific software as 
told at the beginning of the answer. 

But we are already sure that amplitude / phase jumps will be lower for the semi-active 
concept; we think we have explain why hereabove, for the most critical case of near 
nadir azimuth rotation. 
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a) active concept 

M'4 M-3 M2 M-l M M+l M+2 M+3 M+4 

þ ----+ þ .........~ 
(adding M+4 RE) 

amplitude jump = 20 log 9/8 = 1 dB 

þ 

b) semi-active conc~t 

M-4 M-3 M"2 M-l M M+l M~ M+3 
0 

" 

-l---+ 
new M-4=0.996<OO 

't-) 
',adding M+4=0.119<120o 

adding M+12=-0.106<-120o 

1 
-0.13 dB .< new radiated field = complex 11.4 o. \.!um of all RE excitations q: 

Figure B-J-a: 
Presentation in the complex plane of worst case amplitude / phase jump (for 24 columns 
subarray) of the radiated field, sum of contribution of 8 RE (coherent phase summation 

without weighting by the element pattenj: near nadir, its effect is the same for all RE; offsets 
in t.'te input phases of various matrixes compensate for the rotation of the elementary pattern 

(equivalent to a phase-shift in circular polarization) 

------------------.------------------------------------------------------------------------------------------------ 

u- u+ 

Figure B-3-b: 
Small rotation of the beam in azimuth: example for 24 RE., 8 or 9 of them active. 
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GENERAL REMARK 

Waiting thermal analysis (previewed in WP 2600), for these "first run" specifications, we have 
taken following hypothesis concerning the temperature ranges (issued from a past study for 
CNES on a similar antenna and of ALCA TEL experience in passive thermal control of active 
antennas, with suited coatings or radomes): 

- radiating surface and passive BFN (including Butler matrices) : -500,+500C 

- active modules (gathered at the bottom and about center of the antenna; if necessary 
connected to the heatpipes of the platform): -5O,+400C, with no more than 50 difference 
between the 6 packages, each including 4 front-end modules. 
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1. COMPOSITION OF A FLIGHT ANTENNA BFN 

See figure 1..a next page. 

2. COMPOSITIONOFTHEBREADBOARDBFN 

Interactions ftom the 3 beams could be measured only on a full model with amplifiers (non- 
linearity, IMP...) 

As they will not be present on the BB of this contract, "one-channel BFN" will be implemented 
(see figure 2-a), but linear performances of the 3 channels will be measured by shifting the 
ftequency of the input signal to the antenna. 

a) In front of the "control modules" 

. One divider 1/24 (decomposed as chosen by CASA), the input of which (female 
SMA connectors) should be accessible, to be connected to the test bench of the 
whole antenna for radiating measurements. 

. 24 cables 50 cm long (TBC by mechanical lay-out of the breadboard in 
WP 2600) for connection to the commercial phase-shifters located on a specific 
support close to the antenna. 

b) After the "control modules" 

. 24 cables for connection to the eight 3 x 3 Butler matrices integrated in the 
antenna (about 50 cm long, TBC in WP 2600). 

. Eight 3 x 3 Butler matrices. 

. 24 cables connecting to the radiating elements (rejection filters are not 
implemented). Their length should be suited to the mechanical lay-out 

(WP 2600), according to the radiating surface geometry described in WP 1200 
ALCATEL report: typically 20 to 25 em. 

c) Connectors 

All equipment will use SMA female connectors~ all cables will use SMA male connectors. 
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3. SPECIFICATIONS FOR ONE-CHANNEL BFN 

3.1 GENERAL 

Specifications are identical for a flight-type full antenna than for the breadboard: 

. in the first case, they apply to the three channel-BFN's for the part a) in front of the active 
or control modules; 

. in the second case, they apply to the "one-channel BFN" implemented; 

. the 3 ~ 1 combiners are part of the active modules; so they are not included in this 
specification. 

. the part b) after the active or control modules is identical for flight-type full antenna and for 
the breadboard. 

The whole allocated bandwidth is 8025 - 8400 MHz. 

3.2 ELECTRICAL SPECIFICA nONS FOR THE PART OF THE BFN IN FRONT OF THE ACTIVE 
MODULES (DIVIDERS + CABLES) 

a) matching: input and outputs return-loss < -18 dB on the whole bandwidth. 

b) insertion loss: from the antenna port(s) to the active or control module: 

. < 2 dB for a flight-type full antenna (active modules located around the center 
of the antenna); 

. < 2.5 dB for the breadboard, due to the longer cables to the control modules 
placed on a specific support. 

~ c) amplitude unbalance: < 0.2 dB peak-peak, at a given frequency. 

d) phase unbalance: < 500 peak-peak (can be compensated by the phase-shifters). 

e) amplitude variation within each channel < 0.2 dB peak-peak. 

jJ group-delay variation within each channel: < 2 ns peak-peak. 

I i~kt.;(M, <. -, ~ clJ 
l,.9>\ ~"vJ 
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3.3 ELECTRICAL SPECIFICATIONS FOR THE PART OF THE BFN AFTER THE ACTIVE OR 
CONTROL MODULES (BUTLER MATRICES + CABLES) 

Appairment of cables with Butler matrices already measured (as specified in 
AES.96-0602/ASP-025), explained below in ~ 4, can allow to minimize unbalances, and to 
reach following specifications for the whole part of the BFN located between control modules 
and radiating subarrays. 

a) matching: input and outputs return-loss < -18 dB on the whole bandwidth. 

b) insertion loss: 

. less than 1.1 dB (including Butler matrices) for a flight-type antenna where 
modules and matrices would be located around the center of the antenna, with 
direct connection from modules to matrices and then 20 to 25 cm cables to the 
radiating elements. 

. < 1.6 dB for the breadboard, due to longer cables coming from the control 
modules placed on a specific support. 

c) amplitude unbalance at a given frequency, over all the 24 cables and for any path through 
the Butler matrixes: 0.4 dB peak-peak for a flight-type antenna; 0.6 dB for the breadboard. 

d) phase unbalance: < 50 peak-peak (cannot be compensated by the phase-shifters) for a 
flight-type antenna, 100 for the breadboard. 

e) amplitude variation within each channel: < 0.5 dB peak-peak. 

j) group-delay variation within each channel: < 6 ns peak-peak. 

3.4 THERMAL SPECIFICATIONS 

a) Temperature range in flight: -50, +500C (TBC by WP 2600). 
,..,.. 

b) All electrical specifications of ~ 3.2 and 3.3 should be met on the whole temperature range. 

c) For a flight-antenna, they should be verified for all paths at the extreme and ambient 
temperature. 

d) For the breadboard, only S21 temperature variations for the 3 first paths of the first part (divider + cables) and for 3 first cables of the second part (after the first matrix), from 
ambient to the extreme temperatures, will be checked. It will be used to define if 
temperature compensation would be necessary inside the active modules for a flight model: 
indeed, this compensation could include divider, cables and Butler matrix variations (the last 
measured during the test of the matrices, according to their own specification), likely far 
smaller than that of the SSPA (gain and phase). 
For minimizing such variations, materials with low Er temperature variation should be 
chosen for the dividers (such as Duroïd 6002) and for the cables. 
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3.5 MECHANICAL SPECIFICATIONS 

a) Mass 

The mass of the whole passive BFN, excluding Butler matrices specified elsewhere (so for 
dividers and cables, before and after the active and control modules), should not be higher 
than: 

. 2.2 kg for a PM-type 3-beams full antenna. 

. 1.2 kg for the breadboard "one-channel" BFN. 

b) Vibration 

For a flight model, typical vibration levels will be deduced from mechanical analysis 
(WP 2600). 

Vibrating tests are not required for the breadboard, but the design should be made in order 
to comply with usual levels, to avoid new design in further study or program phases. 
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4. APPAIRMENT AND MEASUREMENTS OF THE PASSIVE BFN TO BE 
DELIVERED FOR THE BREADBOARD 

a) From the SZl amplitude and phase of the cables, given by the supplier, or measured by 
CASA, appairment should be made for minimizing: 

. amplitude unbalance of dividers + cables before the control modules; 

. amplitude and phase unbalance among all the Butler matrix outputs, added to 
that of the corresponding cables. "Among all Butler matrix outputs" means that, 
for each output, will be averaged the errors tTom the mean insertion loss of all 

matrices (L = 
~ 

L L 
n ) and tTom the ideal transmission phase - this averaging 

Nb 
being over the 3 paths through the matrix leading to the concerned output. This 
will make easier to reach the unbalance specifications; and in all cases, improve 
the antenna gain by minimizing errors. 

b) After these appairments, .s.ll~ and S12 of the two parts of the BFN should be measured, 
with delivering: 

. curves over the whole bandwidth for the S21 amplitude and phase of the 
24 shortest paths obtained by following association of matrices ports: 3 ~ A; 
2 ~ B; 1 ~ C), and same for the 3 paths of the first matrix in temperature, with 
markers at 8.1, 8.2 and 8.3 GHz; 

. all S-parameters: 24 Sll and S2Z, 72 S21 corresponding to the various 
associations of input/output matrix ports, sampled with 25 MHz steps, on a 

diskette formatted as a "cs" file described in Annex A. 

c) A table of compliance will be set-up, comparing with the specifications of ~ 3 and 4: 

. the part of the BFN before the control modules, on one hand; 

. the part of the BFN after the control modules, on the other hand. 

Due to the large number of paths (72 S21 for the second part of the BFN), will be given in 
this table: 

. the min, mid, max values and standard deviation of IS 111, IS22/' IS211 and 

Arg (S21) among all the paths; each at 8.1, 8.2 and 8.3 GHz. 

. the min and max values of IS 111, IS221, IS 211 and Arg (SZl) among the 
24 shortest paths over the whole bandwidth. 

. the maximal ftequency variation of IS2l1 and of the group-delay among these 
24 shortest paths within each channel. 
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5. OTHER DELIVERING REQUIREMENTS 

5.1 EXTERNAL PLATING 

The metallic parts of the dividers and cables should be plated (for example chemical oxydation) 
such as to avoid any surface aspect degradation during 5 years. 

5.2 INsPECTIoN AND REVIEW OF SPECIFICATIONS COMPLIANCE 

Before integration in the breadboard, ALCA TEL should be called, and ESA notified, to a 

MTR (Manufacturing and Test Review): 

. Visual inspection of the divider 1/24 and the 3 times 24 cables to be delivered, 

. Review of the table of compliance prepared by CASA, as defined in ~ 4.c. 

5.3 MARKING 

. A serial number should be marked on each cable and possible part of the 
divider. 

. Each port of the divider must be marked with nb. 1 for the input and 2 to 25 for 
the outputs (to comply with the CS format: see first page of Annex A). 

. Each cable appaired with the divider should be marked by number 2 to 25 
corresponding to the associated output of the divider. 

. The cables appaired with the Butler matrices should be marked by numbers: 1.4, 
J.5 and J.6, if J is the number of the associated matrix and 4, 5, 6 the number of 
its output port. 

All these markings should remain readable during 5 years in the temperature range -50, +50oC. 
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ANNEX A 

CSFORMATFORDEL~mNG 
S-PARAMETERS FILES ON DISQUETTES 

Numbering of the ports, compliant with the line NU of the CS file (see next page): 

a) For the first part of the BFN before the control modules (divider + cables): 

INPUT OUTPUTS 

1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

2 

3 

25 

b) for the second part of the BFN after the control modules (shortest paths of the Butler 
matrices + cables): 

Aor4 J.4 
3 

Matrix B or5 J.5 2 

nb J 
C or6 J.6 1 
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.3000000E+OI 

' 

'\. 

. 

Fa 

. 

14045ooE+05 
, 

3' 

NCRXOlOOj:e- 

It'tIc. 

.....1I..'(f:'-t:)4"'\KtJ... 
o-g 

t"'~ 

-\ 

lid 

"]" 

r 

,0) 

MS-.1940155E-OI,-.3295326E-OI, 

.731239](-0I,-.5062103E-02, 

fffR 

.140d0òõE+05, 

f""é... 

0 

~ 

~ 

/ 

) 

.7330704E-OI,-.3841400E-02,-.4559326E-OI,-.8941650E-OI, 

M5-.1436234E-OI,-.5509949E'0I, 

.727577ZE-OI,-.5626678E-02 
J, 

H, 

::l.S4. 

--. 
fR 

.140475OE+05, 

.7188797E-OI, 
- 

.5882263E-02,-.364456ZE-OI,- 
. 

9993744E-03 
~ 

ru 

.H 

(fl') 

MS-.2150726E-OI,-.3169060E-OI, 

.7330322E-OI,-.5172729E-02, 

.. 

~fR 

.14oo250E+05, 

I 

',j- 

...'- 
- 

.7326889E-OI,..4055023E-02,-.476303IE-OI,-.890808IE-OI, 

u': 

M5-.2393723E-02,-.5330276E-OI, 

.7297134E-OI,-.5626678E-02, 

fa 

.1405oo0E+05, 

. 

7172394E 
-01, 
- 

.601196]( 
-02, 
- 

. 

3705597E 
-01, 

-.99060061"', 

MS- 

.2389908E-OI, 
- 

. 

2980423E 
-01, 

. 

7329559E 
-01, 
- 

.451660ZE-02, 

~ 

fR 

.1400500E+05, 

. 

7302856E-OI, 

-.3295898E-02,-.491943U-OI,-.8815765E-OI, 

a'M5 

.8045200E-02,-.489OO6OE-OI, 

.724983ZE-OI,-_5462646E-02, 

fa 

.1405250E+05, 

'- 
i 

.71434OZE-OI, 
- 

. 

574493U 
-02, 
- 

.3687286(-01, 
- 

.9835815E-OI, 

MS- 

.2872086E-OI, 

-.2735519E-OI, 
. 

7295227E-OI, 
- 

.420761IE-02, 

<> 

fa 

_14oo75OE+05, 

. 

7274246E.OI, 

-.3787994E-02, 
- 

.5056000E-OI, 
- 

.8712006E-OI, 

- 
MS 

.8186340E-02,-.3849411E-OI, 

.7260513E-OI,-.5218506E-02, 

fa 

.14055OOE+05, 

. 

7174301E 

-01,' 

.533676IE 
-02, 
. 

.367279IE-OI, 
-. 

9750J66E 
-01, 

MS- 

.337219ZE-OI, 
- 

.J664017E 
-01, 

. 

730133IE 
-01, 
- 

. 

4234314E 
-02, 

fa 

.1401000E+05, 

.7259369E-OI,..3551483E-02,- 

,5194855E-OI,-.857849IE-OI, 

M5 

.4615780E-02,-.J127098E-OI, 

.7318878E-OI,-.5142212E-02, 

Fa 

.140575OE+05, 

. 

7143402E-OI, 
- 

.560379OE 
-02, 
- 

.3662109E-OI, 
-. 

9634399E 
-01, 

MS- 

.390625OE 
-01, 
- 

.4356766E 
-01, 

. 

7274628E 
-01, 
- 

. 

38681 
03E 

-02, 

fa 

'1401250E+05, 

.7289886(-01, 

-.3288269E-02, 
- 

.5268860E-OI, 
- 

.8393097E-OI, 

M5- 

.432205ZE-02,-.2958488E-OI, 

.7274246E-OI,-.4699107E-02, 

fa 

.1406000E+05, 

. 

7158279E 
-01, 
- 

. 

4673OO4E 
-02, 
- 

.3686523E 
-01, 
-. 

9529877E 
-01, 

MS- 

.336151IE 
-01, 
- 

.57J082OE 
-01, 

. 

7312012E-OI, 
- 

.3856659E 
-02. 

fa 

.1401500E+05, 

.7290268E-OI,-.333786OE-02, 

-.5326080E-OI,-_8195496E-OI, 

M5-.116043IE-OI, 

-.3326607E-OI, 

.7271576E-OI,-.4878998(-02, 

fa 

.1406250E+05, 

. 

716667ZE 
-01, 
- 

.4558563E 
-02, 
- 

.3668976E-0I,.. 
9430695E 
-01, 

MS- 

.2080917E 
-01, 
- 

.6109238E 
-01, 

.732536](-01, 
- 

.376129ZE 
-02, 

fa 

'1401750E+05, 

.7245255E-OI, 

-.3284454(-02, 
- 

.5351257E-OI, 

-.801010IE-OI, 

M5- 

.1031113E-OI, 
- 

.3723907E-OI, 
. 

7340240E-OI, 
- 

.4993439E-02, 

fa 

.14065ooE+05, 

. 

7206345E-OI, 
- 

.4814148(-02, 
- 

.3674316E-OI, 
- 

.9286499E-OI, 

MS- 

.7568359E-02, 

..6178665E-0I, 
. 

7307816E-0I, 
- 

.3726959E-02, 

fa 

. 

1402000E+05, 

.7260513E-OI, 

-.2994537E-02, 
- 

.5361176E-0I, 
-. 

7806396E-0I, 

M5-.7619858E-02,-.4I48865E-01, 

.73OO949E-0I,- 

.453186OE-02, 

fa 

.140675OE+05, 

. 

7186508E-OI, 
- 

.4440308E-02, 
- 

.3678894E-0I, 
- 

.9147644E-OI, 

MS 

.128931OE-02, 

-.5265236E-0I, 

.7302475E-0I, 

-.357437IE-02, 

Fa 

.1402250E+05, 

.728836IE-OI, 
- 

.2849579(-02, 
- 

.5367279E-0I, 
-. 

760803ZE-OI, 

M5- 
. 

2759933E-02, 
- 

.4274750E-0I, 

. 

7332993E-0I, 
- 

.4386902E-02, 

fa 

.1407ooOE+05, 

. 

7180786E-0I, 
- 

.3715515E-02, 
- 

.3687286(-01, 
- 

.9054565E-0I, 

MS 

.3376010E-02, 
- 

.4oo3525E-0I, 

.7282257E-0I, 
- 

.3147125E-02, 

fa 

.1402500E+05, 

.7312012E-0I, 

-.2391815E-02, 
- 

.5381775E-OI, 
-. 

7406616E-OI, 

MS-.3376OO7E-03, 
- 

.3922653E-0I, 

.7323074E-0I,. 

.4283905E-02, 

fa 

.1407250E+05, 

. 

7231522E-0I,' 

.404739U-02, 

-.3684998E-OI, 
- 

.8940887E-0I, 

MS-.2241135E-02, 

-.3058624(-01, 

.7318115E-0I, 
- 

.3738403E-02, 

Fa 

.1402750E+05, 

.734100](-01, 

-.2334595E-02, 
- 

.54 

10004E-01, 
-. 

7220459E-0', 

MS- 

.2403259E-03, 
- 

.3585052E-0I, 

. 

7367325E-0I, 
- 

.4119873E-02, 

fa 

.14075ooE+05, 

. 

723I14OE 
-01, 
- 

.J883362E 
-02, 
- 

.37J6115E 
-01, 
- 

.8861542E 
-01, 

MS- 

.9119O34( 
-02, 
- 

.2991295E 
-01, 

. 

7375336E 
-01, 
- 

.3383636E 
-02, 

Fa 

.1403000E+05, 

.7368851E-0I, 

-.2487183E-02, 
- 

.5420685E-0I, 

-_6983566E-OI, 

M5-.4766464E-02,-.3195000E-0I, 

.7376480E-0I,-.453186OE-02, 

fa 

.1407750E+05, 

. 

7237244E-0I, 
- 

.3372192E-02, 
- 

.376892IE-0I, 
- 

.8815oo2E-0I, 

MS- 
. 

1733017E-0I, 

-.3627396E-0I, 

.7381058(-01, 

-.31929OZE-02, 

Fa 

.1403250E+05, 

.7379532E-01, 
- 

.286102](-02, 
- 

.5455017E-OI, 

-.68I343IE-OI, 

M5-. 

5302429E-02, 
- 

.2874947E-0I, 
. 

7380676E-0I,' 

.5050659E-02, 

fa 

.1408000E+05, 

. 

7271957E-0I, 
- 

.3978729E-02, 
- 

.3787994(-01, 
- 

.8799744E-OI, 

MS- 

.1752663E-01, 

-.3975487E-0I, 
. 

7373047E-OI, 
- 

.3726959E-02, 

Fa 

.1403500E+05, 

.7385635E-0I, 

-.3341675E-02, 
- 

.5453110E-OI, 

-.6630707E-OI, 

M5-.8OO8957E-02, 

'.2979279(-01, 

.7420349E-0I,- 

.4589081E-02, 

fa 

.1408250E+05, 

.7244 

1100-01, 
- 

.3650665E-02, 

-.387344U-0I, 
- 

.8840942E-OI, 

MS- 

.1I86562E-01,' 

.4331017E-0I, 
. 

7328033E-0I, 
- 

.3505107E-02, 

f. 

.1403750E+05, 

.7408905E-0I, 
- 

.3349304E-02, 
- 

.5435562E-OI, 
- 

.6422043E-0', 

M5-.8419037E-02, 
- 

.2924538(-01, 

.7332230E-0I,- 

.4791260E-02, 

Fa 

.14085ooE+05, 

. 

7289505E-0I, 
- 

.3513336(-02, 

..3987122E-OI, 
- 

_8896637E-0I, 

MS- 

.8516312E-02, 

-.4075623E-0I, 

.7400894(-01, 
- 

_3471375E-02, 
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I. n 

. 

7349777E-OI. 
- 

.360870U'02. 

-.5435944E-OI. 
- 

.6243515E'01. 

,. 

.14087511E-05. 
MS- 

.8420944E 
-02. 
- 

.3292841(-01. 
. 

73661811E-OI. 
- 

.3475189E-02. 

. 

736885 
IE 

-01. 
- 

.3658295E 
-02.' 

.540924IE-OI. 
- 

.6096268E-OI. 

,. 

.1409001IE-05. 
MS-. 
I 

199913E-OI. 
- 

.2952oo3E-01. 

.7357407E-OI. 

-.3543854E-02. 

. 

7352066E.OI. 
- 

.31 

1660BE-02. 
- 

.5339OSIIE-OI. 
- 

.5923080E-OI. 

,. 

.14092511E-05. 
MS' 

.173072. 
-01. 
- 

. 

262622BE-OI 
. 

. 

7316589E-OI. 
- 

. 

3875732E-02. 

. 

7330704E 
-01. 
- 

.3757477E-02. 
- 

.5258942E-01. 
- 

.5868912E-01. 

,. 

.1409501lE-05. MS'.2009964E 
-01. 
- 

.2949333E-01. 

.128073IE-OI. 
- 

. 

3295898E-02. 

.735778. 
-01. 
- 

. 

2929688E 

-02...5131 

149E-OI. 
- 

.5767<< 
IE 

-01. 

,. 

.14097511E-05. 

I 

) 

MS- 

.20521 

16E-OI. 
- 

.348072n-OI. 
. 

73402411E-OI. 
- 

.317oo13E-02. 

. 

737152IE-OI. 
- 

.3116608E-02. 

-.5030823E-OI. 
- 

.5726624E-OI. 

,. 

. 

14100011E 
-05. 

MS-. 

2057266E 
-01. 
-. 

3175406E-OI. 
. 

73524411E 
-01. 
- 

. 

359126OE 
-02. 

. 

739479IE-OI. 
- 

.3299713E-02. 
- 

.496215.-01. 
- 

.5714411E-OI. 

,. 

.14102511E-05. 
MS-. 

1807785E-OI. 
- 

.38908OOE-01. 
. 

7334137E-OI.' 

.3334045E-02. 

. 

73119OlE 
-01. 
- 

.3433228E 
-02. 
- 

.48427511E-01. 
-. 

5709839E 
-01. 

,. 

.1410500E-05. MS-.16341811E-OI. 
- 

.392011U-01. 
. 

7332230E-OI.' 

.321519OE-02. 

. 

7349177E 

-01.' 
. 

2822876E 
-02. 
- 

. 

416074lE-01. 

-.578515 

IE-OI. 

,. 

.1410750E-OS. 
MS- 

.1168684E-01. 
- 

,34951811E-OI. 
. 

73311811E-OI.' 

.281906IE-02. 

. 

7302094E 
-01. 
- 

.3273010E 
-02. 
- 

.4704666E 
-01. 
- 

.5820465E-OI. 

,. 

.141t00llE-05. MS-.1971054E-OI. 
- 

.3178406E-OI. 

.7331085E-01. 

-.3189087E-02. 

.735178.-01. 
- 

.2830505E-02. 

-.47340311E-01. 
- 

.5926514E-OI. 

,. 

,141t250E-05. 
MS- 

.2680206E-OI. 
- 

_3284836E-OI. 
. 

73345111E-OI. 
- 

.273513BE-02. 

. 

7366943E-OI. 
- 

.301083IE.02. 
- 

.4161124E-OI. 
- 

.5921936E-01. 

,. 

.141t501lE-05. 
MS-. 

3120856E 
-01. 
-. 

3425217E 
-01. 

. 

7348633E 
-01. 
- 

.2059937E-02. 

. 

7354355E-OI. 
- 

.2861023E.02. 
- 

.4820633E-OI. 
- 

.594329BE-OI. 

,. 

.141t750E-05. 
MS- 

.423126lE-OI.' 

.4219055E-01. 

_73)2230E-01. 
- 

_2155304E-02. 

. 

727043lE-01. 
- 

.2811432E-02.' 

.48946)IIE-OI.' 

.587844BE-OI. 

,. 

.1412ooOE-05. 
MS- 

.4267883E-OI.' 

.5455399E-OI. 
. 

735664U-OI. 
- 

.2351483E-02. 

. 

7346)<<E 
-01. 
- 

. 

2316556E 
-02. 
- 

.4~665E-OI. 
- 

.57~22E 
-01. 

f. 

.1412250E-05. 
MS- 

.3196387E-OI. 
- 

.6t0466OE-OI. 

.7378)87E-OI.' 
.250244 

IE-02. 

. 

7367706E-OI. 
-. 

1956940E-02. 
- 

.5089951E-OI. 
- 

.5699158E-OI. 

,. 

.14 

12501lE-05. 

MS- 

.2594157E-OI. 
- 

.6492615E-OI. 
. 

7368088E-OI. 
- 

.2670288E-02. 

. 

73<<8111E-OI. 
- 

.27t2250E-02. 

-.51490711E-OI. 
- 

.557746I1E-OI. 

,. 

.14127511E-05. 
MS-. 

152130lE-OI. 
- 

.5892181E-OI. 

.7350540E-01.'_240)2511E-02. 

. 

73)5281E 
-01. 
- 

.2J68927E 
-02.. 

.52)9105E-01. 
- 

.5431469E 
-01. 

,. 

.1413000E-05. MS-_528717OE 
-02. 
- 

. 

496)68U-OI 
. 

.73188711E-OI.' 

.2559662E-02. 

. 

73268811E 
-01. 
- 

.240)259E-02. 
-. 

5)09296E 
-01. 
-. 

524826OE 
-01. 

,. 

.1413250E-05. 

11$- 
. 

666046 

IE-02. 
- 

.404434lE-OI. 
. 

7309723E-OI. 
- 

.2)2)15IE-02. 

. 

73)451BE-OI.' 

.249481lE 
-02. 
-. 

5382S)aE 
-01. 
-. 

5042267E 
-01. 

f. 

.1413500E-05. MS'.1t05ItBE-01. 

-.)6)9984E-OI. 

_73)9096E-01.'.2269745E-02. 

. 

73661BIIE 
-01. 
- 

. 

2613068E 
-02. 
- 

.5)89404E 
-01. 
- 

.488815)E 
-01. 

F. 

- 

1413150E-05. 
lIS-. 

1546097E-OI. 

'.)588104E-OI. 

.730)6I9E-OI.' 

.2155)04E-02. 

. 

73345IBE-OI.' 
. 

243759lE 
-02. 
- 

.5393982E-OI. 
- 

_4668427E 
-01. 

F. 

.1414OO11E-05. 
MS-. 

11166IU-OI. 

-.39110637E-OI. 
. 

73349OOE-OI. 

-.2304077E-02. 

. 

7362747E-OI. 
- 

. 

2788544E 
-02. 
- 

.54 

18396E-OI. 
- 

.<<5404 
IE 

-01. 

f. 

.1414250E-OS. 
lIS'. 

1462555E-OI. 

..3942101lE-OI. 
. 

7320786E-OI. 
-. 

1953125E-02. 

. 

726541lE-OI, 
- 

. 

2628326E 
-02, 
- 

.514668OE-OI, 
- 

. 

4288483E 
-01, 

F. 

.I4145011E-OS. 
11$- 

.9246826E-02. 

-.360298lE-OI. 
. 

7342529E-OI, 
-. 

18OO537E-02. 

. 

73143OIE-OI,' 
. 

2643585E 
-02, 
-. 

5)09296E-OI, 
- 

.40878311E 
-01, 

F. 

.141415OE+05. 
1I$-.I250267E-OI.-.2960014E-OI, 

.734634U-OI.-.I9149111E-02, 

. 

7302475E-OI,'. 
23 
I 

1107E 

-02. 
- 

.5236435E-OI, 
-. 

31186032E 
-01. 

F. 

.1415000E-05. 
11$-. 

1688516E-OI, 

'.241414I1E-OI, 

.73696IU'Ol, 

-.2015195E-02, 

.73219J0E-OI.' 

.2342224E-02, 
- 

.5141552E-OI, 
- 

.311360IIE-OI, 

FI 

.14I525OEt05. 
11$- 

.259851lE-OI. 

-.2261198lE-OI, 

.7304164E-OI, 
-. 

1903534E-02. 

. 

72815911E-OI. 

-.25329511E-02, 
- 

.5043030E-OI, 
- 

_3522451E-OI. 

FI 

.14155011Et05. 
IIS- 

.J22OS511E 
-01. 
- 

.2728081E-OI. 
. 

7304164E 
-01, 
-. 

2506256E 
-02, 

. 

7261152U 

-01.' 

.2727509E-02.' 

.4901886E-OI. 
- 

. 

337791 
4E 

-01, 

FI 

.141515OE+OS. 
11$- 
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1. FUNCTIONALITIES 

According to the electrical diagram of the "semi-active" three-beams conformal antenna 
presented in figure I-a, an active module should perform following functions: 

a) Phase control over 3600 of each of the 3 input-signals (each beam corresponds to a 50 MHz 
wide channel, centered at f1 = 8100, f2 = 8200, f3 = 8300 MHz). 

The desired phase-shifts are computed by the control unit, including: 

. beam scanning phase (simultaneously in azimuth and elevation, thanks to 
conjugate matching at the input of a feeding network based on eight 3 x 3 
Butler matrices); 

. compensation of phase dispersions between the various BFN paths, located 
before the Butler matrices, including the active modules themselves (phase- 
shifter at 00 reference state); 

. possibly, if the thermal analysis shows that it is necessary, phase dispersion due 
to temperature differences between various active modules. This needs 
temperature measurement inside each module. 

b) Combinini the three channel~, with equal amplitude transmission from each of them. 

c) Amplifyini: the siißal to the desired level, to comply with specified EIRP, taking into 
account losses of passive equipment, and maximal level at the phase-shifters input. As the 
necessary active gain is about 48 dB (see precise specification ~ 2-c)), a pre-amplifier can 
be put after the modulator and channel filter to decrease the necessary gain of the 
24 SSP A's, and minimize the overall power consumption. In that case, the architecture, 
gain and consumption of this preamplifier will be given, as for the active module itself. 

d) Auto-compensatini iain di!iPersions between the SSP A's, and of the phase-shifters for 
various commands, if it appears necessary to comply with the specifications. 

e) Providini: a very iood CIl3 > 28 dB: because of stringent limitation of power radiated in 
the Deep Space Network Band (8400 - 8450): this can require internallinearizer. 

f) Providini: a calibration siißal, by the way of a -20 dB directive coupler, at the output of the 
SSPA. This signal will go through a passive and particularly stable combiner, to a 

calibration receiver. 
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A suited calibration algorithm should then monitor the amplitude and phase of the signal 
issued of each path, such as: 

. to know possible failures or gain loss with ageing, and re-optimize the 
excitation sets taking them into account; 

. to measure possible phase ageing, and compensate them by controlling the 
phase-shifter. 

Several algorithms for such a calibration have been proposed in the litterature, and are not 
the subject of this study. For example: 

. putting all paths except nb n in phase opposition (shifted one from each other 
by 360o/(Ntot - I)); 

. sending the various possible commands to the phase-shifter of the calibrated 
path number n. 

. So, in the complex plane, the extremity of the vector representing the 
contribution of this path number n describes approximately a circle: its center 
can be found as barycenter of all measured points; then the amplitude and 
phase errors corresponding to each phase-state are deduced. 

g) Remark: no gain control is required for beam forming; only a limited unbalance between 
gain of various modules is required (see ~ 2.e). 
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2. ELECTRICAL SPECIFICATIONS OF THE "ACTIVE SUB-ASSEMBLY" 

"Active sub-assembly" means: an active module + possible preamplifier. All equipment 
should be provided with female SMA connector. 

a) Bandwidth: 

. whole allocated to the mission: 8025/8400 MHz 
. 3 useful channels, 50 MHz wide, centered around: fl = 8100, f2 = 8200, 

f3 = 8300 MHz. 

b) Matching: 

. Return loss < -18 dB on the whole bandwidth for all inputs and outputs, 
. except active modules output, where -14 dB can be tolerated, as the electrical 

length until the next equipment (Butler matrix) is very short. 

c) Gain: 

35.5 dB overall: possible preamplifier + active module (including phase-shifter combiner 
and calibration coupler losses: attention to the 10 log 3 minimal loss through the 3 ~ 1 
combiner, because its 3 inputs are fed by different frequency channels). 

This figure is derived from the following preliminary gainllevels budgets: 

Output of the modulator 

Channel filter loss 

0 dBm 

-0.7 dB 

Divider 1/24 and cables insertion loss 

1/24 division loss 

-2 dB 

-13.8 dB 

Butler matrix loss 

Loss of cables before and after the matrices 

-1 dB 

Isolator 

Rejection filter loss (worst case over the 3 channels) 

-0.3 dB 

-0.4 dB 

Overall provision for mismatching between equipments 

Level at subarray input without active sub-assembly 

-1.2 dB 

-0.6 dB 

-20 dBm 

Level at subarray input required 

REQUIRED GAIN (for any of the three channels): 

15.5 dBm 

35.5 dB 
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d) Output power for each channel (from above estimations): 19 dBm (80 mW). Don't forget 
that there are 3 simultaneous channels at different frequencies. 

e) Phase control: 

6 digital bits (LSB = 5.6250). 

RMS phase error over all the 64 states (after possible reading of a calibration table for each 
module) :$; 30 for each module. 

Worst case phase error over all the 64 states < 90 for each module. 

j) Gain unbalance: 

. For a given module, over all 64 phase states: :$; 1.2 dB peak-peak 

. for a given module, RMS over all the 64 phase states: :$; 0.4 dB 

. among all modules, for the reference 00 command and maximal 5OC temperature 
difference between them: :$; 1 dB peak-peak 

. RMS among all modules for the reference 00 command and maximal 5OC 

temperature difference between them: s; 0.4 dB 

g) Variations within each 50 MHz channel: 

. amplitude::$; 0.3 dB peak-peak 

. time-delay::$; 2 ns 

h) Linearity: 

CII3 ~ 28 dB for three carriers with C = output power C specified in 9 2-d); 13 being 
anyone of the third order intermodulation products. 

i) Power consumption: 

To be minimized; in all cases, not higher than 50 W (DC) for the whole active sub-assembly, 
corresponding to 11.4 % overall efficiency versus the total output power delivered 
simultaneously by the 24 modules (37.6 dBm = 5.7 W) in the 3 channels. 

The power supply consumption is not included in this figure, but should be indicated 
roughly. 

j) Switching time: 

:$; 150 ns (ASIC included) 
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3. THERMAL SPECIFICATIONS 

a) Temperature range of the base plate (thanks to appropriate thermal control of the antenna): 
-50, +400C. 

b) All electrical specifications should be met within this temperature range. 

c) The output power ftom the active modules can vary, above the minimum value of 19 dBm, by no more than 2 dB over the whole temperature range - providing that the amplitude 
control specifications 2.e and 2.fwould be met. 
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4. MECHANICAL SPECIFICATIONS 

a) Mass 

The mass of each distributed active module, and of the pre-amplifier, including packages 
and one ASIC for 1 to 4 modules, should be less than 60 g per module (possibly gathered) 
and for the pre-amplifier. 

b) Vibration 

No detailed study of the vibrating level accepted by the active modules will be made in this 
contract. But the mass should be confirmed with technologies taking into account usual 
requirements for modules in active antennas. 
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5. OUTPUl'S OF W.P. 2400 

. Detailed electrical diagram of the active modules, and possible pre-amplifier. 
. Technology proposed for the amplifiers, number of stages expected. 
. Technology proposed for the phase-shifters. 

. Technology proposed for the combiner and the coupler. 

. Necessary voltages and power consumtions. 

. Evaluation of mass and volume. 

. Table of compliance with the present specifications. 
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1. SUBJECT 

This document specifies the Butler matrices necessary for the semi-active concept of the 
"Confonnal array antenna" contract. 

In ~ 2, choice of the Butler type (kind of hybrids and number of ports) is justified, to be suited 
to the antenna specifications. 

In ~ 3, detailed specifications are settled for the eight 3 x 3 matrices to be integrated in the 
breadboard. 
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2. ELECTRICAL CONSTRAINTS FOR FEEDING A CIRCULAR ARRAY 

2.1 PRINCIPLES 

Principle for feeding a circular array by means of phase-shifters control at the input of a set of 
Nb Butler matrices, each with Np input and output ports, is described on figures 2.I-a and 
2.l-b. 

N = Nb x Np is the total number of subarrays inputs, equally spaced around a circle. 

. Fig. 2-a shows the general principle for generating M = 2 independent beams in 
different azimuth directions (drawing is made with Nb = 4 and Np = 8). 

. Fig. 2-b is suited to the conformal array optimal configuration, as issued from 
numerous simulations made by ALCATEL during W.P. 1200: Nb = 8 and 
Np=3. 
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Figure 2.1-b: Semi-active circular array suited to this study (M = 3, N = 24 with Nb = 8 
Butlers and Np = 3 inputs and outputs each) 
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2.2 BUTLER-TYPE SUITED TO SMOOTH ROTATION OF THE BEAM 

One of the most stringent specification of the mission is low amplitude and phase jumps for 
the electric field radiated towards an earth station direction, moving around the antenna revolution axis. 

This can be achieved far better with Butler matrices made with 1800 - hybrids (waveguide 
magic tees, planar rat-races ...) than with 900 - hybrids (parallel waveguides coupled by holes, 
branch-line planar couplers), for following reasons: 

a) As it is explained in references [1][2][3], a Butler matrix built with 1800 hybrids, when its 
outputs are connected to radiating elements (R.E.) equally spaced along a circle, provides 
phase-shifts along one turn, which are always integer multiples of 21t radians (see figure 2.2-a). In the example of a classical 4 x 4 matrix shown on the figure, if we add 
respectively (thanks to variable phase-shifters) 00, 900, 1800,2700 to the inputs numbered 1, 2, 3, 4 of the matrix, the excitations corresponding to any combination of input signals 
will move by 900 on the circle: 

. if we add the above phase-shifts at the inputs of all the Butler matrices, the 
beam will turn by 900 around the array axis. 

. if we have an optimized excitation where all the energy is concentrated on Nb 
adjacent R.E., i.e. for example AI> BI> CI> DI> to turn the beam by 21t, 

the 
N 

phase-shifts explained before, applied only to matrix A inputs, move the energy 
from Al to A2 (figure 2.2-c). Then we apply the same phase-shifts to matrix B, which moves the output energy from BI to B2... and so on. 

b) On the opposite, a Butler matrix built with 900 hybrids (as shown on figure 2.2-b for the 
classical 4 x 4 case), when connected to a circular array, provide non regular phase-shifts 
along one turn, because phase-difference along one turn is an odd multiple of 1t radians. 
This is far worse suited to smooth rotation of the beam around the array axis. 

N.B.: It would be possible to have the same output phase distribution than on figure 2.2-a with a Butler built with 900, by adding 900 phase-shifts at one input and one output of 
each hybrid coupler (but this would make it more difficult to build with good phase 
stability over the bandwidth). 
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Figure 2.2-b: 4 x 4 Butler 1IUltrix buüt with 900 - hybrids (1), providing non eqUlll phase-shifts 
Öj between the outputs connected to the circular array (2) 
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2.3 ADVANTAGES OF 3 x 3 MATRICES 

It is well known in the literature ([6]), that nearly uniform excitation of about one third of an 
array with circular symmetry (circular, cylindrical, or conical array) gives the best directivity. 

This can be achieved easily with an array fed by Nb (8 for example) Butler 3 x 3: by proper phase slope at the Butler inputs, we can concentrate the energy on one output for each Butler. 
By choosing properly these outputs, the power can be concentrated on Nb = N/3 adjacent R.E. 

This is compliant with equal and constant amplitudes at the input of the Butler matrices, 
which allows to optimize the SSP As' efficiency for the required output level. 

Moreover, numerous computations made by ALCATEL ESPACE during W.P. 1200 has 
shown that the best gain and the lower PRF to the radiating columns, compliant with EIRP are provided by 3 x 3 matrices, for a given total number of subarrays: for example, if N = 24n 
after the first optimisation run: 

. Eight 3 x 3 matrices gives 19.94 dBi gain, and PRF = -1.38 dBW, 
. Six 4 x 4 matrices gives 19.85 dBi gain, and PRF = -0.13 dBW, 
. Three 8 x 8 matrices gives 19.36 dBi gain, and PRF = +2.88 dBW, 
. Twelve 2 x 2 matrices gives 19.21 dBi gain, and PRF = -0.98 dBW. 

N.B.: The above gain is the most critical, for 62.30 elevation angle. It is specified to 20 dBi: 
a second optimisation run has given some tenths of dB more gain, compliant only for eight 3 x 3 matrices. 

En if3 x 3 matrices are less classical than 4 x 4 ones, designs have been already proposed (see 
reference 8), and measured (reference 7). 
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3. ELECTRICAL SPECIFICATIONS FOR THE 3 X 3 MATRICES f:0 

0 whole specified bandwidth: 802518400 MHz 
0 Useful channels: 50 MHz centered around f1 = 8100, f2 = 8200, f3 = 8300 MHz. 
a) When feeding successively one of the three inputs: 

. The output amplitudes must be theoretically equal; in fact, unbalance between 
the 3 x 3 = 9 paths of a given matrix i, and over all 8 matrices delivered, can be 
tolerated no more than :!: 0.2 dB at a I:iven frequency within the X whole 
bandwidth, w.r.t. the mean insertion loss L=(LLn 1 Nb)(Ln insertion loss 
averaged on the 9 paths of the matrix n)' 

. The transmission phases towards outputs named A, B, C must bef~ 
.- <Po, <Po, <Po when input numbered 1 is excited, 

.- <Po, <Po + 1200, <Po - 1200 when input numbered 2 is excited, 

-- <Po, <Po - 1200, <Po + 1200 when input numbered 3 is excited. 

<Po is a fixed value (reference insertion phase) for a given frequency. Errors from these 
values must be no more than :!: 50 at afven frequency over the whole bandwidth. 

This is equivalent to specify the following transfer matrix [T]: 

1 1 
.21t 

[T] = 1 eJ3 
.21t 

1 e --J3 

1 
21t . 

-j- eJCPo 
e 3 

. 

r;; 
Recall that [T] is defined by: 

.21t v 3 
J- e 3 

e1 
1 --+ --+ 

Sa 

e2 
Butler l 

--+ 
Sb 

--+ 
f matrix 

e3 

--+ 
Sc --+ 

A 

mJ =m [:~J mili 2 8 

3 c 

A, B, C is proposed for numbering the outputs, so that is separates clearly ports to be used 
as inputs or outputs (dispersion specifications are not the same). 

b) <Po can vary over all matrices by less than 500 peak-peak (these <Po values should be 
measured with:!: 10 accuracy, and will be compensated by ALCA TEL in the phase-shifters 
commands). 
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c) Mean insertion loss Ln (over the 9 paths corresponding to any input and any output) must be less than 0.8 dB* over the whole bandwidth. 

Amplitude unbalance: between ISijl of the 9 paths < 0.4 dB peak-peak, within in each 
channel for a given iTequency. 

Frequency variation within each of the 3 channels, for any of the 9 paths of each matrix: 
less than 0.4 dB peak-peak. 

d) GrouD-delav variation over each channel shall not vary by more than 6 ns peak-peak for 
each path of the 8 delivered matrices. 

We recall that the group delay can be, either measured with a modem network analyser, or 
1 d( <p ) 

computed as Tg=- 
0 

. 

21t df 

e) Inteñaces: For the breadboard of this contract, interfaces of the matrices must be SMA (or SSMA) female coaxial connectors. 
For a PM type design, waveguide flanges could be accepted (which would mean active 
modules with waveguide interfaces, and connection to the radiating elements by means of flexible waveguides). 

f) Mass: For one matrix, it should be less than 50 g*, excluding possible waveguide to 
coaxial transitions, specific for the breadboard. 

g) Matching: 

. Return loss < -14 dB at the inputs, 

. Return loss < -18 dB at the outputs (because of the long cable lengths to the 
radiating rows, and system specification to avoid ripple within the useful band). 

lit Remark: 

0.8 dB insertion loss and 50 g mass are worst case requirements, corresponding in fact not to the same technology (0.8 dB for microstrip; 50 g for waveguide). According to the chosen 
technology, one of these two parameters should provide an important margin versus the 
specification. 

For coherence with SSP A's and proposed filters technology, matrices made iTom printed- 
circuits are preferred. 
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4. THERMAL SPECIFICATIONS 

a) Temperature range in flight: -50, +50oC (TBC by WP 2600). 

b) All electrical specifications of ~ 3 should be met on the whole temperature range. 

c) For a flight-antenna, they should be verified for all matrices at the extreme and ambient 
temperature. 

d) For the breadboard, only S2l temperature variations for the 9 paths of ~ matrix from 
ambient to the extreme temperatures, will be checked. It will be used to settle a typical 
error budget for a FM-type antenna, including temperature variations. 
F or minimizing such variations, substrates with low Er temperature variation should be 
chosen (such as Duroïd 6002) in the case of a planar technology. 
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5. MECHANICAL SPECIFICATIONS 

For a flight model, typical vibrating levels will be deduced from mechanical analysis (WP 2600). 

Vibrating tests are not required for the breadboard, but the design should be made in order to comply with usual levels for space equipment, to avoid new design in further study or 
program phases. 
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6. DELIVERING REQUIREMENTS 

6.1 EXTERNAL PLATING 

The metallic parts of the matrices should be plated (for example chemical oxydation) such as to avoid any surface aspect degradation during 5 years. 

6.2 INsPECTION AND REVIEW OF SPECIFICATIONS COMPLIANCE 

Before integration in the breadboard, ALCA TEL should be called to a MTR (Manufacturing 
and Test Review), with notification to ESA: 

. Visual inspection of the 8 matrices to be delivered, 
. Review of the compliance matrix prepared by CASA, comparing measures 

made on all the Butler's with the specifications ITom ~ 3 to 5. For all 
quantitative specified parameters, this matrix will include min, mid, max values 
and standard deviation over the 8 Butler's. 

6.3 MEASUREMENTS TO BE DELIVERED 

a) Amplitude and phase of S11' S21 and S22' and time-delays, should be measured at ambient for the 9 paths of each matrix, and S21 at extreme temperatures for one matrix, with 3 markers at 8.1, 8.2, 8.3 GHz : 

. curves over the whole bandwidth will be delivered in the report for the three 
first matrices (including probable first-run breadboard) and for that measured in 
temperature. 

. for all matrices to avoid too many ~Il pages in the report, the specified 
parameters will be delivered on a dIskette, according to the "cs" format 
described in Annex A. For each parameter, values will be given with 25 MHz stepsITom 8025 to 8400 (so 16 points). 

b) One phase-shifter per channel is placed before each Butler input and can be used to 
compensate possible phase errors Sit (for various i = input number), averaged over all 
outputs k. The matrices would probably present symmetry allowing exchange between "inputs" named i = 1, 2, 3 and "outputs" named k = A, B, C (according to the sense for the 
Tx mode of the antenna). In that case, for assembling the whole BFN, the orientation of 
each matrix will be chosen so that the 00, + 1200 or -1200 phase-shifts between outputs (when one input is excited) will be the most accurate. 
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6.4 MARKING 

. A serial number should be marked on each Butler matrix: J = 1 to 8. 
. Each port must be identified by: 1, 2, 3, A, B, C. 

All these markings should remain readable during 5 years in the temperature range -50, +50oC. 
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[8] 
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ANNEX A 

CS FORMAT FOR DELIVERING 
S-P ARAMETERS FILES ON DISQUETTES 

Proposed numbering of the ports of a 3 x 3 Butler matrix, compliant with the line NU of the CS file (see next page): 

INPUT OUTPUT 

3 
4 (= A) 

2 
5 (= B) 

1 6 (= C) 
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.1Z]15ZZE-0I, 
- 

.4041394E-OZ, 
- 

.]684998E-OI, 
- 

. 

8940881E-01 
, 

fR 

. 

140Z15OE 
+05, 

MS-. 

240]Z59E 
-0], 
- 

.358505ZE-0I, 
. 

7367325E-01, 
- 

.4I19873E-02, 

.72]1 

I4OE 

'01,' 

.388]36ZE 
'OZ, 
- 

.3736115E 
-01, 
- 

.8861542E-0I, 

fR 

. 

140]00OE 
+05, 

MS- 

_4166464E 
-OZ, 
- 

.]195000E-01, 
. 

7376480E-0I, 
- 

_45]I86OE-02, 

. 

7237Z44[-0I, 
- 

.]]1ZI9ZE-OZ, 
- 

.37689ZIE-0I, 
- 

.8815ooZE-0I, 

fR 

.140]Z50E+05, 
MS-. 

530Z429[ 
-OZ, 
- 

.2814947E-0I, 

.7380676[-01, 
- 

.5050659[-02, 

. 

7211951E 
-01, 
- 

.]918729E-02, 
- 

.3781994[-01, 
- 

.8199144E-0I, 

fR 

.140]500E+05, 
MS- 

.8008957E 
-OZ, 
- 

. 

2919219E-01 
, 

.7420]49[-01, 
- 

.458908IE-02, 

.1Z44 

110E 

-01, 
- 

. 

3650665E 
-OZ, 
- 

.3873444[-01, 
- 

.884094ZE-0I, 

fR 

.140]750E+05, 
MS- 

. 

8419O]7E-OZ, 
- 

. 

29Z45]8E 
-01, 

. 

73]ZZ]OE-OI, 
- 

.479126OE-02, 

. 

7289505E-0I, 
- 

.]51]]]6E-OZ, 
- 

.39811ZZE-0I, 
- 

.8896637E-0I, 

@ 

ff( 

. 

1404000E 
+05, 

. 

MS-. 

14]6Z]4[-0I, 
- 

.2999115E-0I, 

.7360017[-01, 
- 

.5]63464[-02, 

.730438ZE-0I, 
- 

.384 

1400E-OZ, 
- 

.4I76]]IE 
-01, 
- 

.8921051E-0I, 

fR 

.1404250E+05, 

' 

MS- 
. 

1581611E-01 
, 

- 

.]268814E-0I, 
. 

7369995E-0I, 
- 

.5]25]I7E'OZ, 

- 

729Z551E-0I, 
- 

.4280090[-OZ, 
- 

.4]8]850E-01, 
- 

.8911405E-0I, 

fR 

.1404500E+05, 
MS- 

.1940155[-01, 
- 

.3295]26[-01, 
- 

7312]9]E-0I, 
- 

.506210]E-OZ, 

.73]0104[-01, 
- 

.]84140OE 
-02, 
- 

.4559]Z6[-0I, 
- 

.8941650E-0I, 

fR 

_1404750E+05, 
MS- 

.2150726[-01, 
- 

.]169060E-0I, 
. 

73]0]22E-0I,' 

.51727Z9[-OZ, 

. 

7326889E-0I, 
- 

.40550Z]E'OZ, 
- 

.416]03IE-0I, 
- 

.890808IE-0I, 

fR 

. 

1405000E 
+05, 

. 

. 

MS- 
. 

2]89908E-01 
, 

- 

. 

298042]E-01, 
. 

7329559E-0I, 
- 

.451660ZE-OZ, 

.7302856E-0I,' 

.]295898E-02, 
- 

.4919434E-0I, 
- 

.8815165E-0I, 

fR 

.1405250E+05, 
MS- 

.2872086E-0I, 
- 

.2735519[-01, 
. 

7295ZZ7E-OI, 
- 

.4207611E-02, 

. 

7214Z46[-0I, 
- 

. 

3781994E 
-02, 
-. 

5056000E 
-01, 
- 

.81IZ006E 
- 

01, 

fR 

. 

14055ODE 
+05, 

MS- 

.3]72192[-01, 
- 

.3664017E-0I, 
. 

73013]IE-0I, 

-_42]43I4[-OZ, 

. 

7259369E'01 
, 

- 

.]55148][-02, 
- 

.5194855E-0I, 
- 

.857849IE-0I, 

fR 

.1405750E+05, 
MS- 

.]906250[ 
-01, 
- 

.4356766E 
-01, 

. 

7274628E-0I, 
- 

.]86810]E 
-02, 

.7289886[-01, 
- 

.]Z88Z69[-OZ, 
- 

.5268860E-0I, 
- 

.8]9]097E-0I, 

fR 

. 

1406000E-05, 
MS- 

.336I511E-0I, 
- 

.57308ZOE-0I, 
. 

7312012E-01. 

-.]856659[-OZ, 

. 

7290268E-0I, 
- 

.]]]1860E-OZ, 
- 

.5]Z6080[-0I, 
- 

.8195496[-01, 

fR 

. 

1406250[ 
+05, 

MS- 

.2080917E-0I, 
- 

.61092]8[-01, 
. 

732536]E-0I, 
- 

.376129ZE-OZ, 

. 

7245255E-0I, 
- 

.]284454[-02, 
- 

.5]5IZ51E-0I, 

-.801010lE-OI, 

fR 

. 

140650DE+05, 
MS-. 

7568]59E 
-02, 
- 

.6118665[ 
-01, 

. 

7301816[ 
-01, 
-. 

37Z6959[ 
-02, 

.7260513[-01, 
- 

.29945]7E-OZ, 
- 

.5361116E-0I, 

-.7806]96[-01, 

fR 

. 

14O6750[ 
+05, 

MS 

.IZ89310E-02, 
- 

.52652]6[-01, 

.7302475[-01, 
- 

.3574371[-02, 

. 

728836IE-0I, 
- 

.2849519[-02, 
- 

.5]67219E-0I, 
- 

.16080]ZE-0I, 

fR 

. 

1401000E+05 
, 

MS 

.]]76010E-OZ, 
- 

.4oo]525E-0I, 
. 

728Z257E-0I, 
- 

.]141125E-D2, 

.731201ZE-0I, 
- 

.2391815E-OZ, 
-. 

5]81175E 
-01, 

-.7406616[-01, 

fR 

. 

1401250E-05, 
MS- 

.2241135E-OZ, 
- 

.]0586Z4E-0I, 
. 

7318115E-0I, 
- 

.]73840]E-D2. 

.734100][-01, 
- 

.2]]4595E-02, 
- 

.54 

10004E-01, 
-. 

72Z0459[-01, 

fR 

.14075ooE+05, 
MS- 

.9119O]4[-OZ, 
- 

.2991295E-0I, 
. 

7375]]6E-0I, 
- 

.]]8]6]6[-OZ, 

.736885IE-0I, 
- 

.248118]E-OZ, 
-. 

5420685E-0I, 
- 

.6983566E-01, 

fR 

.1401750E+05, 
MS- 

.173]011E-0I, 
- 

.]6Z7396[-0I, 

.7381058[-01, 
- 

.]19Z9OZE-02, 

.73195]2[-01, 
- 

. 

28610Z]E 
-OZ, 
- 

.5455011E-0I, 
- 

.6813431E-0I, 

fR 

. 

1408000[ 
-05, 

MS- 

.175266][-01, 
- 

.]975487E-0I, 
. 

7373047E-OI, 
- 

.37Z6959[-OZ, 

.73856]5[-01, 
- 

_]]4I615[-OZ, 
- 

.545]110[-01, 
- 

.66]0107E-0I, 

fR 

. 

1408250E+05, 
MS- 

.1I8656ZE-0I, 

-.43]1017E-01, 
. 

73Z8O]][-OI, 
- 

.]505707E-OZ, 

. 

7408905E-0I, 
- 

.]]49]04E-02, 
- 

.5435562E-0I, 
- 

.64ZZ04]E-OI, 

fR 

. 

1408500[+05, 
MS- 

.8516]12E-OZ, 
- 

.407562]E-0I, 
. 

7400894E-0I, 
- 

.3411375[-OZ, 
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. 

7349777f 
-01, 
- 

.3608704E-02, 
- 

.5435944E-OI, 
- 

.6243515E-0I, 

fa 

. 

1408750E+05, 
HS- 

.8420944E 
'02. 
- 

.3292847E-0I, 
. 

7366180E.0I, 
- 

. 

3475 

189E-02, 

. 

736885 
IE 

'01, 
- 

.3658295E-02, 
- 

.5409241E-0I, 
- 

. 

6096268E-01 
, 

fl 

.1409000E+05, 
HS- 

.11999I3E 
-01, 
- 

_295200](-01, 

.73574071:-01, 
- 

. 

3543854E 
-02, 

. 

735206U 
-01, 
- 

.31 

16608E 

-02, 
- 

.5339050E-0I, 
- 

.5923080E 
-01, 

fl 

. 

140925OE 
+05, 

HS- 
. 

173072BE 
-01, 
- 

. 

2626228E-01, 
. 

7316589E-0I, 
- 

.387573lE-OZ, 

. 

7330704E 
-01. 
- 

.3757477E-02, 
- 

.525894ZE-0I, 
- 

.5868912E-0I, 

fl 

. 

140950OE 
+05, 

HS' 

.ZOO9964E 
'01, 
- 

.29493]]E-0I, 

.7280731E'0I, 
- 

.329589BE-OZ, 

. 

735778BE 
-01, 
- 

. 

29Z9688E-02, 
- 

.5131149E-0I, 
- 

.576744 

IE-OI, 

fl 

. 

140975OE 
+05, 

I 

. 

HS- 

.Z05ZlIU 
-01, 
- 

.348072IE-0I, 
. 

7340Z40E-0I, 
- 

.3170013E-OZ, 

. 

737152 
IE 

-01. 
- 

.31 

16608E'02, 
- 

.5030823E-0I, 
- 

.5726624E-0I, 

FI 

. 

141000OE 
+05, 

H5- 

.205726U 

-01,' 

.3775406E-0I, 
. 

735Z44BE-0I, 
- 

.3597Z6OE-OZ, 

. 

7394791E 
'01, 
- 

. 

3299713E 
-02, 
- 

.496Z15BE-0I, 
- 

.5714417E-0I, 

fa 

.1410Z50E+05, 
HS- 

-1807785E 
-01, 
- 

.3890800E-0I, 
. 

73]4137f-OI, 
- 

.]]34045E-OZ, 

. 

737190lE 
-01, 
- 

.3433Z28E-02, 
- 

.484Z75BE-0I, 
- 

.5709839E-0I, 

fl 

. 

141050OE 
+05, 

HS- 
. 

1634789E 

-01,' 

.3920174E-0I, 

.733ZZ30E-0I,' 

.3Z1579OE-OZ, 

. 

7349777E 
-01, 
- 

.Z8Z2876E 
-02, 
- 

.476074ZE-0I, 
- 

.5785751E'0I, 

fa 

. 

141075OE 
+05, 

HS- 
. 

1768684E-0I, 
- 

.3495789E-0I, 

.7337189E-0I,-.Z81906IE-OZ, 

. 

7302094E 
'01, 
- 

.3Z73010E.OZ, 
- 

.4704666E-0I, 
- 

.5820465E-0I, 

fa 

.1411000E+05, 
HS-. 

1971054E 
'01, 
- 

.3178406E-0I, 
. 

73]1085E-0I, 
- 

.31890871:-0Z, 

. 

735778BE 
-01, 
- 

.2830505E-02, 
- 

.4734039E-0I, 
- 

.5926514E-0I, 

fI 

.1411Z50E+05, 
HS- 

. 

2680206E 

-01,' 

.3284836E-0I, 
. 

733451BE-0I, 
- 

.273513BE-OZ, 

. 

7366943E 

-01,' 

.3070831E-02. 
- 

.4761124E-0I, 
- 

.5921936E-01. 

fI 

.1411500E+05, 
HS- 

. 

3720856E 
-01, 
- 

.3425217E-0I, 
. 

734863]E-0I, 
- 

.20599371:-02, 

. 

7354355E 
-01, 
- 

.286102](-OZ, 
- 

.482063](-01,' 
. 

5943298E-01 
, 

fa 

.1411750E+05, 
HS- 

.4Z31262E 
-01, 
- 

.4219055E-0I, 
. 

733ZZ30E-0I, 
- 

.ZI55304E-OZ, 

. 

7270432E 
-01, 
-. 

Z811432E-OZ, 
- 

.489463BE'0I, 
- 

.587844BE-0I, 

fa 

.1412000E+05, 
HS- 

.4Z67883E 
-01, 
-. 

5455399E'0I, 
. 

7356644E-0I, 
- 

. 

2157483E 
'OZ, 

. 

7346344E-0I, 
- 

.2376556E'02, 
- 

.4984665E-0I, 
-. 

5788422E 
-01, 

FR 

.1412250E+05, 
HS-. 

3796387f 
-01, 
- 

.6104660E-0I, 
. 

7378387f-0I, 
- 

.250244 

IE-02, 

. 

736770U-0I, 
-. 

1956940E-02, 
- 

.5089951E-0I, 
- 

.569915BE-0I, 

fR 

.1412500E+05, 
HS- 

.2594757f 
-01, 
- 

.649Z615E-0I, 
. 

7368Ø88E'OI, 
- 

.Z670288E-OZ, 

. 

73448IBE 
-01, 
- 

.2712250E-OZ, 
- 

.514907BE-0I, 
- 

.5577469E-0I, 

fl 

.1412750E+05, 
HS-. 

1521301E 
-01, 
-. 

5892181E-01, 
. 

7350540E-0I, 
- 

.Z403259E-02, 

. 

73J5281E 

-01,' 
. 

2368927E 
-OZ,' 

.5239105E-0I, 
- 

.5437469E-0I, 

fR 

.141300UE+05, 
HS'. 

528717OE 
'02, 
- 

.4963684E-0I, 

.731887BE-0I, 
- 

.2559662E-02, 

. 

7326889E 
-01, 
- 

. 

240J259E 
'OZ, 
- 

.530929U'0I, 
-. 

5Z4826OE-0I, 

FR 

.1413250E+05, 
- 

-. 

-.__. 

-.-.-- 

HS- 

.6660461E-02, 

-.404434ZE-0I, 

.730972](-01, 
- 

.2323151E 
-02, 

. 

733451BE-0I, 
- 

.2494812E-02, 
- 

.5J825J8E-0I, 
- 

.5042267f 
-01, 

fl 

. 

14 

13500E 

+05, 

HS- 

.1I05118E-0I, 
- 

.3639984E-0I, 
. 

7339096E-0I, 
J 

. 

2269745E 
'OZ, 

. 

7366180E-0I, 
- 

. 

261306BE-02, 
- 

.5389404E-0I, 
- 

.488815JE-0I, 

fl 

.141375OEt05, 
HS- 

.15460971:-01,' 

.3588104E-0I, 
. 

7303619E-0I, 

..2155304E-02. 

.733451BE-0I, 
- 

. 

243759ZE-02, 
- 

.5393982E'0I, 
- 

. 

4668427f 
-01, 

f. 

. 

14 

14000e+05 
, 

HS- 

.1716614E-0I, 
- 

.3980637f-0I, 
. 

73349OOE'0I, 
- 

.23040771:-02, 

. 

7362747E-0I, 

-.2788544E-OZ, 
- 

.54 

18396E-01, 

-.445404 

IE-OI, 

f. 

.14 

14250E+05, 

MS'. 

1462555E-0I, 
- 

.394210BE-0I, 
. 

7320786E-0I, 
- 

.1953125E-02, 

. 

7265472E-01 
, 

- 

. 

2628326E-02, 
. 

.5J46680E-0I, 

-.4288483E-0I, 

f. 

.1414500E+05, 
MS- 

.924682U-OZ, 
- 

.360298ZE-0I, 
. 

7342529E-0I, 
- 

.18005371: 
-02, 

. 

7314301E-0I, 
- 

.2643585E'02, 
- 

.5309296E-0I, 
- 

.4087830E-0I, 

f. 

.141475UEt05, 
MS- 

. 

1250267f'01 
, 

- 

.2960014E-0I, 

.7346344E-0I, 
-. 

191497BE-02, 

. 

7302475E'0I, 
- 

.2311707f-02,. 

.5236435E-0I, 
- 

.3886032E-0I, 

f. 

.1415000E+05, 
HS- 

. 

1688576E'01 
, 

- 

.2434349E-0I, 
. 

7369614E-0I, 

-.2075195E'OZ, 

. 

732193OE 
-01, 
-. 

2342224E 
-02, 
- 

- 

514755ZE 
-01, 
-. 

3713608E 
- 

01, 

fl 

. 

1415250E+05, 
MS- 

.2598572E-0I, 
- 

.2Z6898ZE-0I, 
. 

7304764E-0I, 
- 

.1903534E-OZ, 

.728759BE-0I, 
- 

.2532959E-02,' 

.5043030E-0I, 
- 

_3527451E 
-01, 

fl 

.1415500E+05, 
HS- 

.3Z2OS5BE 
-01, 
-. 

272808 
IE 

-01, 

. 

7304764E 
-01, 
- 

. 

2506Z5U 
-OZ, 

. 

7268524E-0I, 
- 

.2727509E-02, 
- 

.4901886E-0I, 
- 

.3377914E 
-01, 

fl 

.141575OEt05, MS-.3Z33]]7E-0I,' 

.3157806E-0I, 
. 

7302475E-0I, 
- 

. 

159835BE-OZ, 

.725746ZE'0I, 
- 

.243759ZE-02, 
- 

.47Z4 

IZIE-OI, 
- 

.3174591E-0I, 

fl 

.14 

16OOOE+05, HS-.Z785492E-0I, 

-.3860474E-01. 

.7342529E-0I, 

'.1766205E-02, 

. 

7Z38388E-0I, 
- 

.22888IBE-02, 
- 

.4548645E-0I, 
- 

.314254BE-0I, 

fl 

.141625DE+05, HS'.Z412415E-0I, 
- 

.4030609E-0I, 
. 

7362366E-0I, 
- 

.1731873E-02, 

. 

72624Z1E-0I, 
-. 

1949310E-OZ, 
- 

.4375458E-0I, 
- 

.3048706E-0I, 

fR 

. 

14 

16500E 

+05, 

HS- 
. 

1842880E-0I, 
- 

.350456ZE-0I, 
. 

7334518E-0I,'. 

1403809E 
-OZ, 

.7239914E'0I, 
- 

. 

1266479E-OZ, 
- 

.4178619E-0I, 
- 

.3005Z19E-0I, 

fI 

.14 

1675DE+OS, 

I 

HS- 
. 

1597595E-0I, 
- 

.3100Z04E-0I, 
. 

731468ZE-OI, 
-. 

1338959E-02. 

. 

7257462E-0I, 
-. 

1186371E-02, 
- 

.4003906E-0I, 
- 

.3002930E-0I, 

fl 

.14 

1700DE+OS, 

MS- 

.2071381E-0I, 
- 

.271949BE-0I, 
. 

7323074E-01. 
- 

.1689911E-02, 

.7229614E-0I, 
-. 

1583099E-OZ, 
- 

.384445ZE-0I, 
- 

.301818BE 
-01, 
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1. FILTERING REQUIREMENTS FOR THE FM- TYPE CONFORMAL ANTENNA 

a) The antenna mission is to radiate three independently electronically steerable beams 
from LEO observation platfonns to three ground stations, which will process the data 
gathered on-board. 

The overall bandwidth allocated for this mission is 8025 - 8400 MHz. 

As specified in the chapter 1 of this report (RF System analysis), for each beam is 
allocated a 50 MHz channel, centered respectively around following carriers: 

. 8100 MHz for beam number 1 

. 8200 MHz for beam number 2 

. 8300 MHz for beam number 3 

The Power Flux Density (PFD) on earth must comply with UIT -R requirements. As result 
of the RF system analysis, this is possible with following filtering (see figure I-a): 

. 3 Band-Pass Filters (BPF), one for each channel, at the output of the carrier modulators; in fact, they are not part of the semi-active antenna, so not specified 
in this document, 

. 24 Band-Stop Filters (BSF), in front of each radiating subarray, to reject the 
8400-8450 MHz band, allocated to Deep Space Network (DSN) ground stations, 
which could be located near to those receiving the data from the LEO platfonns. 

The DSN stations must not at all be perturbated by the antenna radiation. As it is close to 
the three carriers, intennodulation products (IMP) generated by the 24 SSP A's located 
inside the antenna, could fall in this band. 

b) As a compromise with lowering the amplifiers efficiency with too stringent linearity 
requirements, the CII of the amplifiers has been specified at 28 dB, and the rejection 
of the BSF at -17 dB. 

However the last value has been computed with the minimum transmitted power from the 
amplifiers; this one can vary somewhat, due to dispersions between them, even after adjustment and to variation with antenna temperature. 
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At the beginning of the amplifiers study, two options are considered concerning the 
power control of the amplifiers: 

1. Either precise thennal compensation is provided inside the active modules or by 
means of the controller: that means amplitude and phase control devices, 
commanded from temperature. In that case, transmitted power can be kept 
constant within 1 dB range over all the 24 amplifiers and the whole temperature 
range. So the filter rejection must be 18 dB = 17 dB for minimum transmitted 
power + 1 dB possible variation of this power. 

2. Or the thennal desi~ insures that temperatures are k~t very similar over all the 
amplifiers, and the electrical design using MMIC technology guaranties quasi 
identical ð.G/ ð. T (gain variation coefficient, with temperature) over all SSP A's. So 
no thennal compensation is necessary (which induces cheaper anterma), but 
transmitted power can vary by up to 3 dB within the temperature range (and over 
all amplifiers), added to 1 dB maximum dispersion between modules at ambient 

Then, to keep the same PFD on ground, the filter rejection must be increased to 
21 dB = 17 dB for minimum transmitted power + 1 dB dispersion, +3 dB possible 
variation of this power within the temperature range. 

c) Remark: Inside this limited funding contract, only design and simulation of the BSF 
filter is provided, compatible with its implementation behing the 24 radiating columns of 
the truncated conical anterma. 

~ 
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2. ELECTRICAL SPECIFICATIONS FOR THE 24 BAND STOP FILTERS 

2.1 AMPLITUDE TRANSFER FUNCTION 

IS211 (f) must comply with the following mask, where RL = rejection level, relative to 
maximum level "0 dB", must be equal to: 

. 18 dB as a minimum; 

. 21 dB as a goal, to comply with the second option of 9 1-b (no thermal 
compensation inside the active modules). It will be checked by simulation of 
perturbation due to manufacturing tolerances, if this value is reachable without 
adding new poles, so increasing significantly the filter loss. 
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... 

"0 

, 

I R.L. 

~ ~ 

8000 8075 
I 

8200 
I 
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Figure 2.~.a.: Rejection filter amplitude mask 
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2.2 IN-BAND INSERTION LOSS 

The 0 dB level of the previous mask must correspond to a loss lower than 0.7 dB, for all filters. 

Remark: mask + specification 2.2 ~ L - 0.5 dB < IS211 < L, with L > -0.7 dB 

2.3 AMPLITUDE RIPPLE 

Within each useful channel, 50 MHz wide (see ~ I-a), IS211 should not vary by more than 0.3 dB peak-peak for all filters. 

2.4 MATCHING 

On the whole bandwidth and for all filters: 

. ISIlI:$ -14 dB (isolators at the input), IS221 :$ -18 dB at outputs connected to the radiating columns. 

2.5 GROUP-DELAY VARIATION 

Within each useful channel, 50 MHz wide, the group-delay through the filter must not vary by more than 3 ns peak-peak. 

2.6 AMPLITUDE UNBALANCE 

Over the 24 filters to be integrated on a FM-type antenna, the IS2d must not vary, for any given frequency within the three useful channels, by more than 0.4 dB peak-peak. 

2.7 PHASE UNBALANCE 

In the same conditions than ~ 2.6, phase unbalance must not be more than 50 peak-peak: as they are after the Butler matrices, they cannot be compensated by the phase shifters control. If dispersions were larger, they should be compensated by adjustement of the lengths of the various coaxial cables connecting the outputs of the Butler matrices to the isolators/filters/radiating 
columns. 
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3. THERMAL SPECIFICATIONS 

a) Temperature range in flight: -50, +500 C (TBC by WP 2600). 

b) All electrical specifications of ~ 2 should be met on the whole temperature range. 
c) For a flight-antenna, they should be verified for all paths at the extreme and 

ambient temperature. 

d) For minimizing temperature variations, if the filters are implemented in microstrip 
technology, a substrate with low Er temperature variation should be chosen (such 
as Duroïd 6002 or TMM 10i trom Rogers Corporation). 
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4. MECHANICAL SPECIFICATIONS 

a) Mass 

To minimize the mass of the FM-type antenna, preferential option is to implement 
the filters in microtrip technology, just behind the radiating subarrays, with direct 
connection to them (by means of a short coaxial pin, or coupling through a slot). 

In that case, mass of each filter should be less than 3g, excluding that of the 
support: this would be the same that the radiating column support, so included in 
the radiating surface mass budget. 

b) Vibration 

For a flight model, typical vibration levels will be deduced from mechanical 
analysis (WP 2600). 

No filter will be included in the breadboard, but the design should be made in 
order to comply with usual levels, to avoid new design in further study or program phases. 

..., 

Reproduction interdite @ ALCATEL ESPACE Reproduction forbidden 
18015-1 



AES 96-320501 ASP-431 
CONFORMAL 

Estec Contract 1 1 698/95/NL/SB 

ARRAY ANTENNA DATE: ED/REV: PAGE: 
14/08/96 1/- 1 1 12 

Titre 1 Title 

SPECIFICATIONS FOR 

THE RADIATING SUBARRA YS 

Rédigé par / Written by Responsabilité / responsibility Date Signature 

G.CAILLE Technical Manager of the Contract 

Vérifié par / Verified by 

Approbation / Approved 

ALCÂTEL 
~ 

TelECOM 

Reproduction interdite @ ALCATEL ESPACE Reproduction forbidden 
18013-1 



- 

- 

I 

CONFORMAL 
ARRAY ANTENNA 

ED.! REV. DATE 

1/- 14/08/96 

AES 96-320501 ASP-431 

Estec Contract 11698/95/NL/SB 

DATE: 
14/08/96 

ED/REV : 

1/- 

ENREGISTREMENT DES EVOLUTIONS / CHANGE RECORD 

~ CON CERNES 
CONCERNED ~ 

~: DESCRIPTION DES EVOLUTIONS 
~: CHANGE RECORD 

First Issue 

Reproduction interdite @ ALCATEL ESPACE Reproduction forbidden 

PAGE: 
2/12 

REDACTEUR 
AUTHOR 

G.CAILLE 

lBOJ4.J 



AES 96-320501 ASP-431 

CONFORMAL 
Estec Contract 11698/95/NL/SB 

ARRAY ANTENNA DATE: ED/REV: PAGE: 
14/08/96 1/- 3/12 

SUMMARY 

1. GENERAL 
.............................. ............ ........ ............. """" ............ ........................... ................ .............. ...... 

4 

2. DESCRIPTION OF THE SUBARRA Y 
..................................................................................................... 5 

3. E LECTRI CAL SPECIFI CA TI 0 N S 
..................................................... ..................................................... 

8 

4. THERMAL SPE CIFI CA TI 0 N S 
................................................................................ ....... ................. .......1 

0 

5. MECHANICAL SPE CIFI CA TI 0 NS 
..................................................... ........... ............ ..................... .......11 

6. TAD LE 0 F CO MPLIAN CE 
.....................................................................................................................12 

Reproduction interdite @ ALCATEL ESPACE Reproduction forbidden IBOIS-I 



AES 96-32050/ ASP-431 CONFORMAL 
Estec Contract 11698/95/NL/SB 

ARRAY ANTENNA DATE: ED/REV: PAGE: 
14/08/96 1/- 4/12 

1. GENERAL 

a) The unit radiator is a double patch inside a double level cavity, providing good circular polarization over a wide range, with only one feeding link. 

It has already been described in Chapter 3 (p. 3.13 and 3.14). 

b) The architecture of the subarray has been chosen after numerous optimizations and comparison between the performances of the whole pseudo-conical antenna with various parameters: 

. straight of folded subarrays, 

. made of 4,6 or 8 patches. 

This analysis made during W.P. 1200 has led to choose the subarray described in ~ 2. 

., 
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2. DESCRIPTION OF THE SUBARRA Y 

It is fitted to the truncated conical profile described in figure 2-a: 

. It is made of 6 unit radiators. 

. Starting from larger diameter of the truncated cone, the 5 first patches are inclined by 250 trom the 2 axis (pointing towards nadir), and the last by 350. 

. To provide good stability over the 8025 - 8400 bandwidth, a parallel feeding 
with nearly equal length lines has been chosen (see example figure 2-b). 

. The relative excitations of the patches can be optimized thanks to following 
parameters: 

- impedances of the lines derive the amplitude law: uniform excitation is easier, 
because all lines located after the dividing tees have the same width. 

- lengths of feeding lines from the port of the subarray derive the phase law, taking into account possible rotations of the patches, as compromise between sequential rotation which improves the pattern symmetry and the cross- polarization ratio on one hand, lay-out and phasing constraints on the other 
hand. 
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Figure 2-b: Typical implementation of a radiating suba"ay: 
feeding lines and tlri1,ing patches in the lower triplate level 
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3. ELECTRICAL SPECIFICATIONS 

a) Matching: Sl1 < -14 dB from 8025 to 8400 MHz 
b) As a result of the optimization of the gain of the pseudo-conical antenna over the coverage, the ideal relative excitations between the 6 patches are given in the following table, including phase-shift induced by the patch rotation: 

1 Ai (dB) cpi (degree) ß (in 0) 

1 -0.23 -10 25 

2 -0.27 32 25 

3 0 -25 25 

4 
-0.13 0 25 

5 -0.23 -80 25 

6 -0.27 -116 35 

ß = 250 

1\ 
2\ 
3\ 
4\ 
5\ 

ñ = normal to 
the column 
support 

600 

c) Difference between ideal excitations and the ones provided by the feeding lines, simulated by Academy, should not be more than:t 0.7 dB and:t 100 within the whole bandwidth. 

d) As measurement of actual excitation of the patches is not precise, the elevation cut of the 
pattern E(8') (measured at 8100, 8200 and 8300 MHz) of a subarray should be close to the 
theoretical value Eth(8'), computed from the ideal excitations: 

II E(8')1 - I Eth(8') II < + 1 dB, for each critical 8' ,if lEI are directivities in dBi; 
lang [E(8')] - ang [Eth(8')]1 < 200, for each critical 8' 

Remark: 8' and ø are the classical angles in spherical coordinates, but referred to the subarray normal, which is inclined by 600 from the nadir direction. 

e) Dispersions 

* The gain of each subarray will be measured by comparison with a standard horn, in 
2 most critical directions 8' = 00 and -600 in the longitudinal plane of the subarray: it 
should be comprised between Gth - 0.3 dB and Gth + 0.6 dB, if Gth is the theoretical gain, computed from: 

- the directivity of the pattern computed from the ideal excitations 
- decreased by 0.95 dB loss predicted (effect of the dispersion between 

columns is not taken into account in this measurement). 
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* The elevation and azimuth cuts of 4 subarrays will be measured and should vary from the 
theoretical computed pattern by no more than:!: 1 dB, for critical 8', for -600 < 8' < +2.30 
for the elevation cut and 10'/ < 300 in the plane normal to the previous. 
The amplitude and phase requirement can be multiplied by 1.5 for 300 < 0' < 600, and 
multiplied by 2 for 600 < 0' < 900. 

f) Frequency variation: The gain variation (measured for 8' = 00 and -600) must not vary by 
more than 0.3 dB peak peak within each 50 MHz wide-channel. 

* The transmission phases for the same angles should not vary by more than 100 peak-peak 
among the various subarrays. 
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4. THERMAL SPECIFICATIONS 

g) Temperature range in flight: -50, +50oC (TBC by W.P. 2600). 

h) Electrical specifications of ~ 3-a) and 3-c) should be met on the whole temperature range 
(pattern and gain measurement in temperature are too difficult). 

i) For a flight-antenna, matching specification should be checked for all subarrays at the 
extreme and ambient temperature. 

j) For the breadboard, it will be checked for only 3 of them, because of the difficulty of 
matching measurements in temperature and good reproducibility guaranteed by compliance 
to dispersion specifications 9 3-e. 
F or minimizing such variations, substrates with low Er, temperature variation should be 
chosen. 
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5. MECHANICAL SPECIFICATIONS 

a) Mass 

The mass of a radiating sub array, self-supporting, should be less than 90 g. 

b) Vibration 

For a flight model, typical vibrating levels will be deduced from mechanical analysis 
(W.P. 2600). 

Vibrating tests are not required for the breadboard, but the design should be made in order to comply with usual level, to avoid new design in further study or program phases. 
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6. TABLE OF COMPLIANCE 

It will sum up the test results compared with the above specifications. 
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Abstract 

This report reflects the activities carried out for the work package WP-1300 Design Tools Devel- 
opments of the ESA/ESTEC contract No. 11698/95/NL/SB. The main activity of this contract 

concerns the optimization, analysis, design and fabrication of an active conformal array antenna 
intended for satellite communication applications. Within the frame of this contract, the activity 
WP-1300 Design Tools Developments, subject of this report, concentrates in the development of 
a dedicated software tool for the accurate characterization of the single elementary radiator to be 

incorporated in the final conformal array antenna. 

The theoretical developments have followed two main directions towards the rigorous full-wave 

analysis of the structure. The first one is the derivation of general algorithms for the analysis of 

multilayered infinite planar printed antennas of complex geometries as required by the conformal 

array single elementary radiator. For this purpose an integral equation method has been proposed 

and developed combined with a Galerkin Method of Moments algorithm based on triangular cells. 

The use of triangular cells for the geometry discretization has proved to suit well to the complex patch 

shapes used in the conformal array antenna. The second research line is the development of algorithms 
to take into account the presence of lateral cylindrical walls. For this purpose two techniques have 

been thoroughly investigated, namely the image approach and the modal expansion approach. In 
this document both approaches are presented but in the final form of the software only the modal 

expansion approach has been retained. In consequence, the software developed accommodates the 

analysis of the conformal array radiator considering infinite transverse dimensions with the analysis 

including the effects of the shielding cavity. These two types of analysis gives enough flexibility to 

study many electromagnetic coupling phenomena occurring in the structure, including the effects of 
the metallic cavity on the overall performance of the antenna. 

In this document a detailed description of all the techniques developed is exposed. Some results 

and validation examples are given both with measurements on real manufactured hardware and in 

the case of no lateral walls with other commercial software packages. The results have shown that 

the accuracy achieved is suitable for engineering purposes and the computational times suggest that 

the software tool is valuable as a real engineering tool for the optimization of this type of antenna. In 
a separate document a User Manual of the software tool is included, showing all the steps needed for 

the optimization of the structure and all its computational capabilities are brought to understanding. 
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Chapter 1 

Basic Ideas 

1.1 Introd uction 

Planar antennas operating at microwave frequencies have rapidly become very interesting candidates 

in many satellite communication applications [1]. Traditionally, printed antennas have been designed 

using quasi-static: approaches, but these techniques can only be used for rather simple antenna con- 

figurations [2]. More recently, the antenna elements to be incorporated into satellite communication 

systems have beeome more and more complex, and the quasi-static based design techniques already 

developed can no longer be used because of their limited accuracy [3]. In the absence of efficient 

design techniques, many of the actual antenna sub-systems are designed by characterizing experi- 

mentally all the parts constituent of the antenna. While these experimental techniques are indeed 

possible, they are usually expensive and time consuming because they require the bread-boarding of 

several prototypes until the final hardware, matching the desired specifications, is obtained. What it 

would be therefore desired, is the development of efficient software tools that could at the same time 

be fast and accurate, so that the hardware manufacturing phases of the design processes could be 

substituted by soft design in the computer of the different parts of the antenna. In this context, the 

WP1300 activity ofthe ESA/ESTEC contract No. 11698/95/NL/SB was launched. The main goal of 

this activity is the development of an accurate software tool for the electromagnetic characterization 

of an elementary radiator to be incorporated into the conformal array antenna, thus eliminating the 

need of its experimental characterization. 

1.2 Description of the Geometry 

The basic conformal array's elementary radiator proposed by ALCATEL is a rather complex mul- 

tilayered antenna. structure composed of basically two metallic printed radiating patches stacked 

together as shown in Fig. 1.1. In Fig. 1.1, the lower patch has also been called the active patch, 

because input and output lines are attached to it in order to feed the antenna. The patch placed just 

above it has also been called the passive patch since no direct excitation is fed into it. In order to 

reduce the mutual coupling between single elementary radiators when combined in an array configu- 

ration, a cylindrical cavity is used to house the active patch as also shown in Fig. 1.1. Covering the 

cylindrical cavity, the passive patch is used to increase the axial ratio performance of the antenna. 
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Lower Active Patch 

Upper Passive Patch 

Cylindric:al Cavity 

Figure 1.1: General form of the conformal array elementary radiator structure subject of this work. 

The global antenna topology can be seen in Fig. 1.1 and several variants concerning the position and 
form of the patches can be envisaged. In Fig. 1.2 we show all the different configurations that will 
be the subject of our analysis. As shown, we will consider the lower active patch with one or two 
ports in order to cover all the possible feeding alternatives that can be used in the final assembly of 
the elementary radiator into the conformal array antenna. In addition, we can consider the upper 
active patch at the upper ground plane level or above it, with a circular aperture as the coupling 
element between the two patches. In this last situation the upper passive patch is placed outside the 

metallic cavity and the analysis techniques will have to be modified accordingly. All these variants 

are shown in Fig. 1.2 and the developed software tool is designed with enough flexibility to allow for 
the analysis of all of them. 

1.3 Description of the Work 
0 

For the analysis of the structure presented in the previous section, a rigorous full-wave technique 

based on an integral equation approach formulated in the space domain is proposed and developed. 
A key element in the integral equation formulation is the derivation of the dyadic spatial Green's 

functions. In the present work, the Green's functions are first derived for multilayered media of infinite 

transverse dimensions and then, the cylindrical cavity walls are incorporated. The resulting integral 

equation is solved with a Galerkin Method of Moments algorithm formulated with subsectional basis 

functions defined on triangular cells. The use of triangular cells is imposed by the complex geometries 

of the patches used in the conformal array elementary radiator. Finally, a software tool based on 
the proposed approach is developed and validation results are given including measurements on real 

manufactured hardware. The organization of the document is as follows: 

In Chapter 2 we show the techniques used to derive the multilayered media spatial Green's func- 
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c:: 

Lower Active Patch With Two Ports Lower Active Patch With One Port 

/ 
Circular Aperture 

Lower Active Patch 

! 

Upper Passive Patch Placed at Cavity Aperture Upper Passive Patch Placed Outside Cavity 

Figure 1.2: Typical variants of the conformal array elementary radiator to be analyzed. 

tions needed in the integral equation formulation when infinite transverse dimensions are considered. 

In Chapter 3 the techniques used in the modelization of the lateral cavity walls are presented in- 

cluding the image approach and the expansion of the spatial domain Green's functions in cavity 

modes. Chapter 4 is dedicated to the solution of the system of integral equations using a Galerkin 

Method of Moments (MoM) procedure based on triangular cell discretization. In this context, the 

mesh strategy followed to discretize the complex geometries of the conformal array radiator is briefly 

presented. Chapter 5 is dedicated to the computation of the electrical characteristics of the antenna 
using the information extracted from the MoM algorithm. Two basic electrical quantities are inves- 

tigated, namely the input impedance with full scattering matrix for the two ports configuration, and 

the radiation properties or radiated far field of the antenna. Finally, in Chapter 6 some results and 

validation examples are included for both the non-cavity and the cavity situations, and comparisons 

with real manufactured hardware are also presented. For the non-cavity case, comparisons with the 

HP-MOMEMTUM commercial software package are in addition shown for several test cases. 
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Chapter 2 

Green's Functions in Layered Media of 

Infinite Transverse Dimensions 

2.1 Introd uction 

The first key element in the integral equation formulation that we want to derive for the analysis of 
the elementary radiator in the non-cavity situation, is the so-called Green's functions defined as the 

fields and potentials produced by a unitary dipole embedded in a multilayered medium of infinite 

transverse dimensions. The techniques to be described in this chapter have been developed in the 

past, are well known and extensive information can be found in the specialized technical literature. 
Here we just present the basic ideas related to multilayered media Green's functions and derive step 
by step all the Green's functions that we will need in subsequent chapters to perform the analysis 

of the conformal array elementary radiator. The chapter covers two main aspects of the Green's 
functions theory in layered media. First we show how the Green's functions can be computed in 
the spectral domain by using simple equivalent transmission line networks. Finally, the numerical 
techniques used to evaluate the so-called Sommerfeld integrals in order to transform the spectral 

domain Green's functions to the spatial domain are also discussed. 

2.2 Spectral Domain Green's Functions 

Consider a unitary electric dipole embedded in the multilayered environment of Fig. 2.1. It is well 

known that the fields and potentials produced by this unitary dipole can be derived, in the spectral 

domain, from an equivalent transmission line network representing the dependence of the structure 

along the axis of the stratification (z-axis in Fig. 2.1) [4], [5]. If one introduces a double spatial 

Fourier transformation into the original Maxwell equations governing the behavior of the fields in 

our antenna structure, the following expressions are obtained for the spectral domain electric and 
magnetic dyadic field Green's functions respectively: 

ãxx = _~VTM - 
~~.vTE 

EJ kp J kp J 

G-yx 
- 

ky~", ( VTM + VTE) 
EJ 

- 

kp 
- 

J J 

{;zx - &.]TM 
EJ--lJ)f J 

ãxy = 
k"'~11 (-VTM + VTE) 

EJ kp J J 

{;yy - _~VTM - !iVTE 
EJ 

- 

k'f J k~ J 

{;zy = _!:JLP;M 
EJ IJ)f 

J 

(2.1) 
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Figure 2.1: Unitary electric dipole embedded in a multilayered medium and its equivalent transmis- 

sion line network. 

ãxx - 
k%~y (ffM 

- 
ITE) ãxy - 

'5qTM + liiITE 
HJ 

- k~ J J HJ 
- 

Ff, J k~ J 

ãyx = _#ITM - 
~ITE ãyy 

= 
_k%~y (-ITM + ITE) 

HJ kp J kp J HJ kp J J 

ãzx - -~ VTE ãzy - b... VTE 
HJ 

- 

W p. J HJ 
- 

W p. 
J 

where V and I are voltages and currents in the equivalent transmission line network of the structure 

shown in Fig. 2.1 and only horizontal dipoles are considered because of the planar nature of the 

structure under analysis. Moreover, the superscripts T E and T M are used to indicate that the 

associated voltages or currents are measured under TE or TM wave excitation respectively. In 
addition, the spectral variables defined in above equation kx, ky and kp are related to the spatial 

derivatives through the following standard Fourier transform relations. 

(2.2) 

a Ok 
ax =J x 

a Ok 
ay 

= J y 

k2 = k2 + k2 
p x y 

(2.3) 

Each transmission line section of the equivalent circuit shown in Fig. 2.1 is now characterized by 

its characteristic impedance and propagation constant. They are defined in the usual way for both 

TE or TM wave, namely: 
ZT M 

= JL 
C Wi 

ZTE- '::!...1:!:. 

C 
- 

ß 

(2.4) 
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where the propagation constant ß has been defined in this study as. 

ß = V k2 
- k~ 

k=wJïI"Ë 
(2.5) 

Once the basic field Green's functions have been computed, the potential Green's functions can 
be easily expressed as a function of the normal components of the fields as shown in [6]. Using the 

expressions for the normal components of the fields above, the electric vector potential and scalar 

magnetic potential Green's functions can also be easily expressed in terms ofthe voltages and currents 
in the equivalent transmission line network of Fig. 2.1. Using the Sommerfeld choice for the potentials 

described in [6] one easily finds. 

G-XX 
- 

vTE C-xY 
- 0 A - 

jCù A- -yx -yy VTE 
GA=O GA=7;;- 

ãXi = ãYJ = ã A (2.6) 

(jv = ~ [j VJM + V~E] (2.7) 

This step completes all the required derivations in the spectral domain concerning electric dipoles. 

In our antenna structure however, the radiation through apertures will be modeled with the aid of 

equivalent magnetic currents, and the associated Green's functions must therefore be computed also 

in this case. For this purpose we first take a magnetic unitary dipole embedded in a multilayered 

medium of infinite transverse dimensions as shown in Fig. 2.2. Similar considerations as in the case 

of electric currents can now be made, and the dyadic field Green's functions can be derived from the 

equivalent transmission line network shown in Fig. 2.2. As seen in Fig. 2.2, the only difference to 

remark is that the equivalent transmission line network is now excited by a voltage generator instead 

of the current generator of Fig. 2.1. Following a dual formulation as for electric currents, the electric 

and magnetic dyadic field Green's functions can be written, in the spectral domain, as: 

(jxx = 
_k%:y (VTE 

- 
VTM) 

EM kp M M 

(jYX 
= ~VTE + ~yTM 

EM k~ M ~ M 

(jzx - 

!5JL]TM 
EM 

- 

Cù! M 

(jXY 
= _~VTE - gyTM 

EM kp M k~ M 

(jYY 
= 

+k%:y (VTE + VTM) 
EM kp M M 

(jZY 
- &]TM 

EM--Cù!M 

(2.8) .- .... 

(jXX - _~]TE - 
~]TM (jxy - 

_k%:y (]TE 
- 

]TM) 
HM 

- k~ M kp M HM 
- 

kp M M 

(jYx - _ky:% (]TE 
- 

]TM) (jYY - _~]TE - ~]TM HM 
- 

kp M M HM 
- 

kp M kp M 

(jzx = _.&.yTE (jzy = _~VTE HM CùIJ. 
M HM CùIJ. 

M 

where now Y and] are voltages and currents computed in the equivalent transmission line network 
of Fig. 2.2 and the transmission line sections are characterized by the same parameters as in equations 

(2.4,2.5). Again by duality we can directly write the form of the electric vector potential and scalar 

magnetic potential Green's functions, namely. 

- [TM- GXx -:l:rL- GXFY = 0 F - 

jCù 

(j'j; = 0 (j~ = If: 

(2.9) 

(2.10) 
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Figure 2.2: Magnetic dipole embedded in a multilayered medium and its equivalent transmission line 

network. 

Gw = ~ [j tfl + I~M] (2.11) 

Using this formalism, the computation of the spectral domain Green's functions is greatly simplified. 

Indeed, only the equivalent transmission line networks representing the variation of the structure 
along the stratification axis need to be built as shown in Fig. 2.1 and 2.2. Next, these networks are 

easily analyzed using standard transmission line theory in order to compute all the required currents 

and voltages. Finally, the spectral domain Green's functions are computed by direct application of 

equations (2.1) to (2.11). 

It is interesting to observe that for the analysis of the structure of interest presented in chapter 

1, all the Green's functions derived in this section will be utilized. In fact the interactions of the 

same nature (electric-electric or magnetic-magnetic) are solved using a Mixed Potential formulation 
(MPIE) while the interactions of different nature are solved using a Field formulation (FIE). This 

choice is very convenient from the numerical point of view since the self interactions are treated with 

an MPIE formulation which best treats the singular behavior of the Green's functions [6]. The result 
is that both the potential Green's functions and the field Green's functions will intervene at certain 

moments along the integral formulation process. 
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2.3 Spatial Domain Green's Functions 

Once the spectral domain Green's functions are computed, they must be transformed into the spatia] 
domain, so that they can be used in the integral equation formulation needed for the analysis of the 

structure. For this purpose, the well known inverse Sommerfeld transformation need to be applied 
to each one of the spectral functions evaluated in the previous section. By definition, the inverse 
Sommerfeld transformation of order n is expressed with the following improper integral [7]: 

G(p) =Sn [ã(kp)] = 

100 
In(kpp) k;+lã(kp) dkp (2.12) 

Using equation (2.12), any function of the spectral variable kp is converted into a function of the 

radial space distance p. Extensive effort has been devoted in the past to develop numerical methods 

for the efficient evaluation of the inverse Sommerfeld transformation [8]. Traditionally, two main 
problems for the numerical evaluation of the integral have been reported. The first one is due to 
the nature of the spectral domain Green's functions, which present in the complex kp plane branch 
cuts and poles closed to the integration path. The other main difficulty is due to the oscillatory 
behavior associated to the Bessel function In (kpp) and to the k~+l term which might render the 
whole integrand divergent in many situations. Mathematically, both difficulties are explicitly shown 
by splitting the integration interval in the following two regions. 

G(p) = Sn [ë (kp)] = 

{kO 
In (kpp) k;+l ã (kp) dkp+ 

tx! 
In (kpp) k;+l ã (kp) dkp = Tl +T2 (2.13) Jo Jko 

In this equation Tl is an integral over the bounded interval [O,ko], of a function containing poles in 
the integration path. On the contrary, the function to be integrated for T2 does not contain poles, 
but the integral itself is extended to the unbounded interval [ko,oo] and the function to the integrated 
might diverge in many situations. 

In the present work, the integration technique used to evaluate the first integral Tl is the one 
described in [9]. Using this method the integral is evaluated by deforming the integration path, 
originally in the real axis, through an elliptic contour which avoids all the poles of the spectral 
functions. The final integration path selected is shown in Fig. 2.3 where the elliptic contour chosen 

to avoid the poles is clearly indicated. The technique has been implemented in a way that allows the 

computation of the spatial Green's functions in a wide range of spatial distances. To avoid lossing 

precision when the spatial distance increases, the whole range of spatial distances has been divided 

into a number of sub-regions and in each sub-region the original minor semiaxis of the ellipse is 

decreased following a linear rule. This method has been tested with spatial distances of the order of 

p = 500 ko and even greater obtaining very good accuracy. This range should be more that enough 

to cover all practical operational cases of the antenna. As regard the second integral T2, a specially 

tailored numerical method to integrate divergence functions over improper intervals, known as the 

weighted average method, has been implemented. Extensive results and convergence behavior of the 

technique when applied to microstrip antennas can be found in [6] or [8] for instance. 

Once a numerical procedure is established for the evaluation of the inverse Sommerfeld transfor- 

mation, all desired spatial domain Green's functions need to be formulated in terms of Sommerfeld 
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Figure 2.3: Complex kp plane showing the poles and branch cut of the spectral domain functions. 

integrals of the type shown in equation (2.12). For the case of the potentials (functions of only the 

radial spectral variable kp) this is a very simple task since we can directly write. 

G~X (p) = G1f (p) = So [ã~x (kp)] = So [ã1f (kp)] (2.14) 

G}X (p) = G1j? (p) = So [ã}X (kp)] = So [ã1j? (kp)] (2.15) 

Gv (p) = So [ãv (kp)] (2.16) 

Gw (p) = So [ãw (kp)] (2.17) 

For the electric and magnetic fields Green's functions however, the radial symmetry is lost and 

first the spatial derivatives shown in equation (2.3) must be evaluated. After cumbersome but 

straightforward manipulations on equation (2.12) one obtains the following relations: 

- - cos (2 <p) [ -] 2 [ 2 -] G = j kx j kx A t-+ G = 

P 
S1 A - cos cp So kp A (2.18) 

ã = j kyj ky Ã t-+ G = - 

cos (2<p) 
S1 [Ã] - sin2 cpSo [k~ Ã] 

p 
(2.19) 

- - sin (2 <p) [ -] 1 [ 2 -] G=jkxjkxAt-+G= P 
S1 A -2sin(2<p) So kpA (2.20) 
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where Ã is a spectral quantity with radial symmetry (function of only kp) and I.{) is the standard 
angle of cylindrical coordinates. With above equations, the spatial domain magnetic field Green's 
function produced by electric currents can finally be written as: 

xx sin (2 I.{)) [ifM - ifE] 1. [ TM] 1. [ TE] G H J 
= - 

p 
S 1 k~ 

+ 2 sm (2 I.{)) So I J - 

2 sm (2 I.{)) So I J 

G';jJ = - 

cos ~ 1") 
S, 

[lJM 
k~ 

lJE] 
+ sin' (I") SO [IJM] + cas' (I") So [IJE] 

G':J = 
cas ~21") 

S, 
[lJM 

k~ 
IJE] 

- cas' (1") SO [IJM] - sin' (1") So [IJE] 

GYY 
- -Gxx HJ 
- 

HJ 

and the electric field Green's function due to magnetic currents as: 

GXX - 

sin (2 I.{)) 
S [VIl- Vl;M] 

_! . (2 ) C' [VTE] !. (2 ) C' [vTM] EM 
- 1 k2 2 sm I.{) vO M + 

2 sm I.{) vO M P p 

GffJ = - 

cos ~21.{)) 
S1 

[Vl;E ~ Vl;M] 
- sin2 (I.{)) So [Vl;E] - cos2 (I.{)) So [Vl;M] 

GYX 
- 

EM 
- 

cos (21.{)) [VTE - VTM] [] [] P 
S1 M 

k~ 
M 

+ cos2 (I.{)) So Vl;E + sin2 (I.{)) So Vl;M 

Gyy - GXX 
EM 

- 
- 

EM 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

This last step completes all operations in the spatial domain required for the evaluation of all 
spatial domain Green's functions needed in the integral equation formulation of the elementary 
radiator antenna structure. It should be pointed out however, that up to now all derivations are 
valid considering the transverse dimensions of the dielectrics infinite. In the next chapter we will 
present the theoretical developments undertaken in this contract, in order to account for the presence 
of the lateral cavity walls used to house the conformal array elementary radiator. 
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Chapter 3 

Boxed Green's Functions 

3.1 Introd uction 

As shown in chapter 1, the conformal array elementary radiator subject of the present study is 

shielded in a cylindrical cavity used to give rigidity to the structure and to reduce the parasitic 

coupling between elements when disposed in array configuration. The present chapter is dedicated 

to detail the theoretical efforts put towards the inclusion, in the analysis algorithms, of the effects 

of the lateral cavity walls in the final performance of the antenna. Two main techniques have been 

developed, namely the image approach and the modal expansion approach. In this chapter we review 

both techniques including some results obtained and emphasizing the difficulties encountered. As we 

will see through out the chapter, the implementation of the image approach poses many practical 

difficulties related to the slow convergence of the series involved. This is the main reason why in the 

final analysis software tool the modal expansion approach has been adopted. 

3.2 The image Approach 

In chapter 2 we developed a powerful tool to compute the fields and potentials produced by unitary 

electric and magnetic dipoles embedded in a multilayered medium. The first straightforward way of 

accounting for the presence of lateral cavity walls in the analysis, is by replacing the metallic walls 

by the images of the radiating unitary dipoles. In this study several image configurations have been 

developed in order to take into account the cylindrical cavity walls of the conformal array single 

elementary radiator. The strategy followed is to start from rather simple image configurations to 

account first for the walls at the ports positions. The initial rearrangements are then complicated 

in order to try to account for the whole cylindrical shape. In the next subsections we detail all the 

image rearrangements developed in this study. 

3.2.1 One image to the closest input port 

In this arrangement, the two metallic walls placed at the ports positions are substituted by a single 

image taken with respect the closest wall to the electric source dipole. The situation is shown in 

Fig. 3.1. The Green's functions for the potentials can now be derived from the Green's functions of 
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Figure 3.1: Spatial image situation when one image is taken with respect the closest wall to the 

electric source dipole. 

the original source plus its image. It is straightforward to write: 

G~~ = GA(p) + GA (Pm) 

G1T = GA(P) - GA (Pm) 

GVT = Gv(p) - Gv (Pm) 

(3.1) 

where GAT' GVT are the total new Green's functions in the structure with the lateral walls, GA, 
Gv are the Green's function of a single electric unitary dipole as derived in chapter 2, P is the 

distance from the original source to the observation point and Pm the distance from the image to the 

observation point. If rc is the distance from the origin to the closest port as shown in Fig. 3.1, the 

following vector relations complete the formulation: 

...... 

..I' 

rp = xp êx + Yp êy 

ro = Xo êx + Yo êy 

P = sqrt(xo - xp)2 + (Yo - Yp)2 

Xm = 2 r c 
- xp 

'Gn = Xm êx + Ym êy 

Pm = sqrt(xo - xm)2 + (Yo - Ym)2 

Ym = YP 

(3.2) 

In Fig. 3.2 we show the simulated results computed when this correction is applied to the conformal 

array lower active patch. In the same graphic we show the results when the pure laterally opened 

model is used and also measurements obtained when the lower active patch is backed by a cylindrical 

cavity and radiation is produced through a circular aperture opened at 8.0 mm distance from the 

lower active patch. As we can see, the results obtained applying the correction are better than if 
only the laterally opened model is used. 
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Figure 3.2: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correpond to thick line. 

3.2.2 Infinite images with respect input and output ports 

A more accurate modelization of the excitation can be obtained if the two metallic walls placed at 

the ports positions are taken into account at the same time. For this purpose an infinite number of 

images need to be included if the boundary conditions for the fields are to be satisfied at the two 

parallel metallic walls. What remains to be discussed is the convergence rate of the resulting series 

of images. The situation is shown in Fig. 3.3. In this case the total Green's functions are computed 
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Figure 3.3: Spatial image situation when an arbitrary number of images is taken with respect two 
metallic walls placed at the ports positions. 

through the following infinite series. 

00 
GÃ~ = GA(p) + L [GA (Pa(S)) + GA (Pb(S))] 

s=1 
00 

G'1T = G A (p) + L ( -1) s [G A (Pa (S )) + G A (pb (S ))] 
s=1 

00 

GVT = Gv(p) + L(-lr [Gv (Pa(S)) + Gv (Pa(S))] 
s=1 

(3.3) 

and according to figure 3.1.2.1, the distances of all the images Pa(s), Pb(S) to a generic observation 
point are found through the following recurrent relations. 

xlI) = 2xàl) 
- xp } X(I) - 2 X(2) 

b - 0 
- xp 

X(s) 
- 2X(I) X(S-I) 

a - 0 
- 

b 

S = 2,3,...,00 

Driven quantities 

X(s) 
- 2 X(2) X(S-I) 

b - 0 - 

a 

(3.4) 
-- -' 

p(S) = V(xo - Xp)2 - (Yo - Yp)2 

Pa(s) = J (xo - 

XàS))2 
- (Yo - Yp)2 

Pb(S) = J (xo - 

X~S))2 
- (Yo - Yp)2 

S = 1,2, . . . 

,00 

(3.5) 

where (xo, Yo) are the coordinates of the observation point, (xp, Yp) the coordinates of the source 
point and Xál), Xà2) the abscissa of the two lateral metallic walls as shown in Fig. 3.3. As in 
the previous section, in Fig. 3.4 we show the simulated results computed when this correction is 

applied to the conformal array lower active patch. In the same graphic we show the results when the 

pure laterally opened model is used and also measurements obtained when the lower active patch is 

22 



backed by a cylindrical cavity and radiation is produced through a circular aperture opened at 8.0 

mm distance from the lower active patch. As we can see the results are very similar to those obtained 

in the previous case. 
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Figure 3.4: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

3.2.3 One iInage with respect closest tangent plane to cylindrical cavity 

This is the first step towards the inclusion of the whole cylindrical cavity in the analysis algorithms. 

If we consider the situation shown in Fig. 3.5, then the total Green's functions in the cavity situation 
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can be written as: 
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Figure 3.5: Spatial image situation when one image is taken with respect the closest tangent plane 

to the cylindrical cavity. 

G~~ = GA(p) + cos (O~) GA (Pm) 

G~~ = sin(O~) GA (Pm) 

Gz. = cos (O~) GA (Pm) 

G~T = GA(p) +sin(O~) GA (Pm) 

GVT = Gv(p) - Gv (Pm) 

and the following auxiliary geometrical parameters are defined according to Fig. 3.5: 

(3.6) 

T =..j X2 + Y2 
p p p 

Tm=2Tc-Tp 
Xm = Tm COS (Op) 
O~ = 20p 

Op = arctan (~) 

Ym = Tm sin (Op) 
oy =20_K m p 2 

(3.7) 

.- 
where Tc is the radius of the cylindrical cavity, (xp, Yp) the coordinates of the source point, (xm, Ym) 

the coordinates of the image, P the distance from the source to the observer point and Pm the 

distance from the image to the observer point. It is interesting to note that in this case, the presence 

of the cylindrical cavity couples all possible orientations of the dipole and therefore none of the four 

components of the magnetic vector potential dyadic Green's function are zero. This is clearly shown 

in equation (3.6) where the analytic expressions of all four components of the dyadic are given. As 

before, in Fig. 3.6 we show the simulated results computed when this correction is applied to the 

conformal array lower active patch. In the same graphic we show the results when the pure laterally 

opened model is used and also measurements obtained when the lower active patch is backed by a 

cylindrical cavity and radiation is produced through a circular aperture opened at 8.0 mm distance 

from the lower active patch. As we see, no special accuracy improvements are obtained with respect 

the previous models. 
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Figure 3.6: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

3.2.4 Infinite images with respect two tangent planes to cylindrical cavity 

The next step is to see if more accurate results are obtained when two tangent, parallel planes to the 

cylindrical cavity are taken into account at the same time. In this case again, an infinite number of 

images with respect the two tangent planes need to be considered as shown in Fig. 3.7. The algorithm 

presented in the previous section can now be generalized in the following way: 

00 

G~~ = G A(p) + L cas [e~S)] [G A (Pa(s)) + G A (Pb(S))] 
s=l 
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Figure 3.7: Spatial image situation when an arbitrary number of images is taken with respect the 

two closest parallel tangent planes to the cylindrical cavity. 

00 
G~XT = Lsin [oiS)] [GA (Pa(S)) + GA (Pb(S))] 

s=l 
00 

G1T = L cos [o~S)] [GA (Pa(S)) + GA (Pb(S))] 
s=l 

00 
G1fT = GA(p) + L sin [o~S)] [GA (Pa(s)) + GA (Pb(S))] 

s=l 
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00 

GVT = GV(p) + 2)-1)S [Gv (Pa(s)) + Gv (Pa(s))] 
s=1 

(3.8) 

and according to Fig. 3.7, the distances of all the images Pa(s), Pb(S) to a generic observation point 

are found through the following recurrent relations: 

(1) } ra =2rc-rp 
(1) 

rb =2rc-rp 
(s) 2 (s-1) 

ra = rc - rb 

S = 2,3,...,00 

Driven quantities 

(s) 2 (s-1) 
rb = rc-ra (3.9) 

Oa = Op 
(h = Op - 71"; Op > 0 

Ob = Op + 71"; Op < 0 

xis) 
= 

ris) cos (Oa) 
X~s) 

= r~s) cos (Ob) 

J( (S))2 ( (S))2 Pa(s) = Xo - Xa - Yo - Ya 

J( (S))2 ( (S))2 Pb(S) = xo-Xb - Yo-Yb 

Y~s) 
= 

ris) sin (Oa) 
Yb(s) = r~s) sin (Ob) 

(3.10) 

S = 1,2,...,00 

where (xo, Yo) are the coordinates of the observation point and the same notation as in equation 

(3.7) is used for the coordinates of the source point (pp,Op). Finally, we will call 01s) and O~s) the 

orientation angles of the image dipoles. Straightforward geometrical considerations in Fig. 3.7 lead 

to the following recurrent relation for their evaluation. 

OX(1) 
= 20p 0(1) 

- 20 - 
2!: 

Y - P 2 

01s) 
= 20p - 

01S-1) O~s) 
= 20p - 

O~S-1) 

S = 2,3,...,00 

(3.11) 

As before, in Fig. 3.8 we show the simulated results computed when this correction is applied to the 

conformal array lower active patch. In the same graphic we show the results when the pure laterally 

opened model is used and also measurements obtained when the lower active patch is backed by a 

cylindrical cavity and radiation is produced through a circular aperture opened at 8.0 mm distance 

from the lower active patch. Again, no considerable improvements are obtained. 

3.2.5 Images for electric and magnetic currents 

When electric and magnetic currents are considered together as it is needed in the analysis of the 

conformal array elementary radiator, in addition to the potentials, electric and magnetic fields Green's 

functions need to be evaluated. Moreover, images with respect both electric and magnetic dipoles 

need to be considered and the sign of the charges and orientation of the images are in both cases 

different [10]. In spite of this, a very compact way of writing both fields and potentials can be derived 

using the results in previous sections. Let G 
IT be a generic total electric or magnetic field Green's 

function produced by either electric or magnetic currents. If we consider the same structure as shown 
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Figure 3.8: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

in Fig. 3.7, the form of the field satisfying in any case the boundary conditions at the two tangent 

walls shown in the figure can be written as. 

00 
= GY (Po,{}o) + L [cos (elS)) [GY (p~S), ea) + GY (Pbs), ea)] + 

s=l 

sin (els)) [G? (p~S),ea) + G? (Pbs),ea)]] 
00 

= Gr (Po, eo) + L [cos (elS)) [G}X (p~S),ea) + Gr (PbS),ea)] + 

s=l 

GXX 
IT 

GYX 
IT 
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GYY 
- 

h - 

sin (01S)) [G~Y (p~s),Oa) + G~Y (pis),Oa)]] 
00 

G? (Po,Bo) + L [cos (01s)) [ay (p~S),Ba) + GY (piS), Ba)] + 

s=1 

sin (01s)) [G? (p~S),Oa) + G? (piS),Oa)]] 
00 

G~Y (Po, (0) + L [cos (01s)) [G~x (p~s),Oa) + G~x (pis),Oa)] + 

s=1 

sin (01s)) [G~Y (p~s), Ba) + G~Y (piS), Oa)]] (3.12) 

GX~I 
- 

h - 

In the same way, let GSPT be a generic total scalar potential Green's function and GVPT a generic 

total vector potential Green's function produced by either electric or magnetic currents. The form 

of the potentials satisfying in any case the boundary conditions at the two tangent walls shown in 

Fig. 3.7 can be written as 

00 

G;:T = Gvp(p) + L cos [01s)] [Gvp (Pa(s)) + Gvp (Pb(S))] 
s=1 

00 

G~:T = L sin [01s)] [Gvp (Pa(s)) + Gvp (Pb(S))] 
s=1 
00 

G;~T = L cos [B~S)] [Gvp (Pa(s)) + Gvp (Pb(S))] 
s=1 

00 

G~~T = Gvp(p) + L sin [O~S)] [Gvp (Pa(s)) + Gvp (Pb(S))] 
s=1 
00 

GSPT = Gsp(p) + L(ho)S [Gsp (Pa(s)) + Gsp (Pa(s))] 
s=1 

(3.13) 

In above expressions, all the geometrical distances are defined in the same exact form shown in 

equations (3.9,3.10). As regard the orientation angles of the image dipoles B1s), ots), they can be 

redefined with the following recurrent algorithm: 

0(0) 
- O. B(O) 

- 7r 

x-, Y -2 01s) 
= 12 Bp - êl- 01S-1) 

Bts) 
= 2 Bp - ê 

- 

BtS-1) 

S = 1,2,...,00 

(3.14) 

where the angle ê takes into account the actual nature of the current dipole (electric or magnetic) 

and the sign variable ho the actual nature of the charge (electric or magnetic). Both variables take 

therefore different values for either electric or magnetic sources as shown in Table 3.1. Finally, it is 

D Electric source I Magnetic source I 

rE ~1 I :1 I 
Table 3.1: Values of {j and ho for both electric and magnetic sources. 

interesting to notice that the angle Bp of equations (3.12,3.13) is related with the inclination of the 
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tangent metallic walls to the cylindrical cavity. In consequence, by selecting appropriately this angle 
we can use the same expressions as in (3.12,3.13) to model both the walls at the ports positions and 
the cylindrical cavity. The proper selection of Op for the two types of analysis is shown in Table 3.2. 
To show the applicability of the method, we present in Fig. 3.9 the results obtained for the conformal 

~ 
Cylindrical cavity arctan 1 ~ 

Walls at ports x=cte. 0 

Walls at ports y=cte. 1r 
2" 

Op 

Table 3.2: Angle Op for different types of analysis. 

array elementary radiator with both the lower active patch and the upper passive patch acting as 
radiating aperture. 

In this case 6 images have been taken with respect two metallic walls placed at the ports positions. 
In the same graph we include the results computed when the laterally opened model is used and also 

measurements obtained when the structure is backed by a cylindrical cavity. As we see in this case 
the agreement between measured and simulated results is good. Finally, in Fig. 3.10 we present the 
results obtained when several images are taken with respect two tangent planes to the cylindrical 
cavity. In this case however, we clearly see numerical instabilities due to lack of precision in the 
modelization of the ports. 

3.2.6 Imposition of boundary conditions in the image series 

The series of images developed in previous sections might exhibit very slow convergence rates for 

certain combinations of substrates. It has been observed that this is specially true when the resulting 
substrate arrangement propagates surface wave modes. In this case, the radiation of a single dipole is 

not anymore affected only by what is happening in the vicinity of the dipole. In fact, the excitation 
of surfaces wave modes results in that the electromagnetic energy associated to the structure can 
travel long distances inside the substrates before it is attenuated. One of such a situation is shown 
in Fig. 3.11 where we see a printed dipole backed by two metallic walls at the ports positions. The 
results are computed including 2-images to account for the presence of the two metallic walls and 

as we observe, the model is not anymore accurate when frequency increases (transmission coefficient 

becomes positive at a certain frequency). In Fig. 3.12, we show the re~ults when 20, 40 and 100 

images are included in the analysis in order to increase the accuracy of the model. As shown, a ripple 
in the scattering parameters reveals that the series of images is converging very slowly and that even 
with 100-images good convergence has not yet been achieved (ripple is smaller but still present). 
To try to overcome this problem, it should be pointed out that there are two main characteristics in 
any Green's functions that must be preserved if accurate results are to be obtained, namely: 

1. The singular behavior when p -t O. 

2. The boundary conditions at all interfaces. 

30 



23.0 nun 

2.29 mm 

~ M""","~'/ 
Lower Active Patch 

0.3 mm 

E 
E 

C< 

Upper Passive Patch 

E'I=3.6 

/ 
Upper Passive Patch 

Er2 =1.0 

UI'IJ.cC 

...... 
............ 

............ U) 

...... tf.> I 
U) 1 C 

1'0 0 

'0 (1)..... 
(1)"""'" 
c=,u (1) UJ (1) 

0.""'" 0(1)"" ::;::0 u 

000 
............ ...... 

" " " 

U) tf.> tf.> 

~~~ I I I 

><><>< 

UI'IJ.cC 

...... 

"""N 
...... N U) 
NU)l U) I C 

1'0 0 

'0 (1)..... 
Q)"""", 
C=,U Q)UJQ) 
0.""'" 0(1)"" ::;::0 U 

000 
.................. 

" " " 

U) U) U) 
rz.. rz.. rz.. 

h3=O.127mm ~ ~ ~ 

511 

6.0 GHz 

6.0 GHz 

6.0 GHz 

freq 
FREQ 

freq 

10 
. 
0 GHz A 

10.0 GHz B 

10.0 GHz C 

521 

6.0 GHz 

6.0 GHz 

6.0 GHz 

freq 
FREQ 

freq 

10.0 GHz A 

10.0 GHzB 

10.0 GHz C 

Figure 3.9: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

The singular behavior is naturally preserved in the developed series of images, because they have 

been constructed using standard Green's functions. What remains then, is the accurate imposition 

of the boundary conditions at the metallic walls. This will be done by adding the first (n - 2) images 

of the series as before, and then computing the needed strength of the last two remaining images so 

that the boundary conditions for the fields are strictly satisfied at the two metallic walls. Consider 

again the structure shown in Fig. 3.3. The total electric scalar potential in the structure is now 
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Figure 3.10: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

written as: 

n-1 
GVT (x) = Gv (x, xp)+ L (-1)S [Gv (X, X~s)) + Gv (X, X~S))] +q1 Gv (X, X~n) )+q2 Gv (X, x~n)) (3.15) 

s=l 

where for instance Gv (x, xp) is the scalar potential at point (x, y) produced by a source placed 

at point (xp, Yp). Since the boundary conditions for the electric field implies zero potential at the 

metallic walls, the additional constants q1 and q2 controlling the strength of the last two images will 
be adjusted so as to vanish the total potential at the two metallic walls. To do so we can first define 
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Figure 3.11: Typical results obtained with the series of images derived in previous sections for a 
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the potential produced by the (n - 2) first images as: 

n-l 
Gv(x) = Gv (x,xp) + 2)-1)S [Gv (x,x~S)) + Gv (x, xiS))] 

s=l 

and compute this potential at the two metallic walls. 

(3.16) 

WI = Gv (xo(l)); W2 = Gv (xo(2)) (3.17) 

Next we compute the total potential produced by the two last images in the series, namely. 

G~(x) = ql Gv (x,x~n)) + q2 Gv (x,xin)) (3.18) 

Since the total potential produced by all n-images must be zero at the metallic walls, we directly 

write the following system of equations: 

n f (1)~ f (1) (n)~ f (1) (n)~ -WI = Gv Xo = ql Gv Xo ,xa + Q2Gv Xo ,xb 
n ~ ~ ~ ~ ~ 

-W2 = Gv Xo = ql Gv Xo , xa + Q2 Gv Xo , xb 

(3.19) 

from where we easily find the two unknowns ql and q2 required to annihilate the total potential in 

equation (3.15) at the metallic walls: 

W2 ,12 - WI ,22 W2,11 - WI ,21 
ql = ; q2 = 

,11 ,22 - ,21 ,12 ,12 ,21 - ,22 ,11 

with the following redefinition of the matrix coefficients. 

(3.20) 

,11 = Gv (xo(l),x~n)) ,12 = Gv (xo(l),x~n)) 

,21 = Gv (xo(2),x~n)) ,22 = Gv (xo(2),x~n)) 
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Figure 3.12: Results for the same structure as in Fig. 3.11 when more images are included in the 

analysis. 

Fig. 3.13 shows the results obtained for the same structure as before when this algorithm is used. In 
the figure the results with 2 and 6 images are presented showing that the ripple has disappeared and 

that the convergence is good. As we can observe, by applying this technique the gain in computational 

effort and numerical accuracy is considerable. When magnetic currents are considered, the situation 
is more complicated, since now the boundary condition for the magnetic scalar potential requires the 

derivative with respect the normal to the metallic walls to be zero. In this case the expressions for 

the evaluation of the potential in equations (3.15,3.16,3.18) also apply. The only difference is in the 

evaluation of the unknown constants ql and q2 which now must assure the total derivatives to be 

zero. To proceed with their evaluation, we first compute the derivative of the potential produced by 

the (n - 2) first images at the metallic walls: 

-- 

Gw (X~l) + ßX) - Gw (x~l)) Gw (x~2) + ßX) - Gw (x~2)) 
Wl= .W2= 

ßx' ßx 
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Figure 3.13: Results obtained for the same structure as in Fig. 3.11 when the last two images in the 

series are used to strictly impose the boundary conditions at the metallic walls. 

where ßx is an arbitrary small distance. Following the same notation as before, we can now 

compute the derivative of the potential produced by the two last images at the metallic walls. The 

system of equations is obtained when we enforce these two last derivatives to exactly compensate the 

values WI and W2 at the first and second metallic walls respectively. 

G~ (xð1) + ßX) - G~ (xð1)) G~ (xð2) + ßX) - G~ (Xð2)) 
-WI = 

ßx 
; -W2 = 

ßx 
(3.23) 

If we introduce the definition for the potential in equation (3.18) into the system of equations 

formed in (3.23)" the following matrix coefficients can be defined: 

- 

Gw ( X~l) +~x,x~n) -Gw ( X~l) ,xln) ) 
1'12 - 

~x 

- 

Gw ( x~2) +~x,x~n) -Gw ( x~2) ,xln)) 
1'22 - 

~x 

(3.24) 

so that the unknown coefficients q1 and q2 are computed with the same expressions as in (3.20). 

Finally, equation (3.15) is again reused to compute the total magnetic scalar potential Green's func- 

tion. It is important to note that similar procedure is used to enforce the boundary conditions for 

the field Green's functions. In this case the strength of the two last images are computed so as to 

annihilate the required components of the field at the metallic walls (tangent components for electric 

fields and normal components for magnetic fields). 

In Fig. 3.14 we show the results obtained when this correction is applied to the conformal array 

elementary radiator. In the simulation, the model corresponding to two metallic planes placed at the 

ports positions is used and as wee see, the results obtained are in this case good. 

" 

3.2.7 Imposition of boundary conditions for cylindrical cavity 

The same idea as developed in the previous section can be used to impose the boundary conditions 

for the fields at a. finite number of points within the cylindrical cavity wall. Following this procedure, 
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Figure 3.14: Comparison between the results obtained applying the correction, results obtained using 

the laterally opened model and measurements. Measured results correspond to thick line. 

a certain number of images are placed strategically and the strength of all the images are computed 

so that the boundary conditions for the fields are strictly satisfied at a discrete set of points. Let us 

then consider the cylindrical cavity shown in Fig. 3.15 with an arbitrary number n of images. In the 

system of images shown in the figure, the total magnetic vector potential produced by an êx directed 

electric dipole is written as: 

n 

G7I.~(x,y) = GA(X,y I xp,yp) + Lqk cos[a(k)] GA (x,y I x~k),y~k)) 
k=l 
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Figure 3.15: Spatial image axrangement used to try to impose the boundary conditions of the fields 

at a discrete set of points in the cylindrical cavity boundary. 

n 

G~xT = Lqk sin [a(k)] GA (x,y I x~k),y~k)) 
k=1 

(3.25) 

where again G A (x, Y I xP' Yp) is the potential produced at the point (x, y) by a source placed at 

the point (xp, Yp) and qk is the set of unknown constant to be computed. Moreover, a(k) is the 

orientation angle for the k-th image and plays a similar role as the orientation angles defined in 

section 3.2.4. The unknown constants are computed by imposing zero tangent component of the 

vector potential at n-distinct points in the cylindrical cavity wall. Simple geometrical considerations 

translate above eondition mathematically as. 

sin [a(i)] G~~ (Xi, Yi) + cos [a(i)] G~~ (Xi, Yi) = 0 

i=1,2,...,n 
(3.26) 

Introducing equation (3.25) into the boundary conditions in (3.26) and after few straightforward 

manipulations we obtain the following system of linear equations: 

n 

p(e)(i) = LqkP(i,k); i = 1,2,"',n 
k=1 

(3.27) 
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where the matrix coefficients and known term vector are given respectively by. 

P(i,k) = sin [a:(i) +a:(k)] GA (Xi,Yi I x~k),yàk)) 
p(e)(i) = -sin [a:(i)] GA (Xi,Yi I xp,Yp) 

(3.28) 

The solution of the system of equations in (3.27,3.28) gives the unknown coefficients qk, which 

are then introduced in (3.25) to find the corresponding components of the dyadic magnetic vector 
potential Green's functions. The Green's functions thus computed will strictly satisfy the boundary 
conditions, at least, at a discrete set of points around the cylindrical cavity wall. 

Similar procedure is followed if an êy directed dipole is considered. In this case, the corresponding 

components of the dyadic are simply written as: 

n 

G=:lT = L qk cos[a:(k)] GA (x,y I x~k),yik)) 
k=l 

n 

G'!fT(x,y) = GA (x,y I xp,Yp) + Lqk sin [a:(k)] GA (x,y I x~k),yik)) 
k=l 

and the new unknown constants qk are computed by imposing zero tangent components of the po- 
tential at a discrete set of points around the cylindrical cavity wall. Mathematically this is translated 

as. 

(3.29) 

sin [a:(i)] G~~ (Xi, Yi) + cos [a:(i)] G~T (Xi, Yi) = 0 

i = 1,2,. . . 

, 
n 

(3.30) 

Again, introducing equation (3.29) into the boundary condition (3.30) a system of linear equations 

of the form shown in (3.27) is obtained. Now the matrix coefficients and known term vector take the 

following form: 

P(i,k) = sin [a:(i) + a:(k)] GA (Xi,Yi I x~k),yàk)) 
p(e) (i) = -cos [a:(i)] GA (Xi,Yi I xp,Yp) 

Finally, the same procedure can be repeated for the electric scalar potential Green's function. In 
this case the total potential is written as. 

(3.31) 

n 

GVT(X, y) = Gv (x, Y I xP' Yp) + L qk Gv (x, Y I x~k), Yàk)) 
k=l 

Now the boundary condition is simply vanishing potential at the cylindrical cavity. This condition 

will again be imposed at certain discrete points around the cylindrical cavity wall, namely. 

(3.32) 

....- 
.0# 

GVT (Xi, Yi) = 0; i = 1,2, . . . 

, 
n (3.33) 

Again, using equation (3.32) into the boundary conditions in (3.33) leads to the same system of 

linear equations in (3.27) with the following matrix coefficients and known term vector. 

P(i,k) = Gv (Xi,Yi I x~k),yàk)) 
p(e)(i) = -Gv (Xi,Yi I xp,Yp) 

The formulation will be completed once we define the position and orientation of the images as well 

as the discrete set of points where the boundary conditions are strictly imposed. The orientation 
angles for all the images are set following a linear rule, namely. 

a:(i) = (i - 1) 
2 7r; i = 1,2,... , 

n 
n 

(3.34) 

(3.35) 
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Figure 3.16: Alternative spatial image arrangements for the modelization of the cylindrical cavity. 

The coordinates of all the images can now be computed as follows: 

r p 
= V x~ + Y~ r a 

= 2 r c 
- r p 

x~k) 
= ra cos [a(k)] yik) = ra sin [a(k)] 

k = 1,2, . . . 

, 
n 

(3.36) 

where as usual (xp, yp) are the coordinates of the source point and rc is the radius of the cylindrical 

cavity. Finally, the points where the boundary conditions are strictly imposed are computed as. 

Xi = rc cos [a(i)] ; Yi = rc sin [a(i)] ; i = 1,2,. .. , 
n (3.37) 

In addition to the arrangement described above, other possible configuration of images have been 

tried as shown in Fig. 3.16. Unfortunately, for certain combinations of source orientations with the 

chosen set of points (Xi, Yi), all of them exhibited singular behaviors leading to non invertible systems 

of equations in (3.27). 

3.3 Rigorous Green's Functions Approach 

As we have seen in the previous section, there are many difficulties for an efficient implementation 

of the image approach, due mainly to the slow convergence rate of some of the series involved. 

An alternative approach can be derived by introducing the Fourier series expansion in the original 

Maxwell equations governing the behavior of the fields in our antenna structure. In this case, electric 

and magnetic fields Green's functions due to both electric and magnetic currents are easily expressed 
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in the form of the following modal expansions 

GEJ = LVm(z)ëm(x',y')ëm(x,y) 
m 

GHJ = L 1m(z) ëm(x', y') hm(x, y) 
m 

GEM = L Vm(z) hm(x', y') ëm(x, y) 
m 

GHM = L1m(z)hm(x',y')hm(x,y) 
m 

(3.38) 

where the index m runs to all possible T 
Em,n and T 

Mm,n modes supported by the actual cavity we 

are considering. As we see, the transverse dependence of the structure is represented by the e and 
h vector mode functions and the longitudinal dependence by the voltage and currents coefficients 

Vm and 1m [11]. These voltages and currents are again computed in the equivalent transmission line 

networks describing the geometrical dependence of the structure in the longitudinal axis and they 

were already derived in chapter 2. What it remains therefore, is the evaluation of the e and h vector 

mode functions which are dependent on the actual form of the cavity cross section. For the case of 
a cylindrical cavity, they can be written in analytic form as [11] 

~ J' (~) eTMp 
= - 

~ m a cos(mc,o) p 
1r a Jm+1 (xd 

~m .1. (~) eTMp 
= 

~ 
- 

m a sin(m c,o) 
!p 

1r Xi P Jm+l (Xi) 

hTM ~m m Jm (~) . ( ) p = - - - sm m c,o p 
1r Xi P Jm+l (Xi) 

~ J' (~) hTMp 
= - 

~ m a cos(mc,o) 
!p 

1r a Jm+l (Xi) 
m = 0, 1,2, . . . (3.39) 

vg J' (~) eTMo = - 

m a sin(mc,o) p 
1r a Jm+l (Xi) 

vgm .1. (~) eTMo 
= - - - 

m a cos(m c,o) 
!p 

1r Xi P Jm+l (Xi) 

vgm J (~) hTMo 
= + - - 

m a cos(m c,o) p 
7r Xi P Jm+l (Xi) 

vg J' (~) hTMo 
= - - 

m a sin(mc,o) 
!p 

1r a Jm+1 (Xi) 
m = 1,2,3, . . . 

- 

(3.40) 

TE ~m m Jm(~) 
e p 

- sin(mc,o) p 
= 

1r Jx? - m2 pJm (xi) 
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, J' (=i.e) 
TE ~m x. m a 

e p = - 

~ cos(mcp) 
I{J 

7r Jx? - m2 aJm (xD 

hTEp 
-- 

_~m xi J:n (~) 
cos ( m cp ) 

P 
7r Jx? - m2 aJm (xi) 

~m m Jm(~) 
h~Ep = - 

I 
, 

sin(m cp) 
7r Jxl- m2 pJm (xi) 

m = 0,1,2, . . . (3.41 ) 

!2 m Jm (~) 
eTEo 

= -y -; cos(mcp) 
p 

7r Jx? - m2 pJm (xi) 

!2 
' J' (=i.e) 

eTEo 
= y -; 

Xi m a 
sin(mcp) 

I{J 
7r Jx? - m2 aJm (XD 

hTEo 
-- - 

!2_2 Xi J:n (~) 
y -; sin(m cp) 

p 
7r Jx? - m2 aJm (xi) 

!2 m Jm (~) 
hTEo 

= -y -; cos(mcp) 
I{J 

7r Jx? - m2 pJm (xi) 

m = 1,2,3, . . . (3.42) 

Em = 1; ifm = 0 

Em = 2; if m :I 0 

where a is the radius of the cavity, Jm the Bessel function of order m, J:n its first derivative, 

Xi = 
xm,n the n-th nonvanishing root of the m-th order Bessel function and xi = x~,n the n-th 

nonvanishing root of the m-th order first derivative Bessel function. As se can clearly see from above 

equations, a cylindrical cavity can support four different families of modes so that in this case the 

index m of equation (3.38) runs to all TMpm,n' TMom,m TEpm,n' TEom,n modes. It is interesting to 

note that also the vector and scalar potentials Green's functions can be derived from the expressions 

of the field Green's functions in equation (3.38). However, in this study this is not necessary since in 

the integral equation formulation to be described in chapter 4 a field formulation is used to represent 

any coupling effect in the interior cavity region. 

Equations (3..38) to (3.43) establish the rigorous formulation of the boxed Green's function in a 

cylindrical cavity needed in integral equation formulations for the analysis of cylindrical cavity backed 

antennas. However, the presence of the Bessel function and first derivative of Bessel function greatly 

complicates or even makes impossible any future analytical treatment on these Green's functions. 

The result is that the convergence acceleration of the series involved in equation (3.38) becomes a very 

complex task whose solution has not yet been found. It is in this point where the main approximation 

(3.43) 
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introduced in this study resides. The rigorous Green's functions of the cylindrical cavity shown in 
this section are in fact approximated by the Green's functions of an equivalent square cavity behaving 

as close as possible to the original cavity. The great advantage in doing this equivalence is that now 
the Green's functions are expressed in terms of simple trigonometric functions thus allowing complex 
future analytical operations. The main implication of this, is that the equivalent Green's functions 

can be conveniently combined with complex discretization techniques of the geometries involved 

(triangular cells) and still keeping good convergence rates in the associated series. For the sake of 

completeness we also give the analytical expressions for the vector mode functions in a rectangular 
cavity [11] 

ëxfm,n)(x,y) = N5", cos [~11" (x - c)] sin [nt (y - d)] 

ëyfm,n)(x,y) = N5y sin [~11" (x - c)] cos [nt (y - d)] 

hxfm,n)(x,y) = Nt sin [~11" (x - c)] cos [nt (y - d)] 

hy?m,n) (x, y) = N~y cos [~11" (x - c)] sin [nb1l" (y - d)] 

where ~ denotes the family of modes TE(m,n) or TM(m,n), a and b are the dimensions of cavity, c 

and d the offsets with respect the origin of coordinates and the normalization factors for both families 

of modes are given by: 

(3.44) 

(3.45) 

NTM - -~ m 

e", 
- 

a vm21!.+n2~ 
a b 

m = 1,2,3, . . . 

n = 1,2,3, . . . 

(3.46 ) 

NTM - _2 n 

ey 
- 

b vm21!.+n2~ 
a b 

NTM = +~ n 

h", b vm21!.+n2~ 
a b 

m = 1,2,3,... 
n = 1,2,3, . . . 

(3.47) 

NTM__~ m 

hy - 

a vm21!.+n2~ 
a b 

NTE - + yEmEn n 

e", 
- b vm21!.+n2~ 

a b 

m = 0,1,2,3, . . . 

n = 0,1,2,3,... 
m=n#O 

(3.48 ) 

NTE = - 
yEmEn m 

ey a vm21!.+n2~ 
a b 

NTE=+~ m 

e", a vm21!.+n2~ 
a b 

m = 0, 1,2,3, . . . 

n = 0,1,2,3, . . . 

m=n#O 

(3.49) 

NTE - + yEmEn n 

ey 
- 

b vm21!.+n2~ 
a b 
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Chapter 4 

Integral Equation Formulation in 

Stratified Media 

4.1 Introduction 

The chapter is dedicated to present the integral equation formulation developed in this study and 

that can be used for the analysis of a general structure composed of an arbitrary number of planar 

printed patches and radiating slots embedded in a layered medium. The formulation is based on 

the Green's functions derived in previous chapters. It is shown that once the Green's functions are 

known, the technique can be applied indistinctly to slot and patches printed on infinite transverse 

substrates, backed by metallic cavities or any combination of the two. 

The integral equation derived is hybrid in the sense that it combines Mixed Potential formulations 

(MPIE) with Fields formulations (FIE) when appropriate. In this context, the singular behavior of 

the Green's functions has been treated with MPIE formulations which are best suited for this purpose 

[12]. Whenever singularities are not found in the Green's functions, FIE formulations are used which 

lead to very compact algorithms for the study of arbitrary number of staked patches and slots. 

The only exception to this rule is for cavity backed elements which are always treated with FIE 

formulations. In this case, care is exercise to the convergence of the modal series involved and an 

asymptotic extraction procedure for convergence acceleration is presented. 

Due to the complex geometries involved in the conformal array elementary radiator, a solution 

of the integral equation using a Galerkin Method of Moments algorithm based on triangular cells 

for the discretization of the antenna geometry is proposed. In this chapter we review the numerical 

techniques used to evaluate the matrix coefficients including the treatment of the singularities in the 

Green's functions. Finally, the mesh strategy based on triangular cells and developed in the present 

work is briefly presented. Meshes for the conformal array antenna geometry are given showing that 

the procedure is indeed efficient and suits well the type of structure being analyzed. 
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4.2 Basic Formulation 

Consider a structure composed of an arbitrary number of planar printed patches and slots embedded 

in a multilayered medium as shown in Fig. 4.1. 

Erl' J.Lrl 

51 

52 

. 

. 

. 

5. J 

5Hl 
. 

. 

. 5n 

t hI 

Eri' J.Lri t hi 

Erm' J.Lrm t hm 

Figure 4.1: Typical layered structure composed of an arbitrary number of planar printed patches and 

slots. 

The integral equation formulation starts with the imposition of the boundary conditions for the 

fields in the structure. For the structure of Fig. 4.1 we shall impose vanishing tangent electric field 

on the printed patches and continuity of tangent components of electric and magnetic fields on the 

slots. Mathematically, we can express these boundary conditions using the following notation 

~Isr = 0; r = 1,2,... , 
n T/ Sr ESe 

~Ist = ~Is; ; r = 1,2,... , 
n T/ Sr E Sm 

HTlst = HTls; ; r = 1,2, . . . 

, 
n T/ Sr E Sm (4.1) 

where ËT 1sT is the total tangent electric field evaluated at the interface Sr, ËT 1st, Ïh 1st are the 

total tangent fields at one side of the interface Sr, ~ Is;' HT Is; are the total tangent fields at the 

other side of the interface Sr, Se has been used to denote the set of surfaces containing all printed 

patches (the set of electric surfaces) and Sm has been used to denote the set of surfaces containing 

all printed slots (the set of magnetic surfaces). In addition, in the antenna configuration we have 

to consider an electric field produced by the generator used to excite the structure. This additional 

field is called the exciting or impressed electric field and the total electric field shall therefore be 

expressed as the sum of the exciting electric field Ë(e) plus all the scattered field Ë(scat) produced 

by the resulting induced electric and magnetic currents on the structure. The original boundary 

conditions in equation (4.1) then becomes 

ËTlsr = [Ë(e) + Ë(scat)] Isr = Ë(e) + Ë~;~t) = 0; r = 1,2,..., n T/ Sr ESe (4.2) 

44 



. 

. 

. 

Ss 

"'+ Ms 
u 

)) Ms 

. 

. 

. 

Ground Plane (Short-Circuit) 

Figure 4.2: Equivalent magnetic currents resulting from the application of the surface equivalent 

principle to a generic slot SS' 

E(scat) 1st = E(scat) Is; ; E~;;lt) = E~;:;t); r = 1,2, . . . 

, 
n \if Sr E Sm (4.3) 

- I - 

- 

I. 
- (r+) 

- 

- (r-). - 

.. H(scat) + 
- H(scat) 

-, H(scat) - H(scat), r - 1,2,. , 
n \if Sr E Sm 

Sr Sr 

To easily impose above boundary conditions in the structure of Fig. 4.1 the surface equivalent 

principle will be systematically used in all slots [10]. Following this approach, all slots will be 

short-circuited by ground planes and equivalent magnetic currents are placed above and below them 

to preserve the original fields in the structure (Fig. 4.2). In this case, the physical mechanism 

governing the fields can be viewed in the following way: Once the antenna is connected to the 

exciting generator, the exciting electric field will induce electric currents on the printed patches 1s 

and equivalent magnetic currents above Ms+ and below Ms- the slots (Fig. 4.2). These induced 

electric and magnetic currents are in turn the responsibles for the scattered fields. The final electric 

and magnetic fields thus created must satisfy the total boundary conditions in equation (4.2). 

To start with the imposition of above boundary conditions, we will use the superposition integral 

to express the fields with the aid of the Green's functions developed in previous chapters. For 

example, we can express the scattered electric field produced at interface Sr by an electric current 

placed at interface Ss as 

(4.4) 

E(r,s) 
= -J" W 1 dr,s) 

. 1 ds' + 
~ 1 (VG(r,s)) (V'. 1s) ds' 

(scat) As" v 

S5 J W 
S5 

(4.5) 

where as we see the field is expressed using its mixed potential form. Similarly, the scattered electric 

field produced by a magnetic current will be written as 

-(r,s) _1 ~r,s) - I 

E(scat) - GEM' Ms ds 
S5 

(4.6) 

where now the field Green's function is directly used. Using the same ideas, we can write the 

following relations to express the scattered magnetic field produced by electric and magnetic currents 

fI~;~~t) = -j W 
r c!;'s) 

. Ms ds' + ~ r (VGt,S)) (V'. Ms) ds' 
} 

S5 J W } 
S5 

(4.7) 
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- (r,s) _1 ~r,s) - 

, 

H(scat) - G 
HJ 

. Js ds 
Ss 

By virtue of the superposition principle, we can now compute the total scattered field produced at 

a generic interface Sr, by adding up the contributions of the scattered fields produced by all sources 

in the structure 

(4.8) 

- (r) 
E(scat) = L [-jWl G~'s). Jsds' + ~ 1 (VG~r,s)) (V'. Js) dS'] + 

s ~ JW ~ 

ssEse 

" 1 =(r,s) - , 

L... GEM .Msds 
s Ss 

ssEsm 

(4.9) 

- (r) 
- H(scat) - L [-j Wi G~'S) 

. Msds' + ~ 1 (VGt,s)) (V'. Ms) dSI] + 
s Ss J W 

Ss 
ssEsm 

" 1 =(r,s) - 

, 

L... GHJ' Js ds 
s Ss 

Ss ESe 

( 4.10) 

The boundary condition for the electric field at the printed patches can now be easily imposed. 

Combining equations (4.2) and (4.9) one easily obtains 

Ë(e) = L [-jWl G~'s). JSds' + ~ { (VG~r,s)) (V'. Js) dS'] + 
s Ss J W } 

Ss 

ssEse 

L 1 G~~). Msds' 
s Ss 

ssEsm 

r = 1,2,'" ,n 'V Sr ESe (4.11) 

For the imposition of the two remaining boundary conditions we must keep in mind that due to 

the utilization of the surface equivalence principle, ground planes are placed at all printed slots and 

therefore, all the interfaces associated are divided into two different regions, namely the region above 

and the region below the slot. Let us then take a generic slot interface Sr and compute the total 

scattered magnetic field above iif;:dt) and below Hf;J) the interface as 

Hf;:Jt) = -j W 1 G~,r+) 
. Mr+ ds' + ~ 1 (VGt,r+)) (V'. Mr+) ds' + 

Sr J W 
Sr 

L [-j W 1 G~'S) 
. Ms ds' + ~ 1 (VGt,S)) (V'. Ms) dS'] + 

s Ss J W Ss 
SsES;:; 

.- ... 

" 1 ~r,s) - 

I 

L... GHJ' Js ds 
s Ss 

Ss Est 

(4.12) 

- (r-) 
H(scat) = -j W 1 ~,r-) . Mr- ds' + ~ 1 (VGt,r-)) (V'. Mr-) ds' + 

Sr J W 
Sr 

L [-jWl G~'S). Msds' + ~ { (VGt,s)) (V'. Ms) dS'] + 
s Ss J W } 

Ss 

Ss Es;' 

L 1 G~;) 
. Jsds' 

s Ss 

Ss Es; 

(4.13) 
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where Mr+ is the magnetic current placed above the interface Sr and Mr- is the magnetic current 

placed below the interface Sr as shown in Fig. 4.2. Moreover, the new set s~ has been defined as the 

set containing all slots placed above the current interface Sr and consequently the set st contains all 

printed patches above the current interface Sr. Following the same notation, s~ is the set containing 

all slots placed below the current interface and s; is the set containing all printed patches below the 

current interface. 

Now we are in a point where we can impose the continuity of the electric field in all slot interfaces 

shown in equation (4.3). To do this we will use the classical relation between the magnetic currents 

and the field at the aperture [10]: M = ên x (Ë2 - Ë1). Applying this relation to the magnetic 

currents at both sides of the Sr interface shown in Fig. 4.2 we obtain 

- 

- 

^ (r+) 
Mr+ - +ez E(scat) 

- 

^ (r-) 
Mr- = -ez E(scat) (4.14) 

Finally, boundary conditions in equation (4.3) combined with (4.14) suggest the following redefini- 

tion for all magnetic currents at the slot interfaces 

Mr+ = -Mr- = Mr; r = 1,2,... , 
n V Sr E Sm (4.15) 

The last boundary condition to be imposed is found in equation (4.4). If we use the intermediate 

results in equations (4.12,4.13) with the redefinition for the magnetic currents in equation (4.15), the 

boundary condition in (4.4) can be written in the following form after few straightforward manipu- 

lations 

0 = 
" 1 =(r,s) - I 

L...J 
G 

HJ 
. Js ds + 

s Ss 

Ss ES:- 

L [-j I.J) 
r c<;.'s) 

. Ms ds' + ~ r (VGt.S)) (VI. Ms) dS'] + 

s iss J I.J) iss 
ssES~ 

- j I.J) 

r [G~,r+) + 
G~,r- )] 

. Mr ds' + ~ r (v [Gt,r+) + Gt,r-)]) (VI. Mr) ds' - 

ih Jl.J)ih 

L [-j I.J) 
r G~'S). Ms ds' + ~ r (VGt,s)) (VI. Ms) dS'] - 

s iss J I.J) iss 
ssEs;;' 

L r G~~)' Jsds' 
s iss 

Ss Es;- 

r = 1,2,... , 
n V Sr E Sm ( 4.16) 

Equation (4.11) and (4.16) forms the basic system of integral equations needed in the analysis of 

the structure shown in Fig. 4.1. An interesting aspect of the technique described arises when the 

Green's functions appearing in (4.11,4.16) are considered in the spectral domain. As far as equation 

( 4.11) is concerned, all spectral domain quantities can be extracted from the equivalent transmission 

line network shown in Fig. 4.3a, where the short circuits are due to the application of the surface 

equivalent principle and are therefore placed at interfaces containing slots. We will refer to this 
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Figure 4.3: The three equivalent transmission line networks to which the analysis of the multilayered 

printed antenna is reduced in the spectral domain. 

equivalent transmission line network as the electric network because it arises when the boundary 

conditions for the electric field are imposed. In a similar way, after inspection of equation (4.16) 

=(r,r+) (r r+) 
one can establish that the spectral domain Green's functions denoted as G F and Gw' can be 

extracted from the analysis of the equivalent transmission line network shown in Fig. 4.3b, which we 

call upper magnetic network. Finally, the spectral domain Green's functions associated to 
G~,r-) 

and Gt,r-) can be extracted from the equivalent transmission line network shown in Fig. 4.3c and 

which will be referred as lower magnetic network. As seen, these two last equivalent networks arises 

from the imposition of the continuity of the magnetic field and thus we give them the names of lower 

and upper magnetic networks. In equation (4.16) we can further redefine the following total Green's 

functions 

- 

=(r,r) ~r,r+) =(r,r-) 
GF =GF +GF 
G(r,r) 

= 
G(r,r+) + G(r,r-) 

w w w 
(4.17) 

which are simply the Green's functions sum of the Green's functions for the magnetic currents above 

and below the Sr interface. What it is interesting, is to note that these Green's functions can be 

added up at the spectral domain level. If we do so, the total spectral domain Green's functions are 

obtained by directly adding the currents at the generator terminals in the upper and lower magnetic 

networks shown in Fig. 4.3. Later, the inverse Sommerfeld transformation is applied to the sum ofthe 
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currents and the total Green's functions in (4.17) are directly obtained in the spatial domain. With 

this simple technique all operations at the spectral domain level are reduced to the computation of 

the voltages and currents at all interfaces in the three equivalent transmission line networks shown in 

Fig. 4.3, with subsequent adding of the currents at the generator terminals for the lower and upper 

magnetic networks. For the sake of completeness, in Appendix A a simple iterative procedure based 

on network calculations is included for the analysis of the three equivalent networks when an arbitrary 

number of layers is considered. When the redefinitions in equation (4.17) are used inside the system 

of integral equations (4.11,4.16), the following final form for the integral equation formulation of the 

structure in Fig. 4.1 is obtained 

E(e) = L [-j w 
r G~'s) 

. is ds' + ~ r (VG~'s)) (V'. is) dS'] + 

s iss JW iss 
Ss ESe 

" 1 =(r,s) - 

, 

~ GEM . Msds 
s Ss 

Ss ESm 

r = 1,2, . . . 

, 
n 'r/ Sr E Se (4.18) 

0 = 
" 1 =(r,s) - 

, 

~ G 
HJ 

. Js ds + 
s Ss 

Ss Est 

L [-j W 
r G~'s). Ms ds' + ~ r (VGt",s)) (V'. Ms) dS'] + 

s 
i 

Ss J W i 
Ss 

Ss Es~ 

-j w 
r ~,r) 

. Mr ds' + ~ r (VGt",r)) (V'. Mr) ds' - 

i 
Sr J W i 

Sr 

L [-j w 
r G~'s). Ms ds' + ~ r (VGt",S)) (V'. Ms) dS'] - 

s 
i 

Ss J w i 
Ss 

s. E.;. 

" 1 :;;;(r,s) - 

, 

~ GHJ' Jsds 
s s. 

s. Es; 

r = 1,2, . . . 

, 
n 'rf Sr E Sm (4.19) 

The same procedure as the one described above is also applied if there are cavity backed printed 

patches or slots. The only difference is that for those elements backed by a cavity, a field formulation 

is always used so that the Mixed Potential terms in above formulation do not appear anymore. The 

theoretical developments in this case are identical as those described previously if one just substitutes 

equations (4.5) and (4.7) respectively by 

-(r,s) _1 =(r,s) - 

, 

E(scat) - G 
EJ 

. Js ds 
s. 

( 4.20) 

- (r,s) _1 :;;;(r,s) - 

, 

H(scat) - 
G 

HM 
. Ms ds 

Ss 

and now the boxed Green's functions in equation (3.38) of chapter 3 are used instead of the Green's 

functions for multilayered media of infinite transverse dimensions derived in chapter 2. 

(4.21 ) 
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Length Common Side: In 

Figure 4.4: Two adjacent triangular cells defining a basis function for the MoM algorithm. 

4.3 Method of Moments Algorithm 

The next step in the analysis of our multilayered printed antenna is the resolution of the system of 

integral equations obtained in the previous section. One of the most popular techniques for solving 

integral equations in electromagnetics field problems is the Method of Moments (MoM) algorithm 

[13]. For the case of printed antennas, several variants of the MoM technique have been tried and 

compared in terms of computational efficiency and numerical accuracy [12]. Among all of them, we 

have selected for this work the so called Galerkin formulation because of its robustness and faster 

numerical convergence behavior that other simpler techniques (i.e. point matching, line matching). 

The MoM technique starts with the expansion or the unknown electric and magnetic currents 

with a suitable set of basis functions. In this study, due to the complex geometrical shapes used in 

the conformal array elementary radiator, a triangular sub domain roof-top basis functions defined on 

the printed patches and slots have been selected. The definition of suitable roof-top functions based 

on triangular cells for the discretization of the geometries follows the work originally proposed in [14]. 

In this work the authors established how roof-top functions can be suitably defined on triangular 

cells and demonstrated that it is a good choice for the resolution of integral equations arising in the 

analysis of antennas and scatterers of arbitrary complex geometries. 

Let us take two adjacent triangles T;t and T;; used to discretize the geometry of the antenna as 

shown in Fig. 4.4. A sub domain roof-top function suitable to our purposes will be defined in the two 

adjacent triangles in the following form [14] 

- 

..... 

fn(f) = { +-1n- -+ fi -. T.+ 
2 A;t Pn; or r III n 

-1n- -- fi -. T.+ - 

2 A; Pn; or r III n 

0; Elsewhere 

( 4.22) 
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where In is the length of the common side between the two triangles, A~ is the area of the triangle 

T;t, A~ is the area of the triangle T;; and the vectors p~, p~ are the radial vectors measured from 

the free vertex of the triangles T;t and T;; respectively as shown in Fig. 4.4. The main feature 

of the basis function defined in this way is that its normal component with respect the common 

edge is continuous across both triangles. If this basis function is used to discretize an unknown 

current, the normal component of the current will therefore be continuous across the two triangles 

and consequently this definition suits the need of the continuity of the currents induced in the 

antenna structure. In addition, another important feature of the definition in (4.22) is that the 

charge associated to each triangular cell is constant across the cell. Mathematically this is expressed 

by calculating the divergence of the basis function, which simply becomes 

{ +...6..... for f in T+ 
A+' n 

V . In(rf) = -i-; for f in T;; 

0; Elsewhere 

(4.23) 

Using the basis functions defined as in equations (4.22, 4.23), the unknown electric and magnetic 

currents induced in the antenna structure will be expanded using the following series forms 

Js = 2:ais) J~s)(f'); s = 1,2,"',n Tfss ESe 
k 

Ms = 2:ais) J~s)(f'); s = 1,2,"',n Tfss E Sm 
k 

where ais) 
are the unknown coefficients in the expansion and J~s) 

are the roof-top functions de- 

fined in the triangular cells discretizing the geometry of the Ss interface. Introducing the form of 

the unknown induced electric and magnetic currents of equation (4.24) into the system of integral 

equations (4.18,4.19) we easily obtain 

(4.24) 

Ë(e) = 2: 2: ais) [-j U) 1 G~'S) 
. 
ñs) ds' + ~ 1 (VG};'S)) (V" 11S)) dS'] + 

s k Ss J U) Ss 
Ss ESe 

2: 2: ais) 1 G~~) 
. 

ñs) ds' 
s k Ss 

ssEsm 

r = 1,2, . . . 

, 
n Tf 

Sr E Se (4.25) 

0 = 2: 2: ais) 1 G~;) 
. 
ñs) ds' + 

s k Ss 

Ss Est 

2: 2: ais) [-j U) 1 G~'S) 
. 
JkS) ds' + ~ 1 (VGt,S)) (V" J~S)) dS'] + 

s k Ss J U) Ss 
ssES;;:' 

)' a(r) [-j U) 1 =ð-r,r) 
. 

J(r) ds' + ~ 1 (\7G(r,r)) (\7'. J(r)) dS'] - 

"-I 
k F k 

JU) 
W k 

k Sr Sr 

2: 2: ais) [-j U) 1 G~'S) 
. 
JkS) ds' + ~ 1 (VGt,s)) (v'. ñs)) dS'] - 

s k Ss J U) Ss 

ssEs;;' 
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'" '" (s) 1 G(r,s) f-(s) d ' 

L..J L..J ak HJ 
. 

k S 

. k s. 
" e.; 

r = 1,2,... , 
n '1:/ 

Sr E Sm ( 4.26) 

The Galerkin procedure is now completed if we choose as testing functions the same set of functions 

as we used before as basis functions. Multiplying equations (4.25,4.26) by the set of testing functions 
!t) and integrating over the corresponding testing surfaces Sr, the following relations are obtained 

r 
Ë(e)' Ïï(r) ds = 

1sr 
L L ais) [-j ú) 

r 
ds ñr) r ds' ïks) G~'s) 

+ 
. k 

1 
Sr 

1 
s. 

" e'e 

~ Ids (v. Ïï(r)) Ids' (v' . !~s)) G~r,s)] + 
J ú) Sr s. 

L L ais) Ids ñr) 1 ds' !~s) G~~) 
. k Sr s. 

..e'm 
r = 1,2, . . . 

, 
n '1:/ 

Sr E Se ( 4.27) 

0 = L L ais) 1 ds ñr) 1 ds' ïks) G~;) + 
. 

+ 
k Sr s. 

" e'e 

L L ais) [-j ú) Ids Ïï(r) Ids' f1s) G;'s) 
+ ~ r 

ds (v. Ïï(r)) Ids' (v' . !~S)) Gt,S)] + 
. k Sr s. J ú) 1 

Sr s. 
..e.;;; 

L af) [-j ú) Ids Ïï(r) Ids' ïkr) G;,r) 
+ ~ Ids (v. ñr)) Ids' (v' . !~r)) Gt,r)] - 

k Sr Sr J ú) Sr Sr 

L L ais) [-j ú)1 dsÏï(r) 1 ds' !~s) G;'S) 
+ ~ Ids (v. Ïï(r)) Ids' (V" !~S)) Gt,S)] - 

. k Sr s. J ú) Sr S. 
..e.;;, 

L L ais) Ids ñr) Ids' f1s) G~;) 
. k Sr s. 

..e.; 
r = 1,2, . . . 

, 
n '1:/ 

Sr E Sm ( 4.28) 
..... 
... 

where in addition, the surface divergence theorem has been used to transfer the gradients from 
the Green's functions to the testing functions, thus resulting in a more symmetric expressions in the 

mixed potential terms [15]. Following this procedure, the original system of integral equations has 

been transformed in an algebraic linear system of equations given by (4.27,4.28). In fact, in these 

last two equations the following scalar products can be defined 

p(r,s)(. k) = 

EJ ~, -j ú) 1 ds Ïï(r) 1 ds' ïks) c1;'s) 
+ 

Sr S. 

~ Ids (v. ñr)) Ids' (v' . ïkS)) GV'S) 
J ú) Sr S. 

r = 1,2,... , n; 'l:/sr ESe 

S = 1,2,... , n; 'l:/ss E Se (4.29) 
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PJ;:)(i,k) = 
( ds!ï(r) ( ds'jks)G~~) 

isr is. 
r = 1,2,... , nj 'Vsr E Se 

s=1,2,...,nj'VssEsm ( 4.30) 

P);;s)(i,k) = 
( ds!ï(r) ( ds'j~S)Gt~) 

1sr 1ss 
r = 1,2, ... , nj 'Vsr E Sm 

S = 1,2,... , n; 'Vss E Se (4.31 ) 

p(r,s)(" k) 
BM Z, - "1 d j-(r) 1 d ' j-(s) G(r,s) 

+ - -J I.J.) S i S k F 

Sr Ss 

~ { 
ds (\7. !ï(r)) { ds' (\7' . lkS)) Gt,s) 

J I.J.) 1sr 1s. 
r = 1,2,..., n; 'VSr E Sm 

S = 1,2,... , nj 'Vss E Sm (4.32) 

~ 

The computation of the whole matrix system (also called MoM matrix) is therefore reduced to 

the evaluation of only four different types of scalar products as shown in equations (4.29-4.32). In 

addition, the known term vector of the system can be redefined in the following form 

p(r)(i) = { ISr Ë(e) . 
!ï(r); if Sr E Se 

(e) OJ if Sr E Sm 

r = 1,2,..., n (4.33) 

The exact form of the linear system of equations in (4.27,4.28) depends on the number of printed 

patches and slots as well as on their arrangement inside the antenna structure. However, a general 

form of the system in matrix form can be given as follows 

p(l) p(l,l) p(1,2) 
... p(l,n) g(l) 

p1~1 p(2,1) p(2,2) 
... 

p(2,n) g(2) 
-(e) = (4.34) 

p(n) p(n,l) p(n,2) 
... 

p(n,n) g(n) 
-(e) 

where the submatrices p(r,s) can take one of the four forms shown in equations (4.29,4.32) and 

the known term vectors p~:~ are defined in (4.33). Inversion of the matrix system in equation (4.34) 

gives as solution the unknown coefficients Q~s) j S = 1,2,... , n. These coefficients can now be used 

in the expansions of equation (4.24) to finally obtain all the induced electric and magnetic currents 

in the structure. 

It is interesting to note that the same formulation also applies in the case of cavity backed patches 

or slots and the form of the resulting MoM linear system is the same as in (4.34). For those cavity 
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backed patches or slots however, the mixed potential form of the fields is avoided and consequently 
the scalar products in equations (4.29) and (4.29) must be redefined in the following way 

Pf;s)(i,k) = 1 dslt) 1 ds'lkS)G~~S) 
Sr Ss 

r = 1,2,... , n; VSr E Se 

s = 1,2,... , n; Vss ESe ( 4.35) 

pt~)(i,k) = 1 dslt) 1 ds'lkS)G~~ 
Sr Ss 

r = 1,2,... , n; VSr E Sm 

S = 1,2,... , n; Vss E Sm ( 4.36) 

where the fields Green's functions in equation (3.38) have been used. 

We also have to note that the redefinition of the Green's functions sum in equation (4.17) can 

not be easily performed at the spectral domain level for the magnetic currents placed at the interface 

between the interior cavity problem with the exterior layered media structure of infinite transverse 

dimensions (outside or external region). This is mainly due to the fact that the discrete spectrum of 

the fields in the interior cavity problem becomes suddenly continuous in the laterally opened region. 

To overcome this difficulty, the Green's functions sum of equation (4.17) are only defined in the 

spectral domain for those slot interfaces either inside a cavity or outside the cavity, but not for the 

interface between the two regions. The main implication of this technique is that the MoM matrices 

in equation (4.34) are computed separately for the inside cavity region and for the laterally opened 

region. Both matrices are then conveniently combined by defining an overlapping area corresponding 

to the magnetic currents defined on both sides of the interface separating the cavity and the non- 

cavity worlds. This is clearly seen in Fig. 4.5 where we show the MoM matrix for the inside and for 

the outside structures computed separately and then properly overlapped for the rigorous study of 

the transition between the two regions. The same technique can easily be extended to the study 

of several cavity backed to laterally opened transitions. 
..... 
-" 

4.4 Overlapping Integrals Evaluation 

With the integral equation formulation presented in this chapter, all the numerical effort for the 

analysis of a general cavity backed printed antenna is reduced to the computation of the scalar 

products shown in equations (4.29-4.32) and to the inversion of the linear system of equations derived 

in (4.34). As we see from the definition of the subsectional basis functions in equation (4.22), all scalar 

products are expressed in terms of four fold integrals which are extended over the triangular domains 

used to discretize the printed patches and slots composing the antenna geometry. In this section 

we present the integration techniques developed for the evaluation of the associated overlapping 

integrals. During the exposition we emphasize the efforts put towards an efficient implementation of 

the integration process for both the cavity and the laterally opened cases. 
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MoM matrix 

inside structure ~ MoM matrix 
inside structure 

Magnetic currents defined in 

the interface between the two worlds 

MoM matrix 

outside structure 

Figure 4.5: Combination of the MoM matrices for the cavity backed and for the non-cavity backed 

structures. 

4.4.1 Laterally opened case 

The first step in the numerical evaluation of the matrix coefficients in equations (4.29-4.32), is to 

perform the vector and dyadic operations appearing in the integrand. Note that in all cases, the 

matrix coefficients can easily be decomposed into the sum of four scalar integrals, namely 

P(i, k) = 
r 

ds fx; 
r ds' fXk GXx + 

r 
ds fx; 

r ds' fYk GXY + 
iST iss iST iss 
r 

ds fy; 
r ds' fXk GYx + 

r 
ds fy; 

r ds' fYk GYY 

i~ i~ hT i~ 
where fx; and fYi are the x and y components ofthe vector basis function defined in equation (4.22) 

and GXx is one of the components of any of the dyadic Green's functions in equations (4.29-4.32). As 

we see the problem is then reduced to the evaluation of several four fold integrals of scalar functions 

extended to triangular domains. All integrals can be recasted in the following form 

1= 
r 

dxdy 
r 

dx'dy'F(x,y,x',y') iT; iTk 

where F(x, y, x', y') is any of the scalar functions in equation (4.37) and Ti, Tk two arbitrary 

triangular domains to which the integration is extended. 

Since the direct evaluation of the four fold integral in equation (4.38) will be extremely long and 

complicated from the computational point of view, several tailored integration techniques specially 

well suited for the integration of functions on triangular domains will be used [16]. The first step in 

the procedure is to find a suitable transformation to convert any arbitrary triangular domain into a 

canonic triangular domain for which efficient integration rules can be derived. The general problem 

is shown in Fig. 4.6 and after few geometrical considerations we write the transformation as 

( 4.37) 

(4.38) 

1'=f'1+uã+vb 
- 

1'2 + 1'3 
- 

a = - Tl 2 
- 1'2 - 1'3 

b= 2 
( 4.39) 
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y 
v 

+1 -n--____--- 

-I ------------ 

Canonic triangular domain 

Arbitrary triangular domain 
x 

Figure 4.6: Arbitrary triangular domain and its transformation to the canonic triangular domain. 

where 1'}, 1'2, 1'3 are the position vectors (coordinates) of the three vertexes of the original triangle, 

l' represents the coordinates of any point in the original triangle and (u, v) are the corresponding 

coordinates of that point in the transformed canonic triangle of Fig. 4.6. Equation (4.39) can now 
be separated into its scalar components to find the final transformation between the (x,y) and (u,v) 
planes 

x = Xl + u (X2; X3 
- Xl) + v (X2; X3 ) 

Y = Yl + u (Y2; Y3 
- Yl) + v (Y2; Y3 ) 

With the aid of this transformation, the integral in equation (4.38) becomes 

( 4.40) 

11 j+u 11 j+u' 
I = Ai Ak du dv du' dv' F(u, v, u', v') 

0 -u 0 -u' 
(4.41) 

where the areas of the two original triangles Ai and Ak are due to the Jacobeans of the transfor- 

mations. The interesting aspect of (4.41) is that now the four fold integral is extended twice to the 

canonic triangular domain shown in Fig. 4.6 and specially tailored integration rules are available to 

perform efficiently this integration. With the proposed technique, the four fold integral in equation 
(4.41) is transformed into a double series of the form 

- 

..'" 

Np Np 
I = Ai Ak I: I: Wi Wk F(Ui, vi, u~, vÍc) 

i=l k=l 

(4.42 ) 

where Wi, Wk are the weights, (Ui, Vi), (u~, vk) the abscissas and Np is the number of points in 
the corresponding integration rule. With the data available in [16] four different integration rules 

have been derived for an efficient integration in the canonic triangular domain of Fig. 4.6, namely 
a 7 points a 4 points a 3 points and a 1 point integration rules. For the sake of completeness we 
give in Tables 4.1, 4.2, 4.3, 4.4 the weights and abscissas for all four integration rules (note that the 
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D 
1 

2 

3 

4 

5 

6 

7 

Table 4.1: Weights and abscissas for the 7 points integration rule in the canonic triangular domain 

of Fig. 4.6. 

D (Ui,Vi) æÐ 
1 (~,O) 3 

4 

2 (0,0) 1 
12 

3 (1,1) 1 
12 

4 (1, -1) 
1 

12 

Table 4.2: Weights and abscissas for the 4 points integration rule in the canonic triangular domain 

of Fig. 4.6. 

one point integration rule is simply the rule of the triangle's barycenter). We can now use an 

important property of the Green's functions derived which states that the variation of the Green's 

functions is less abrupt when the source-spatial distance increases. The main implication of this is 

that when the distance between the source and observer triangles increases, less number of integration 

points are required to achieve the same level of accuracy. To try to exploit this feature and increase 

the computational efficiency of the method, we have defined an index which measures the relative 

distance between the source and observer triangles involved in the integral (4.38) 

N - 

Dd 

n- (di + dk) 
(4.43 ) 

where Dd is the distance between the barycenters ofthe source and observer triangles, di is the radius 

of the circle circumscribed to the observer triangle and dk is the radius of the circle circumscribed to 

the source triangle. The last step is to compute, before performing the integral, the distance index 

D (Ui,Vi) æÐ 
1 

2 

3 

1 
3 
1 
3 
1 
3 

Table 4.3: Weights and abscissas for the 3 points integration rule in the canonic triangular domain 

of Fig. 4.6. 
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[J (Ui,Vi) ~ 
[D (~,o) 0 

Table 4.4: Weights and abscissas for a 1 point integration rule in the canonic triangular domain of 

Fig. 4.6. 

in equation (4.43) for each pair source-observer triangle. Then, the number of integration points is 

selected according to the value of the index. After some numerical tests, we established the optimum 
relation between the value of the distance index and the integration rule to be used to maintain an 
acceptable numerical accuracy. This relation is clearly indicated in Table 4.5. The last important 

~ Integration Rule I 
~2 7 points 

~3 4 points 

~4 3 points 

>4 1 point 

Table 4.5: Relation between the distance index and the integration rule to be chosen in order to 

maintain good numerical accuracy. 

situation not discussed yet arises when source and observer triangle coincides (p -+ 0). In this 

case the Green's functions exhibit a singular behavior and the numerical integration presented above 

converge slowly and looses accuracy. Fortunately enough, those interactions susceptible of presenting 

singularities are formulated using the mixed potential form, and it can be shown that the potential 

functions exhibit only a singular behavior of the type (1/ p) when the distance p tends to zero. In 

consequence, the singularity of the Green's functions can be extracted by simply transformation 

of the integral extended to the observer triangle to the polar plane. Due to the Jacobean of this 

transformation (which is p), the singularity ofthe potential Green's functions is exactly compensated. 

The remaining integrals to be performed in polar coordinates therefore converge very fast, and simple 

Gauss-Legendre quadrature formulas with barely 3 or 4 points are enough to obtain good numerical 

accuracy. 

The whole technique to extract the singularity is based on the integration in polar coordinates of 
a function in an arbitrary triangular domain as shown in Fig. 4.7. As we can see in the figure, the 

first step is to make an axis translation and place the origin for the polar coordinates in one of the 

vertex of the triangle (referred as 1'0 in Fig. 4.7). The transformation to the polar coordinates thus 

defined is given by 

..... 

." 

x - Xo = p cos(l,O) 

Y - Yo = P sin(l,O) (4.44) 

whose Jacobean is indeed p. The integration limits 1,01 and 1,02 in the angular variable can now be 

easily computed as 

( ) Ya - Yo 
tan 1,01 = 

Xa - Xo 
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~ 
v 

u 

x 

Figure 4.7: Integration in an arbitrary triangular domain using polar coordinates. 

( ) Yb - Yo 
tan CP2 = 

Xb - Xo 

I CPI - CP2 1< 7r (4.45 ) 

where fa = (xa~ Ya) and fb = (Xb, Yb) are the coordinates of the free vertexes of the triangle as shown 

in Fig. 4.7. As regard the integration limits in the radial variable, we first need to write the equation 

of the side of the triangle connecting the two free vertexes fa and fb, namely 

Y - b = m (x - a) 
Yb - Ya 

m= Xb - Xa 
b = Ya; a = Xa ( 4.46) 

Then, we must compute the intersection of this line with the following one 

tan(cp) = 

x - Xo 

Y - Yo 

After few straightforward manipulations on equations (4.46,4.47) we obtain the intersection between 

the two lines as 

( 4.4 7) 

() 
m (xo - xa) - (Yo - Ya) 

PcP = 

sin(cp) - m cos(cp) 

The key step in the procedure is to note that the integral extended to the source triangle will 

be performed in the canonic triangular domain using the 7 points integration rule. For each source 

point, the observer triangle is then subdivided into three sub triangles as shown in Fig. 4.8. The origin 

for the polar coordinates is then translated to the source point and the above integration procedure 

is applied to each one of the three subtriangles. Mathematically, the whole integration process in 

( 4.48) 
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y 

'0. = Generic source point 

x 

Figure 4.8: Subdivision of a generic observer triangle into the three subtriangles allowing integration 

using polar coordinates. 

equation (4.38) can be written as 

7 
1 

3 lcp2(P) (Pp(cp) 
1 1 

1= Ak L Wk L dr.p 
Jo pdpF(p,r.p,Uk,Vk) 

k=l p=l cpl~) 0 
( 4.49) 

and the integration limits r.pl(P), r.p2(P), pp(r.p); p = 1,2,3 are computed with equations (4.45,4.48) 

by substituting the original triangle vertexes fo, fa and fb by the vertexes of the observer triangle 

in Fig. 4.8 as shown in Table 4.6 (note that rk denotes an arbitrary source point inside the observer 

triangle). Once more, we clearly see in equation (4.49) that the presence of an additional p in the 
- 

~. 

~ 
1 -I fli f3i rk 
2 -I f3i f2i rk 
3 -I f2i fli rk 

Table 4.6: Correspondence between the vertexes of the observer triangle with the vertexes used in 

the polar integration. The correspondence is valid to perform the integral in the three subtriangles 

in which the observer triangle is subdivided. 

integrand effectively cancels the singularity in the potential Green's function to be integrated. 
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4.4.2 Cavity backed case 

For the computation of the matrix coefficients in the cavity backed case we can proceed further 

analytically. Introducing the boxed Green's functions derived in equation (3.38) into the scalar 

products definitions of equations (4.30,4.31,4.35,4.36) we obtain 

Pf;S)(i,k) = LVm(z) r dxdYh(r).ëm(x,y) r dx'dy'!~s)'ëm(x',y') 
m 

1sT ls. 

r = 1,2,... , n; "Isr E Se 

S = 1,2,'" ,n; "Iss E Se 

P];;s)(i,k) = LIm(z) 
r dxdYh(r). hm(x,y) r dx' dy' !~s). ëm(x',y') 

m 
1sT ls. 

r = 1,2,..., n; "Isr E Sm 

S = 1,2,. .. , n; "Iss E Se 

Pf;;) (i, k) = L Vm(z) r 
dx dy h(r) 

. ëm(x, y) r dx' dy' lks) 
. hm(x', y') 

m 
~ ~ 

r = 1,2,' .. , n; "Isr E Se 

s=1,2,"',n; "IssEsm 

P];~) (i, k) = L Im(z) 
r 

dx dy h(r) 
. hm(x, y) r dx' dy' !~s) 

. hm(x', y') 
m 

1sT ls. 

r = 1, 2, . . . 

, n; 'V Sr E Sm 

S = 1,2,. .. , n; "Iss E Sm (4.50) 

It can be readily noticed from above equations, that all matrix coefficients are functions of only two 

different overlapping integrals, namely the overlapping integrals between the e and h vector mode 

functions with the basis functions defined in equation (4.22). We can then just consider only the 

following two types of integrals 

I}:)(m,i) = h,'<T) h(r). ëm(x,y)dxdy 
, 

r = 1,2,." , n; "Isr E Se (4.51 ) 

(r) . r -(r)- Ifh(m,z) = IT'<T)fi .hm(x,y)dxdy 
, 

r = 1,2,... , n; "Isr E Sm (4.52) 

where Tt) is a triangular cell discretizing the geometry ofthe Sr interface. Using the new overlapping 

integrals defined in (4.51,4.52), all matrix coefficients shown in equation (4.50) can be written as 

Pf;S)(i,k) = LVm(Z) I}:)(m,i) I}:)(m,k) 
m 

r = 1,2,... , n; "Isr ESe 

S = 1,2,'" ,n; "Iss E Se 

P];;s)(i,k) = LIm(z)I}1(m,i)I}:)(m,k) 
m 
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r = 1,2,... , n; 'rIsT E Sm 

S = 1,2,... , n; 'rIss E Se 

PX;;)(i,k) = LVm(z)I}:)(m,i)I}~(m,k) 
m 

r = 1,2,... , n; 'rIsT E Se 

S = 1,2,... , n; 'rIss E Sm 

Pj;;;\i,k) = Llm(z)Ij~(m,i)Ij~(m,k) 
m 

r = 1,2,.. . 

, n; 'rIsT E Sm 

S = 1,2,.. . 

, n; 'rIss E Sm ( 4.53) 

As seen, once the overlapping integrals in equations (4.51,4.52) are computed, all the MoM matrix 
coefficients are given in terms of the infinite series shown in (4.53). The key step therefore, is 

the evaluation of the overlapping integrals shown in (4.51,4.52) extended to triangular domains. 

Unfortunately, a numerical evaluation of these integrals demonstrated not to be feasible since when 
the modal index m increases, the number of integration points needed to maintain an acceptable 

accuracy grows exponentially. On the other hand, when the vector mode functions of the cylindrical 

cavity given in equations (3.39-3.42) are introduced in (4.51,4.52) an analytical treatment of the 
resulting integrals seems very difficult or impossible and the numerical evaluation would consume 
prohibitively computer resources in terms of computational time. To overcome this difficulty, in 
this study we have approximated the vector mode functions of the cylindrical cavity by the vector 
mode functions of an equivalent rectangular cavity. In this case the vector mode functions are given 
in equations (3.44-3.49) and an analytical treatment of the resulting integrals can be attempted. 
To start, let us introduce the definition of the basis functions shown in equation (4.22) into the 

overlapping integrals (4.51,4.52) 

2 
Ii 

Ife(m, i) = L(-l)P-l --w h (p) 
pf) . ë~)(x, y) ds 

p=l 2Ai Ti 
(4.54) 

2 
l" h Ifh(m,i) = L(-l)P-l ~ 

(p) 
p~p). h~)(x,y)ds 

p=l 2Ai Ti 

where TP), 7i(2) 
are the two adjacent triangles forming the i-th basis function and the superscript 

(r) has been dropped to simplify notation. Now the analytical forms of the e and h vector mode 

functions in (3.44,3.45) can be introduced in (4.54,4.55). After performing the corresponding scalar 

products we obtain 

( 4.55) ~ 

." 

2 
l" 

Ife(m,i) = L(-l)P-l ~ [I~~(m,i) +I~~(m,i)] 
p=l 2 Ai 

( 4.56) 

2 
l" 

Ifh(m,i) = L(-l)P-l ~ [IW,,(m,i) + IW1/(m,i)] 
p=l 2 Ai 

(4.57) 
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where the new integrals correspond to the integrals of the x and y scalar components and are given 

by 

I~~(m,i) = Ner(m) h(p) pk) cos [n:7r (x - c)] sin [nb7r (y - d)] dxdy 
, 

I~:(m,i) = Ney(m) h(p) p~) sin [n:7r (x - c)] cos [nt (y - d)] dxdy 
, 

(4.58) 

i!~)m, i) = Nhr(m) h(p) pk) sin [n:7r (x - c)] cos [nb7r (y - d)] dx dy 
, 

Iy{!y(m,i) = Nhy(m) h(p) pWcos [n:7r(x-c)] sin [nb7r(Y-d)] dxdy 
, 

( 4.59) 

The whole analytical effort must therefore be concentrated in the resolution of the following four 

integrals extended to arbitrary triangular domains 

I~~l(m,i) = h(p) pk) cos [n:7r (x - c)] sin [nt (y - d)] dxdy 
. 

I(P)(m i) = 
( p(p) sin 

[m7r (x - c)] cos 
[n7r(y 

- d)] dxdy 
SCy' JT(p) y, a b 

. 

I~~l (m, i) = h(p) pk) sin [ma 7r 
(x - C)] cos [nb7r (y - d)] dx dy 

. 

I(p)(m i) = 
( p(p) cos 

[m7r (x - c)] sin 
[n7r (y - d)] dxdy 

CSy' JT(p) y, a b 
, 

( 4.60) 

The first integral to be solved can be rewritten in the following general form 

Icsr = hPx cos[ec(x-gc)] sin[es(y-gs)] dxdy (4.61 ) 

Using the definition for the radial vector P in equation (4.22) we write 

Icsr = h (x - Xl) cos [ec (x - gc)] sin [es (y - gs)] dx dy ( 4.62) 

If we now use the transformation derived in the previous section (equation (4.40)) to convert any 

arbitrary triangular domain into the canonic triangular domain of Fig. 4.6, above integral is written 

as 

101 j+u 
Icsr = AT du dv (ax u + bx v) cos [ec (Xl + ax u + bx v - gc)] sin [es (YI + ay u + by v - gs)] 

0 -u (4.63) 

where AT is the area of the triangle and it is due to the Jacobean of the transformation. In view 

of the previous expression, the total integral is written as the sum of two integrals 

Icsr 
= AT [Icsu + IcsJ ( 4.64) 
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where we have defined 

11 j+u 
lcsu = du dv ax u cos [ee (Xl + ax u + bx v - ge)] sin res (Y1 + ay u + by v - 9s)] 

0 -u 11 j+u 
lesv = du dv bx v cos [ee (Xl + ax u + bx v - ge)] sin res (Y1 + ay u + by v - 9s)] (4.65) 

0 -u 
As a rule for the next developments, we will always use the 

A 

symbol to denote quantities that 
depends on the outer most integration variable u. Quantities without the 

A 

symbol will be true 

constants depending only on already known geometrical parameters. Following these rules we can 

now define the following auxiliary quantities 

ae = ee as = es 

be = bx bs = by 

de = Xl + ax u - ge ds = Y1 + ay u - 9s 

(4.66) 

so that the first integral in equation (4.65) is written as 

lesu = ax 
11 du u i:u dv cos [ae (be V + de)] sin [as (bs v + ds) ] ( 4.67) 

The integral in dv can be easily performed, resulting 

- 

11 -1 { - cos [ã(_) v + b(_)] +u 
- COS [ã(+) v + b(+)] +U} 

lesu-ax duu2 
- 

+- 0 a(_) a(+) 
-u -u 

( 4.68) 

where the new constants have been defined as 

ã( -) 
= as bs - ae be ã( +) = as bs + ae be 

b( -) 
= ds as - ae de b( +) = ds as + ae de 

To perform the integration in the outermost variable du, we must explicitly write all dependences 

with respect this variable. After cumbersome but straightforward manipulations, equation (4.68) 

becomes 

( 4.69) 

ax ( 
lesu = 

""2 10 duu {_~[ã(-.+) u+h(_)J~ã(-.-) u+h(-)l 
a(_) 

_~[ã(+.+) u+h(+)J.:::~~Jã(+.-) U+h(+)]} 
a(+) 

.'" 
J 

(4.70) 

and the new constants are defined as 

ã(+,+) = ayas + ax ae + ã(+); 

ã(_,+) = ayas - ax ae + ã(_); 
h( +) = Y1 as - 9s as + Xl ae - ge ae; 

ã(+,_) = ayas + ax ae - ã(+) 

ã(_,_) 
= ayas - axae - ã(_) 

h( -) 
= Y1 as - 9s as - Xl ae + ge ae 

( 4. 71) 

This last equation can be expressed as the sum of four integrals with known analytical solutions, 

namely 

ax 
lesu = 

""2 {I - ( - 

- )11 1 
- ( - 

- )11 - 

ã(_) lex 1, a(_,+), h(_) 
0 

+ 
ã(-) lex 1, a(_,_), h(_) 

0- 
- ( - )11 1 - ( - )11} ~1 1 ã h + -=-1 1 ã 

- 

h 
a(+) ex , (+,+), (+) 

0 a(+) ex , (+, ), (+) 0 
(4.72) 
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and the analytical form of the integral Ïcx is given in Appendix B. A similar procedure can now be 

applied to the solution of the second integral in equation (4.72). Defining the same constants shown 

in (4.66), the integral is written as 

Iesv = bx fo 
1 

du i:U dv v cos [ae (be V + de)] sin [as (bs v + ds) ] (4.73) 

The integral in dv can now be solved analytically 

{I 1 
Iesv = bx 

Jo 
du '2 { -v~[ãC-::) v+bC-)ll+u -v~[ãC~) v+bc+)lj+u 

a(_) 
-u 

a(+) 
-u 

~- b. ll+u ~- b. 11+U} sm a( -) v+ C -) + 
sm ac +) v+ (+) + 2 2 

[ãc-)] 
-u 

[ãC+)] 
-u 

(4.74) 

where all the constants are defined in equation (4.69). Again, to perform the integral in du we need 

to write explicitly all dependences with this variable. Using the same definitions as in (4.71) and 

after cumbersome but straightforward manipulations we obtain 

{_~ã(-.+) u+hC-)J~_:~Iã(-._) u+hc-)l- ~ã(+.+) u+h(+)]~[ã(+.-) u+hc+)l 
aC-) a(+) 

+~ãc-.+) u+hc-~l=~;Iãc-.-) u+h(-)l + 
~ãc+.+)u+hc+~l~[ãc+.-) u+h(+)l} (4.75) 

[a(-)] [a(+)] 

and now all integrals in (4.75) can be solved analytically. Using the results of Appendix B we finally 

write 

bx (I 
Iesv = 

"2 Jo dv, 

I 
bx 

esv 
= 

"2 {-ãC~) [Ïcx (l,å(_,+),íi(_))I: + Ïcx (l,å(_,_),ií(_)) I:] 
-ã(~) [Ïcx (l,å(+,+),h(+))I: + Ïcx (l,å(+,-),h(+)) I:] 
+[ã(~)Y [Ïs (l,å(_,+),h(_))I: - Ïs (l,å(_,_),h(_))I:] 

+[ã(:)]2 [Ïs (l,å(+,+),h(+))I: - Ïs (l,å(+,_),h(+))I:]} (4.76) 

Equations (4.72,4.76) combined with the results of Appendix B give the analytical solution to 

the first integral in (4.60). Unfortunately, these expressions are not valid for all the values of the 

integrand parameters and alternative analytical solutions must be derived for these singular cases. 

The simplest singular case arises when as = es = 0 in the original equation (4.65). In this case the 

result of the corresponding integral is simply Iesu = O. The next singular case arises when ae = ee = 0, 

as = es =I O. In this case the first integral in equation (4.65) becomes 

101 j+u 
Icsu 

= ax duu dv sin[es (Yl + ayu + by v - 9s)] 
0 -u 

(4.77) 

Using the same coefficients defined in equation (4.66) we write above integral as 

{I j+u 
Icsu =ax Jo duu 

-u 
dv sin [as (bsv+ds)] (4.78) 
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The integral in dv can now be directly solved. Using the constants defined in (4.69) we write 

11 { - cos [ãe-) v +.be-)] +U} 
Iesu = ax duu 

- 

0 ae-) 
-u 

(4.79) 

Again, before computing the integral in du we need to write explicitly all dependences on this 
variable. Using the constants defined in (4.71) we find 

- 
11 { cos [ãe-,+) u + he-)] - cos [ãe-,-) u + he-)] } ~u-~ ~u - 

- 

0 a(_) 
( 4.80) 

The resulting expression can be solved analytically with the results of Appendix B, yielding 

Iesu =ax {-~Ìcx(l'ãe-,+)'he-)) 
1 

+~Ìcx(l,ãe-,-),he-)) I} 
a(_) 0 a(_) 0 

ac = ec = 0; as = es :f= 0; ãe -) 
:f= 0 (4.81 ) 

still equation (4.81) is not defined if ã(_) = O. In this case however, equation (4.78) simply becomes 

11 j+u 
Iesu = ax duu dv sin [be-)] 

0 -u 
( 4.82) 

Performing the integration in dv and using again the constants definitions in (4.71) we find 

Icsu =ax 
fo12u2 sin [ã(_,+)u+h(_)] du ( 4.83) 

and this integral can also be solved analytically. Using the results in Appendix B we simply write 

Iesu = 2ax {ÌSX2 (l,ãe-,+),he-))I~} 
ac = ec = 0; as = es :f= 0; ã( -) 

= 0 (4.84) 

Another interesting singular situation arises when as = es :f= 0, ac = ec :f= 0, be = 0 and bs = O. The 
first thing to note is that in this case ã( -) 

= 0 and ã( +) = O. Also equation (4.67) now becomes -- J 

Icsu = ax 
{I 

duu 
{+u 

dv cos [acdc] sin [asds] Jo J-u 
(4.85) 

After performing integration in dv and using the constants defined in (4.66), the following integral 
is obtained 

Icsu 
= 2 ax 

101 du u2 cos [ac (ax u + (Xl - 9c))] sin [as (ay u + (Yl - 9s))] 

and this integral can also be computed analytically. Using the results in Appendix B we simply 

write 

( 4.86) 

Icsu 
= 2 ax { ÌSCX2 (as, ay, (Yl - 9s), ae, ax, (Xl - ge))I~} 

ac = ec :f= 0; as = es :f= 0; ã(_) = ã(+) = 0 ( 4.87) 
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The most difficult singular cases to treat are when either ã( -) 
= 0 and ã( +) # 0 or ã( -) # 0 and 

ã(+) = O. Starting with the first, we notice that in this case equation (4.68) is not anymore valid. 

Instead, we compute the integral in dv of equation (4.67) as 

{1 1 {. ~ +u 
- cos [ã(+) v + b(+)] +U} 

lest> = ax Jo duu'2 sm [b(_)] vl-u + 
ã(+) 

-u 

Before integrating in du we write explicitly all the dependence of the integrand with respect this 

variable, yielding 

( 4.88) 

ax {1 
lest> = 

2" Jo duu {sin [ã(_,+) u + ÎÍ(-)] 

- 

cos [ã(+,+) u + ÎÍ(+)t - cos [ã(+,_) u + ÎÍ(+)] } 
a(+) 

(4.89) 

Integration can now be performed analytically. Using the results of Appendix B we simply write 

ax 
lesu = 

2" 
[2ÏSX2 (l,ã(_,+),ÎÍ(-))I~ 

-~ Ïcx (1, ã(+,+), ÎÍ(+)) 11 
+ ~ Ïcx (1, ã(+,_), ÎÍ(+)) 11] 

a(+) 0 a(+) 0 

ã(+) # 0; ã(_) = 0 ( 4.90) 

We can also notice that the last singular case is dual to the previous one with respect the constants 

ã( +) and ã( -). We can therefore directly write 

ax 
Iesu = 

2" 
[2ÏSX2 (l,ã(+,+),ÎÍ(+))I~ 

-~Ïcx (l,ã(_,+),ÎÍ<-))11 + ~Ïcx (l,ã(_,_),ií(_))!l] 
a(_) 0 a(_) 0 

ã(+) = 0; ã(_) # 0 (4.91) 

Similar singular cases to those previously treated for the first integral in equation (4.65), must also 

be considered for the second integral. The simplest singular situation occurs when as = es = O. 

In this case we simply notice Iesv = O. Next we consider ae = ee = 0, as = es # O. Under these 

conditions, the second integral in equation (4.65) becomes: 

11 j+u 
Iesv =bx du dvvsin[es (Yl+ayu+byv-gs)] 

0 -u 
( 4.92) 

Using the same coefficients defined in equation (4.66) we write above integral as 

11 j+u ~ 

Iesv = bx du dv v sin [as (bs v + ds)] 
0 -u 

( 4.93) 

The integral in dv can now be directly solved. Using the constants defined in (4.69) we write 

. 11 { - cos [ã(_) v + b(_)] +u 
sin [ã(_) v + b(_)] +U} 

Iesv = bx du v 
- 

+ 
2 

0 a(_) 
-u 

[ã(_)] 
-u 

( 4.94) 
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Again, before computing the integral in du we need to write explicitly all dependences on this 

variable. Using the constants defined in (4.71) we find 

{ -u cos ãC-,+) u+iic-J -u cos ã(_,_) u+iiC-) 
aC-) 

+~ã(_,+)u+iiC-)]~ãc-,_) u+iiC-)]} 
[ã(_)] 

The resulting expression can be solved analytically with the results of Appendix B, yielding 

{I - ( - 

- )11 1 
- ( - 

- )11 - 

ã(_) lex 1, a(_,+), h(_) 
0 

- 

ã(_) lex 1, a(_,_), h(_) 
0 

+~- 
1 

]' Ïs (1,ã(_,+),h(_))11 -~- 1] Ïs (l,ã(_,_),h(_))!I} 
aC-) 0 aC-) 0 

ac = ec = 0; as = es =I 0; ã( -) =I 0 

lcsv = bx 101 du 

(4.95) 

lesv = bx 

( 4.96) 

still equation (4.96) is not defined if ã(_) = O. In this case however, equation (4.93) simply becomes 

lesv = bx 
{I 

du 
(+u 

dv v sin [b( -)] (4.97) 10 1-u 

Performing the integration in dv we find in this case 

lesv = 0 

ae = ee = 0; as = es =I 0; ã( -) 
= 0 ( 4.98) 

Another interesting singular situation arises when as = es =I 0, ae = ee =I 0, be = 0 and bs = O. The 
first thing to note is that in this case ã(_) = 0 and ã(+) = O. Also equation (4.73) now becomes 

11 j+u ^ ^ 

lesv = bx du dv v cos [ae de] sin [as ds] 
0 -u 

( 4.99) 

After performing integration in dv we readily note that 

lcsv = 0 

ae = ee =I 0; as = es =I 0; ã( -) 
= ã( +) = 0 ( 4.100) 

Also in this case we will treat the more complicated singular cases given by the situations either 

ã( -) 
= 0 and ã( +) =I 0 or ã( -) 

=I 0 and ã( +) = O. Starting with the first, we notice that equation 
(4.74) is not anymore valid. Instead, we compute the integral in dv of equation (4.73) as 

...- 
.-> 

{ 1 2 . [b^ ] I+u 
- 

~[ãC+)V+bc+)ll+u 
2 v sm ( - ) v ã 

-u C+)-u 
~[ãC+) V+bc+)ll+U} 

+ 2 
[ãc+)] 

-u 
Before integrating in du we write explicitly all the dependence of the integrand with respect this 

variable, yielding 

{I 1 
lesv = bx 

10 
du 2' 

(4.101) 

bx {I 
lesv = 

2" 10 
du { - ~ãC+,+) u+iic+)~ãC+,_) u+iic+) 1 

ac+) 

+~[ãC+,+) u+iic+)l::~~;Jäc+,-) u+iic+)l} 
[ãC+)] 

( 4.102) 
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Integration can now be performed analytically. Using the results of Appendix B we simply write 

bx 
lcsv = 

"2 [ 1 
- ( - )11 1 

- ( - )11 
--=- 

I 1 ã h - 

-=- 
I 1 ã h 

ac+) ex , (+,+), (+) 0 ac+) ex , (+,-), (+) 0 

+~- 
1 

]' Ïs (l,ã(+,+),ÎÍ(+))11 - ~[- 
1 

]' Ïs (l,ã(+,_),ÎÍ(+))!l] 
ac+) 0 ac+) 0 

ã(+) ~ 0; ã(_) = 0 (4.103) 

We can also notice that the last singular case is dual to the previous one with respect the constants 

ã(+) and ã(_). We can therefore directly write 

bx 
lcsv = 

"2 [ 1 
- ( - 

- )11 1 
- ( - 

- )11 
- 

åC-) lex 1, a(_,+), h(_) 
0 

- 

åC-) lex 1, a(_,_), h(_) 
0 

+~- 
1 

]' Ïs (1,ã(_,+),ÎÍ(-))11 - ~- 1] Ïs (1,ã(_,_),ÎÍ(-))11] 
aC-) 0 aC-) 0 

ã(+) = 0; ã(_) ~ 0 (4.104) 

This last operation completes the evaluation of the first integral in equation (4.60). Fortunately 

enough, the rema.ining three integrals can be written using the developed results for the first. Starting 

with the second integral in (4.60), note that after transformation to the canonic triangular domain 

it can be written in general form as 

Iscy = AT 
{I 

du 
j+u 

dv (ay u + by v) sin res (Xl + ax u + bx v - 9s)] cos [ec (Y1 + ay u + by v - 9c)] 
10 

-u (4.105) 

This integral has the exact same form as the one in equation (4.63) provided we interchange all 

variables associated to the x-axis with the variables associated to the y-axis. In Table 4.7 we show 

all the changes we need to make in order to compute the integral in (4.105) using the results already 

derived Next, the third integral in equation (4.60) is transformed into 

I Initial variable I Replaced by I 
(ax,ay) (ay,ax) 

(bx, by) (by, bx) 

(X1,Y1) (Y1, xr) 

(X2, Y2) (Y2, X2) 

(X3, Y3) (Y3, X3) 

(a, b) (b, a) 

(m,n) (n,m) 

(c, d) (d, c) 

Table 4.7: Variables correspondences needed for the evaluation of the second and fourth integrals in 

equation (4.63) 

11 j+u 
lsc:r; = AT du dv (ay u + by v) cos [ec (Xl + ax u + bx v - 9c)] sin res (Y1 + ay u + by v - 9s)] 

0 -u (4.106) 
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We can see that this integral in the same as the one shown in equation (4.63) if we just change 
the multiplicative factors ax and bx of the term (ax u + bx v) by the factors ay and by, thus obtaining 
the new term (ay u + by v) appearing in (4.106). Once this change is made, the same expressions as 
obtained before can be used. Finally, the fourth integral in equation (4.60) becomes 

101 j+u 
Icsy =AT du dv(axu+bxv) sin[es (xl+axu+bxv-gs)] cos[ec (Yl+ayu+byv-gc)] 0 -u 

( 4.107) 

which as seen, it is equal to (4.106) if we use the same variables correspondences as in Table 4.7. 
Once the basic integrals in (4.60) are computed, they can be used inside (4.59,4.58,4.57,4.56) 

to evaluate the final overlapping integrals between the basis functions and the modes of the cavity. 
The MoM matrix coefficients are then computed by using these overlapping integrals inside the 

series shown in equation (4.53). The point that remains to be discussed is therefore the convergence 

behavior of these series. In the next section we address this problem and develop a technique to try 
to accelerate the series convergence rates. 

4.5 Asymptotic Extraction Procedure 

Even though all the analytical effort derived up to now, when there are printed patches or slots 

backed by a cavity, the final matrix coefficients are given by the infinite series in (4.53) which 

must be summed up numerically. Usually, the resulting series exhibit a relatively slow convergence 

behavior and it would be therefore desirable to find a technique to try to accelerate the convergence. 

For this purpose, in this section we describe a frequency extraction technique based on extracting 
the asymptotic parts of the resulting summations and which was first proposed in [17]. The original 

method in [17] however, was applied only to the case of electric currents and in this study it is 

extended to account for the presence of both electric and magnetic interactions. 

To start, first note that any MoM matrix coefficients inside a cavity shown in equation (4.53) can 
be rewritten in the following more general form 

P(i,k) = "Ltm(r,s) Ifm(m,i) Ifm(m,k) 
m 

( 4.108) 
.- J 

where Ifm is an overlapping integral of the type studied in the previous section and tm(r,s) is a 

voltage or current coefficient computed in any of the equivalent transmission line networks shown 

in Fig. 4.3 (spectral domain quantity). Moreover tm(r,s) indicates that the current or voltage is 

measured at an interface Sr when the exciting generator has been placed at an interface Ss. 

The first step in the formulation is to add and subtract to (4.108) the asymptotic term of the 

spectral domain quantity tm (r, s) when the order of the mode m tends to infinity (m --+ 00). 

P(i,k) = "L[tm(r,s) -tmo(r,s)] Ifm(m,i) Ifm(m, k) +Po(i,k) 
m 

(4.109) 

where tmo is the asymptotic part of tm and we have defined 

Po(i, k) = "L tmo(r, s) Ifm(m, i) Ifm(m, k) 
m 

(4.110) 
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00 

t 1 
Cr(.-l) 
J.Lr(S-l) 

Interface: Ss 

CrS' J.Lrs 

~ 1 
00 

Figure 4.9: Equivalent transmission line network for electric sources in the asymptotic limiting case 

m -+ 00. 

Note that if the source and observer points are at different interfaces, when m -+ 00 the energy 

excited by the source can never reach the observer interface Sr because the corresponding mode is 

infinitely below cut-off. In this case, no matter the nature of the source and observer, the interaction 

between them (for the asymptotic term) is negligible and we directly write 

tmo(r,s) = OJ 'Vr '" S (4.111) 

What remains to be done, is to evaluate the asymptotic coefficients tmo when source and observer 

are at the same interface (r = s). In this case however, we shall consider two different situations, 

namely when source and observer are of electric type and when they are of magnetic type. Starting 

with the electric type case, we notice that for the asymptotic limiting case (m -+ 00) the equivalent 

transmission line network of electric type in Fig. 4.3 is reduced to the network shown in Fig. 4.9. The 

spectral quantity of interest in this case is the voltage at the generator terminals which is directly 

computed in the network of Fig. 4.9 as 

z(s) Z(s-l) 

() Cm em tmo s, s = 

() ( 1) zc:" + Zc:,,- 

s = 1,2,... , n; 'Vs E Se (4.112) 
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where zt,l is the characteristic impedance of the transmission line placed below the interface Ss 

and Zt,-l) is the characteristic impedance of the transmission line placed above the interface Ss as 

shown in Fig. 4.1. It is now convenient to write the explicit forms of the characteristic impedances 

for both T 
Em,n and T 

Mm,n, namely 

(s) 
Z(s)TE = 

I.JJ f.Lo f.Lr 

Cm Jk2 (s) (s) (m1l")2 (n1l")2 
0 fr f.Lr 

- a - T 

Jk2 (s) (s) 
- 

(!!!.1!:)2 
- 

(n1l")2 
Z(s)TM = 

0 fr f.Lr a b 

Cm (s) 
I.JJ fO fr 

For the asymptotic limiting case m -+ 00 above impedances become 

(s) 
Z(s)TE = 

I.JJ f.Lo f.Lr 

Cm 

-j J (7)2 + (!!f)2 

. J(m1l")2 (n1l")2 
Z(s)TM = 

-J a + T 
Cm (s) 

I.JJfO Er 

In above characteristic impedances we can define a frequency independent quantity, namely 

(4.113) 

(4.114) 

Q~m,n) = C:7r) 2 

+ (nb7rr (4.115) 

so that finally 

. (s) 
Z(s)TE 

= 
J I.JJ f.Lo f.Lr 

Cm Qim,n) 

Q(m,n) 
Z(s)TM 

= 
s 

em . (s) 
J I.JJ fO Er 

Upon using these last forms of the characteristic impedances in the asymptotic expression of the 

spectral coefficients in equation (4.108), we obtain for both TE and TM modes 

t~oM(s, s) = 
J ~ f.Lo) M(s) 
Qsm,n 

Q(m,n) 
t~oE(s, s) 

=. 
s 

E( ) J I.JJfO S 

S = 1,2,... , n; Vss E Se 

(4.116) 

'7 

(4.117) 

w here the new constants have been defined as 
(s) (s-l) 

M ( ) f.Lr f.Lr 
s = 

(s) (s-l) 
f.Lr + f.Lr 

E(s) = f~s) + f~s-l) (4.118) 

Next, if we introduce equation (4.117) into the asymptotic matrix coefficients shown in (4.110) the 

following expressions are obtained for both T E and T M modes 

plE(i,k) = ~ Qi~,n) IJ~(m,i)IJ~(m,k) 

plM (i, k) = L Qim,n) IJ/:! (m, i) IJ/:! (m, k) 
m 

(4.119) 
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where IT;; and IT:! are the overlapping integrals between the basis functions with the TEm,n and 

TMm,n modal sets respectively. The interesting feature of equation (4.119) is that all quantities 

depend only on geometrical parameters of the antenna and are therefore frequency independent. 

Consequently, the series in (4.119) are computed only once for a given geometry and are not recom- 

puted for each point in frequency. Once they are summed up, the total asymptotic matrix coefficients 

in equation (4.110) are evaluated by applying superposition on the coefficients obtained under TE 
and T M waves. After straightforward manipulations we obtain 

D (. k) . dCs)TEp,TE(' k) 
1 

p,TM(' k) '<0 2, = J n 0 2, +. dCs)TM 0 2, 

J n 

where the new constants have been defined as 

(4.120) 

d~)TE 
= IJJ J.Lo M(s) 

d~)T M 
= IJJ EO E (s ) (4.121) 

Substituting equation (4.120) into (4.109) the final MoM matrix coefficients are obtained, this time 

frequency dependent. It is important to note however, that since the asymptotic term is extracted in 

(4.109) the resulting series will converge much faster than the original series. All computational effort 

is therefore reduced to the evaluation of the series in (4.119) (frequency independent) with subsequent 

evaluation of the series in (4.109) (frequency dependent but with better convergence behavior). To 

illustrate the procedure we show in Fig. 4.10 a typical convergence plot obtained for the static series 

in (4.119). Fig. 4.11 shows a tyical plot for the dynamic part in (4.109) for the same structure. 
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Figure 4.10: Convergence behavior of the static part of the kernel for the structure shown 

As we see more modes are needed to sum the static part, but the computational effort is done only 

once for a given geometry and it is not repeated for each subsequent frequency point. The result is a 

considerable reduction in computational time for the analysis of the antenna over a wide frequency 

range. 

The last step to complete the procedure, is to repeat the analysis when source and observer points 

are at the same interface and they are of magnetic type. In the asymptotic limiting case (m -+ 00) 
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Figure 4.11: Convergence behavior of the dynamic part of the kernel for the structure shown 
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Figure 4.12: Equivalent transmission line networks for magnetic sources in the asymptotic limiting 

case m -t 00. 

- 

-,7 

the equivalent transmission line networks of upper and lower magnetic types in Fig. 4.3 are reduced to 

the networks shown in Fig. 4.12. If the Green's function sum defined in equation (4.17) is computed 

at the spectral domain level, then the total asymptotic spectral coefficient tmo will be computed by 

adding the currents at the generator terminals in the upper and lower magnetic networks shown in 

Fig. 4.12. We therefore simply write 

1 1 
tmo(s,s) = 

Zt! 
+ 

Zt,-l) 
s = 1,2,... ,n; VSs E Sm (4.122) 

Using the definitions for the asymptotic characteristic impedances in (4.116), above equation is 
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transformed for both T E and T M modes as 

Q(m,n) 
TE() s 

tmo s, s = 

. is)TE J n 

. d(s)TM 
TM( ) J n 

tmo S, S = 

( ) Qsm,n 
(4.123) 

where in addition, the same definitions in equations (4.118,4.121) have again been used. Introducing 

equation (4.123) into (4.110) the asymptotic matrix coefficients for TE and TM waves become 

p,TE(i k) = 
~ Q(m,n) JTE(m i) JTE(m k) 0 , L... s 1m' 1m , 

m 

TM" ) ~ 1 TM( ") TM( ) Po (z, k = 

L... Q(m,n) JIm m, z JIm m, k 

m s 

(4.124) 

and the total asymptotic matrix coefficients expressed as the superposition of T E and T M cases 

R (. k) 
1 p,TE(. k) . d(s)TM p,TM(. k) 0 z, =" d(s)TE 0 z, + J n 0 z, 

J n 

(4.125) 

The same considerations as before also applies to the frequency independent series in (4.124). 

Finally, with equation (4.125) the total MoM matrix coefficients can be computed for the magnetic 

case by direct application of equation (4.109). There is however, a special case that must be treated 

separately. This corresponds to the case when the magnetic currents are placed at the top aperture 

of the cavity. As we discussed in section 4.2, in this case the Green's functions for the magnetic 

currents defined above and below the aperture are not combined at the spectral domain level. The 

main implication of this is that the asymptotic spectral coefficients tmo are only defined with the 

lower magnetic network of Fig. 4.3 so that instead of equation (4.122) we need to write 

1 
tmo(r, s) = 

-zsy ZCm 
( 4.126) 

where as seen, the asymptotic spectral coefficients depend only on the characteristic impedances of 

the transmission line below the top interface. If we repeat the same process as before, we can notice 

that the same expressions as derived in equations (4.123,4.124,4.125,4.121) can still be used provided 

the constants in (4.118) are redefined as 

M(s) = J.L~s) 

E(s) = !;~s) (4.127) 

4.6 Meshing Strategy 

The integral equation formulation for the analysis of arbitrary cavity backed antennas derived in 

this chapter is based on the availability of efficient meshing techniques that can effectively discretize 

an arbitrary planar geometry using triangular cells. On the other hand, the complex geometrical 
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shapes used in the conformal array elementary radiator results in that the meshing procedure can 
be a very complex task. In this work a dedicated meshing strategy based on triangular domains 
has been developed for both the lower and the active patch shown in Fig. 1.1. For this purpose, 
structural meshes have been first developed for a number of simpler objects like rectangles, sectors, 

arcs, triangles and junctions to cite a few. Then, the complex geometrical shapes are decomposed 

into a number of these simpler objects and finally the meshes of all simpler objects are combined to 
produce the global mesh for the whole complex geometry. 

This modular way of producing the meshes of the antenna geometry has shown to be very con- 

venient since then, specific parts of the geometry can be treated separately for instance to refine 
selectively the mesh. The technique has been used successfully in the case of the conformal array 
elementary radiator where the meshes have been refined around the ridges opened in the circular 
patches as shown in Fig. 1.1. In chapter 6 we show that this has important influence on the quality 
of the simulated results, since a finer mesh is required around the ridges to properly model the strong 

variation of the currents in these areas. 

In this section, to verify the meshing strategy developed, we present some typical examples of 

meshes obtained for the conformal array elementary radiator. In Fig. 4.13 a classical mesh for the 

lower active patch with two ports is presented. Fig. 4.14 shows the mesh of the upper passive 
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Figure 4.13: Mesh for the conformal array lower active patch as obtained with the proposed approach. 

patch when it is acting as the upper radiating aperture. We clearly see that in this case the part 
of the circuit meshed is the one corresponding to the air gap where the equivalent magnetic currents 

are placed. In addition, Fig. 4.15 shows the mesh for the upper passive patch when it is acting as a 

true electric patch outside the metallic cavity. Finally, we also show in Fig. 4.16 a typical mesh 

of the lower active patch for the configuration with only one port. It is also important to note 

that an additional difficulty arises if one tries to mesh the lower active patch with an arbitrary angle 

between the axis of the patch and the lateral cuts (angle cp in Fig. 1.1). In fact, the decomposition of 

the lower active patch into simpler objects must be different depending on the value of this angle. To 
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Figure 4.14: Typical mesh for the conformal array upper passive patch when it is acting as radiating 

aperture. 
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Figure 4.15: Typical mesh for the conformal array upper passive patch when it is acting as a true 

electric patch. 

overcome this problem, five different models have been derived during the decomposition of the lower 

active patch into simpler objects. Once the angle is specified, the most suitable model is selected, 

the geometry is decomposed into simpler objects according to the corresponding model and the mesh 

is thus computed. To show the validity of this approach, we present in Fig. 4.17 and Fig. 4.18 

the meshes computed for two different patch angles. As seen, the meshes obtained are well 

structured in all cases and they can effectively be used with the integral equation formulation derived 

in this chapter. 
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Figure 4.16: Typical mesh for the conformal array lower active patch when only one input port is 

considered. 
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Figure 4.17: Computed mesh for the lower active patch with an angle c.p = 57.50 
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Figure 4.18: Computed mesh for the lower active patch with an angle cp = 87.50 
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Chapter 5 

Electrical Characteristics 

Computations 

5.1 Introd uction 

The last step in the analysis of the antenna structure is the computation of the electrical characteris- 
tics that are of interest from the engineering point of view. Once the integral equation formulated in 

chapter 4 is solved with the Method of Moments (MoM) algorithm, all induced electric and magnetic 
currents in the structure are known. In this chapter we detail how to use this information to compute 
the final electrical behavior of the antenna, namely the input impedance or full scattering parameters 
in the case of the two ports structure and the far field radiated by the structure. 

5.2 Scattering Parameters 

The computation of the scattering parameters of the antenna will be accomplished using the well 

known delta gap model presented for instance in [18]. Consider a general structure with an arbitrary 
number of ports n as shown in Fig. 5.1. To extract the scattering parameters of this structure we can 
place an exciting generator at a generic port s as shown in Fig. 5.1 and load all other ports with the 

characteristic impedance of reference Zc. Following the delta gap model [17], a voltage Vq constant /' 

II 
- 

IVl -L 
+ 

Port: 1 

IS+1 
- 

Port: n 

... .2E-V'+11 

Vn I Z, 

Figure 5.1: General multiport network with the exciting generator placed at port s and all other 

ports loaded with the characteristic impedance. 
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along the width of the line is assumed to be applied to each port. This is equivalent to consider an 

impressed or exciting field at each port Ë~~? produced by the voltage Vq, and the total impressed or 

exciting field Ë(e) of equation (4.18) will be expressed as the sum of the impressed fields at all ports 

n 
- " -(q) E(e) = 

L.. E(e) 
q=l 

(5.1) 

What we need to do therefore, is to compute the impressed fields at all ports of the structure, so that 

with equation (5.1) the final known term vector of the MoM system given in (4.33) can be evaluated. 

To start let us note that the voltage Vq considered constant along the width of the port, will produce 

an impressed field at this port which can be written with the following dirac-delta expression 

E-(q) 
- TT J: (- -) ^ 

. 1 < < 
(e) - 

- Vq u r - rq eq, - 
q 

- 

n (5.2) 

where 1'q is the position vector of the q-th port and êq is the unit vector indicating the orientation of 

the port. For all ports connected to the characteristic impedance, the boundary condition imposed 

by the loads requires the following redefinition of the exciting electric field 

-(r) - 

- - ^ { 1:S r :S n 

E(e) -IrZcð(r-rr) er 
r=l=s 

(5.3) 

and Ir is the current flowing at the r-th port as shown in Fig. 5.1. This current can be computed 

through integration along the port width of the current density induced at the port position, namely 

Ir= 
r Jr(1")lr'=rr.êrdr'; 1:S;r:Sn lwr 

(5.4) 

where Wr has been used to denote the width of the r-th port. Using the expansion of the electric 

current density in equation (4.24), the total induced current at the r-th port is written as 

Ir = L Q:k'Ykr); 1 :S r :S n 

k 

where the following, coefficients have been defined 

(5.5) 

,y) = 
r !k (1") Ir'=rr . êr dr'; 1 :S r :S n 

lwr 
(5.6) 

It is interesting to note that using the definition for the vector mode functions ïk given in equation 

(4.22) above, coefficients can be easily evaluated analytically. With the currents flowing at the 

ports expressed as in equation (5.5), the final exciting field for those ports connected to the loads is 

written as (equation (5.3)) 

Ë(r) " (r) Z ð (- -) ^ { 1:S r :S n 

(e) 
= 

"T' Q:k'k c r - rr er 
r =1= s 

(5.7) 

The last impressed field to be computed is the one associated to the port where the generator is 

placed (s-th port). In this case we take the voltage Vs applied as exciting voltage. Therefore, using 

directly equation (5.2) we write 
E-(s) 

- TT J: (- -) ^ 

(e) --vsu r-rs es (5.8) 
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Once all the impressed fields at the ports are known, they can be used in equation (5.1) to finally 
write the known term vector of the MoM system given in (4.33) as 

n 

p(e) = Vs 1 8 (1' - 1's) ês . h(1') dr - 2: 2: O!k ,t) Zc 1 ð (1' - 1'r) êr . h(1') dr 
w. r=l k Wr 

r#. 

(5.9) 

But the integrals in equation (5.9) can again be expressed as a function ofthe , coefficients defined 

in (5.6). We can then write 

n 

D v: 
(s) " " (r) Z (r) 

r(e) = s'i - 

L...- L...- O!k'k c'i 
r=! k 
r#. 

(5.10) 

It is interesting to observe that in the known term vector of equation (5.10) there is one part 
depending on the unknown coefficients O!k. In consequence, this part is moved to the right hand side 

of the MoM system and is therefore absorbed in the system matrix. The true known term vector of 
the system is consequently composed of only the part of equation (5.10) independent on the unknown 
O!k coefficients. After all these manipulations, the final general form for the MoM system structure 
given in equation (4.34) is transformed into the following one 

1( s) (P(l,l) + 2::;#; 1(r) Zc l(r)T) p(1,2) p(l,n) g(l) 

v;- 
Q p(2,1) p(2,2) p(2,n) 

g(2) 

= v. (5.11) 

Q p(n,l) p(n,2) p(n,n) 
g(n) 

V. 

where for clarity, it has been assumed that all ports are attached to the first printed patch of the 

antenna and all equations of the system have been divided by the exciting voltage Vs. Also, 1(r)T 

denotes the transpose of the corresponding, vector defined in equation (5.6). The input impedance 

can now be defined as the ratio between the applied voltage Vs and the induced current Is at the point 
of excitation. Using equation (5.4) together with the expansion of the current density in (4.24) for 

the computation of the current, and again the, coefficients definition in (5.6), the input impedance 

at the excitation port simply becomes 

Vs 1 
Zin = - = 

Is 2:: ~ ,(s) 
k V. k 

(5.12) 
...... 

..P 

where ~ is directly the vector of solutions computed by inverting the system of linear equations 

shown in (5.11). The computation of the rest of the scattering matrix is accomplished by first 

evaluating all the trans-admittances to all other ports 

y;(r) 
- 

Ir 
- "O!k (r) 

tran 
- 

V. 
- 

L...- V. 'k 
s k s 

(5.13) 

then, by use of simple network relations [19] 

Zin - Zc 
Sr,s = ; r = S 

Zin + Zc 

S - 

2Zc1t~JnZin { r,s 
- 

Zc + Zin 
l:Sr:Sn 

r-::j;s 
(5.14) 
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Finally, the whole process is repeated but placing the exciting generator at all ports consecutively 
1 :::; s :::; n, thus completing the evaluation of all S-parameters of the structure. The last point that 

remains to be discussed, is the evaluation of the T coefficients defined in equation (5.6). To do so, we 

must notice that in order to allow current flowing through the ports, half roof-top functions must be 

defined along the widths of all ports as shown in Fig. 5.2. Physically, the amplitudes of these half 

Half ROOf-toP7ut Port Half Roof-top f\"put Port 

Figure 5.2: General printed circuit showing the defined half roof-top functions at the ports to allow 

current flowing. 

roof-top functions represent the current induced at the ports positions. To compute the T coefficients 

in equation (5.6), we first introduce the expression of the vector basis functions defined in (4.22), 

thus obtaining 
(r) lk 1 [ - I ^ ] d Tk = 

2 A Pk r=rr 
. er r 

k Wr 

The first thing to notice is that the resulting integral is zero for all triangular domains not containing 

the point fro Also, we remark that only the half roof-top functions defined at the r-th port will both 

contain the point fr and at this point the radial vector ßlr=rr will not vanish. The situation is shown 

in Fig. 5.3 where we show a half roof-top attached to the r-th port and the radial vector ß evaluated 

at the point fro As we see from the figure the scalar product [ßklr=rr . êr] is the height of the triangle 

(5.15) 

[ßklr=rr . êr] = hk; \:fk E Halfroof-top attached to r-th port (5.16) 

x 

[Pk I 
r=rr 

. êr] =Height of triangle 

~. Pk Ir=rr 

Figure 5.3: Geometry used to compute the gamma coefficients associated to half roof-top functions. 

83 



Upon using equation (5.16) into (5.15) we finally obtain 

'Yt) = 

2 ~k hk ir dr = Wr; 'Vk E Half roof-top attached to r-th port (5.17) 

where Wr is the width of the r-th port. This last result is summarized in the following equation 
where we give the value of the 'Y coefficients at a generic port r. 

(r) 
- { Wr; 'Vk E Half roof-top attached to r-th port 

'Yk - 

0; Rest of k 
(5.18) 

It should be pointed out that with the proposed approach, any number of half roof-top functions 

can be defined along the width of each port to accurately model the transverse dependence of the 

currents along the lines acting as ports. 

5.3 Radiation Characteristics 

One of the most interesting electrical parameters of an antenna is the far field radiated by the struc- 

ture. With this information, we can study for instance how does the antenna radiate, including 
the directivity of the antenna and the polarization of the radiated signal. Once the electric and 

magnetic currents induced in the structure are computed with the integral equation technique de- 

rived in chapter 4, the total radiated field can be computed by using the superposition integrals 

in (4.5,4.6,4.7,4.8). The main difficulty in using these equations however, is the evaluation of the 

associated Green's functions derived in chapter 2 in the far field region p -700. Indeed, numerically 
it is not possible to compute the Sommerfeld integrals when p -7 00. To overcome this difficulty 

we shall first develop alternative asymptotic expressions for the Green's functions valid in the far 
field region (p -7 (0). Once the new expressions for the Green's functions are known, they can be 

introduced in equations (4.5,4.6,4.7,4.8) where the usual far field approximations will, in addition, 

be applied [10]. From this point, standard evaluation of the so-called radiation integral leads directly 

to the computation of the far field radiated by the antenna. 

5.3.1 Asymptotic form of Green's functions 
- 

,j 

In this section we are interested in evaluating an asymptotic form for a general spatial domain Green's 

function when p -7 00. To start let us consider the spectral domain counterpart ã and note that 

spectral and spatial domains are linked by the classical double Fourier spatial transformation given 
by 

1 r+oo r+oo 
- 

G(x,y,z) = 

271" 1-00 1-00 
dkxdkyG(kx,ky,z) exp(jkxx) exp(jkyY) (5.19) 

Since we are studying the radiation characteristics of structures, we will assume that the spectral 

domain Green's function dependence on the coordinate z is that of a pure spherical wave traveling 

in the upper semi-infinite free space, namely 

G(kx, ky, z) = g(kx, ky) exp( -j ß z) (5.20) 
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where ß is the propagation constant along the longitudinal axis of the structure and it was defined 

in (2.5). Now, we can make a change to polar spectral coordinates as follows 

kx = kp cos(kcp) 

ky = kp sin(kcp) (5.21) 

so that the double Fourier transformation in (5.19) becomes 

G(x,y,z) = 217r 
121r 

dkcp 
100 

dkpkp9 exp(-jßz) exp[j (kp cos(kcp)x+kp sin(kcp)Y)] 

Next, we further transform the resulting integral to polar spatial coordinates 

(5.22) 

x = p cos(cp) 

y=psin(cp) (5.23) 

so that we easily write (5.22) as 

1 [21r [00 
G(x, y, z) = 

2" 
7r 10 

dkcp 
10 

dkp kp 9 exp( -j ß z) exp [j kp p (cos(kcp) cos( cp) + sin(kcp) sin( cp))] 

(5.24) 

which using the expression for the cosine of the difference between two angles and reversing the 

order of the integration, becomes 

1 [00 [21r 
G(x, y, z) = 

27r 10 
dkp kp exp( -j ß z) 

10 
dkcp 9 exp [j kp pcos(kcp - cp)] (5.25) 

In this expression, the inner integral can be evaluated using the Debye's Saddle point formula. 

Indeed, it can be demonstrated that if kp p -+ 00, then the function to be integrated exhibits a saddle 

point in kcp = cpo In this case, practically all the contribution to the value of the integral is due to 

the saddle point so that we can approximate the whole integral by the value of the function at the 

saddle point 

G(x, y, z) = _21 [00 
dkp kp exp( -j ß z) V .2k7r 9 exp(j kp p) 

7r 10 J p P 

kp p -+ 00 (5.26) 

Now, to the remaining integral we apply the following change of variable 

kp = ko sin(w) (5.27) 

To do so, first note that ß is also function of kp. Using the definition in equation (2.5) and applying 

the change of variable in (5.27) we obtain 

ß = JkÕ - kÕ sin2(w) = ko cos(w) (5.28) 

so that equation (5.26) becomes 

1 [00 
G(x,y,z) = 

27r 10 

kpp -} 00 

2 7r ko sin( w) 
- . 

. 9 ko cos(w) exp [j ko (p sm(w) - z cos(w))] dw 
JP 

(5.29) 

85 



z 

z 

y 

x 

Figure 5.4: Standard cylindrical and spherical coordinate systems relations. 

It is now convenient to change the (p, <p, z) coordinates of the cylindrical coordinate system, to the 

standard spherical coordinate system (r, 0, <p) (see Fig. 5.4). Equation (5.29) then becomes 

1 tXJ 
G(x,y,z) = 

27r Jo 

kp p ~ 00 

2 ~ ko ~in(o( W) ) 
9 ko cos( w) exp [j ko r (sin( 0) sin( w) - cos( 0) cos( w))] dw 

Jrsm 
(5.30) 

1 [00 
G(x, y, z) = 

27r Jo 

kp p ~ 00 

2 7r ko sin( w) 
- . 

. . (0) 
gko cos(w) exp[-Jkorcos(w+O)] dw 

Jr sm 
- 
J 

(5.31) 

This last integral can again be solved analytically using the Debye's saddle point integration formula. 

In fact, it can be demonstrated that when ko r ~ 00 then the resulting function to be integrated 

exhibits a saddle point at w = -0. Again, it is this saddle point that contributes mainly to the value 

of the integral. The integral is then computed by simple evaluation of the function at the saddle 

point 

1 /-27rkO {;ff;7r - . 

G(x, y, z) = _2 . . kg ko cos(O) exp (-J ko r) 
7r J r -J 0 r 

kp p ~ 00 

ko r ~ 00 (5.32) 
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which can be written in its final form as 

. - exp ( - j ko r) 
G(x, y, z) = J ko cos(8) g(kx, ky) 

r 

kpp -t 00 

ko r -t 00 (5.33) 

Finally, it is interesting to see what are the values of the spectral domain variables kx and ky when 
all the above transformations are applied. First, compute equation (5.21) in the saddle point k<p = cp 

kx = kp cos(cp) 

ky = kp sin(cp) (5.34) 

Next use the change of variables in (5.27) 

kx = ko sin(w) cos(cp) 

ky = ko sin(w) sin(cp) (5.35) 

Finally, compute the resulting expression in the saddle point w = -8 
kx = -ko sin(O) cos(cp) 

ky = -ko sin(O) sin(cp) (5.36) 

Note also that using (5.36), the radial spectral variable kp is written as 

kp = ko sin( 0) (5.37) 

As we can see in equation (5.33), the spatial domain Green's function is expressed as a function 
of its spectral domain counterpart evaluated at the points (kx, ky) given by equations (5.36,5.37). 

In addition, the spectral domain Green's function 9 is evaluated at the top interface of the layered 

structure as required by the exp(-j ßz) dependence shown in (5.20). The asymptotic form of the 
Green's function derived in (5.33) is suitable to be used inside the superposition integrals of equations 

(4.5,4.6,4.7,4.8) for the computation of the radiated far field of the antenna structure. 

5.3.2 Radiation integral evaluation 

In this section we detail how to compute the far field radiated by a planar printed antenna composed 
of an arbitrary number of printed patches and slots embedded in a multilayered medium. We will 
consider the radiation from electric and magnetic currents separately and then the total radiated 
field will be computed as the superposition of the two previous cases. 

Starting with the electric case, we can use equation (4.5) to compute the total electric field 

radiated by all the printed patches in the antenna structure as 

- 

." 1 =(5) - 

I E = -J W ~ GA' Js ds 
S Ss 

Ss ESe 

(5.38) 

where G~) is the magnetic vector potential dyadic Green's function produced by the electric source 
s evaluated asymptotically in the far field region as described in the previous section. We can also 
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notice that the contributions of the electric scalar potential Gv have been neglected in the far field 

region, because it contains dependences of the type (1/r2) in front of the (l/r) dependence of GA 
[10]. Using the form of the dyadic in equation (2.6), we can write (5.38) as 

Ë=-jw L Ã(s) 
s 

Ss ESe 

(5.39) 

where the new vectors have been defined as 

Ã(S) 
= 1 G~) Js ds' 

Ss 

(5.40) 

The next step is to use in above equation the asymptotic form of the spatial Green's function 
derived in (5.33) 

A-(S) 
- 

. k (} -(S)(k k) 1 exp( -j ko R) J- d ' 
- J 0 cos gA x, Y R 5 S 

Ss 

where g~) is the magnetic vector potential spectral Green's function produced by the source s 

evaluated at the points given by equations (5.36,5.36) and at the top interface of the layered structure 

as discussed in the previous section. Moreover, R has been used to denote the distance between the 

source and observer points. In the far field region we can introduce in (5.41) the approximation of 

parallel rays and write [10] (see Fig. 5.5) 

(5.41) 

z 

-- -' 

x 

Figure 5.5: Standard far field approximation for source and observer position vectors. 

Ã(S) 
= j ko cos (} g~) (kx, ky) 

exp( -j ko r) 1 exp( +j ko 1" . êr) Js ds' 
r 

Ss 

(5.42) 

with the usual vector identity [10] 

1" . êr = x' sin (} cos <p + y' sin (} sin <p + z' cos(} (5.43) 

In this last equation we can define the radiation vector as 

R(s) 
= 1 exp( +j ko 1" . êr) Js ds' 

s. 
(5.44) 
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For the evaluation of the radiation vector, we must first introduce in equation (5.44) the expansion 

of the electric currents given in (4.24), thus obtaining 

ÑCs) 
= L Qks) f exp( +j ko 1'/ 

. êr) J~s) (1'/) ds' 

kiss 
( 5.45 ) 

where Qks) 
are the coefficients of the expansion computed through the solution of the MoM system. 

If we now use the definition of the vector basis functions given in (4.22), above equation becomes 

ÑCs) 
= LQks) t(-l)m-l l~m) f(m)Pkm) exp(+jko1'/ .êr)ds' 

k m=l 2Ak iTk 

and TP), TF) are the two triangles where the k-th basis function is defined. Note that from equation 
(5.46), it is simple to evaluate numerically the rectangular components of the radiation vector defined 

as 

(5.46) 

2 

N(s) 
= "O:ks) " (_1)m-l ~ r pCm) exp( +j ko 1'/ 

. êr) ds' x L..J L..J 2 A(m) iT(m) Xk 
k m=l k k 

N(s) 
= "o:Cs) 

~ 
(_1)m-l ~ f pCm) exp( +j ko 1'/ 

. êr) ds' 
Y L..J k L..J 2 A(m) iT(m) Yk 

k m=l k k 

With the integration techniques extended to triangular domains developed in chapter 4, the integrals 

in (5.47) are easily evaluated. Moreover, it has been observer that the integration rule of only 

one point suffices for an accurate evaluation of (5.47). Once the rectangular components of the 

radiation vector are evaluated, the spherical components can easily be obtained through the classical 

rectangular to spherical transformation 

NCs) 
= cosB sincpNCs) + cosB sincpNCs) 

(J x Y 

N~s) = - sincpN~s) + cos cpNJs) 

(5.47) 

(5.48) 

The spherical components of the total radiated far field are now computed by combining equations 

(5.39,5.42,5.44, 5.47,5.48) 

E - k L)exp(-jkor)" -Cs)(k k )NCs) 
(J - w 0 COS!7 

L..J gA x, Y (J 
r 

s 

Ss ESe 

E - k L)exp(-jkor)" -Cs)(k k )NCs) 
<p 

- w 0 COS!7 
L..J gA x, Y <p r 

s 

Ss ESe 

(5.49) 

For the case of planar slots, the radiated far field is computed following a dual procedure than the 

one described above. In this case equation (4.7) is used to compute the total magnetic field radiated 

by the printed slots as 

ÏI=-jw L r G~).Msds' 
s iss 

ssEsm 

(5.50) 

where again the contributions of the magnetic scalar potential Gw are neglected. In an exact parallel 

way as before, we can now write above equation as 

ÏI = -jw L PCs) 
s 

ssEsm 

(5.51) 
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with the definition of the following vectors 

þ(s) 
= 

r G~) Ms ds' 
lss 

(5.52) 

Introducing the asymptotic form of the spatial Green's function we write 

þ(s) 
= j ko cos e g~) (kx, ky) 

exp( -j ko r) r exp( +j ko 1" . êr) Ms ds' 
r lss 

(5.53) 

from where the radiation vector for magnetic currents can be defined as 

Vs) = 
r 

exp(+jko1".êr)Msds' 
lss 

(5.54) 

Again, equation (5.54) is evaluated numerically on the triangular domains with the one point rule 
developed in chapter 4. Once it is computed, the total radiated magnetic field is obtained as 

H - k 
eexp(-jkor) 

'" -(s)(k k )L(s) 
B - úJ 0 cos 

L..J 9F x, y B 
r 

s 

Ss ESm 

Hrp = úJ ko cos e 
exp( -j ko r) L g~) (kx, ky) L~) 

r 
s 

Ss ESm 

(5.55) 

To further compute the radiated electric field, we can use the well known relations between electric 

and magnetic fields in the far field region [10] 

EB = +17 Hrp 

Erp = -17 HB (5.56) 

where 17 is the characteristic impedance in free space 

(gQ 
17= V;; 

(5.57) 

we then obtain the radiated far field as 

E = + e~ exp(-jkor) '" -(s)(k k )L(s) B cos 
4 k L..J 9F x, Y rp 

7r 0 r 
s 

ssEsm 

E - 
- e~ exp(-jkor) '" -(s)(k k )L(s) 

rp 
- cos 

4 k L..J 9F x, y B 
7r 0 r 

s 

Ss ESm 

(5.58) 

Finally, for a complex antenna structure containing both printed patches and slots, we compute 
the total radiated electric field by using superposition on equations (5.49,5.58). After some simple 

manipulations we obtain 

E - e 
1 eXP(-jkOr){ 

'" -(s)(k k )N(s) 
B - cos -4 k 

17 
L..J 9A x, y B 

7r 0 r 
s 

Ss ESe 

+ 

..T.- 
ÿ~}(kx>k.)L~}} 
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E = cos ø ~ exp( -j ko r) { ,,-(s)(k k) N(s) 
'" 4 7r k r 

7] ~ gA x, Y '" 0 
S 

Ss ESe 

- ~ 9~)(kx'kY)L~S)} 
ssEsm 

(5.59) 

5.3.3 Polarization and axial ratio 

Once the total far field radiated by the antenna structure is computed, the polarization and axial 
ratio of the radiated wave can be derived using standard techniques. First note that the total radiated 
field computed in the previous section has the following general form 

Ë = Eo êo + Ecp ê", (5.60) 

where in general, the spherical components Eo, E", are complex numbers (phasors) and it is assumed 
that the radial component in the far field region is negligible (Er = 0). If real an imaginary parts 

are separated in equation (5.60), the following expression is obtained for the radiated far field 

Ë = 
Ë(r) + j Ë(i) (5.61) 

where the real and imaginary vectors have been defined as 

Ë(r) = 
Eðr) êo + E~) ê", 

Ë(i) 
- 

E(i) êo + E(i) ê - 0 '" '" 

and Eðr), E~), Eði), E~) 
are the real and imaginary parts of the vector components in equation 

(5.60). Since we are considering time harmonic fields, we can introduce the time dependence of the 
fields as 

(5.62) 

Ë = Ë(r) coswt - 

Ë(i) sinwt (5.63) 

Next, we can compute the time instant 71 where above field is maximum or minimum, namely 

2 Ë(r) . 
Ë(i) 

tan(2 w 7r) = 

IË(i) 12 
- IË(r) 12 (5.64) 

In addition, the time instant where the field is minimum or maximum is simply 

7r 

W72=W7l+2" (5.65) 

If we introduce t = 71 and t = 72 into the expression of the field given in equation (5.63), the 

values Ë1, Ë2 at the major (minor) and minor (major) semi axis of the polarization ellipse are thus 

computed. The axial ratio of the radiated wave is then written as 

- IËll.. I 
- 

I I 
- 

I Ar - 

JË2J' If El > E2 

IË21 
. 1- - 

Ar = IËll; If E21 > JEll (5.66) 
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Figure 5.6: General two ports network with excitation on both ports ready for the de-embedding 

process. 

Finally, note that AT = 1 indicates circular polatization while AT -+ 00 reveals linear polarization 
of the radiated waves. 

5.4 Ports De-embedding 

When the antenna structure contains more than one port, it would be nice to be able to compute 
the radiation characteristics when known established excitations are applied to all the ports at the 

same time. This would be useful for instance in dual polarization antennas with two points of 

excitation. In this case we might be interested in computing the radiation characteristics of the 

structure for different values of the voltages (module and phase) applied to each port. In the case 
of the conformal array antenna, a series feeding network is sometimes used to adjust the phases in 
the different elements of the array. In this case the lower active patch shown in Fig. 1.1 contains two 
excitation feeding points and it will be useful to know the radiation characteristics of the structure 
under different values of the voltages applied to both ports. This process is called ports de-embedding 
and in this section the analysis for a two ports structure will be detailed. At the end of the section 

we will generalize the results obtained for structures with arbitrary number of ports. 
Consider the two ports network shown in Fig. 5.6 characterized by the scattering parameters as 

computed in section 5.2. As seen, two generators Vi(e) 
and V;(e) 

are applied to ports (1) and (2) 
respectively. What we want to do is to compute the radiated far field of the structure under this 

situation. The first thing to do is to apply superposition on the generators and consider first the 

generator V?) exciting the structure when the second generator is short-circuited. Then we reverse 
the process and consider the generator V;(e) exciting the structure when the first generator is short- 

circuited. Let us now suppose that when VICe) is exciting the structure alone, the resulting induced 

current is JS1 and when V;(e) is exciting the structure alone, the resulting induced current is JS2. The 
total current Js that will radiate and therefore will contribute to the radiation characteristics of the 

structure is obtained, applying superposition, as 

....- 
~. 

Js = JS1 + JS2 (5.67) 
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Figure 5.7: Same two ports network as in Fig. 5.6 with the generator at port (2) short-circuited. 

where, if using the expansion for the currents in equation (4.24) we can write 

JS1 = L ail) !k('f') 
k 

- ,,(2) - 

-/ JS2 = ~ak fk(r) 
k 

(5.68) 

and ail) is the unknown coefficients of the expansion when the generator is at port (1), and ai2) 

when the generator is at port (2). Moreover, as seen in the final MoM matrix system formulated 

in equation (5.11), what we obtain from the solution of the MoM system of linear equations is not 

directly the unknown coefficients a{l) and ai2) but rather 

~ (1) a(l) 
^' - 

k 
'""k -- VI 

~(2) 
- 

a~) 
ak -- V2 

(5.69) 

where VI and V2 are the voltages directly applied to both ports and are therefore different from the 

generator voltages V?) and V2(e) 
as shown in Fig. 5.6. Introducing equation (5.69) into the expansions 

(5.68) we easily obtain 

- " (1) - 

-/ JS1 = VI ~ak fk(r) 
k 

- " (2) - 

-/ JS2 = V2 ~ak fk(r) 
k 

(5.70) 

Consequently, the only thing that need to be done is the evaluation of the voltages VI and V2 as a 

function of the generator voltages V1(e), V2(e). To start we consider the generator V1(e) exciting port (1) 
with the second generator short-circuited as shown in Fig. 5.7. In these conditions the computation 
of the voltage VI is extremely simple 

(1) 

VI = 
"V,(e) Zin 

1 
Z + Z(l) 

c ~n 

(5.71) 
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where Zi~) is the input impedance computed in equation (5.12) when the generator is placed at 
port (1). If we repeat the process shown in section 5.2 but placing the generator V;(e) at port (2), we 
obtain an input impedance Zi~) so that 

(2) 
V2 = 

V(e) Zin 
2 

Z + Z~2) 
c ~n 

(5.72) 

Using equations (5.72,5.71,5.70, 5.69) we can finally compute the total current density in (5.67) as 

(1) (2) 
1 - 

V;(e) Zin "ci (1) f- (1") + V(e) Zin " 
ci 

(2) f- (1") s - 1 (1) L.., k k 2 (2) L.., 
k k 

Zc + Zin k Zc + Zin k 

(5.73) 

Note now that expression (5.73) can be easily generalized for the case of an antenna containing an 
arbitrary number of ports n. In this case se write 

[ n Z(r) ] ls = L L v;.(e) in 
(r) 

âr) lk(1") 
k r=l Zc + Zin 

(5.74) 

where as we have seen, 
y;.(e) is the voltage of the generator connected to the r-th port, Zi~) is 

the input impedance obtained following the procedure described in section 5.2 when the generator 
is placed at the r-th port and ãk(r) are the MoM system vector of solutions shown in equation 
(5.11). Finally, the radiation characteristics computations considering the de-embedding of the ports 

are obtained by following the procedure described in section 5.3.2 applied to the current density 

computed in equation (5.74). 

.,. 
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Chapter 6 

Results 

6.1 Introduction 

Using the integral equation technique described in this document, a software tool has been developed 

for the analysis of the conformal array elementary radiator whose basic structure is shown in Fig. 1.1 

and 1.2. In this chapter we present some results obtained with the developed software and we compare 
them with measurements obtained on real manufactured hardware. The conformal array elementary 

radiator is investigated both with and without the cylindrical cavity walls and measurements in both 

configurations are presented. For the non-cavity case, comparisons and validation test cases are also 

included using the HP-MOMENTUM commercial software package. 

6.2 Laterally Open Case 

The first structure to be investigated is the conformal array elementary radiator considering only the 

lower active patch in the two ports version (see Fig. 1.2), and printed on a microstrip substrate with 
theoretically infinite transverse dimensions. Two experimental bread-boards have been prepared 

under this configuration. The first one printed on a low dielectric constant and relatively thick 

substrate (RTjDuroid 5870; Er = 2.33, h = 1.57mm) and the second one printed on a high dielectric 

constant and relatively thin substrate (RTjDuroid 6010; Er = 10.5, h = 0.635mm). In Fig. 6.1 we 

show the measured and simulated results for the first substrate and in Fig. 6.2 for the second one. 
As we can see from the results, there are some differences between measured and simulated behavior 

specially as frequency increases, where some measured resonances are not predicted by the software 

tool. In order to try to isolate the causes of these differences, a parametric study, both numerically 

and geometrically, was launched. The results of the study determined that the differences are due 

to the strong variations of the currents induced around the ridges of the patch. In fact, to properly 
model these currents, a finer mesh density is required in the neighboring areas around the ridges. 

After introducing the mesh ridge refinement technique described in section 4.6, new simulated results 

were obtained and they are shown in Fig. 6.3 and 6.4. As seen, measured and simulated results are 
now in good agreement even in the high frequency region, and all measured resonances are correctly 
predicted in the simulations. Using the mesh selective refinement technique, we are able to obtain 
accurate results without increasing largerly the total number of cells (and therefore of unknowns) in 

95 



00 

~~ 
!"i' . 

H 
50.0 mm 

. . 

. . 

2.0 "" 
1.C OM, 

"'" ",' 
10.: ""A 1.0 "" 'n, ".0 "'" 10.0 "". 1.0 "" me ".0 "',' 

=;! 

~~ 
U 
;; 

,e.o OK:A 1.0 "', FUQ lO.e "'" 10.' "'" 1.' "', In, 10.' "':B 

::JI29 mm 
-- 00 

n-------- 

. . 

. . 

Lower live patCh 
1.0 OK: 
1.0 "" 

"EQ 

",' 

c- t,,=2.33 ~ I h,= 1.S7mm 
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the problem. The software takes only 6 seconds per frequency point to analyze the whole structure 
on an HP712/80 work-station. 

Ush the HP-MOMEMTUM commercial package, the software developed has also been validated if 
the lower active patch is considered with only one port. In Fig. 6.5 we present the results obtained 

for a typical case with both softwares, showing an excellent agreement. Finally, we also used 
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Figure 6.5: Comparison between results obtained with our software and with HP-MOMENTUM for the 

elementary radiator in the one port configuration as shown in the figure. HP-MOMEMTUM results are 

indicated with thick line. 

HP-MOMENTUM to validate the software when the upper passive patch is placed inside the antenna. In 
this analysis the upper passive patch is considered as an aperture opened on the top ground plane as 

shown in Fig. 1.2. Fig. 6.6 presents the results obtained with both softwares exhibiting again good 

concordance. In this case the software took 25 seconds per frequency point to analyze the whole 

structure in the same HP712/80 work-station. 

-- ,",' 

6.3 Cavity Backed Case 

The software developed has also been validated when the conformal array elementary radiator is 

backed in its final metallic cylindrical cavity. It is interesting to note that in this case the Green's 

functions of the cylindrical cavity have been approximated by the Green's functions of an equivalent 

rectangular cavity, and it is important to establish the level of accuracy that can be attained when 

such approximation is introduced in the analysis. 

In Fig. 6.7 we show the measured and simulated results when the lower active patch is backed 
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by the metallic cavity and radiation is produced through a circular aperture opened on top of the 

cavity. In the same graphics we also show the results obtained for this structure when the lateral 
cylindrical metallic walls are removed. As we can see from the results, the correction introduced 
by considering the Green's functions of an equivalent rectangular cavity represents a considerably 

improvement with respect the results obtained in the laterally opened case. In Fig. 6.8 we present 
the results when the structure is influenced with the upper passive patch. In this case, the upper 
passive patch is placed on top of the structure and it is therefore modeled as an aperture opened at 
the cavity. As we can see, the simulated results follow correctly the measured influence of the upper 
passive patch in the whole structure. Again, the cavity backed results are considerably better than 
the results obtained when the structure is considered laterally opened. 

The last interesting result that we present in this chapter is to see what happens when the upper 
passive patch is printed on the other side of the substrate and it is therefore placed outside the cavity 
(see Fig. 1.2). In this case, radiation is produced through a circular aperture opened on top of the 

cavity and coupled to the upper passive patch placed outside. Since the substrates used to print the 
patches are relatively thin, essentially the same measured results as before are obtained in this case. 
As regard the simulated results, this represents a very different situation from the numerical point of 
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Figure 6.7: Measured versus simulated results for the cavity backed structure shown. Results obtained 

with the laterally opened model are also included. Measured results correspond to thick line. 

view. In fact now, the global MoM matrix is considerably greater than before and new interactions 

from the circular aperture and the upper patch need to be evaluated. In spite of this, the results 

presented in Fig. 6.9 indicates that the analysis is also accurate and that it predicts small changes 

in the final electrical performance of the structure as also shown by the measured results. To give 

an idea of the computational time for cavity backed structures, the software spends an initial 10 

minutes to perform all the frequency independent calculations plus 2 minutes per each additional 

frequency point for the analysis of the structure in Fig. 6.9. It should be pointed out however, that 
the computational time is strongly dependent on the total number of cells (mesh density) used to 

discretize the patches geometries. The data given in this section is to be applied to structures which 
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have been optimized to give enough accurate results with a minimum of mesh density. 
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6.4 Alcatel Antenna Test 

In this section we are going to further exploit the computational capabilities of the developed software. 

For this purpose, the goal is to find the theoretical electrical characteristics of the conformal array 
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elementary radiator slightly modified as shown in Fig. 6.10. As seen, the antenna structure to be 

analyzed is essentially composed of the two basic elementary radiator patches but now, the ridges 

have been removed from the structure and in addition, the upper passive patch is rotated with respect 
the feeding axis of the lower active patch. For the analysis of this structure, new meshing sùbroutines 

were incorporated to both allow a rotational angle of the upper passive patch with respect the lower 

active patch axis and to allow the generation of the meshes for the patches without ridges. In order to 

perform a detailed investigation on the structure, first the modified elementary radiator was studied 

when the upper passive patch is placed at the cavity's top aperture (structure shown in Fig. 6.lOa). 
Using this configuration the structure was investigated with and without cavity walls so that the 

influence of the lateral metallic walls could be evaluated. Finally, the upper passive patch is placed 

out of the cavity printed on the top side of the substrate (structure shown in Fig. 6.10b). This last 

structure has been investigated backed by the cavity in order to establish the differences due to a 

change in the position of the upper passive patch with respect the cavity's top aperture. 

The meshes used in the analysis of the first configuration, for both the lower active patch and 

upper radiating aperture are shown in Fig. 6.11 and 6.12. In Fig. 6.13 we present the input impedance 

in Smith chart when no lateral walls are considered. Moreover, Fig. 6.14 shows the module and phase 

of the input reflection coefficient of the antenna for the same case. The electrical characterization 
of the structure is now completed by giving some data concerning the radiation properties of the 

antenna, including polarization and pattern features. In Fig. 6.15 the axial ratio of the antenna in 

the broadside direction as a function of the frequency is presented. Finally, Fig. 6.16, 6.17 and 6.18 
give the E and H plane radiation patterns of the antenna at three different frequencies, namely 7 

GHz, 7.5 GHz and 8 GHz. As it can be noticed, in the graphics the two components Eo and E<p of 

the radiated far-field are plotted in each principal plane. 

For comparison purposes we now give the same results as before but when the lateral cavity 

walls are included in the analysis. Fig. 6.19 shows the input impedance of the antenna in Smith 

chart for the cavity backed case and in Fig. 6.20 we present the module and phase of the input 
reflection coefficient. As it can be seen from the results, all the basic resonances appearing in the 

laterally opened case (Fig. 6.14) are also present in the cavity backed model. The only remarkable 

difference is in the coupling coefficients between the resonances. This clearly indicates that the main 
influence of the lateral cavity walls is the modification of the amount of coupling going to the basic 

resonances. Fig. 6.21 shows the axial ratio of the antenna when lateral cavity walls are included in 

the analysis. As seen, the first peak around 7 GHz shown in Fig. 6.15 is now more abrupt. On the 

contrary, the second peak has not been essentially modified and it is still placed around 8.5 GHz 

as shown in both Fig. 6.15 and 6.21. Finally, we present in Fig. 6.22, 6.23 and 6.24 the E and H 

plane radiation patterns of the structure (both field components) at the frequencies 7 GHz, 7.5 GHz 

and 8 GHz respectively. The radiated far-field in the cavity backed model is essentially the same as 
in the laterally opened case. The only significant difference is in the level of the cross polarization 

components in each principal plane. 

As the last study, we wanted to see the effects in the electrical performances of the antenna when 
the upper patch is placed outside the cavity and it is therefore printed on the top side of the substrate. 
The mesh of the upper passive patch used in this computation is shown in Fig. 6.25. In Fig. 6.26 we 
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show the input impedance in Smith chart for the cavity backed case and in Fig. 6.27 the module and 
phase of the input reflection coefficient. Moreover, the axial ratio in the broadside direction versus 

frequency is shown in Fig. 6.28. Finally, the E and H plane radiation patterns for the same frequencies 

as before are presented in Fig. 6.29, 6.30 and 6.31. Comparing the results in Fig. 6.19-i6.24 with 
the results in Fig. 6.26-6.31 we readily notice that the electrical characteristics of the antenna have 

not been essentially modified by printing the upper patch on the top side of the substrate. This is 

mainly because the substrate is very thin to substantially change the electromagnetic behavior of the 

structure. From the computational point of view, however, it is far more efficient the analysis of the 

first configuration because in this case, the relevant unknowns of the problem are placed at only two 

interfaces (lower patch, radiating aperture) and not at three interfaces as it is the case in the last 

example treated (lower patch, radiating aperture, upper patch). 

6.5 Conclusions 

In this document we have presented all the techniques developed under the ESAjESTEC contract 

No. 11698j95jNLjSB for the analysis of the conformal array elementary radiator. First, the Green's 

functions for layered media of infinite transverse dimensions have been developed. In order to account 

for the presence of the lateral cylindrical cavity walls, the Green's functions derived have been used 

with the spatial images technique. Several spatial images arrangements have been discussed and the 

limitations and problems encountered have been outlined. Due to the slow convergence behavior of 

the series involved for certain layered geometries, a reliable implementation of this technique was 

found to be very arduous. An alternative formulation based on the rigorous cavity backed Green's 

functions have been derived and the complete rigorous formulation for a cylindrical cavity has been 

presented. The analytical complexity of the resulting modal functions in the cylindrical cavity case, 

furnished the introduction of an equivalent rectangular cavity behaving as close as possible to the 

real cylindrical cavity. The simplification in the modal expansions used, allows further analytical 

treatment which leads to efficient techniques for the analysis of the structures under study. 

Once the Green's functions are derived, they are used inside an integral equation formulation 

which has been developed for the analysis of a general antenna structure composed of an arbitrary 
number of planar printed patches and slots. The integral equation derived is solved with a Galerkin 

Method of Moments algorithm formulated with subsectional basis functions defined on triangular cells 

for the discretization of the geometries involved. The use of triangular cells in the MoM formulation 

was suggested by the rather complex geometrical shapes of the patches used in the conformal array 
elementary radiator and a meshing strategy based on decomposing the whole structure in simpler 

objects has been developed. The whole technique has been validated and simulated results have been 

compared with measurements on real manufactured hardware, for both the laterally opened and for 

the cavity backed cases. The results have shown that the achieved accuracy in all cases is good, 

and that the approximation introduced in the cavity backed case leads to enough accurate results 

for engineering purposes. In addition, data concerning the computational time needed to analyze 
several test cases has been given indicating good computational time performance. Consequently, 
the associated software has shown to be a valuable engineering tool for the analysis and design of 
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this type of antennas. 
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Figure 6.22: Co and Cross polar components of the radiated far-field in the principal E and H planes. 

Frequency of the analysis: fo = 7 GHz. Upper passive patch is placed at the top aperture (Fig 6.lOa). 

Analysis with cavity walls. 
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Figure 6.23: Co and Cross polar components of the radiated far-field in the principal E and H 

planes. Frequency of the analysis: fo = 7.5 GHz. Upper passive patch is placed at the top aperture 
(Fig 6.10a). Analysis with cavity walls. 

0 

-4 

Elevation (00) plane. norid_2p.00y 

-8 

-12 
8 
~ -16 

-20 
Co 

~' 
~, -24 

-28 

-32 

-36 

-40 
-100 -80 -60 -40 -20 0 20 40 60 80 100 

Theta (dcg) 

8 
~ 
Co 
~' 
~ 
~ 

0 

-4 

-8 

-12 

-16 

-20 ! 

Elevation (90) plane. norid_2p.9Oy 

--.--- : E_t -- , 'E-p;"--" 
"""'" . 

- 

./ 

-24 -....!---.---...-...-..--..--..-....-.--...-..-..-.. ---.---....--.....--.....-.-- 

-28 

-32 

. . 
. . 

. 1"-""'-"-'-----'--'---"-"--'-"""'- -"-'--.--"-' ---.\-. 

----"---"-"---"-'-"--"----'-"-'.--------'-'-- 
-36 -------" 

- 

-40 
-100 -SO -60 -40 -20 0 20 40 60 80 100 

Theta (dcg) 

Figure 6.24: Co and Cross polar components of the radiated far-field in the principal E and H planes. 

Frequency of the analysis: fo = 8 GHz. Upper passive patch is placed at the top aperture (Fig 6.10a). 

Analysis with cavity walls. 
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Figure 6.27: Module and phase of the input reflection coefficient for the A1catel antenna test. Upper 

passive patch is placed outside the cavity (Fig 6.lOb). Analysis with lateral cavity walls. 
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Figure 6.29: Co and Cross polar components of the radiated far-field in the principal E and H planes. 

Frequency of the analysis: 10 = 7 GHz. Upper passive patch is placed outside the cavity (Fig 6. lOb ). 

Analysis with lateral cavity walls. 
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Figure 6.30: Co and Cross polar components of the radiated far-field in the principal E and H 

planes. Frequency of the analysis: 10 = 7.5 GHz. Upper passive patch is placed outside the cavity 

(Fig 6.10b). Analysis with lateral cavity walls. 
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Figure 6.31: Co and Cross polar components of the radiated far-field in the principal E and H planes. 

Frequency of the analysis: 10 = 8 GHz. Upper passive patch is placed outside the cavity (Fig 6.10b). 

Analysis with lateral cavity walls. 

116 



Appendix A 

Equivalent Transmission Line 

Networks 

It is well known that the longitudinal dependence of a multilayered printed antenna can be reduced 

to the evaluation of the voltages and currents on equivalent transmission line networks [5], [20]. For 

a general multilayered antenna composed of an arbitrary number of planar printed patches and slots 

as shown in Fig. 4.1, there are three different equivalent transmission line networks which must be 

analyzed, namely the electric network, the lower magnetic network and the upper magnetic network 

(see Figure A.I). In this appendix we show a simple iterative procedure to compute the voltages and 

currents at all interfaces in the three networks of Figure A.I. The method is based on replacing each 

transmission line section of length Ii by an equivalent two ports impedance network (Figure A.2), 
where 

{ Z~i) 
= +j ZCi tan (ßi~) 

Z~i) 
= -j Zc; CSC (ßi Ii) 

{ Z(i) 
- 

Z(i) 
- Z(i) + Z(i) 

n-22-a b 
Z(i) 

- 
Z(i) 

- 

Z(i) 
12 - 21 - b 

ßi is the propagation constant of the i-th transmission line and Zc; its characteristic impedance. 
With this transformation, the analysis in all cases is reduced to simple network theory rather than 

to transmission line theory. 

(A. 1) 

(A.2) 

A.I Electric Network 

For the electric network of Figure A.I we can first compute the input impedance at the first interface 

z = { j ZCpu tan (ßpu hpJ Upper limit is short-circuit 
pu 

ZCpu Upper limit goes to infinity 
(A.3) 

then compute all other input impedances up to the position of the generator. 

Zi-l + j ZCi tan (ßi hd 
0 

Zi=ZCiZ + oZ. t (ßoh-); ~=Pu+I,Pu+2,...,Ps-I 
Ci J t-l an t t 

(AA) 
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Pu . ~ IiPu) 
V1(Pu) 

(Pu) 

Z(Pu) V(Pu) 
I 
t I~Pu) 
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: ~ liPs-I) 
~ IiPu) Pu vg . 

+ 'V,(Pu) 
1 

PS"'." (PU) 

Z(Ps-l) tIts-I) Z(pu) V(Pu) 
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t I~Pu) 

Ps ........ + I(Ps) I 2. ~ liPs) 1 I 
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v,(P.-;) ~! IiP,-,) 
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V(PS) 
1 
t I~PS) 
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Z(Ps-l) ? 
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. 

I 

Z(p/-l) 
2 

. t I~Ps-l) 
Z(p/-l) : 

I I 
I 

' : ~ liP/-I) : ~ liP/-I) , 

"V,(P/-~) " 
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Ps 
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V(P/-l) tIt/-I) 11 
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11 
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a) Electric network b) Lower magnetic network c) Upper magnetic network 

Figure A.I: The three equivalent transmission line networks to which the analysis of any multilayered 

printed antenna is reduced in the spectral domain. 
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li 

.. 

~ 
ßi, ZCi ~ 

~ 

Zài) Zài) 

----1 '7 

----1 

Figure A.2: Equivalent network of a section of transmission line of length li. 

With these impedances it is simple to compute the voltages and currents at the generator terminals, 

namely 
V(Ps-l) - I Zps-l Zps 

2 - 9 
Zps-l +Zps 

TT(PS) 
- TT(Ps-l) 

vI - v2 

I(Ps-l) - I Zps 
2 - 9 

Zps-l +zPs 
I(Ps) 

- I ZPs-l 
1 - 9 ZPs-l+Zps 

118 

(A.5) 



All other voltages and currents above the generator are now easily computed by applying the 

transformation in equations (A.l,A.2) 

(0) V;(i) -Z(i) [(i) I ~ 
- 

2 22 2 
1 - 

Z(i) 

"V,(i) 
- 

Z(i) iti) + Z(i) I(i) 
1 - 

11 1 12 2 

i = Ps - l,ps - 2,... ,Pu + 1 (A.6) 

V2(i-l) 
= + Vl(i) 

I(i-l) - -I(i) 2 - 1 

For the top interface we must check if the first transmission line is extended or not to infinity 

Vl(Pu) = 0 

{ z}~u) I(Pu) 
I(Pu) 

- 

- 

Z(pu) 2 
1 - 11 

0 

Top interface is a short-circuit 

Top interface placed at infinity 

(A.7) 

For the part ofthe network below the generator we can proceed in the same manner. Firts compute 

the input impedance at the last interface 

Z - { j ZCPI-l tan (ßpl-l hpl-l) Lower limit is short-circuit 
PI-l - 

ZCpI-l Lower limit goes to infinity 

then compute all other input impedances up to generator 

(A.8) 

Zi+1 + j ZCi tan (ßi hi) 
. 

Zi=ZCiZ + .Zo t (ßoho); z=PI-2,PI-3,...,ps 
Ci J ~+1 an ~ ~ 

(A.9) 

The voltages and currents in all interfaces below the generator are then computed simply as 

(0) V;(i)-Z(i) [(i) I~ - 
1 11 1 

2 - 

Z(i) 

v;(i) 
- 

Z(i) Hi) 
+ Z(i) ii) 2 - 21 1 22 2 

i = Ps,Ps + 1,... ,PI - 2 (A.lO) 

V1(i+l) 
= + V2(i) 

I(i+l) - -I(i) 1 - 2 

For the bottom interface we must also check if the associated transmission line is extended or not 

to infinity 
V;(PI-l) 

= 0 

{ Z;~I-l) 
(PI-I) 

[(PI-I) - 

- 

Z(PI-l) 
11 Bottom interface is a short-circuit 

2 - 22 

0 Bottom interface placed at infinity 

As seen in Figure A.l, Ps is the interface where the current generator is placed, Pu is the interface 

corresponding to the top (upper) short-circuit, PI is the interface corresponding to the bottom (lower) 

short-circuit and Ig is the strength of the current generator of excitation. 

(A.11) 
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A.2 Lower Magnetic Network 

For the lower magnetic network of Figure A.l we start by computing the input impedance at the last 

interface 

z = { j ZCp/-l tan (ßp/-l hp/-l) Lower limit is short-circuit 
p/-l 

ZCp/-l Lower limit goes to infinity 

As before, the input impedances in all other interfaces simply become 

Zi+1 + j ZCi tan (ßi hd 
. 

Zi = ZCi 
Z +. Z. t (ß. h,); 'L = pz - 2,pz - 3,... ,ps 

e; J z+1 an z z 

(A.12) 

(A.13) 

Now the voltage and current at the generator terminals are written as 

{ TT(PS) 
- TT 

VI - Vg 

I(Ps) 
- ..!:L 

1 - 

zPs 

(A.14) 

Using again the transformation given in (A.l,A.2) we compute the voltages and currents in all other 

interfaces as 
l(i) 

- 

~(i) -z};) I}i) 
2 - 

Z{i) 

V(i) - 

Z(i) Ì(i) + Z(i) l(i) 
2 - 21 1 22 2 

i = Ps,Ps + 1,... ,pz - 2 (A.15) 

Vli+1) 
= + V2(i) 

I(i+1) - 

l(i) 
1 - 

- 

2 

For the last interface we check if the associated transmission line is extended or not up to infinity 

V2(P/-l) 
= 0 

{ Z;~/-l) 
(p/-l) 

l(P/-l) - 

- 

Z{P/-l) II 
2 - 22 

0 

Bottom interface is a short-circuit (A.16) 

Bottom interface placed at infinity 

As before, Ps is the interface where the voltage generator is placed, pz the order of the bottom 

(lower) interface and vg the strength of the voltage generator of excitation. 

A.3 Upper Magnetic Network 
- 

./ 

For the upper magnetic network of Figure A.l we start by computing the input impedance at the 

first interface 

{ j Zr- tan (ßp" hpJ Upper limit is short-circuit Z - -"" 
p" 

- 

ZCp" Upper limit goes to infinity 

The input impedances in all other interfaces can be written as 

Zi-l + j Ze; tan (ßi hi) 
. 

Zi=Ze;Z + 'z. t (ß'h'); 'L=p"lJ,+I,p"lJ,+2,...,Ps-l 
e; J z-1 an z z 

(A.17) 

(A.18) 

The voltage and currents at the generator terminals now become 

{ V2(Ps-l) 
= Vg 

l(Ps-l) - 
~ 

2 - 

Zps-l 

(A.19) 
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Finally, the voltages and currents at all other interfaces are written as 

(i) \1.(i) -Z(i) I(i) I - 
2 22 2 

1 - 

Z(i) 
V;(i) 

- 

Z(i) lCi) 
+ z(i) l(i) 

1 - 

11 1 12 2 

i = Ps - 1,ps - 2,... ,Pu + 1 (A.20) 

~(i-1) 
= +V1(i) 

I(i-1) - -I(i) 2 - 1 

For the first interface we check if the associated transmission line is extended or not up to infinity 

V1(Pu) = 0 

{ z~~u) l(Pu) 
I(Pu) 

- 

- 

Z(J'u) 2 
1 - 11 

0 

Top interface is a short-circuit 

Top interface placed at infinity 

(A.21) 

and again, Ps is the interface position of the voltage generator, Pu the order of the top (upper) 

interface and Vg the strength of the voltage generator of excitation. 

'- 
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Appendix B 

Analytical Primitives 

In this appendix we give the analytical expressions for the primitives needed in the evaluation of the 

overlapping integrals between the modal functions of the cavity box and the triangular cells used in 

the discretization of the antenna geometry. These primitives complete the analytical treatment for 

the integral equation formulation of cavity backed antennas given in chapter 4, section 4.4.2. 

Ïex (ae, be, de) I~ = 
lU 

X cos [ae (be X + de)] dx = 

u 
sin [ae (be U + de)] 

-Z 
sin [ae (be Z + de)] 

+ 
cos [ae (be U + de)] 

- 

cos [ae (be Z + de)] 
(B.1) 

ae be ae be (ae be)2 (ae be)2 

Two singular cases must be treated in equation (B.1), namely 

- Iu u2 - 
Z2 

lex (0, be, de) 
I 

= 

2 

- \u u2 
- 

Z2 

lex (ae, 0, de) 
I 

= cos( ae de) 
2 

Next compute the integral 

1- ( b d) Iu -lu . [ (b d )] d - 

cos [as (bs u + ds)] cos [as (bs Z + ds)] 
s as, s, s - SIn as s X + s X - 

b 
+ 

b I I as s as s 

Two singular cases must be treated in equation (B.3), namely 

Ïs (O,bs,ds)l~ = 0 

Ïs (as, 0, ds) I~ = sin(as ds)(u -1) 

Next compute 
- \u {U 2 . 

Isx2 (as, bs, ds) 
I 

= 

11 
X sm [as (bs X + ds)] dx = 

u2 cos [as (bs u + ds)] Z2 cos [as (bs Z + ds)] 2 u sin [as (bs u + ds)] 2Z sin [as (bs Z + ds)] 
- + + - 

asbs asbs (asbs)2 (asbs)2 

2 cos [as (bs u + ds)) 2 cos [as (bs Z + ds)) 
+ 

(as bs)3 
- 

(as bs)3 

The two singular situations in (B.5) lead to 

Ïsx2 (O,bs,ds)l~ = 0 

- Iu. 
u3 

- 
Z3 

Isx2 (as, 0, ds) = sm(as ds) 
I 3 
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(B.3) 

- 

.J' 

(B.4) 

(B.5) 

(B.6) 



Finally we also need to compute the following integral 

lsex2 (as,bs,ds,ae,be,de)l~ = 
lu x2 sin [as (bsx+ds)] cos[ae(bex+de)] dx (B.7) 

If we integrate this expression by parts, the remaining integrals can be either evaluated directly or 

expressed as combination of integrals of the type shown in equation (B. 1). After some straightforward 

manipulations we obtain 

lsex2 (as, bs, ds, ae, be, de) I~ = 

u2 cos [ãC-) u + bC-)] Z2 cos [ãC-) [+ bC-)] u2 cos [ãC+) u + bc+)] [2 cos [ãC+) [+ bc+)] 
- 

2ãC-) 
+ 

2ãC-) 
- 

2ãC+) 
+ 

2ãC+) 

+~ lex (l,ãC-),bC-))IU + ~ lex (l,ãC+),bC+))IU 
aC-) I ac+) I 

where the following constants have been defined 

(B.8) 

ãC-) = as bs - aebe 

ãC+) = as bs + aebe 

bC -) 
= ds as - ae de 

bC +) = ds as + ae de 

There are now certain singular situations to be treated in equation (B.8). 

we can directly write 

(B.9) 

For the simplest cases 

lsex2 (0, bs, ds, ae, be, de) r = 0 

lsex2 (as,bs,ds,O,be,de)l~ = lsx2 (l,ãC-),bC-))I~ 
- Iu u3 

- 
[3 

Isex2 (as, 0, ds, ae, 0, de) 
I 

= sin(as ds) cos(ae de) 
2 

(B.1O) 

where lsx2 is defined in equation (B.5). Next, for the more complex singular situation: ãC-) = 0, 

ãC+) -# 0, we find 

\ 

- \u 
Iscx2 (as, bs, ds, ae, be, de) 

I 
= 

u3 sin [bC -) ] Z3 sin [bC -)] U2 cos [ãC +) u + bC +)] [2 cos [ãC +) [ + bC +) ] 
+- - - + 

6 6 2ãC+) 2ãC+) 
1 - ( -) Iu 

+-.=--- lex 1, ãC+)' bC+) 
I aC+) 

ãC-_) = 0; ãC+) -# 0 (B.ll) 

Finally, for the dual singular case: ãC+) = 0, ãC-) -# 0, we simply write 

- Iu 
Isex2 (as, bs, ds, ae, be, de) 

I 
= 

'u3 sin [bC+)] Z3 sin [bC+)] 
+ 

6 
- 

6 

1 - ( -) \u 
+~ lex l,ãC-),bC-) 

aC-) I 

ãC+) = 0; ãC-) -# 0 

U2 cos [ãC-) u + bc-)] [2 cos [ãC-) [ + bC-)] 
- 

2ãC-) 
+ 

2ãC-) 

(B.12) 
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thus completing all the operations needed for the evaluation of the overlapping integrals in the 

cavity backed situation. 

...... 
.>' 
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1. Introduction 

According to the specifications presented in Chapter 4 ~2, the purpose of this document is to 

propose a detailed electrical diagram of the active sub-assembly, a technology for each device 

and an evaluation of mass, volume and power consumption. 

2. Overall architecture 

Because the more stringent specification is DC power consumption, the first idea is to divide 

the required gain between MMIC module and a supplementary pre-amplifier, localised at the 

beginning of the RF chain, just behind the QPSK modulators. 

In this configuration, decreasing the gain of each MMIC module, we can reduce its power 
DC consumption. Then, the overall power DC consumption, including the consumption of 
one MMIC module multiplied by 24 but only the one of a pre-amplifier multiplied by 3, 
should be minimized. 

1/24 

ACTIVE SUB-ASSEMBLY 

RF INPUrS 

Chonnel 

filters 
1/24 

1/24 

dividers 

figure! : Electrical diagram of the active sub-assembly in its context 

On this first figure, the active sub-assembly appears consequently divided into two entities. 

The first one is a pre-amplifier containing three amplifiers working respectively at the 

frequencies of the three channels: 8.1, 8.2, 8.3GHz. The second one called "MMIC module" 

contains three phase shifters driven by an ASIC (located into the module), one combiner 3 to 
1 delivering a three tone signal from the three channels, one high-linearity amplifier providing 
the specified linearity and a 20dB coupler delivering a calibration signal. 
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3. Ampljfier Chain performances 

3.1. Precision about active sub-assemblv specifications: linearity consideration 

Our goal is to express C/I3 specification with three-tone RF signal in terms of C/I3 

specification with two-tone excitation, which is commonly used in RF design. 

0 In three-tone mode, third-order products at (~+fj-fJ are 6dB above their 

counterparts at (2~:!:fj) 

This result can be deduced from a simple computation using a power series model 

of the non-linearity. 
Io=80+alV+a2V2+a3V3+... if V=VI+V2+V3 
Development of (Vl+V2+V3)3, where Vb V2, V3 are waves at same power level, 
gives terms 3Vi2Vj (like with two-tone excitation) and 6VSjVk, corresponding 
respectively at frequency (2~:!:fj) and (~+fj-fJ, where i,j,k are any value between 1 

and 3. The 6/3 waves level ratio squared gives power level ratio between 1M 

products at (2~:!:fj) and (~+fj-fJ 

If P2=IMP3 power spectral density at (2~:!:fj) 

P3=IMP3 power spectral density at (~+fj-fJ 
Ip3=4P21 

0 For the given frequency plan f1=8.1, f2=8.2, f3=8.3GHz, the spectral occupancy of 
three-tone third-order intermod products spurring in DSN band, is presented in 

figure 2: 

All IMP going within OSN band 

./ 
- 

'-- 
f2+f3-f1 

6dB 11 (p3) 

2f3-f2 

I 
(p2) 

2f3-f1 
(p2~ 

~ 
8.1 
f1 

~ 
8.2 
f2 

~ 
8.3 
f3 

, I 

8.4 8.5 
OSN band 

I 

8.6 

figure2: Spurious in DSN band 
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0 Assuming that IMP power spectral density is constant in its band, we can compute 
equivalent power spectral density in DSN band: 

2f3-f2: P2/3 

2f3-f1: P2/6 
f2+f3-f1: pi3= 4P2/3 

Total IMP3 power in DSN band = Ilp2/6 

Thus, from this approached computation, we conclude that: 
L: three-tone IMP3 == one two-tone IMP3 + 3dB 

::::> 

I CII3 two-tone=CII3three-tone + 3dB I 

Required CII3 with two-tone excitation: 
3ldB (28+3) 

::::> 

3.2 A strategy to design 

For the amplifier, the most realistic technological choice, with a launching scheduled 

after year 2000, is to use transistor with high electronic mobility, like PHEMT acronym 
ofPseudomorphic High Electronic Mobility Transistor. 

This type of structure, based on the properties of two-dimensional electronic moving, 
provides two main improvements: 

- a higher gain per stage (~12dB) provided by the increase of the maximum 
oscillation 

frequency, 
- a higher Power added efficiency (P AE) at 1 dB compression in part for the same 

reason and also because of the intrinsic efficiency improvement. 
With a necessary active gain roughly estimated greater than 48dB (according to Sub- 

assemblies specifications Chapter 4 ~2), the more secure structure is: five stages + 

variable attenuator for tuning precisely the overall required gain (common commercial 
value, largely compliant for our application, is 20dB). 

In introduction to the optimisation problem of the sharing-out stages among MMIC 
Modules and pre-amplifier to perform the lowest DC consumption, we clarify two 
points of strategy: 

- First, we make work the pre-amplifier near to IdB compression point (namely with 
a small backoff guaranteeing the output power required and minimising unsuitable 
eftècts like widening of channel spectrum), 

- Secondly, the amplifier in the MMIC Module must be designed with the convenient 
backoff to perform the required linearity. 
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3.3 Optimisation sharing out stages among MMIC vre-amplifier and MMIC Module 

Because four stages will probably be sufficient to perfonn the necessary gain, taking 
into account technological improvements in next years, and because the possible fifth 
stage is a low-level amplifier consuming less than 100m W, to optimise sharing out 
stages among pre-amplifier and MMIC Module, we need to compute three cases: 
1-/-3 meaning one stage in the pre-amplifier and three stages in the MMIC Module and 
with the same notations: 2-/-2 and 3-/-1. 

Three constraints have been taken in account: 
- a backoff of 1.5dB from 1 dB compression point for the pre-amplifier output power, 
- required linearity for the MMIC Module, 
- required pre-amplifier output power with losses and gain worst case (temperature 

drift + flatness). 

We obtain, with computation extrapolated from measurement data from other studies, 
the following figure: 

I Power supply ::u=~~~t:a~=I~ CII3=31dB 

(equIValent for 2 earners) 

90 

80 76W 

70 

~ 60 
a. 
a. 
::J 50 
tn 
.. ; 40 
0 

Q. 30 
29W 30.6W 

20 

10 

0 

1-1-3 2-1-2 3-1-1 

Number of stages pre-amplifierlNMC MODULE 

Those results show very close consumption values between 1-/-3 and 2-/-2 
distribution. Then, two others criteria have been retained to involve the fmal choice: 2-/- 
2, which perfonns: 

- better temperature stability avoiding temperature compensation (if difference 5OC 

maximum between modules) 
- better sharing out gain between pre-amplifier and modules minimizing dispersion 

effects. 
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3.4. Minimum gain and pre-amvlifier output vower to ver.form 

We can now precisely compute the minimmn gain to perform the required output 
power. 

REQUIRED GAIN (see in "Chapter4 Sub-Assemblies 
specifications" g2, specification 2.c 

Maximal insertion losses through phase shifters: 

Insertion losses through combiner 3/1: 

Overall provision for flatness and temperature drift: 

( Minimal gain to perform: 

35.5 dB 

9 dB 

5.2 dB 
1 dB 

50.7 dB ) 
The overall provision for flatness and temperature drift is computed in the worst case 

at 45OC with 12dB minimal gain guaranteed at ambient temperature for each module 
with a 0.04dB/oC slope on 20oC range, we obtain 0.8dB + 0.2dB maximal ripple in each 
50MHz channel. 

Insertion losses through combiners have been computed assuming a theoretical loss 
10Log3 plus 0.4dB for ohmic losses. 

Secondly, we compute the minimal output power pre-amplifier to perform the required 

MMIC Module output power for each channel in the worst case: 
Ò worst case losses for various components 
Ò minimal gain 

REQUIRED OUTPUT POWER PER CHANNEL: 
MMIC amplifier nominal gain (at 25OC): 

Maximal insertion losses through phase shifters : 

Insertion losses through combiner 3/1 : 

Overall provision for flatness and temperature drift : 

Dividers and cables overall insertion loss: 
Channel filter loss: 

19 dBm 
- 24 dB 

+9 dB 
+ 5.2 dB 
+ 1 dB 

+15.8 dB 
+ 0.7 dB 

Minimal pre-amplifier output power to perform : 26.7 dBm 

(all supplementary data referring to "Chapter 4 Sub-Assemblies specifications" g 2 

specification 2.c) 

3.5. Detailed electrical diagram Q.f the active sub-assemblv 

According to the previous data, we can precisely detail the structure of each module 
and check all intermediate power levels at each input and output device. 
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Pour*=26.7dBm 

MMIC PRE-AMPLIFIER 

* All worst case values at 45OC 

4 

'[)! ;" 

'""' 

Power Supply and Control Unit 

mers: 
8.1 .8.28;3 

Now, we can indicate all the expected parameters for the different devices. 

em perature 

2 stages 
4 

respectively centered at 
8.1 8.2 8.3 GHz 

<< .1 p-p 

[8.075 ; 8.325] GHz 

<< .1p-p Within each 
5OMHz channel 

max. single tone 

2. 
Three-tone delivered 

>20 31.6 

32.6 34.8 
(not critical) 

<<1 <<1 

> > 

1. 5 1.1 

NA 

<0.06 
(not critical) 

<0.04 
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5. Combiner expected--llUformances 

arameters values 

requencyrange 8 - 8.4 Hz 

5.2d 

<< 

> 

ay time.vanation << 1 ns 

ower consumption passive Circuit 

emperaturerange 0 [-5;45 ] 

e no ogy Mlcrostrip 

6. Phase shiners expected--llUformances 

vaues 

<. 
< .1d p-p 

< 

<<1 ns 

ns 

MESFET O.5Jlm 
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L....Coupler expected--llWormances 

Parameters 

Frequency range 8 - 8.4 Hz 

omlnal coupling Od 

Irectivity 17 d 

< .1 

>1 d 

ower consumption NA (passive CIrcuit) 

emperature-rangeo the-baseplate [-5:45 

no ogy Mlcrostrip 

&..OveraU expected--llWormances 

Board 1/2 

mers: 
8.1 8.2 8.3 2 stages 

amplifiers+phase 
shifters+combiner+ 

ASIC 

0 e active 
sub-assembly 

-expected values 
Compliance 

aln atness p-p 

A over 0 With 
5.6250 resolution 

(6 bits) 

< < 

+/- . +/-0. 

< .4d <. 

NA 0.4 p-p .4 p-p 

0.3 dB 0.3d 
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Board 2/2 

amers: 
8.18.2 8:3 

MM U 

2. stages 
amplifiers+phase 

shifters+combiner+ 
ASIC 

Whole active 
sub.assembly 

expected values 

ompliance 

ominaloutput power with 
worst case losSes 

26.7 dBm 
max.single tone 

23.7 dBm 
Three tone delivered 

23.7 dBm 
Three tones 

delivered 

OK 

>20 dB 31.6 dB 31.6 dB OK 

< ns < ns < ns 

> > 

ower consumption at 
nominal outpùt power 

1.25 1.1 <3 .6 
(ASIC induded) 

ower consumption 
without'RF 

o. o. 5 

0 0 1. 0 

<. (not aitical) 

emperatureTange 

r I 

each quadn-m u e 
va ues 

lZe mm 

elg t < 4 9 

connectors 

n ogy 

A preliminary interface control drawing is given in the following figure, according to 
integration possibilities of the multilayer structure: 
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ACTIVE MODULE PACKAGE (FOUR ACTIVE MODULE TO BE MUL TIPL Y BY 6) 
(all dimensions given in mm) With connector CANNON 25P 

_9.5. 

.... 

msl:-:...-..--m m..- 

144 
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------.-------.....----...---.-----..-...-------....--..- 
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@] 

@] 
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@J 

@] 

@] 

@] 
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@] 

@] 

@] 

@] 

@] 

_1/ 

11.1~_J::-:_-:_---_._-----------_.__._.._--_.._-- 0 ooo~o"oooooooooooooooooooooooooooo~ 0 
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I INTRODUCTION 

The preliminary trade-off (WP 1200) had led to the choice of a semi-active confonnal array. 
The antenna is composed of 24 folded subarrays of 6 elementary radiators. 

We have theoretically demonstrated that this antenna is able to comply with all the ESA 
specifications. 

The objectives of this work package (WP 2200) consist in: 
- manufacturing a single subarray 
(choice of the elementary radiator, the suited repartitor...) 
- proving that the radiated characteristics of the sub array permits to comply with the 
specifications of the whole antenna (EIRP, axial ratio, return loss, bandwidth, mass...) 
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II THEORETICALPERFORMANCESOFTHESUBARRAY 

ll-1 OUTPUTS OF PRELIMINARY TRADE-OFF 

The profile of the subarray is the output of WP 1200: the subarray is constituted by 5 

elementary radiators tilted fÌ"om 250 to the revolution axis of the antenna and one radiator (the 
closest to nadir) tilted fÌ"om 350 (fig. II-I-I). 

Upper rtUIùIS . 

.......~~!?~~!..~~ ̂
 

, Height 

i (0-=146. 72111111) 

. . ~ 
!35 <.."~.....:tio' 
. . 

Lower ,iuIbu 
(lbt=98.4.1II1II) 

. 

z axis 
(toward earth) 

Fig. //-1-1: Profile o/the subarray 

The spacing between the elementary radiators is equal to 0.751.. (27.42 mm). 

'* the elementary radiator 

The elementary radiator is a double stacked patch in cavity (figure II-I-2). It has been 
developed during a previous study in the same bandwidth (8-8.4 GHz). This geometry is 

particularly interesting because coupling is highly reduced and mass minimized. Moreover, it 

provides good circular polarisation with only single port feeding. The electrical characteristics 

are summarised in the above figures (11-1-3 to ll-I-5). For the theoretical results, the diagram 
will be fitted by a cosine function, without cross polarisation, as shown in figure II-I-3. 

. 

1:7 . 

6:1 
JWðDZØj ~ 

~~~ 
Fig. II-I-2: Elementary radiator geometry 
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* the optimised excitations 

The optimised excitations were the following: 

ER number a; A;{in dB) t/J;(in degrees) 
1 35 -0.27 dB -1160 
2 25 -0.23 dB -800 
3 25 -0.13 dB 00 

4 25 OdB -250 
5 25 -0.27 dB 320 

6 25 -0.23 dB -100 

The profile has been optimised with the condition a. 1 ~ a. 2 ~ a. 3 ~ a. 4 ~ a. 5 ~ <X6 in order to 
reduce the electromagnetic coupling between elementary radiators. The amplitude excitations 

are quasi equal. It seems to be a little bit too restrictive but it can be explained by the 

constraints in a bandwidth of 5%. 

In fact, all the line lengths for feeding the elementary radiators must be more or less equivalent. 
For example, let's take two accesses with 5 mm differences: if we suppose that the phase 

excitations at 8.2 GHz are respectively cþl and CÞ2, a relative difference of 490 will be obtained in 

reason of the access line differences at 8.1 GHz. That's why, great attention must be observed 

in the design of the repartitor. 

The radiated pattern of the theoretical subarray is given in figure TI-1-8. The shape of the 
sub array is not exactly included in the mask. In order to understand the reason, it is necessary 
to draw (see figure TI-1-6) what we can called the "transfer function" of the conical array (i.e. 

the difference between the directivity of the whole antenna and the directivity of a single 

subarray). 
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Fig. II-1-6: Transfer function of a conical array of 24 subarrays 
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The atiaIysis of figure TI-I-6 shows that a conformal array could not be treated like a planar 
array; it means that azimuth and elevation are not separable. 

In fact, we can distinguish three parts in the figure: 

- the nadir, which is a particular case in a semi-active conical antenna: we have 
demonstrated in annexe 2 of WPI200 report that the level obtained by the whole antenna is 

equal to the sum of the level of a single subarray and 10 log (NB) where NB is the number of 
Butler matrixes in the whole antenna. The EIRP specification ofESA at nadir is 7.8 dB min 
and 9.8 dB max (if we assume 1 dB loss in the subarray). The minimum level of a single 

subarray at the nadir is equal to 7.8 - 10 log 8=-1.23 dB. 
- low elevation (until 25 0): it can be observed that the transfer function is higher than 

10 log 8. It is normal because for low elevation energy could be distributed on more than eight 

subarrays. 

-high elevation (after 250 until 62.30): higher the elevation is, lower the transfer level 

will be. So for the specification of a minimum directivity of 21 dBi for maximal elevation (I dB 
loss included in the specification), the level ofa single subarray must be 21 - 10 log 8 +2 # 14 

dBi. 

In order to understand what happened as soon as the elevation vary, the power obtained at the 
output of the Butlers (for an input of 1 on each input) is proposed above (fig. TI-I-7): 
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Fig. II-I-7: Output level of the subarray injunction of elevation 
( input power of I on each input) 
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Fig. //-1-8: Theoretical radÏated pattern of a single subarray 

D-2 SIMULATED RESULTS WITH ACADEMY 

The sUnulation of an equi-amplitude parallel repartitor with ACADEMY is not an easy work. 
The constraints of small size and equal line lengths leads to some discontinuities not easy to 

simulate with a "circuit software" (cross, tees, bend, meander...). The minimum line length will 
be the one of the far est radiator which is a drawback in terms of ohmic losses. No 
electromagnetic coupling is taken into account in the analysis which could be insufficient with 

such complex repartitor. 

* the printed circuit 

The geometry of the printed circuits is proposed in figure 11-2-1. Quasi equa1length are 

obtained for the 6 radiators; that's why extra lines are needed for the two central radiators. The 

phase excitations are given by the sum of the phase shift induced by the lines length and the 

elementary radiator rotation. 
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* the simulated excitations on the whole bandwidth 

The excitations (for both amplitude and phase) are given in figure ll-2-2 and ll-2-3. We 
can noticed that the dynamic range of the amplitude is included in a 1 dB range on the whole 
bandwidth whereas a good phase dispersion on the bandwidth is obtained for quasi all the 
radiators...except perhaps the radiator number 6 located in the superior cone tip (the one 

fartest to nadir). 

The reason is quasi simple to understand: if we look at the dispersion of the patch just 

at the bottom (number 5), the phase dispersion is low so the length from the feeding to the 
input of the patch is quasi equal to the reference (patch number 3); this length is inferior and it 

induces phase dispersion. The phenomenon is the same for the radiators number 1 and 2 but 

lower visible. 
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Fig. II-2-2: Amplitude simulated distribution along the sub array 
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Fig. II-2-3: Phase simulated distribution along the subarray 
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* 
PetforltUlnce of the antenna on the whole bandwidth 

. 

The radiated power of the overall antenna, for one channel, at 8.2 GHz, is proposed in 

figure TI-2-4 with a radiated power of -0.77 dBW. The ESA mask is drawn with a margin of 1 

dB which corresponds to the antenna budget loss (see WP 1200 - page 3-15). It shows that 

this subarray permits to comply with the EIRP specifications. The compliance has been proved 

on the whole bandwidth by using the dispersions of the excitations (for both modulus and 
phasis) found by Academy. 
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Fig. //-2-4: Simulated EIRP of the whole antenna at 8.2 GHz 
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m MEASUREMENT OF THE SUBARRA Y : FIRST RUN 

moot MANUFACTIJRING OF THE SUBARRA Y 

The repartitor simulated by Academy is printed in stripline technology. Some rules for 

manufacturing must be respected (minimum width between lines and walls...); it implies that a 

minimum azimuth spacing of 29 mm is taken in the first crown of the conical array instead of 
28 mm as suggested in the preliminary trade-off The incidence in the whole antenna is to 
enlarge a little the upper radius (about 2 mm). The new configuration of the antenna is 

proposed in figure ill-I-I. 
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Fig. III-i-i: New configuration of the conical antenna (azimuth spacing=29 mm) 

A picture of the subarray is presented in figure ill-I-2. It permits to see the different part of 
the subarray: coaxial to stripline transition, printed circuits, cavity and upper patch. 
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ID-2 COMPARISON BE1WEEN THEORY AND EXPERIMENT 

ID-2-1 THE ANECHOIC CHAMBERS 

F or the measurement, the far field distance is equal to 2D2 tJ..., where D represents the largest 

dimension of the antenna. For the Conformal Array subarray, D#4Â. which gives 32 Â. as 

minimum length to be in far field condition. The reference marks are described in figure m-2- 
1. The reference mark for computation is not the same than for measurement. It can be 

explained by the necessity to have the maximum radiation in the 9=00 axis for the precision of 
measurements. 

! ~..... .~m............m.mmm! 
'\Ym ~ 

Xmo .,:....mm--~ @Yc 

","'Zm... 
'...J....z 

///// 
\mmmf 

J... 
........... ":II.! ~......... \.1 

//// \! 

(Xc:, Y 
c:, Zc): Computation reference 

(Xm, Y m, Zm) : Measurement reference 

RADIATING SUBARRAY 
UNDER TEST 

Fig. III-2-1: References 

Two anechoic chambers will be used in function of their disponibility. In the first one, the 

sub array under test will be located at 55 Â. of the feed com. In the second one, it will be 

located at 200 Â. of the feed com. A software will recomputed the measurement at a distance 

of 1000 Â.. 
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m-2-2 THE FIRST RUN 

The first run has been measured in the 55 ^ anechoic chamber. The field is re-computed in 
sufficient far-field conditions. The comparison between theory and experiment is proposed in 

fig. ID-2-2. 
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Fig. 1II-2-2: First run: theoretical/measured patterns 

The compliance of the results with the theoretical prediction is unacceptable: some unexpected 

levels for both co and cross polarisations are observed. 

One of the possible reason for explaining the differences can be the non accuracy of the 

simulations: the printed circuits includes a lot of discontinuities (the input cross, meanders, 

tees, bends...) and no electromagnetic coupling between elements is taken into account. The 

coaxial to stripline transition is not taken into account in the analysis. It means that Academy 

software is insufficient to accurately simulate the subarray. 

Some parts of the repartitor can be simulated on Momentum software, included in Academy 

6.0. The theoretical principle of Momentum is based on the Integra} Equation technique solved 

by a Method of Moments. The coupling between the printed circuits could then be taken into 

account. This simulation is time consuming for good accuracy of the results: a meshing of 30 
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cells by guided wavelength must be respected and meshing must be very fine at the 

discontinuities in order to let the maximum offteedom degrees to the current lines. 

One of the first critical point seems to be the input cross. The Momentum meshing and the 

results of simulation are presented in figure ill-2-3 and ill-2-4. 

~"'" 

PORT 2 

.../ 

PORT 1 -. .~/ 
"'~ ./ 

PORT 4 

""T'~" 

! PORT 3 

Fig. ///-2-3: Meshing of the input cross 
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Fig. /Il-2-4: Scattering parameters of the cross 

The Momentum simulation of the input cross shows clearly that energy is not equallly 

distributed between the 6 radiators: 1 dB difference is observed between the two central 

radiators (number 3 and 4) and the radiators 1 and 2. The same simulation with Academy 

gives an equi-amplitude distribution between the three accesses. It confirms that Academy is 

not too accurate for simulating the Conformal Array repartitor. 
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The analysis of the whole repartitor is presented in figure ill-2-5 and ill-2-6 (meshing + 

comparison between Momentum and Measurement). The conclusions of this analysis is that 

Momentum gives better results than Academy but don't take into account all the coupling 
phenomenon of the repartitor. 

/ 

Fig. III-2-5: Meshing of the whole repartitor 
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Fig. 1II-2-6: Comparison between Momentum /Measurement 

Apparently, the accurate simulation of this repartitor is a very hard work. That's why, the best 

way for analysing the problems is to recompute the excitations ftom the measurement; it is 

done by an inverse Fourier Transform in a specific software developed in Alcatel during 

previous contract: this software is called SPDRI. 

The results of this analysis are reported in the table here above: 

ER number Academy ai Academy cl>i SPDRI aj SPDRI cÞi 

1 -0.27 dB -1160 -2.66 dB -1090 
2 -0.23 dB -800 -1.64 dB -810 
3 -0.13 dB 00 OdB -130 
4 OdB -250 -0.22 dB -130 
5 -0.27 dB 320 -2.99 dB 370 

6 -0.23 dB -100 -4.35 dB -230 

The analysis of this table permits to show that the main problem is the amplitude distribution. 

In fact, the excitations dynamic is greater than 4 dB instead of 0.3 dB -theoretically expected- 

whereas the phase distribution is well simulated because 130 difference between expected 

results and measured ones are obtained. The radiated pattern computed with the excitations 

found by SPDRI gives good agreement with measurement (see figure ill-2-7) 
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Fig. III-2-7:Comparison between the pattemfound by SPDRI and the measurement 

It leads to the following logic for the development of the subarray: considering that the 

amplitude given by SPDRI is the one of the subarray and try to find a compliant phase 

excitation over the subarray in order to be compliant. 

It is evident that a few runs will be necessary to be fully compliant with the specifications. 

IV PERFORMANCES ON THE WHOLE BANDWIDTH 

IV-l-l FROM THE FIRST RUN TO THE FINAL ONE 

The excitations which permit to be compliant with ESA specifications, including the amplitude 

distribution found by SPDRI software, is contained in the following table: 

ER number ai A;(in dB) tA(in de1!1'ees) 

1 35 -2.66 dB -1110 
2 25 -1.64 dB -790 

3 25 OdB 00 

4 25 -0.22 dB -310 
5 25 -2.99 dB 260 

6 25 -4.35 dB -100 

Phase only optimisation 



g 

-'2 . >. 5 
, Q, ~ !j 

u" ~..!! 
~.:;; 

üJi 
~ ! 
u 8 
:;!Ji 
s'~ 
~o ~-= 

'C ~ 
~~ 
:-'!i 
.~ 8 
fi s 
gQ, 
...:g 
.~ .s 
-=s 
c- :; .! 
!! .9- 

"; ~ 
8 0 

".s 
.~~ 

-~1 '0 
J] 
0'" 
~.8 

~ 
u 

~. """ ~~ 'ü 
i 

,- - ù-;; 
~i 
0'" 
.ê:] ~ 11 

.. ." 0- ~ I! 

:j!:I 
8'E! 
ISo.! 

i.! 
6" 
E.g 
-8~ 
1!'3 
fi.! 
8.!! 

... .. 
ga. 
2 rJ 

.:;1, 
~] 
ã! 

-Ji 
1! 
~ 

'15 

.s -: 
rJ C 

...:1'&1 

Esrnc CONTRACT 11698/95/NUSB 
T CONFORMAL ARRAY 

ANTENNA 
AES 97 01290 1 ASP 023 ALC.TEL 

TELECOM 
EDIREV 

1/- 
DArn: 
15102/97 

22 

The amplitude are similar than the one found by SPDRI; concerning the phases the higher 
phase difference is obtained for the radiator number 4 with a difference of +180. This new 
excitations gives the radiated pattern of figure IV-I-I. Comparison with theoretical estimations 

are proposed here above. 
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Fig. IV-I-I: Radiated pattern of RUN 2 

This new pattern permits to be quasi compliant for EIRP specification at 8.2 GHz (see figure 

IV-I-2). 
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Fig. IV-J-2: EIRP simulation for RUN 2 

The comparison is better than RUN 1. It is interesting to analyse the results of SPDRI by 

comparing the predicted results to the ones of SPDRI. These results are reported in the 

following table: 

ER number THEORY 8i THEORY cbi SPDRI 8i SPDRI cbi 

1 -2.66 dB -1110 -3.72 dB -1150 
2 -1.64 dB -790 -2.52 dB -810 
3 OdB 00 OdB 00 

4 -0.22 dB -310 -3.10 dB -320 
5 -2.99 dB 260 -1.39 dB 250 

6 -4.35 dB -100 -4.13 dB -20 

It is interesting to notice that the maximum phase difference is now lower than 80 (obtained for 
the radiator number 6). Moreover, the amplitude distribution is considerably modified. It can 
be explained by the fact that the feeding line of 142 Q is not very well matched to the input 

impedance of the radiator. It permits to define another logic for the following runs: try to 

modify a minimum number of radiator excitations. 

One of the important problem of this sub array concerns the cross polarisation level. The axial 

ratio of the antenna is drawn versus elevation angle at 8.3 GHz (worst case) in figure IV-I-3. 
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Fig. IV-J-3: Arial ratio of the subarray at 8.3 GHz 

The specification of3.5 dB for the whole range of elevation angle is not reached. At the nadir, 

an axial ratio just lower than 9 dB is obtained...It is unacceptable because it corresponds to an 
isolation of 7 dB between the co-polarisation and the cross-polarisation. 

The main reason for bad cross-polarisation level is certainly the effects of the coaxial to 
strip line input transition. That's why a new design of the repartitor is proposed by isolating the 
excitations iTom the rest of the printed circuits. Figure IV -1-4 illustrates the new design of the 

repartitor by comparison to the previous one. A quarter wavelength connection to the mass 

can be previewed to confine the current lines at the level of the transition and the printed lines 

are distant iTom the transition. 

~ 

~ 

Fig. IV-J-4: Modification of the repartitor for RUN 3 
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The excitations which pennit to be compliant with ESA specifications, including the amplitude 
distribution found by SPDRI software during RUN 2, are contained in the following table: 

ER number ai Ai(in dB) Ø;(in del!1'ees) 
I 35 -3.72 dB -1150 
2 25 -2.52 dB -810 
3 25 OdB 00 

4 25 -3.10 dB -320 
5 25 -1.39 dB 250 
6 25 -4.13 dB -170 

Only one radiator has changed: the number 6 in which a phase difference of -150 is achieved. 
The radiated pattern is proposed in figure IV-I-5 and this new excitations permits to be 

compliant with ESA EIRP requirements on the whole bandwidth (see figure IV-I-6) -except 
fTom the level at the nadir which 0.2 dB under specification at 8.2 GHz and 0.3 dB at 8.3 

GHz). 

lECÆS 
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-50 30 

~ 

Fig. W-J-5: Radiatedpattem at 8.2 GHzfor RUN 3 (Iheory) 
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Fig. IV-J-6: EIRP simulation for RUN 3 at 8.2 GHz (lheory) 

The measurement of RUN 3 is compared with the theoretical estimations in figure IV -1-7. A 

good agreement between measured and expected results is obtained. The level of cross- 

polarisation is better than for RUN 2 ( fig. IV -1-7 compared to fig. IV -1-1). 
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Fig. IV-J-7: Comparison between theory and measurementfor RUN 3 
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It is also interesting to analyse the results of SPDRI by comparing the predicted results to the 

ones of SPDRI. These results are reported in the following table: 

ER number THEORY ai THEORY cbi SPDRI ai SPDRI cÞi 

1 -3.72 dB -1150 -4.06 dB -1220 
2 -2.52 dB -810 -2.56 dB -880 
3 OdB 00 OdB 00 

4 -3.10 dB -320 -3.23 dB -350 
5 -1.39 dB 250 -0.73 dB 270 

6 -4.13 dB -170 -3.82 dB -150 

It can be noticed that the amplitude distribution has not considerably changed and the phase 

distribution is near than the one predicted. The compliance of the radiated characteristics of the 

subarray will be detailed in the next part of the chapter. This third run will be the final one for 
the design of the subarray. 

IV-2 FINAL SUBARRA Y PERFORMANCES 

The final repartitor is presented in figure IV-2-1. 

Fig. IV-2-1: Final repartitor 
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* 
return loss 

The return loss of the subarray is presented in figure IV-2-2. It is fully compliant with the 

specifications on the whole bandwidth (14 dB for the whole bandwidth) 

CH1 S11 5 dB/ REF 0 dB log MAG 3;-25.266 dB 

Co.. 
Del 

ItiI 8.39! 9 GH% 

J.; 19. 5<1 dB 
8.00C 0 GH% 

~ 
- 

------ 
-.......... 

... ..r- . 

"" V 3 

-- 
\"' 

"\ /"'" 

'\ ./ \. ./ .. -- 
- 

---- 
START 7.8000 GH% STOP B.8000 GH% 

Fig. IV-2-2: Return loss of the subarray on the whole bandwidth 

* radiated patterns 

The radiated patterns of the subarray are presented for 8.1 GHz, 8.2 GHz and 8.3 GHz in 

figure IV-2-3, 4 and 5. A good level of cross polarisation is obtained on the bandwidth. 

~"'" 
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! 

Fig. IV-2-3:Radiated patterns at 8. J GHz 
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The axial ratio of the subarray is detennined by the following formula: 

A.R (in dB) = 20 log ((ISOL-I)/(ISOL+I)) 
where ISOL= CO/CROSS (in amplitude value) 

The axial ratio is drawn in function of the elevation angle theta in figure IV-2-6. 
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Fig. W-2-6:Axial ratio on the bandwidth 

The specification (see chapter 4) is 3.5 dB on the full range of elevation and for the whole 
bandwidth (dotted line in the figure). We can see that a short non compliance at 8.2 and 8.3 

GHz for angles round 300 is observed. But, it will be without effects on the ESA requirements 

of3.5 dB for the overall antenna on the whole bandwidth (see next part). 
. 
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.. Gain 

The measured gain is presented in figure IV-2-7. It is compliant with the loss budget of chapter 
3 (page 3-15). The total losses (ohmiC+VSWR) are equal to -0.78 dB at 8.1 GHz, -0.73 dB at 

8.2 GHz and -0.76 dB at 8.3 GHz. 
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:11 
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'" 
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Fig. IV-2-7:Gain of the subarray 

.. Mass 

The mass of the subarray is actually 130 g instead of 90 g specified. The specification was 
based on a previous subarray of 4 patches. In spite of this non compliance on the mass of the 

subarray, the final mass of the breadboard had been estimated round 7 Kg instead of 10 Kg 
specified by ESA. 

Weare actually trying to reduce the mass of the subarray by 30 or 40 g in order to design a 

more attractive antenna mechanically and thennally compliant with the mission (40 g saved in a 

sub array will induce a little less than 1 Kg saved on the final breadboard...which is not 

negligible). 
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IV-3 THE WHOLE ANTENNA PERFORMANCES 

* Radiated power 

The radiated power obtained with an input power of -0.77 dBW is presented in figure 1V-3-1 
for 8.1 GHz, 8.2 GHz and 8.3 GHz. The characteristics are drawn increasing the ESA mask 
with 1 dB loss. In this 1 dB, 0.2 dB is included as the loss in the bandwidth; that's why, the 
radiated power could be consider compliant at 8.1 and 8.2 GHz but not at 8.3 GHz (nadir 
level and 45 to 500 elevation levels). 
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Fig. /V-3-J: EIRP of the antenna with 250/250/250/250/250/350 profile 
at 8. J GHz, 8.2 GHz and 8.3 GHz 
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For being fully compliant, the idea consists in tilting the sub array by 10 more. It means that the 
profile of the subarray becomes 260/260/260/260/260/360. Very low incidence is obtained on 
the antenna new geometrical characteristics: increase of upper radius, decrease of height of the 
conical array (see figure IV-3-2). 
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Fig. IV-3-2: Final geometrical characteristics o/the antenna 

The obtained radiated power with this new profile becomes fully compliant on the whole 
bandwidth as shown in figure IV-3-3. 
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* 
Axial ratio 

The axial ratio of the whole antenna is presented in figure IV-3-4. It is under the 3.5 dB 
specified by ESA for the whole bandwidth. The maximal value of axial ratio is 2.64 dB at 8.3 
GHz. 
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Fig. IV-3-4: Axial ratio of the whole antenna 

We can observed that the axial ratio of the whole antenna is lower than the axial ratio of the 
single sub array except at the nadir (see the comparison in figure IV-3-5 at 8.2 GHz). 
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Fig. lV-3-5: Comparison between the axial ratio of a single subarray and the axial ratio of 
the whole antenna at 8.2 GHz 
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* RadiaJed patterns 

The radiated patterns of the whole antenna could be obtained by SYCOB software if no 
coupling between sub array is considered. Figure IV -3-6 to IV -3-8 represents the directivity of 
the antenna at 8.1 GHz, 8.2 GHz and 8.3 GHz for three elevations (00, 300 and 600). For real 
gain observed on earth, ohmic + VSWR losses, and isoflux attenuation for each elevation must 
be take off to the directivity. 
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v TABLE OF COMPLIANCE 

REQUIREMENT 8.1 GHz 8.2 GHz 8.3 GHz 
Compliance 
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VI CONCLUSIONS 

The feasibility of a 6 patches sub array feeding by a parallel repartitor had been demonstrated. The realisation of such a repartitor is a complex work because no software is actually able to 
give accurate results. That's why a few runs are necessary to obtain the final configuration. 

TIùs subarray is broadband (400 MHz at X-Band), small size (which permits to reduce the final 
mass of the breadboard) and fully compliant with the specification of ESA in terms of axial ratio, return loss and radiated power. 
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This document reports the electrical design of the passive Beam Forming 

Network of the Conformal Array antenna designed by Alcatel, A.D.[1], as 

result of a trade-off to select the suitable antenna system for the proposed 

Earth observation mission in LEO orbit. Conclusion of above system analysis 

is the semi-active antenna whose block diagram is illustrated in figure 1. 

'" 
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u: 

c: 
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u 

'" u 

;;: 
A representative breadboard model of the complete Conformal Array 

Antenna will be manufactured and tested at RF level only, based on a 

simpler system where only one of the three simultaneous beam be active. 

The BB-Antenna block diagram is presented in figure 2. 
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This paper deals with the detailed RF design of the passive BFN which 

excludes the pre-amplifiers and channel filters, as they are not part of the 

BB-antenna, with interface at the input port of the dividers (fig. 2). It also 

excludes the design of the active modules composed of the variable phase 

shifters plus amplifier control subassembly. 
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<[ 

A summary of RF requirements for each section of the passive BFN is 

herebelow listed. These specifications have been established by the antenna 

system responsible in A.D.[2]. Electrical design shall be aimed to meet all 

the requirements. "" 
:;: 

u. 
c: 
-0 
u 

"" 
u 

;;: 

The frequency band is defined 8025-8400 mHz, with three 50 MHz channels 

centered at 8100, 8200 and 8300 MHz respectively. ... 
c: 
'" 

"'0 

E 
.:J 
z "IN FRONT" OF ACTIVE MODULES 1.1. 
M 
N 

'" 
~ 

M 

...... 
N 

"" 
.<= 
u 

'" 
.... 

It applies to the part of the BFN which takes place before the active modules 

of the antenna (figures 1/2), this is, the set composed by the dividers plus 

coaxial cables. 
:... 

c: 
-0 
U 

a. A distinction is made between the complete flight antenna with three 

channel-BFN and the breadboard antenna with only one channel BFN. 
'- :;: 

c: 

M 

"" 
..,. 

The 3: 1 combiner is not included in these specifications. ~ 

"" 
.-, a 

:r 

'" M 

a 

~ 

0 Matching: Input and outputs return loss 

< -18 dB, whole BW. 
0 Insertion loss: < 2 dB flight antenna 

< 2.5 dB BB antenna: longer cables are allowed. 

0 Amplitude unbalance at a given frequency: 
< 0.2 dB peak-peak 

0 Phase unbalance at a given frequency: 
< 500 peak-peak 

0 Amplitude variation within each channel: 
< 0.2 dB peak-peak 

0 Group delay variation within each channel: 
< 2 ns peak-peak. 

'" M 

a 
E 
a 

>- 

"'0 

'- 
"'0 
"" 
'" 
'" "'0 

- 

... 
c: 
"" 
~ 
'" 
'" 
~ 
... ~ 

'" '" 
"" 

'" 

Note: Group delay variation is specified < 2 ns within 50 MHz channel bandwidth. A.D.[3.4J. 

for the complete antenna. 
"'0 
a 

'" 
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1.2. BFN "AFTER" ACTIVE MODULES 

.,. 0 

-<> 
0 
0 

CD 
N 

<< 

It applies to the part of the BFN that takes place after the active modules of 

the antenna (figures 1/2), excluding the DSN-band rejection filters bank, 

design which is reported separately in R.D.[1]. 

'" ~ 

u... This BFN section is composed of the Butler matrices plus cables 

subassembly. In particular, Butler matrices have a dedicated section within 

this document and the requirements document, A.D.[2]. 

c:: 

-0 
~ 
u 

;;: 

.., 
c:: 
<1J 

'" 

E 
,:;) 
z 

0 Matching: Input and outputs return loss 

< -18 dB, whole BW. 

0 Insertion loss: < 1.1 dB flight antenna (including matrices) 

< 1.6 dB BB antenna (including matrices): 

cables are allowed. 

0 Amplitude unbalance at a given frequency for any path: 
< 0.4 dB peak-peak flight antenna. 
< 0.6 dB peak-peak BS antenna. 

0 Phase unbalance at a given frequency for any path: 

< 50 peak-peak flight antenna 
< 100 peak-peak SB antenna 

0 Amplitude variation within each channel: 
< 0.5 dB peak-peak 

0 Group delay variation within each channel: 
< 6 ns peak-peak. 

longer 
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Note: Group delay variation is specified < 2 ns within 50 MHz channel bandwidth, A,D.[3,4], 

for the complete antenna. 
<1J 
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<<: 

System studies carried out during the project have demonstarted the 

advantages of using 3x3 Butler matrices instead of either 2x2 or 4x4 hybrid 

modules composed of conventional 900 or 1800 hybrids AD[2]. In the 

following paragraphs a brief summary and comment on the specifications of 

such modules will be done. 

';;; 

~ 

u... 

c:; 

-0 
U 

'" U 

;;:: An initial description of the operation of a 3 x 3 junction for multiple beam 

antenna systems was addressed in RD[1], where the symmetry of operation 

of the device was detailed. A functional device fullfilling the phase and 

amplitude characteristics was first described in RD[2], where two different 

designs were included, both of them working at L-band, made in microstrip 

technology. 
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M 
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::... 

Basically, the 3 x 3 Butler device is a matched six port hybrid coupler with 1/3 

power division from one port to other three and 1200 phase shift between 

two of them and a reference output, being all input and output ports isolated 

among them. The scheme of the element is sketched in figure1.3.1: 

following the figure, ports 1,2,3 are isolated as well as ports A,B,C, and 

transmission paths exist between 123 and ABC, with reference output phase 

in the port located in the symmetry plane (e.g., 1A is the reference and 1 B, 

1C are shifted 1200). 
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:>: Figure 1.3.1.- Sketch of the 3x3 hybrid coupler 
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"" 

Nevertheless, system analysis requirements for the transmission phases of 

the Butler matrices differ from those indicated in previous paragraph for the 

3x3 hybrid coupler. 

." 
:;: 

;:;:: 

0 The phase distribution required for the Butler Matrix is listed in table 

1.3.1 below. 
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Table 1.3.1 

PORTS A B C 

1 tp tp tp 

2 tp tp+120 tp-120 
3 tp tp-120 tp+120 
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In order to comply with the phase distribution, the hybrid coupler is 

modified by inserting additional transmision lines with electrical lengths 

of 1200 at two ports, as sketched in figure 1.3.2 below. 
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Figure 1.3.2.- Modified 3x3 hybrid coupler for Butler Matrix 
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The conformal array antenna requires a of these devices to be 

manufactured with a minimum error between them. 

.,. 
::; 
'" c:> 
c:> 

CX) 
N 

'" 

0 Amplitude unbalance between the 9 paths of each matrix and over the 

complete series must be in a :to.2dS range at each frequency within the 

whole bandwidth with respect to the mean insertion loss, defined as 
';;; 
u 

v> 

u.. 
c:: 

-0 
U 

'" U 

.;: 

- r.Ln 

L=- Nb 
... c:: 

'" 
"C 

E 
.::> 
z where Ln es the insertion loss averaged over the 9 paths of matrix i and 

Nb is the number of matrices. Since this can only be determined once 

the a matrices are manufactured, in the design stages we have proceed 

applying this restriction to Ln defined as: 
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::.. 

c:: 

-0 
U 

C. 

'- U 

v> 
c:: 

and the dispersion within each channel is given, in dS by: 

d 
J 

= SJ1 - Ln 
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Within each channel, the variation of the 9 transmission path 

amplitudes must be lower than OAdS (pk-pk) and the variation vs. 

frequency of the 9 paths, also within each channel, must be lower than 

OAdS (pk-pk). 

0 
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"C 
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0 Losses associated to each matrix transmission path must be lower than 

O.adS. '" 
"C 

... ~ 
u 

'- 
'" 
:I: 
E' 

... ~ 

0 Within each channel, the variation of the group delay for each path 

must be lower than (TSD) for the a delivered matrices: lower than 2 ns 

at complete antenna level. 
'" '" oc 

- 

The reference insertion phase Ip is defined when input port 1 is excited, 

and the error for each matrix at a given frequency must be no more than 

:t5O over the bandwidth, and the variation of the reference phase over 

the a matrices must be lower than 500 peak to peak. 
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0 Impedance matching better than 14 and 18dB are required respectively 

at the input and outputs ports of the Butler matrices. 
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"" 

This specification list must be maintained in a temperature range of -50oC 

to +50oC. 
- 

Finally, the preferred technology for the realization of the matrices is 

microstrip in order to maintain the coherence with the remaining parts of the 

system (SSPAs, power dividers, etc,..). 
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2. ELECTRICAL DESIGN 
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c( 

The antenna system has been designed by Alcatel, A.D.[1], during the first 

phase of the Conformal Array Antenna project. Antenna architecture is 

presented as introduction of the document, being the frame where the 

electrical design of the antenna Beam Forming Network is made. 

RF solutions for each passive device involved in the BFN are hereafter 

described, filters excluded, R.D.[1]. 
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Once that antenna architecture and basic desing of components is known, 

the complete antenna is created in a 3-D assembly, R.D.[2], which allows to 

determine the cables length, antenna mass & loss budgets, volume, 

interfaces, etc. 

Figure 2.1 shows a general view of the whole system. 
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Fig. 2.1 : Complete Conformal Array Antenna - Flight Type. 

3-D model from R.D.[2] 
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2.1. SIGNAL DIVIDER 1 :24 

Baseline design of the signal divider is based on a chain of two-way 
Wilkinson dividers, of the uncompensated type, as shown in figure. 

~i 
^tu, .1- ^tu, -/ 
Z2 Z, Zo . 

Zo 
a 

2 

OR 
l' b J 

ZJ Zs Zo 

Fig. 2.1.1 : Two-way Wilkinso!1 Divider 

The topology is fully-parallel due to bandwidth requirements. With a correct 
choosing of line impedances, power entering port 1 will make voltages at 
points a and b to be equal, and the resistor will not absorb any power. The 
isolation between output ports is high and the reflection looking into any port 

low. The only disadvantage of these power dividers (compared to the simple 

T-junction splitters) is the need to include an additional component: the 

resistor, but this element is essential to get good output match. Another kind 

of dividers such as branch-line couplers or hybrid rings could be used with 

similar good performances, but their use is unadvisable because they require 
larger surface areas to be implemented and so introduce additional losses. 

The number of outputs ports (24) is not a power of two so two kinds of 
Wilkinson dividers must be designed: 

Equal-power divider. 

Unequal-power divider, with power ratio 2/3:1/3. This element is the 

most prone to amplitude unbalances and mismatches. 

The reference impedance line has 50 n, compromise between losses and 
width (which implies coupling and room problems). 
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The design does not take advantage of the possibility to decompose the 1 :24 
divider into smaller dividers, to save mass and to avoid possible problems 
related to the connection and soldering than this would imply. Nevertheless, 
testing of the 1 :24 divider performances could lead to use this technique (for 

example, to divide the problem in one 1:3 input splitter and three 1:S output 
splitters). 
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Classical microstrip lines are used to implement the divider. The substrate 
used has the following characteristics: 
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Height 0.6 mm 

Er 2.94 

tg 6 2.5 10-3 

Metallization thickness 35 pm 
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U 
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í: 
~ 
c:: A layout of the printed circuit can be seen on the figure below. 
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General dimensions are (circuit with enclosure): (251,5 x 66,S x 16 mm). 
Separation between output ports is 10 mm. 
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Super Compact software has been used to simulate the divider. All straight 

sections of transmission lines, mitred bends, T-junctions and step-in-widths 
have been considered. Resistors are modelled as ideal components until 

reliable data about parasitics is got. Coupling effect between parallel lines 

has not been taken into account as the separation between them is well 

enough (higher than two line widths). 
. 
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The following figures represent electrical performances provided by the 1 :24 

divider. Note that in the figures containing transmission responses, only two 
output ports (and not the 24 existent) are represented. This is caused by the 

fact that only two different ports are present in the design: 
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Port 2 represents actual ports' 2,3,4,5,6,7,8,9,14, 15, 16, 17, 18, 

19,20 and 21. 
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Port 3 represents actual ports' 10, 11, 12, 13, 22, 23, 24 and 25. 
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The main performances are summarized in the following table, and the worst 

case value in the band (8,025 - 8,4 GHz) is presented: 

"" a 
- 

"" a 
a 

CD 
N 

ex: 

Parameter Worst Case Value 

Input return loss -21,4 dB 

Output return loss -26,7 dB 

Amplitude unbalance (at a given frequency) 0,03 dB 

Phase unbalance (at a given frequency) 9.40 

Amplitude variation (within 50 MHz channel) 0,02 dB 

Group delay variation (within 50 MHz channel) 3 ps 

Insertion losses 1,04 dB 
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2.2. CABLES 
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"" 
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"" 

In agreement with the antenna assembly design, R.D.[2] illustrated in figure 

2.1, the interconnecting RF cables have been selected with the objectives 

of: 
";õ 

~ 

"- 

Low insertion losses. 

Low weight. 

Curvature compatible with handling capabilities required for BFN 

assembly according to R.D.[2]. 

Length adjust and trimming capabilities, before and during integration 

process. 
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All these objectives are met by KMW RG402/U cable, with nominal 

50/50/200 mm length at the connection of dividers - active modules 1 active 

modules - Butler matrices 1 Butler matrices - rejection filters respectively. 
::.. 

c 

oQ 
u 

c. 
'- ~ 
c These cables are ended by: 

M 
- 

00 
.,. 

SUHNER 23 SMA-50-0-11 or similar connector at one end. 

SUHNER 71Z-03-16 or similar connector at the other end, with easy 
trimming at this point during integration. 

~ 

'" ~ 
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"" M 
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0 
"- 

'" M Main selected cable characteristics are: 
0 
E 
0 

>- 

"0 

'- ~ 
;r 

1.32 dB/m insertion losses at 8.4 GHz. 

0.035 Kg/m. 

4.76 mm bending radius. 

12.7 mm flexing radius. 
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a:: Translated to the 50 mm and 200 mm sections, this means: 

::: Insertion Losses: 
;r 

"0 0 

;r 
50 mm cable 

200 mm cable 

0.066 dB 

0.264 dB 
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Amplitude Unbalance: 

Cable length error 

Over complete bandwidth 

Phase Unbalance: 

Cable length error 

Over complete bandwidth 

- 

:>: 

'CJ 
0 

:>: 

0.00132 dB/mm 

0.04 dB 

9.9O/mm 

0.450 (linear performance) 
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2.3. BUTLER MATRIX 
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2.3.1. Initial Considerations 

'" ~ 

u- 
c: 
oQ 

u 

'" u 

;;: 

Figure 2.3.1 is a more detailed scheme of the Butler Matrix based on the 6 

ports hybrid coupler. The characteristic impedance of all the transmission 

lines is 20 (50n). In principle, the hybrid coupler transmission line lengths 

must be those sketched in the figure (1'1/3 and 1'1/12, with 1'1 corresponding to 

the guided wavelength), although some modifications in length are allowed 

maintaining (ideally) the performances: any of the 1'1/3 lines can be increased 

by 1'1, and any of the 1'1/12 can be increased by 1'1/2 maintaining phase and 

amplitude relations at the design frequency. This is an important feature 

since, as will be shown later, some of the designs which have been 

considered had some dimensioning constraints which are solved by adding 

line sections where apropriate. 
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Figure 2.3.1. 
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Nevertheless, it must be noticed that although the insertion of line sections 

does not affect the results at the design frequency, the performances within 

the frequency band are seriously degraded by dispersion due to line length. 

The results which are shown below correspond to ideal lossless 

transmission lines following the scheme shown before. Graphics correspond 

to the 3x3 hybrid coupler (not the complete Butler Matrix). 

0> 
"' 
cr 

:: 
>: 

As conclusion from this first analysis, provided the analysis was carried out 

for lossless ideal transmission lines independently of the technology 

considered, the 3x3 directional coupler shows a narrowband response, even 

for the shortest line lengths. The combination of long (1'1/3) and short (1'1/12) 

transmission lines does not help to obtain a frequency independent device. 

"0 0 
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LINE LENGTHS OF 120+3600 AND 30+1800 
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2.3.2. Electrical Design 

v 

:=: 
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0 

IX) 
N 

..( 

For the implementation of the Butler matrices several options have been 

considered. In first place, those already proved in R.D.[2], consisting on a 3D 

configuration on two layers, where the J/3 transmission lines are photoetched 

and connected by son coaxial transmission lines of 300 electrical length. '" ~ 

w- 
e: 
'0 
u 

'" u 

;;: A second option consists of to concentrical configurations where the inner 

ring was occupied by J/3 lines and the outer was occupied by J/3+J lines, 

connected by the 7 J/12 microstrip transmission line. 
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Several alternatives have been also considered to reduce the size of the 

device, particularly those based on slotlines as connection between two 

microstrip layers where the J/3 lines where photoetched, and finally a printed 

version based on brach line couplers, which has also shown promising 

results. In the next paragraphs the work carried out on these developments 

will be described. 
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FIRST CONFIGURATION '" ~ 

0 

:r: 

W 
M 

0 

0 

w- The first option is based on the original configuration described in R.D.[2]. 

It is the most direct implementation of the scheme which was shown in 

preceeding section. An sketch of the connection between both layers is 

shown in figure 2.3.6. 
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Figure 2.3.6.- Coaxial connection between microstrip layers 
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Each of the printed board layers of the 3 x 3 coupler has the basic shape 

shown in figure 2.3.7. The microstriplines, which originally are 50n, are 

optimized using a CAD program R.D.[7] to obtain a flat response over the 

complete bandwidth. The final Butler Matrix device includes additional 

transmission lines at the inputs and outputs in order to properly adjust the 

transmission phases of the device. 
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:I: Figure 2.3.7.- Layout of a layer of the 3x3 coupler 
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'õ 
"- This configuration has been optimised for both A/12 and A+A/12 coaxial 

transmission lines, leading to different transmission line widths. Following the 

theoretical results corresponding to the ideal elements, shown in the initial 

considerations, the longer lines give place to a narrower input impedance 

match, while the shorter coaxial gives simulated results which are compliant 

with the specification. Detailed results will be given in the performances 

section. 
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SECOND CONFIGURATION 

.. <=> 

YO 
<=> 
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00 N 

<< 

The second configuration analysed is the planar concentric configuration 

whose basic layout is sketched in figure 2.3.8. The outer ring is composed 

of transmission lines of length 4A/3, which are connected through 7 A/12 

transmission lines to the A/3 inner ring. The connecting lines have been 

chosen of that length in order to reduce the posibble coupling between the 

transmission lines of each level; it must be borne in mind that the low E of 

the substrate gives place both to wide line widths and possible high coupling 

between them. 
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Figure 2.3.8.- Planar 'anular' 6 port coupler 
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'" M Apart from the electrical performances, which simulation reveales to be not 

compliant with the requirements, one point which causes some concerns on 

this configuration is the difficult assembly and connection to the coaxial 

input/output ports, particularly cumbersome for the lines coming from the 

inner ring (figure 2.3.9). The configuration has been analysed and optimised 

and, finally, rejected. 
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Figure 2.3.9.- Coaxial connection of the anular matriz 
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THIRD CONFIGURATION 
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Clearly, the optimum solution should be a planar or quasiplanar configuration 

in which preferrably there should not be either any coaxial soldering nor 

'through' coaxial assemblies. It has been considered that a slotline 

connecting two layers of microstrip lines could provide the required 

performances. The slotline length should take the role of the coaxial lines, 

being of A/12 electrical length. In fact, instead of a simple slotline, the 

configuration should make use of a sandwiched-slotline supported by both 

microstrip layers. Figure 2.3.10 shows a section view of the device. 
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c: Figure 2.3.10.- Section view of the planar slot 6 port coupler 
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:I: Each level made in microstrip should resemble those of the coaxial 

configuration sketched before, and should include a transition from microstrip 

to sandwiched slotline. The room required by these transitions were 

problematic in the original configuration with A/3 microstrip transmision lines, 

so that the microstrip line lengths were increased in A, giving the 

configuration sketched in figure 2.3.11. 
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Figure 2.3.11.- Siotline planar 6 port coupler configuration 
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The theoretical analysis with ideal transmission lines reveals again a 

narrower bandwidth impedance match than the first configuration, but the 

design is more compact than any of the rest, and simulation results may be 

considered promising. The design has also been optimized using CAD, 

including a transition from slotline to microstrip. 
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The transition was optimised and compared to the coaxial line transmission 

considered in the first design approach. 
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The last configuration considered for the 6 port coupler is based on the 

classical branch line couplers extensively used in microstrip and waveguide 

technology as quadrature hybrids. However, in order the device to work 

properly, there must be included trasnmission lines in a different level 

connecting edge ports. Following the scheme sketched in figure 2.3.12 

below, a connection is required between cross junction in port 3 with that of 

port 2, and the same occurs between ports 5 and 6. This transmission line 

must be of 4A/3 in order to be feasible the physical connection. In principle 

the first approach consists of making such transitions in coaxial line, 

although is considered the possibility of a printed transmission line on a 

layer below the branch line, connected with pins through the substrate. 
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Figure 2.3.12.- 3x3 branch line coupler (the coaxial conection of 3-2 and 6-5 is not shown) 
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The results obtained from all the simulations carried out up to now show that 

the first coaxial approach is the more adjusted one to the electrical 

requirements. The complete Butler matrix based on this coupler includes the 
input transmission lines required to fit the phase distribution following 

specifications. 

BASELINE DESIGN 
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Breadboarding of these elements is under way, Figure 2.3.13. 
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2.3.3. Substrate Selection 
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'-0 0 
0 

<0 
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c( 

Taken into account the frequency band, and in order to have components 
which can be handled (not miniature), the permittivity of the substrate should 

not be higher than 3 or 4, and based on temperature range considerations, 
the quite vast list of possible material choices is reduced to DUROID 6002 
from ROGERS, CL TE from ARLON for its low variation of dielectric constant 
with temperature. AR320 from ARLON is also considered but only for initial 

samples. 

'" ~ 
i:: 
c 

-0 
U 

'" U 

;;: 

.... 
c 

'" 
"0 

E 
,:> 
:z 

'" 
.c u 

'" 
'I- 

The thickness of the material has been selected according to considerations 

of low radiation from discontinuities, regardless the devices are shielded or 

not in a metallic enclosure. For the Conformal Antenna operational 

frequencies this criterium has lead us to a substrate thickness of about 

0.5 mm for a material with E close to 3 as the ones above presented. 
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2.3.4. Electrical Performances 

BUTLER MATRIX WITH COAXIAL A/12 CONNECTION BASELINE " 
0 
- 

'-0 0 
0 

IX) 
N 

<( 

'" ~ 

"- 

Summary of electrical characteristics 

C 

-0 
Channel I Channel 2 Channel 3 Whole band 

Amplitude :to.15dB :to.2dB :to.25dB :to.25dB 

unbalance 

Phase unbalance -3.50/1.50 -1.30/0.1 0 -2.20/2.10 -4.30/3.90 

(pk-pk) 

Amplitude 0.05dB 0.05dB 0.05dB 0.15dB 

variation vs 

frequency 

Group delay Ons O.Olns O.Olns 0.05ns 

variatIon 

Matching ports < -18.0 <-21 <-23 <-17.5 

Overall loss <-0.4 dB 

(ìJ 12 lines) 
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DC 
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'-0 
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0 
"- a) Input match, transmission coefficients and mean insertion loss vs 

frequency 

"0 
L 

')5 

:E: 

Q) 
"0 

FREQ 

- 

+-> 
~ 
U 
L 

Q) 
:E: 

0 
L 

+-> 
'" 

8.000E+09 
8.025E+09 
8.050E+09 
8.075E+09 
8.100E+09 
8.125E+09 
8.150E+09 
8.175E+09 
8.200E+09 
8.225E+09 
8.250E+09 
8.275E+09 
8.300E+09 
8.325E+09 
8.350E+09 
8.375E+09 
8.400E+09 

'" Q) 
"" 

'" 
"0 0 
:E: 

dB(S11) dB(S33) dB(S41) dB(S51) dB(S61) avglL 

-17.190 
-18.017 
-18.917 
-19.896 
-20.964 
-22.120 
-23.355 
-24.620 
-25.800 
-26.679 
-26.993 
-26.630 
-25.749 
-24.615 
-23.426 
-22.280 
-21.216 

-16.357 
-17.064 
-17.818 
-18.622 
-19.477 
-20.376 
-21.307 
-22.241 
-23.122 
-23.865 
-24.358 
-24.505 
-24.281 
-23.744 
-23.004 
-22.164 
-21 .298 

-5.077 
-5.032 
-4.992 
-4.955 
-4.921 
-4.891 
-4.863 
-4.839 
-4.819 
-4.801 
-4.786 
-4.774 
-4.765 
-4.759 
-4.755 
-4.753 
-4.754 

-5.128 
-5.123 
-5.120 
-5.119 
-5.120 
-5.122 
-5.126 
-5.132 
-5.139 
-5.148 
-5.158 
-5.170 
-5.184 
-5.199 
-5.215 
-5.233 
-5.253 

-5.204 
-5.198 
-5.194 
-5.192 
-5.191 
-5.191 
-5.194 
-5.198 
-5.204 
-5.211 
-5.220 
-5.231 
-5.243 
-5.257 
-5.272 
-5.289 
-5.308 

-5.157 
-5.139 
-5.123 
-5.109 
-5.097 
-5.088 
-5.080 
-5.075 
-5.072 
-5.071 
-5.073 
-5.076 
-5.081 
-5.088 
-5.097 
-5.108 
-5.120 

dB(S43) dB(S53) dB(S63) 

-5.204 
-5.198 
-5.194 
-5.192 
-5.191 
-5.191 
-5.194 
-5.198 
-5.204 
-5.211 
-5.220 
-5.231 
-5.243 
-5.257 
-5.272 
-5.289 
-5.308 

-5.204 
-5.198 
-5.194 
-5~ 192 

-5.191 
-5.191 
-5.194 
-5.198 
-5.204 
-5.211 
-5.220 
-5.231 
-5.243 
-5.257 
-5.272 
-5.289 
-5.308 

-5.189 
-5.144 
-5.103 
-5.064 
-5.029 
-4.997 
-4.968 
-4.943 
-4.920 
-4.901 
-4.884 
-4.870 
-4.859 
-4.850 
-4.844 
-4.840 
-4.838 
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b) Losses and amplitude dispersion wrt mean insertion loss vs. frequency 

v 

;:: 

'" 0 
0 

CD 
N 

.( 

FREQ dB(Loss) Displ Disp2 Disp3 Disp4 

---------------------------------------------------------------------------- 
8.000E+09 -0.386 0.081 0.029 -0.032 -0.047 
8.025E+09 -0.367 0.106 0.016 -0.006 -0.060 
8.050E+09 -0.351 0.131 0.002 0.020 -0.071 
8.075E+09 -0.337 0.154 -0.011 0.044 -0.083 
8.100E+09 -0.325 0.176 -0.023 0.068 -0.094 
8.125E+09 -0.315 0.197 -0.035 0.090 -0.104 
8.150E+09 -0.307 0.217 -0.046 0.112 -0.114 
8. I 75E+09 -0.302 0.236 -0.056 0.132 -0.123 
8.200E+09 -0.298 0.254 -0.067 0.152 -0.131 
8.225E+09 -0.297 0.270 -0.076 0.171 -0.140 
8.250E+09 -0.298 0.286 -0.086 0.189 -0.148 
8.275E+09 -0.300 0.301 -0.094 0.206 -0.155 
8.300E+09 -0.305 0.316 -0.103 0.222 -0.162 
8.325E+09 -0.312 0.329 -0.111 0.238 -0.169 
8.350E+09 -0.320 0.342 -0.118 0.253 -0.175 
8.375E+09 -0.330 0.354 -0.126 0.268 -0.181 
8.400E+09 -0.342 0.366 -0.132 0.282 -0.187 
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c) Phase Differences between ports vs. frequency 

... ~ 
'" C> 
C> 
eX> 
N 

.. 

FREQ Dfi1 Dfi2 Dfi3 DM Dfi5 Dfi6 Dfi7 Dfi8 

8.000E+09 -124.732 117.473 117.473 -124.732 532.9E-15 1.072E-12 596.8E-15 0.594 
8.025E+09 -124.231 117.827 117.827 -124.231 -56.84E-15 -625.2E-15 -234.4E-15 0.382 
8.050E+09 -123.729 118.183 118.183 -123.729 -454.7E-15 142.1E-15 227.3E-15 0.170 
8.075E+09 -123.224 118.540 118.540 -123.224 -78.15E-15 966.3E-15 255.7E-15 -0.039 
8.100E+09 -122.716 118.898 118.898 -122.716 -1.008E-12 49.73E-15 -355.2E-15 -0.247 
8.125E+09 -122.205 119.257 119.257 -122.205 -170.5E-15 -14.21E-15 461.8E-15 -0.451 
8.150E+09 -121.689 119.617 119.617 -121.689 -589.7E-15 618.1E-15 675.0E-15 -0.652 
8.175E+09 -121.168 119.978 119.978 -121.168 -56.84E-15 682.1E-15 1.726E-12 -0.849 
8.200E+09 -120.642 120.340 120.340 -120.642 -397.9E-15 -476.0E-15 -1.399E-12 -1.041 
8.225E+09 -120.110 120.703 120.703 -120.110 369.4E-15 -298.4E-15 284.2E-15 -1.228 
8.250E+09 -119.571 121.067 121.067 -119.571 287.7E-15 -504.4E-15 -1.151E-12 -1 .409 
8.275E+09 -119.025 121.432 121.432 -119.025 -557.7E-15 841.9E-15 110.1E-15 -1 .584 
8.300E+09 -118.472 121.798 121.798 -118.472 -451.1E-15 -159.8E-15 -888.1E-15 -1.753 
8.325E+09 -117.910 122.164 122.164 -117.910 170.5E-15 -891.7E-15 -810.0E-15 -1.914 
8.350E+09 -117.341 122.532 122.532 -117.341 -934.3E-15 671.4E-15 -298.4E-15 -2.068 
8.375E+09 -116.762 122.899 122.899 -116.762 412.1E-15 1.065E-12 213.1E-15 -2.215 
8.400E+09 -116.175 123.268 123.268 -116.175 319.7E-15 -46.18E-15 39.07E-15 -2.353 
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d) Time delay variation was computed from transmission phase data. Absolute 
dispersion is better than O.3ns over the complete bandwidth, and the 
variation is lower than O.05ns also over the complete bandwidth. 
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BRANCH LINE BUTLER MATRIX WITH COAXIAL {AI3+A)~NNECTION 

'" ~ 
;;: 

(FOURTH CONFIGURATION - BACK UP) 
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Summary of electrical characteristics 
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Channel 1 Channel 2 Channel 3 Whole band 

Amplitude :to.25dB :to.15dB :to.2dB :to.25dB 
unbalance 

Phase unbalance -20/2.50 -2.50/20 -30/20 -11.90/110 
(pk-pk) 

Amplitude O.24dB O.05dB O.15dB O.24dB 
variation vs 
frequency 

Matching ports < -11 <-16 <-16.5 <-11 

Overall loss < O.6dB 
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a) Input match, transmission coefficients and mean insertion loss vs 
frequency 
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b) Transmission losses and amplitude dispersion wrt mean insertion loss 

vs. frequency 
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2.4. LOSS BUDGET 
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Taking into account the electrical characteristics of each component as 

shown in this document, the loss budget of the passive Beam Forming 

Network of the Conformal Array Antenna is established as follows: 

'" :;: 

u.. Divider 1 :24 

Coaxial cable (50 mm) 

Coaxial cable (50 mm) 

Butler matrix 

Coaxial cable (200 mm) 

Isolator (if necessary) 
Rejection filter 

-1.1 dB 

-0.07 

-0.06 

-0.6 dB 

-0.26 

-0.3 dB 

-1.2 dB 
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Added to the RF performances of the active modules and radiating panel, 

AD.[1,2], the power dissipation map results: 

~ 
<X> 
..,. Input Data: ~ 

'" 
....., 
0 

::t: 

Antenna block diagram, AD. [1,2] 

Insertion losses of the passive BFN. 

Insertion losses of the active modules: 1.1 w/module, R.D.[3]. 

Insertion losses of the radiating columns: -1.0 dB, AD.[1]. 

Active module gain: 8.8 dB, R.D.[3]. 

Preamplifiers design: RF power at antenna IIF, 26.0 dBm per beam, 

R.D.[3], AD.[2]. 
Cables length, R.D.[2]. 
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Dissipated power on flight antenna: 

'" OJ 
cr:: 3 divider box: 270 mW 

50 mm (72) connecting cables: 5 mw/cable. 

24 complete active modules box: 26.4 w. 
50 mm (24) connecting cables: 2 mw/cable. 
8 Butler matrices sub-assembly: 320 mw. 
200 mm (24) connecting cables: 5 mw/cable. 

8 isolator + rejection filters subassembly: 15 mw/isol. + filter. 

24 radiating columns: 13 mw/column. 
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The highest dissipation is produced at the active modules, being the 

dimensioning section for the thermal design, R.D. [4]. In the BB antenna 

case this dissipation is reduced in one third to 8 w approximately. 
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2.5. CRITICAL ITEMS 
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Sianal Divider 
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i: 

Computer model for the 1 :24 signal divider meets all the specifications. 

However, manufacturing tolerances, unaccuracies in the model, parasitics 

effects, etc. can lead to deviations in the performances. To find out which 

parameters are most important in the design a simple sensitivity analysis 

has been performed, studying the basic unit of the design: a 2-way 

Wilkinson power divider. 
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The main conclusions can be written in the form of this table: 

::... 

Parameter 
.....,.. .'.. Spec. affected Requirement 

Tolerance in line widths Amplitude < 30 pm 
unbalance 

Tolerance in line lengths (A/4 IS I 
j: 5 % 

I 111 

transformers) (j: 0,3 mm) 

Resistor values tolerances 'S I 10% I 221 

Resistor parasitics IS I C < 0,12 pF 
I 221 

L < 0,5 nH 

Resistor attachment to the lines IS I Repetitivity 
I 221 

(soldering, bonding, epoxy) 
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~ As can be seen, the most stringent requirement is the one concerning line 

width tolerance, related to the specification of amplitude unbalance (the most 

difficult to meet). 
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The rest of the parameters affecting :S11: and :S22: can be tuned in 

subsequent design iterations, except possibly those concerning parasitics 

effects of the resistors (that are difficult to characterize). Resistor values 

tolerances refer mainly to those nearer to the output ports. 
'" '" 
'" 

:>: Butler Matrices 
"0 0 

:>: 

Since the analysis carried are based on CAD simulations, it is evident that 

the critical aspects which may arise are associated to components not 

modelled, particularly the transitions to cable for the baseline design. 
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On the other hand, manufacturing and assembly are also points to take into 

account in these printed components. Undergoing breadboards 

measurements (Annex 1) are aimed to the detailed definition of the 11/12 

coaxial line physical implementation: the pursued matrix assembly is 

illustrated in the exploded view of figure 2.5.1. 
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Fig. 2.5.1 : Butler matrix sandwich exploded view 
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"- The Butler matrices will be enclosed in metallic boxes and coaxial 

connectors will be assembled on these boxes. In this way, the expected low 

radiation from the devices due to the substrate choice, will be minimized to 

be EM compatible with the remaining parts of the electronic system. 
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No major critical points are detected at complete BFN assembly level. 
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3. COMPLIANCE MATRIX 
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Comparison of performances after RF design versus requirements are 

herein summarized in compliance matrix format. 

'" u 

v> 

... 

Signal divider and Butler matrices are evaluated separately (based on 

simulations) and altogether with cables in the form of Sub-BFN as defined 

in the requirements document, "in front" and "after" active modules 

respectively. 
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:z No differences are made between flight and BB antenna given that no major 

increase in cables length is foreseen for the BreadBoard and because of the 

low losses of the selected coaxial cables. 
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c: 
-0 SIGNAL "IN FRONT' SUB-BFN BUTLER "AFTER" SUB-BFN 

PARAMETER DMDER MATRIX 

.. R P STATUS P R P STATUS 

MATCHING < -20 < -18 dB < -20 C < 18.0 dB < -18 dB < -18.0 MC (1) 

INSERTION LOSS < 1.15 < 2 dB < 1.2 C < 0.6 dB < 1.1 dB < 1.0 C 

Amplitude unbalance < 0.05 < 0.2 dB < 0.05 C t 0.25 dB < 0.4 dB < 0.4 C 

(at a given frequency) peak-peak peak-peak 

Phase unbalance < 100 < 500 < 100 C - 4.50 < 50 < 50 C (2) 

(at a given frequency) peak-peak + 4.00 peak-peak 

Amplitude variation < 0.05 < 0.2 dB < 0.1 C 0.05 dB < 0.5 dB < 0.1 C 

(within 50 MHz channel) peak-peak peak-peak 

Group delay variation < 0.01 < 2 ns < 0.01 C < 0.05 ns < 2 ns < 0.1 C 

(within 50 MHz channel) complete complete 

antenna antenna 
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R-Requirement 

P-Performances 

C-Compliant 

MC-Marginal Compliance 

(1) Minimum margin 0 at lower frequency (8025 Mhz) 

(2) Tolerance impossed to cables length: t 0.07 mm 
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Table 3.1 : Compliance Matrix 
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