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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
0 design and manufacture a multibeam scannine a i ce adjace

sub-bands) for a LEO mission (800 Kms). It co

performant spaceborne missions.

<lllad (Up {0 tnree beam (

[} d. [1 L) dd]1aCen
Vers a very promising domain for future
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 Kms). 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 ALCATEL 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 1
- 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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Conformal aray
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l |
| | | : 1 _ 1 _ ]
Initid T-O Detailed Breadboard BB assembly Conclusion and
Management and design design manufacturing and test perspectives
100-ALCATEL 1000 2000 3000 11 4000 | 5000 ALCATEL |
| System Sub-assemblies ] | b
] analysis specifications Radiating surface BB assembly
1100 ALCATEL 2100 ALCATEL 3100 ALCATEL 4100 CASA
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] Mechanical /
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BB definition
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Fig I-a: Work Breakdown Structure
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100 - Management

1000 - Initial T-Q and design

. 1100 ; System analysis

- 1200 : X-band antenna T-0

. 1300 : RF design tools

2000 - Detailed design

- 2100 : Sub-assembiies specific.

- 2200 : Radiating surface

=
uy

. 2300 : Passive BFN

{1)

- 2400 : Amplifiers / phase-shifters

(1)

- 2500 : Filter design

1)

. 2600 : Mechanical / thermal design

(2)

- 2700 : AIT / budgets / BB definition

- 3100 : Radiating surface

3000 - BB manufacturing

- 3200 : Passive BFN

. 3300 : Phase-shifters

- 3400 : Mechanical structure

. 3500 : Control & Test software

4000 - BB assembly and test

. 4100 : BB assembly

. 4200 : BB tests

5000 - Conclusion and perspectives

Kick-off meeting

Preliminary Design Review

Detailed Design Review

Post Test and Final Review

Progress meetings

(1) Preliminary outputs for WP 2600 and 2700.

(2) Last month of 2600: drawings for BB manufacturing.

Fig. I-b: Schedule




CONFORMAL ARRAY

CHAPTER 2
SYSTEM ANALYSIS

(WP 1100)

Reproduction interdite ©® ALCATEL ESPACE Reproduction forbidden 1BO15-A



) ent is proprietary to ALCATEL ESPACE and shall not
sons without the wriltcn conscnt of the company.

The information contained in thi:
be disclosed by the recipient to th,

LCATEU ESPACE
1€,

he

propriéié exch
rs, sans l'accos

rmatlons contenucs dans cc document demeurent la
oivent pas &ure divulguées par le destinataire 3 dcs ticrs,

{o

REF: ATES 96 005003SCS0017
v
rewsaam| Conformal array __c L\:D e o
ESPACE Antenna '
23/02/96 /A 1
Titre / Title
RF SYSTEM ANALYSIS :
TECHNICAL REPORT
Rédigé par / Written by Responsabilité / Responsibility Date Signature
J. OSTER RF System Engineer [
23/02/5¢ Qb(/"\
Approbation/Approved
PKAROUBY Satellite Control Department
Manager 23 [02]96
G.CAILLE Active Antenna Department
23/1/5¢ %
Manager




REF: ATES 96 005003SCS0017

} i is proprietary 1o ALCATEL ESPACE and shall not

sons without the written consent of the company.

The information contained in this
be disclosed by the recipient 10 thi.

}LC ATEL ESPACE

Jociéié,

frmations contenucs dans cc document demeurent la propriéié exclu
.oivent pas €lre divulguées par le destinatairc A des tices, sans l'accoro

v
rewwsaam| Conformal array S——
ESPACE Antenna ' ' '
23/02/96 I/A 2
PROJECT DIFFUSION LIST
COMPANY DEPARTMENT | DIF. RECEIVER NAME
ALCATEL-ESPACE ASP G.DURET
G. CAILLE
E. VOURCH
—DE— __P KAROUBY
ST J.OSTER
DOBS L. DIDEROT
DCTC M. CHAINE
ESA/ESTEC G. VAN DOOREN ( Tex)
_TJenES
A ROFDERER
S, BRNETTT
CASA Div. Espacio M
MJ.MARTIN (3 ex |
TPFL LtmAa NE “c’i‘[ﬁ'
A A “Jam:::




snt is proprietary to ALCATEL ESPACE and shall not

A
_.sons without the wrillen consent of the company.

The information contained in this
be disclosed by the recipient to thix

LCATEL ESPACE

sociéié,

)

airc A dcs ticts, sans 'accora

par le desti

rmations contenucs dans cc document demeurent la propriéié excly
t pas éure divulgué

o
Joivcn

REF: ATES 96 005003SCS0017

14 M‘.(‘S

v
rewwwaam| Conformal array
DATE: | ED/REV: PAGE :
ESPACE Antenna
23/02/96 /A 3
ENREGISTREMENT DES EVOLUTIONS / CHANGE RECORD
ED./REV. DATE AUTORISATION | §: DESCRIPTION DES EVOLUTIONS REDACTEUR
AUTHORIZATION | §: CHANGE RECORD AUTHOR
0 | 31.01.96 Draft Issue JOSTER
VA | 23.02.96 Issuel/A  Aolhwics TIA o

LISTE DE REVISION DES PAGES / PAGE REVISION LETTER LIST




sl |m -
gl g - -
wn Ay
@] —
wn
m o
gl |3 :
<
2l [z - 2
A a ol
= n =)
= &
< A
ve .. %
= 9)
3| & g
< < m
o
A ]
<
’
< : g
S &
[:M
® K Vi
—
® S -
m o
= .
(- T
fA
= )
Q
O -
a |
)
a
mD
- )
L m
= Y]
m < < ol Gl Eall Lol Kot Ul ol tol Eafl EoTl Eafl El Lol Eodl Eal Eodl Eadl RS Bl <ol PRl FE P Pl Pl P P
v nw B Eo B Eol £ o Eol Eal oo ol Lol Lol Lol Eol Lol Eal Eal Eotl Lol Eadl Lol ol Lol Eal Eall Eofll Bl BTN Fall Eall Eodl £l ol Eal Pl PRl EAG Pl E PR PN
U -
m 31234567 A==~ =I=i~~l~I"1" QN[N {N a8 N A e ja [a Joa oo [od [en o jon [ {2 | |=
<
‘Auredusos 2y JO JUISUOD UMNUM 1 INOYIIM SUOT 1141 01 Jusid191 3Y) £q PIsOBIpP 3q 2191907 PI0DDE, SUES ‘Sion 59p € asrereunsap oy sed s3ynIynap ang sed WAL

10U [jrys pue FOVYJSA TALVYITVY O Areyoudoxd st {

SIY) U} PIUTBIUOD UOTIEULIOJUT Y[,

A0vdsd 1LY

injaxo przudosd Bf JUAINIWAP WIWNIOP 93 SUEP SoNUDIU0 suotieuud




| atis proprietary 1o ALCATEL ESPACE and shall not

.sons without the wrillen conscnt of the company.

The information contained in this
be disclosed by the recipient to thii. _

ALCATEL ESPACE

S0Ciété,

Jormations contenucs dans cc document demeurent 1a propriété exclu
Joivent pas éire divulguées par le destinatairc A des ticrs, sans 1'accord

REF: ATES 96 005003SCS0017
\ 4
ALCATEL Conformal array
DATE : ED/REV: PAGE :
ESPACE Antenna
23/02/96 I/A 5
TABLE OF CONTENTS

1. SCOPE 7
2. APPLICABLE AND REFERENCE DOCUMENTS 8
2.1. Applicable documents 8
2.2. Reference documents 8
3. MAIN SYSTEM HYPOTHESIS 9
3.1. X-Band Link hypothesis 9
3.2. Frequency Allocation Constraints 10
3.2.1. Compatibility with Satellite Services below 8.025 GHz and within 10
3.2.2. Compatibility with the Satellite Services above 8.4 GHz 11
3.2.3. Occupancy of the allocated frequency channel. 11
4. RF SYSTEM ANALYSIS 12
4.1. UIT/CCIR Constraints Analysis 12
4.1.1. Occupancy of the allocated frequency channel 12
4.1.2. Qut-of-band Power Flux Density 14
4.1.2.1. Linear channel 14
4.1.2.2. Non-linear channel 15
4.2. Design trade-off 21
4.2.1. Definition of criteria 21
4.2.2. CCIR Conformity 21
4.2.3. RF and link quality losses 21
4.2.4. Design complexity 22
4.2.5. Mass and on-board accomodation 22
4.2.6. Power consumption and dissipation 22
4.2.7. Frequency plan impact 23
4.3. Trade-off results 23
5. ANTENNA REQUIREMENTS SPECIFICATION 25
5.1. Antenna modes 25
5.2. Frequency band 25
5.3. Polarisation 25
5.4. Field of view 25
5.5. Minimum Gain 26




):m is proprictary to ALCATEL ESPACE and shall not
sons without the wrillen conscnt of the company.

The information contained in this
be disclosed by the recipient to thi.

LLCATEL ESPACE
i¢é.

rOCl

rmations contcnucs dans cc document demeurent Ja propriété exch

oivent pas éure divulguées par le destinataire 3 dcs ticrs, sans I'accore

jo

REF: ATES 96 005003SCS0017
\ 4
rewweaam| Conformal array
DATE: | ED/REV: PAGE:
ESPACE Antenna
23/02/96 /A 6

5.6. EIRP 26
5.7. Link quality requirements 27
5.7.1. Phase and amplitude jumps during scanning 27
5.7.2. IMP effects 27

5.8. Out-of-band filtering requirements 27
5.8.1. Baseline configuration 27
5.8.2. Optional configuration 29

5.9. Other specifications 29
6. CONCLUSION 30
7. ANNEX 31
7.1. Annex 1 : RF Power Computations with NRZ/PSK spectrum 31
7.2. Annex 2 34
7.2.1. Annex 2.1 : non-linear effects computations 34
7.2.2. Annex 2.2 : simulations results 35

7.3. Annex 3 : Power Flux Computations 39
7.4. Annex 4 : link quality effects 40
7.4.1. IMP analysis 40
7.4.2. ACI 41
7.4.3. Transmitter thermal noise 43




Fitis proprietary to ALCATEL ESPACE and shall not
ons without the wrilien consent of the company.

The information contained in this «
be disclosed by the recipient to thire _

CATEL ESPACE

L

étd,

rmations contcnucs dans cc document demeurent la propriéié exclus
ure divulguées par le destinataire 3 des ticrs, sans l'accord «

J’ivent pas

(8

REF: ATES 96 005003SCS0017
v
Conformalarray | e
ESPACE Antenna ' ' '
23/02/96 I/A 7
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] : Conformal array antenna proposal in response to ESA-AQ 2816 (P627E, from June
1995).

[AD3] : Conformal array antenna : Answers to ESA questions and updating of P627E
proposal (P627E, Rev. A from October 1995).

2.2. Reference documents

[RD1] : UIT/CCIR Regulation of Radio-Communications RR8-137/139.

[RD2] : UIT/CCIR Rapport 687-1 : régles 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 ’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 ENVISAT systems.

- Operational conditions : the transmission system is designed in order to be able to send data
from satellite to earth as soon as the elevation angle is equal or higher than 5°.
The link budgets are defined for Kiruna 1 earth station [AD1].

- Multiplex definition : up to three QPSK or BPSK-modulated carriers can be transmitted.
In case of BPSK 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 frequencies are 8100, 8200 and 8300 MHz. This frequency plan can be

reviewed in the course of this study.

- Telecommunication characteristics : the BER requirement is 10”7 for BPSK modulation
and 10” for QPSK modulation.
The link availability requirement is 99%.




REF: ATES 96 005003SCS0017

v
Conformalarray |
ESPACE Antenna ' ' '
23/02/96 I/A 10

Jat is proprietary 1o ALCATEL ESPACE and shall not
Jns without the wrillen conscnt of the company.

The information contained in this «
be disclosed by the recipient to thir.

CATEL ESPACE

ié1é,

K

rmations contcnucs dans cc document demeurent la propriéié exclus

)

vent pas éure divulguées par le destinataire 3 dcs ticrs, sans I'accord

3.2. Frequency Allocation Constraints

The frequency bandwidth within the range 8025-8400 MHz is allocated by UIT/CCIR to the
earth exploration service (EEX), as reported in document [RD1].

3.2.1. Compatibility with Satellite Services below 8.025 GHz and within
8.025-8.4 GHz range.

CItis required by UIT/CCIR that space agencies and space operators insure the compatibility
between the Earth Exploration Service (EEX) and the Fixed/Mobile Satellite Services
(FFS/MSS). This is ruled by the report [RD2] and the recommendation [RD3] from CCIR and
also confirmed by the final acts of WARC-92 and WARC-95 (Genéve).

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

values, 0 being the earth station elevation angle :

- 152 db(W/m?) pour 8 < 5°
-152+05* (0 -5) db(W/m?) pour 5° <6 < 25°
- 142 db(W/m?) pour 25° < 6 < 90°

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/m?Hz within the frequency range 8.4-8.45 GHz.

3.2.3. Occupancy of the allocated frequency channel.

CCIR define as follows the signal frequency bandwidth [RDS] :
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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4. RF SYSTEM ANALYSIS

4.1. UIT/CCIR Constraints Analysis

4.1.1.

Occupancy of the allocated frequency channel

The PSK spectra of the three modulated carriers are given on figures 4.1.1/A, 4.1.1/B

and 4.1.1/C.

PSD (db w.r.t. max.)

PSK SPECTRUM 50 Mbauds
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Figure 4.1.1/A : Channel 1 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 of PSK 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 channel 1 (8100 Mhz). The computed
Power Flux within 4 KHz bandwidth is shown on figure 4.1.2/A.

The margin w.r.t. the requirement is higher than 20 dB and there is no need of filter for that.

Power Flux for F < 8025 MHz

-140 - :
‘0_’ ..... - S S . boo“mo.@
¥4

o~ ‘150 p— /‘jo{
E ¢
§ @ Channel 1 Flu
$ -160 | Lo- CCIR Regmt
= :
2
“ 70 L

-180 1 ! i 1 H 1 i

0 20 40 60 80 100
Earth Station Elevation Angle (°)

Figure 4.1.2/A : Channel 1 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 4.1.2/B.

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 channel 1 (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.
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Figure 4.1.2/B : 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 InterModulation 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

1s 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 performed in annex 7.4.1.

Taking into account the percentage of IMP falling within the 8400-8450 MHz range, the
spectrum widening and the C/I;level (11dB is the figure achieved for nearly-saturated
amplifier), we obtain without filtering at SSPA output the levels of figure 4.1.2/C.

Power Flux Density for F>8400 MHz

-200
-210 |
L 20
E Bt 2 i 2 B m o o o & 3-carriers IMP
S 230 [ ¢ CCIR Reqmt.
Z
D ‘240 =
.
@ 250 |
—0—1-0-0-9-0—{0-- 00— P00 POWO—0————
-260 L 1 i ! i 1 i
0 20 40 60 80 100
Earth Station Elevation Angle (°)

Figure 4.1.2/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 C/I; ratio up to 45 dB;
* Or by putting a 34 dB attenuation filter at SSPA output;
* Or by changing the frequency plan to remove IMP’s out of the 8400-8450 MHz band.
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4.1.2.2.2.Effects of IMP from PSK spectrum power components

This 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
1s risen by 20 dB).
The compliance could be achieved :
* Either by increasing the C/I; ratio to cancel the IMP effect;
* Or by filtering at SSPA’s output;
* Or by both actions.
A frequency plan shift towards lower frequencies gives some advantage by combining PSK
spectrum components with lower RF powers (at least one component belonging to first

secondary lobes).

4.1.2.2.3.0n-board configurations

Five configurations are analysed more in detail :

- The first one consists in pﬁtting a band-pass filter (BPF) in front 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 from secondary lobes rise. In this 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 C/I;=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 high C/I; 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 front of the SSPA’s . It
is based on a C/I; ratio of 32 dB which is an intermediate value between the two previous ones
and uses a modified frequency plan giving some improvement on IMP’s (4 dB) . The proposed
plan is 8100 MHz for channel 1, 8175 for channel 2 and 8250 for channel 3.

There is a reduced CCIR out-of-spec (around 16 dB) compared to config 1.
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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 SSPA, along with three BPF’s at the input of each BFN (to prevent from
ACI degradations). They both guarantee the compliance with CCIR requirement.

For configuration 4, the modified frequency plan is proposed. The filtering function is shared :
24 dB in front 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 C/I; 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 frequency plan. A 28 dB C/I; 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 SSPA’s outputs. A 23 dB BPF is still needed at BFN’s inputs.

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

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-off

4.2.1. Definition of criteria

The following criteria are choosen in order to compare the different configurations :
- CCIR/UIT conformity;
- RF and link quality losses;
- Design complexity;
- Mass and on-board accomodation;
- Power consumption and dissipation;

- Frequency plan impact.

42.2. 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-conformance 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 SSPA’s and then no additional RF losses;
* Existence of a sufficiently stong channel filter in front 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 Ew/Np 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 Ei/N, losses (<1dB) 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 from
design point of view.

Configurations with amplitude linearisers in front of the SSPA’s are regarded as more

complex.

4.2.5. Mass and on-board accomodation

The number of filters (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 30-35% efficiency of SSPA’s when
operating at compression and 10% when operating in linear zone (C/I; ~ 45 dB) [AD2] [AD3].

With an active antenna, the overall power consumption of typically 8 SSPA’s is around
10 W 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.

For high C/I (40 dB or more) the benefit from lineariser is questionable but for C/I ratios
around 25-30 dB, a significant improvement in term of efficiency can be expected.

We can obtain thanks to a lineariser a good C/I 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 frame of the
french telecom. technological satellite, and gave an improvement of 10.5 dB on the C/I; ratio
of a linearized-11Ghz-CAMP (from 18.7 dB to 29.2 dB with 3-dB OBO).

(*) The figure of 32 comes from 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 frequency 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 L + + + + + +1
CONFIG. 2 + + L + __ + +1
CONFIG. 3 _ + = + = _ -1
CONFIG. 4 + = _ _ + _ 0
CONFIG 5 + = _ _ + + +2

Table 4.3 : Trade-off results

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

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

This rejection filter will be designed by CASA 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

jormations contenucs dans cc document demeurent la propriété excl”
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more in detail.
2- In case of 5-10 dB relaxation of these requirements this solution becomes more
attractive since it can reduce the design constraints on C/I level, main drawback of this

solution.
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5. ANTENNA REQUIREMENTS 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 :
* 0-360° in azimut (¢ angle);
* 0-63° in elevation (6 angle).

The 0° 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

The minimum gain at 62.3° elevation shall be higher than 20 dBi.

5.6. EIRP

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 [AD1] 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.
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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 3° and + 0.3 dB. These figures shall be
considered as design goals, but higher figures could be proposed by Alcatel-Espace (typically
10° and + 1 dB) without significant BER performances degradation.

The scan rate of the antenna is 1°/sec.

5.7.2. IMP effects
The C/I; ratio shall be higher than 28 dB for the baseline configuration (typical OBO
of 3 dB).

The C/15 ratio shall be within the 35-45 dB range for the optional configuration (typical
OBO between 6 and 8 dB).

S.8.  Out-of-band filtering requirements

5.8.1. Baseline configuration

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

The amplitude losses, within + 25 MHz around each carrier frequency, shall be lower than
0.4 dB. The group delay variation shall be lower than 3 ns within + 25 MHz around each

carrier frequency.
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The global amplitude attenuation of the filter between 8400 and 8450 MHz shall be higher
than 37 dB. This filtering scheme will be shared between BPF’s in front of the BFN’s and

rejection filters behind each SSPA.
The filters masks are shown on figures 5.8/A and 5.8/B.

Gain (d5)
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Figure 5.8/A : BPF amplitude mask
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Figure 5.8/B : 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 + 25 MHz around each carrier frequency, shall be lower than
0.4 dB. The group delay variation shall be lower than 3 ns within + 25 MHz around each
carrier frequency.

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

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 : -150°/+150° for the external equipment (TBC by thermal analysis in
WP 2600):
-20°/+40° for the internal equipment.

- Environmental conditions : ESD free (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. channel 1 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. channel 1 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 ESA/ESTEC 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(t*x)/(n*x)]’, x being the variable, product of
the frequency f by the inverse of the information rate 1/R.

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 of 99% of the power is achieved for x=10 i.e. /R = 10;
then the total occupied frequency band is equal to 2*f,

The allocated channel bandwidth being 2*f, a 50 Mbauds information rate would require
2*10*50*10° = 1000 MHz bandwidth; on other words, a maximum allocated band of 375 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.

For channel 1 at 8100 Mhz, about 3.5% of the power is located below 8025 Mhzv and then a
filter with 6 dB attenuation at the corner frequency is sufficient to comply with CCIR spectral
occupancy rules. Indeed we have the result (0.965*P)/(0.035*P/10%'®) > 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 corner 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).

Gain (dB)
0
-0.2
-6 -5
-10 |
T T T T T i
8025 8075 8200 8325 8400 8540
Frequency (MHz2)

Figure 7.1/0 : bandwidth occupancy requirement
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Figure 7.1/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

72.1. 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 frequencies according to the
channel number.

The most critical impact of non-linearity is obviously on the channel 1, the closest from
8025 MHz, lower limit of the frequency 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 from combination of secondary lobes with a very little

percentage of power.

So, for channel 1, 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 C/I; 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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PSK SPECTRUM 50 Mbauds

CH. 3
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Figure 7.2/A : IMP on first secondary lobe

7.2.2. Annex 2.2 : analysis and simulations results

As an example of N-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 front 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, the centre frequency is 8300 MHz and we can estimate on figure 7.2/B
that, by using a high attenuation filter, its efficiency decreases from 40 to 20 dB in the 100-150
MHz range far from 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 frequencies (2*f;-f, form);
- two IMP’s due to main lobe and first secondary lobe mixing (2*f,-f, form);

- four IMP’s due main lobe and first secondary lobe mixing (fi+f,-f; form).

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

combinations.

In case of strong filters (A;»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 (A;~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.

If we change the frequency 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 - o) = (A%/2) * T, * (sinu/u)?, withu = 1t * (f- o) * T,
A amplitude of transmitted signal;
T, symbol duration (= inverse of information rate in Mbauds).

fy carrier frequency.

The EIRP is the intégral of the PSD over the whole signal spectrum :
EIRP = [ PSD(f - fo) df = A%2 and then PSD(f- f;) = (EIRP) * T, * (sinu/u)?

The RF transmitted power integrated within a frequency band B, at f; - f, from the carrier,
has the following expression :
Pe = (EIRP) * T, * (sinu;/u;)? , avecu, =7 * (fi - o) *T,

The surfacic power on-ground Ps integrated in B, with atmospheric attenuation aqual to zero
(worst case) is :
Ps=Pe*B/4/n/D?, D earth to satellite range.
And considering the real satellite EIRP, we get:

Ps = (EIRP)wat * T, * B * (sinu;/u;)?/ (4 * r * D?)
(sinuy/u;)? accounts for the attenuation in B (around f;) w.r.t. the maximum power density
at fy.

With on-board filtering, the previous expression has to be multiplied by the transfer function
of the filter TF(f; - f;).
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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 frequency spreading of the IMP’s power (=3 times the Nyquist channel bandwidth for
third-order products).
- The C/1; ratio.

Nine third-order IMP’s are spurring both DSN band and comms adjacent channels :
2*6-5(1) ; 2*6-5 (2) ; 2*fi-F; (3) ; 2%6-f; (4) ; 2%-£; (5) ; 2*f5-f1(6) ;
fi+hy-£ (7) ; fi+hs-£2(8) ; f+6-f; (9).

Figure 7.4/A describes the spectral occupancy of the 3-carriers third-order IMP’s for the
current frequency plan (so-called Py) : 8100, 8200, 8300 MHz.

On figures 7.4/B, IMP’s description is given for proposed modified frequency plan (so-called
P;), i.e. 8100, 8175, 8250 MHz.

Finally figure 7.4/C shows a frequency plan (P, for 8050, 81 18.75, 8187.5 MHz) with quite-
adjacent channels, but without any interference within the DSN bandwidth.

With Py, there are 3 IMP’s, (2), (6), (9), spurring the DSN band:; for 2 of them only 1/3 of
their power falls 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 P, 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 (1/9 ratio in worst case).

Then the degradation affecting the Ey/Nj ratio is computed by adding the thermal noise PSD
and the IMP PSD. Ey/N, = 17 dB in our case :
(Ey/Noyrowr = L[10°P10 + 10ENOM0)

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 freq. plan this power accounts for 2% (1%
from each adjacent channel).

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

Then the degradation affecting the Ey/Nj ratio is computed by adding the thermal noise PSD
and the ACI PSD.

Baseline : 0.6 dB (8 dB filter).
Option : 0.6 dB.

7.4.3. Summation IMP+ACI

We perform a rms sum between IMP, ACI and on-ground thermal 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 P, current frequency plan
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Figure 7.4/C : IMP’s description with P, modified frequency plan
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7.4.4. Transmitter thermal noise

The transmitter thermal noise includes
- The contribution from PSK modulator;

- The contribution of SSPA 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 SSPA 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 S/N ratio at SSPA output is 40 dB
within 2 GHz bandwidth (SSPA pass-band), imputable to the SSPA 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 SSPA

output becomes around 60 dB.
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I INTRODUCTION

The objectives of this preliminary study (WP1200) 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 concept developed for CNES contract (and extended to
a three beam generation) and a semi-active concept based on the use of BUTLER matrixes,

II___TECHNICAL SPECIFICATIONS

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

Parameter Specifications
Orbit 800 Kms
Antenna modes Tx only

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

Polarisation / Axial Ratio Circular (right hand); AR < 1.5 (3.5 dB)
(within 5° of the pointing
direction)
Field of view 360° in azimuth (¢ angle)

0 - 62.3° in elevation (6 angle)

Continuous beam while scanning

Minimum gain 20 dBi at 62.3° in elevation
EIRP * minimum = 17.23 dBW at 62.3° elevation angle
and uniform power flux density on the earth’s surface from 0°
to 62.3°.

* maximum = minimum + 2 dB for any angle (See figure II-b)
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Maximum amplitude / phase ) +03dB/+3°
Jjumps when scanning
Scan rate 1°/second
Antenna VSWR <1.5 (14 dB return loss)
Mass 10 to 20 kg
Thermal Conditions : external equipment: -150° / +150°

covered equipment: -20° / +40°
internal dissipation of the generated heat

Environmental conditions ESD free (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. II-b.
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Fig. II-b: EIRP specifications
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Ol __THE CONICAL ANTENNA

There are two main reasons for choosing a conical antenna:

- first, the required coverage is a revolution coverage (¢=0 to 360°) which implies that
the antenna must have a revolution axis,

- then, the particular pattern of the EIRP specification (maximum radiation at 62.3° 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 62.3° in
elevation.

That's why, a truncated cone of angle B as shown in figure Ill-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 (6 angle) and elevation (¢ angle) are also clarified.

If the normal of each generatrix points towards around 60° from the nadir: so half angle of the
cone would be about 30°. The cone can be folded with a lower part pointing towards an
elevation angle lower than 60° 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 (N, generatrixes on the circonference of the cone), the Ngg
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 62.3°)
* elevation scanning from 62.3° to 0° 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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Z axis
(towardfearth)

Fig. Ill-a: The Conformal Array Antenna:
1) Truncated cone with Ngp=4
2) Cross section of the cone




shall not

y

)

ESTEC CONTRACT 11698/95/NL/SB
A4
ALCATEL ANTENNA
TELECOM DATE: | ED/REV 3- 7
26/06/96 1/-

vation contained in this document is proprietary to ALCATEL ESPA

’cd by the recipient to third persons without the written consent of the

T
be

SSPACE
é.

)

y)
taire & des tiers sars I'accord &crit de !

lemeurent propriété exclusive d'ALC.

s contenues dans ce document d
)etre divulguées par le destinal

Les infor
et ne do

LRRINCIELESQEAQTIXE_ANILSEMI;AQIMNQEEIS
IV-1 THE ACTIVE CONCEPT

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

ACTIVE
MAIIC MODULE

—
'——‘ 7 C;_._I’\"/ REJECTION
BEAM 11— — R : Tuoo/usonm;
RF =} — : _
l.\'PUl‘s{Bmu %1 [l\"‘zm o : \%Q;? D\ [T S A s
" e L 1 SRz IEE
A AR LA R R R
CHANNEL ] A\ IVEY e s == =
rctas | s B\ rREReycT
PR AT L N

{ s rrverisemee]  POWER

i CONTROL

1 UNIT ! e SUPPLY
I AL :]

PAYLOAD -
LUF

WADIR

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 C/I specification.

When one or two of the other beams goes through the same amplifier, intermodulation
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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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 A, B,, C; and D; would be fully excited, the phase distributions at
the input of each Butler matrix are linear, with total shift even or odd multiple of n radians
(according to using 180° or 90° 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 D, and D,, 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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Y___ LOGIC FOR OPTIMIZING THE CONICAL ANTENNA
Y-1 DETAILING THE SOFTWARE TQOOLS
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 (N, N,.)
- pointed direction (in 6, ¢ 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 (0, ¢) coordinates.
*_input parameters:
- Rl 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 (Ryyp, Bi, Heones Niop)
- complex excitation of a subarray (issued from SYRLC)
- radiating pattern of each elementary radiator
- Butler's configuration (Number Ny, 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 RIASA
software.

*_input parameters:
- R file (issued from SYRLC)
- BUT file (issued from SYCOB)
- complex excitation of a subarray (issued from SYRLC)
- pointed direction (6, ¢)
- Butler's configuration (Number N, 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)
- R file (including geometry and excitations of the columns of the
antenna in the specified (0, ¢) 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 OPTIMISATION

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

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

Elementary radiator
Frequency, Polarisation
NERr, orientation, Mask

ACTIVE Column synthesis SEMI-ACTIVE
CONCEPT
CONCEPT Cone geometry (Nuws) ONCE
& I s,
Number of active column : Butler configuration :
Nact NB, N

Pointed direction 0, ¢

Pointed direction 0, ¢

radiated pattern of the
conical antenna in the
6, ¢ specified direction
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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 6 angle up to about 60°,
- Polarisation: RHCP
- Directivity: from 7 to 8 dBi, to be suited to the area of the array cell.

ALCATEL had developed several kind of radiating elements from 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.

&

e ——r—y

Fig. VI-a: Geometrical characteristics of elementary radiator
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The obtained electrical performances 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 0° axis. If we
would simulate with the measured pattern, there would be a false drop of the directivity near
0°; 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 +120° and -120°. A
comparison between measured and theoretical patterns is proposed at 8200 MHz in figure VI-

C.
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Rakio “B =8 : Ty
) @.a —; pidf
7.8 f AL ;
56 | 1l j
5.3 E 41 !
4.8 A ! <
3.0 a® =
z.8 . | i
{.4 l'.,‘ N l P SN vy =
o i

E.88 3.

PG T 20 746 T EE T E6 8.00 T oo L aiTis

@

Frequuuy (6”3}

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 modelisation
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VII-1 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 ALCATEL 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, Ngg.

* Difference between (fitted on previous breadboard measurements) and actual patch pattern,

on the whole bandwidth: -0.20dB

* Return loss (< 14 dB): -0.15dB

(worst case over whole bandwidth and all pointing directions)

* ohmic losses on the subarray 4 patches: -0.30dB

(estimation for parallel repartitor) 6 patches: -0.50 dB
8 patches: -0.80dB

* amplitude and phase errors from ideal values within a subarray 4 patches: -0.05dB

6 patches: -0.10dB
8 patches: -0.20dB

* amplitude and phase errors from ideal values among various subarrays: -0.05dB
(corresponding to standard deviations: gaussian error function with 0.5 dB / 5°)

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.
YII-2 PARAMETRICAL 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 B; 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 (B;) must increase
from i=1 to Ngg.

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 Ngg=4 and Ngg=6.
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Fig. VII-b: Optimisation of the patches orientation using SYRLC
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It is evident, especially when Ngz is higher than 4, that SYRLC can not be used for optimising
the generatrix profile. That's why, a parametrical 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, Ngg, is limited to 8 and the number of brisures will
be limited to: 1 for Ngg =4
2 for Ngg =6 and 8

Several sets of values of B; (for i=1 to Ngg) (with the constraint that B, < B2 <..Bnz) 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:

Niot 18 the total number of columns in the cone

NEr is the number of elementary radiators in a column

Heone is the height of the cone

Rayp is the upper radius of the cone

Bi are the orientations of the elementary radiators

margin=computed performance - total loss - specified value
(for the worst case in elevation from 0° to 62.3°)

Dumin 62.3 is the directivity obtained at 62.3° in elevation

(so, if we analyse the first line of the following table, we can conclude that the worst case is
obtained at 62.3° 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: ~ Ngr =4, N;o=29 and N,.=11 (see figure VII-c)

Ntot | Ner | Hcone Rsup B B 2 B margin | D, 62.3

(inmm) | (nmm) | @n9 | (@n9 | @n% | @9 | (ndB) | (indBi
29 4 99.40 150.90 25 25 25 25 +0.01 20.76
29 | 4 94.99 158.32 30 30 30 30 +0.11 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 +0.14 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 Ngr=4
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The table of figure VII-c leads to the conclusion that a folded subarray of (25°/25°/35°/35°) is
the best solution. But, if we compared this solution with a straight subarray of angle 30°, 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 subarray for Ngg=4 patches. That's why, for the following simulations with
Ngr=4, only a straight subarray will be taken into account.

* second parametrical study: Neg =6, Ny, =24 and N,,=9 (see figure VII-d)

Ntot | Ner | Hcone | Rsup B; B B; By Bs Bs margin D, 62.3
24 6 142.48 | 166.55 { 30 | 30 [ 30 { 30 | 30 [ 30 -0.44 20.65
24 6 13477 | 177.65 | 35 35 1] 35 | 35 | 35 35 -0.66 20.43
24 6 148.00 | 15701 | 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 14526 | 16092 | 25 | 25 [ 25 | 25 | 25 | 40 -0.30 20.75
24 6 14364 | 16268 | 25 | 25 | 25 [ 25 | 25 [ 45 -0.65 20.43
24 6 141.19 | 168.57 | 30 | 30 [ 30 | 30 | 30 | 35 -0.65 20.35
24 6 139.74 | 17047 | 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 14690 | 159.13 | 25 | 25 | 25 [ 25 | 30 [ 30 -0.36 20.72
24 6 14433 [ 16316 | 25 | 25 | 25 | 25 [ 35 | 35 -0.40 20.70
24 6 139.90 | 17059 | 30 | 30 | 30 | 30 | 35 [ 35 -0.52 20.58
24 6 145779 | 16125 | 25 | 25 | 25 { 30 | 30 [ 30 -0.38 20.69
24 6 14194 | 16730 | 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 13425 [ 17830 | 30 | 30 | 30 | 40 | 40 | 40 -1.17 19.83
24 6 142.12 | 16741 | 25 | 25 [ 30 | 30 | 35 | 35 -0.45 20.63
24 6 14451 | 16327 | 25 | 25 } 25 | 30 | 30 [ 35 -0.36 20.71

Fig. VII-d: Parametrical study for the generatrix profile for N, er=0

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
(25°/25°/25°/25°/25°/35°) with a straight one (30°). 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 B=30° and a
folded one with the following profile (25°/25°/25°/25°/25°/35°)
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* third parametrical study: Ngg =8, N,;=24 and N, =9 (see figure VII-e)

Ntot | Ner | Hcone| Rsup | B, B, B; Be Bs Bs B, Bs margin D,,62.3
24 8 |19881(178.061 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 1191.82/190.58) 25 | 25 | 25 [ 25 [ 30 | 30 | 35 | 35 -0.50 20.90
24 8 1889119438 25 | 25 | 25 | 25 [ 30 | 30 | 40 | a0 -0.46 20.94
24 8 183.101201.94f 25 | 25 | 25 | 25 | 35 | 35 | 45 | 45 -0.70 20.70
24 8 |18567[19791| 25 | 25 | 25 | 25 | 30 | 30 | 45 | a5 -0.46 20.94
24 8 |188.69]|19599| 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(201.80f 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 1177.89(211.77] 30 | 30 | 35 | 35 [ 35 | 40 | 40 | 40 -0.44 20.97

Fig. Vll-e: Parametrical study for the generatrix profile Jor Ngp=8

The analysis of the simulated results of figure VII-¢ 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 Ngg=8
.compared to Ngz=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 subarrays (B=30°) will be considered

- for 6 patches, two kinds of subarrays will be analysed: -folded one (25°/.../25°/35°)
- straight one (30°)

- no 8 patches subarray will be considered




shall not

y

)

ESTEC CONTRACT 11698/95/NL/SB
v
CONFORMAL ARRAY AES 960596 / ASP 019
ALCATEL ANTENNA
TELECOM DATE : ED/REV 3- 20
26/06/96 1/-

proprietary to ALCATEL ESPA’

without the written consent of the

mation contained in this document is
2d by the recipient to third persons

)

-

Th
be

|

“SPACE

" s contenues dans ce document demeurent propriété exclusive d'ALC,i'
Letre divuguées par le destinataire a des tiers sans l'accord écrit de

Les infon
etnedoi

wmmxww
VIII-1 ~ UNDERSTANDING THE CONCEPT

If the station is located at an azimuth ¢,, an odd number of columns -from 1 to N, will be
active (the other columns are switched off - i.e.: only Ny of the Ny, amplifiers are working
for an azimuth ¢,) and the azimuth ¢, corresponds to the one of the central column as shown
in figure VIII-a (N,=11, N,,=32). The phase and amplitude control on the Nt columns is
made by conjugate matching.

The cone is divided in N angular areas of 360 / N,,, degrees. The scanning outside the angular
area [¢g - 360 / Ny , &9 + 360 / N,] is achieved by commutation of the beam around the
revolution axis: switching on the N, +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 N, +1 column is switching on, the amplitude jump can be, in the worst case, equal
to 20 log (N, / Ny +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 Niot max = 32 and if
we considerer that 1/3 of the cone will be active N,,=11 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.




)shall not
any

)nation contained in this document is proprietary to ALCATEL ESPA

be w... .used by the recipient to third persons without the written consent of the Claup

Tt

\SPACE
€.

contenucs dans ce document demeurent propriété exclusive d’ALC‘

Zétre divulguées par le destinataire 3 des tiers sams Iaccord écrit de 1.

Les infc '

et ne dos.

ESTEC CONTRACT 11698/95/NL/SB
v
ALCATEL ANTENNA
TELECOM DATE : ED/REV 3- 21
26/06/96 1/-
SUBARRAY
(column)
Si Sz

- 0o360/2Nux

e e
7 $o-360/2Ntot

Fig. VIlI-a: Understanding the Active solution

viii-2 PARAMETRICAL STUDY

The parametrical study will be limited to the profiles selected in §VII.

The global notations (figure VIII-b) used during the parametrical optimisation will be:

- Ax and ¢k are respectively the amplitude and phase controls for the subarray (or
column) number K (K varying from 1 to N,«)

- 3; and ; are respectively the amplitude and phase control of each elementary radiator
(1 varying from 1 to Ngg)

Subarray n°K
with NER patches

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

-at first, the performance without any constraint (apart from the dynamic range
limitation to 6 dB of Ak and a;) will be obtained (column called margin 1 in the table of figure
VIII-c; margin 1 = Dy, (the worst obtained for the 20 elevation samples from 0 to 62.3°) -
specified value - total loss (0.75 dB and 1 dB for 4 and 6 patches), for the worst case of
elevation among 20 samples from 0° to 62.3° in elevation.

-then, the performance, with an equal power feeding of the columns (A is constant for
K=1 to N,) and a dynamic range limitation of 6 dB for a;, will be obtained (column called
margin 2 in the table of figure VIII-c).

-Finally, the performance with the same constraints than in step 2 and with a constraint
of feasibility of the repartitor (the a; 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 of figure VIII-c.

Neot Ner Nact Beta (°) margin margin margin
1 2 3
24 4 9 30 -0.51dB -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 -0.15dB <0.44 dB -1.14 dB
26 6 11 30 0.34 dB -0.20 dB -0.75dB
28 6 11 30 . 0.58 dB 0.19dB -0.45 dB
30 6 11 30 0.79 dB 0.54 dB -0.20 dB
32 6 13 30 1.19dB 0.74 dB 0.14 dB
32 6 16 30 0.95 dB 0.32 dB 0.00 dB
24 6 11 25/.../125/35 -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 0.34dB -0.32 dB
30 6 11 25/.../25/35 0.88 dB 0.72 dB 0.15 dB
32 6 11 25/...125/35 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 of figure VIII-c:

- In the hypothesis of equal power feeding in the columns, the results for Niwt=32 and
N.=13 or 16 confirm that the optimal number of active column is approximatively N,=N,o/3.
This is comprehensive because if we use half of a cone, at the edges, patch radiation is very
low (pattern for 6=90° 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 Ny can not be lower than 25. Increasing the number of
patches (from 4 to 6) permits, with the same profile, to increase margin of 0.4 dB or to reduce
the number of column from 27 to 25. A folded profile permits to increase margin of
approximately 0.1 dB compared to the straight one.

- the loss induced by ‘a equal power feeding of the column are respectively 0.27 dB for
a 4-patches subarray and 0.38 dB for a 6-patches subarray. 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-HPA's, or for given power
consumption. In this case, Pnmd=Njt X Pmax; With tapered amplitude, Prg << Nut 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 62.3° (i.e.: Dy=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 subarray 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).

ST

Fig. VIII-d: Several kinds of repartitors
parallel, serial and combined serial / parallel
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The serial repartitor is the most interesting for the purpose of our study because the feeding
lines are going through the patches, so reducing 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 pm is
obtained on the printed circuits which oblige to work with width larger than 0.4 mm) and go
very near from the cavities.

The only constraint imposed for all kinds of repartitors is to have constant or decreasing
amplitude from 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 subarray 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 : Ni=29, Noe=11 and Ngg=4.

This solution will be detailed in next part of the chapter.

yiii-3 THE CHOSEN SOLUTION

Geometrical characteristics

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

Heone, the height of the cone ( 94.99 mm)

Rayp, the upper radius of the cone (158.32 mm)

Rins, 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 (ie: 075 A at 8.2 GHz).
Concerning the azimuth spacing, it varies according to the crown of the cone from 24 mm
(0.66 A at 8.2 GHz) to 32.95 mm (0.90 A at 8.2 GHz):

d.z1=32.95 mm
d.21=29.96 mm
daz1=26.98 mm
d226=24.00 mm
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Fig. VIll-e: Geometrical characteristics of the active solution

Electrical characteristics

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

i a; (en dB) Ci(en 9
1 -3.35 0

2 -2.16 48

3 0 0

4 -5.04 348

Fig. VIILf: feeding law of the 4-patches subarray
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The radiated pattern of the subarray is given in figure VIII-g. The pattern is rather similar to
EIRP mask. ’

08150

p
/|

AN
AN

] B
i &3
ACTIVE CINCEPY / D 29 cohems / 4 patches por ol / 11 actives ¥ & &
Frequence : B8200. Mhz e 20w

Fig. VIII-g: Radiated pattern of the 4-patches subarray

The EIRP performances of the antenna, when 11 columns are active, are given in figure VIII-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 subarray (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 from 50° to 60° 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 SSPA.
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. VIII-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 0.3° 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 from the ground station
of Aussaguel (near Toulouse - 43.4 N latitude). The characteristics of these trajectories are

described in the table of figure VIII-i.




*all not

Y

2

tion contained in this document is proprietary to ALCATEL ESPA’
d by the recipient to third persons without the written consent of the «

13

)

The
be .

'iPACE

!

ntenues dans ce document demeurent propriété exclusive dALC

tre divulguées par le destinataire a des tiers sans 'accord écrit de

3

*,CO

Les infor .
et ne do,

ESTEC CONTRACT 11698/95/NL/SB
v
wwseamn | CONFORMAL ARRAY AES 960596 / ASP 010
TELECOM ANTENNA
DATE : ED/REV 3- 28
26/06/96 1/-
OEG (EST) OEC (EST)
- —4&.00 0 45;00 - -45.00 0 45.00
§ £
£ g
—_— T
of ——— o)
i
|
DEG (EST)
- -45.00 : 45.00
: .
1] ]
'
8 [}
o\
Type QUASI NADIR MEDIUM HORIZON
duration 771s 741 s 110s
azimuth [-92.3°, 86.4°] [-92.3°, 86.4°] [-92.3°, 86.4°]
coverage
elevation [1.9°, 61.8°] [-38.9° 61.8°] [-61.77°, 61.85°]
coverage
Clock 77 ms 150 ms 370 ms
Pge (per column) 55 mw 55 mW 55 mW

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 of five bits phase-shifters is made. So the Lest Significant Bit (LSB) of a phase-

shifter is 11.25°. The results of these simulations are reported in the table of figure VIII
the amplitude and phase jumps versus to time are

VII-m.
Trajectory Quasi Nadir Medium Horizon
RF power (1 col) 35mWw 55 mW 55 mW
clock 77ms 150 ms 370 ms
Amplitude jumps 0.5dB 0.4 dB 0.3 dB
Phase jumps 5 4° 3°
Commutations 303 573 239

-j and

given for each trajectory in figures VIII-k to

Fig. VIII5j: 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 -90° in the initial part and +90° in the final part. When the station
is over nadir, a shift of almost 180° 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 / 5°). A compromise
must be found for the clock value:

- 2 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 / 5° obtained against 0.3 dB / 3° required). These excessive values are essentially due
to the switching of the columns. The worst case of amplitude jump is given by : 20 log (N,+1
/ Naot) which is equal to 0.7 dB if N,e=11.

During the CNES study (cone of 60 columns, 19 active), the performances were the following:
- theoretical simulation 1 (simulation of the column pattern): 0.3dB/3°
- theoretical simulation 2 (including measurement of the column pattern): 0.5 dB / 5°
- measurement (adding specific test error) 0.7dB/4.5°

That's why, if the same hypothesis are made for this study, the final amplitude and phase jumps
will certainly be about 0.9 dB / 7°.
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The only way to be compliant with the 0.3 dB / 3° specifications is to increase the number of
active columns and consequently Ny, 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 / 1° does not degrade significantly the performances of the antenna
(see System Analysis).
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IX __THE SEMI-ACTIVE CONCEPT: PROPOSITION OF A SOLUTION
IX-1 PRINCIPLE OF A BUTLER MATRIX
The semi-active concept is based on the use of Butler matrixes.
A Bulter matrix N x N (ie: with N inputs and N outputs) is a 2N-port network, where N=2° (r
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.

A

A Vi
N inputs —@—D—— Bn —AK, 0K N outputs

Fig. IX-a: Representation of a Butler matrix

with the following relation

N . .
(A ¢K) = }:(% expi($+ Y, +(K-1)(¢0+2‘T”»]
i=1

where a is the amplitude loss through the matrix
¢ 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).

ok A | ¢

N0 + 2in,
v multiple of 2x

0+ 2im/N
A N0 +2imN)

’ | A

1 K-1 K N N+1#1 outpu:xb 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
(column)

& S2s

S17
Fig. IX-c: Semi-active concept in a cone of 32 columns (N=4 and N3=8)

Let us consider the case of a conical antenna of Ny columns fed by N 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
Ng 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 Np: output 1 of matrix Np
- column Np +1: output 2 of matrix 1
- column 2 Np: output 2 of matrix Np
- column Ny =NxNp: output N of matrix Np




)shall not

ESTEC CONTRACT 11698/95/NL/SB
v
ALCATEL CONFX);}%AL ‘:RRAY AES 960596 / ASP 019
TELECOM DATE : ED/REV 3- 37
26/06/96 1/-

)natim contained in this document is proprietary to ALCATEL ESPA
be dii0sed by the recipient to third persons without the written consent of the company

Th

PACE
A

]
y4

contenues dans ce document demeurent propriété exclusive d'ALC,
&tre divulguées par le destinataire 3 des tiers sans l'accord écrit de 1a .

!

Les info }
ct ne doiv.

In order to turn regularly the beam around the cone, a constant phase difference between two
consecutive outputs must be induced by the éxcitation of an input. It is easy to demonstrate
that the only way to reach this constraint (see figure IX-b, ¢o multiple of 27) is by the use of
180°-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 Ng — matrix
1) permits to turn the beam of an angle equal to 360° / N, 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 N — output 1 of matrix 1) permits to
turn the beam of an angle equal to 360° x Ng/ 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 Np is the number of Butler matrixes connected to a conical antenna and if D is the
dynamique range of the o in dB, this level is equal to:

2010g( NsVN o, El)

where

E, is the level of a single column at the nadir
D
and ] X’ (with X=1(20)

Omax ™ VX2N5+(N—1))NB

The level at the nadir is then about proportionnal to the number of Butler matrixes Ng. In case
of equal power feeding of the Butler's inputs (D=0, so X=1), this level becomes equal to

2010g(,/N'p ) + 20l0g(E,) -

For example, if we consider a conical antenna of Ny,=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 Ni=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.

IX-2 PARAMETRICAL 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 B=30°). 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 30° will be proposed.

The parameters will be:
- Niot (varying from 24 to 32)
-N:2,3,4and 8
- Np depending on N,;; and N (Ng=N,./N)
-Ngg:4or6

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

Net { Ner | Ny N margin for Dir Pgy total
) 62.3°

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 -1.15dB -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 62.3° 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 Ni,=24 and Ngz=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 (Ny=30, Ngz=6, Np=10 and
N=3) as shown in figure IX-e, it is clear that we have a minimum margin of about 1 dB from 2°
in elevation to 55°; 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 62.3° 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.

[ = - S
7%
i/l
e Tt
N I
b ‘”’\\ //” /
A NI
i Ny f
SRS
4 N o
f o
{ hea

Fig. IX-e: EIRP performances (Ngr=6, Ni»=30, Ny=10 and N=3)
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Fig. IX-f: Subarray radiated pattern (N, er=0)

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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Ntot /- NER| 24/ 6 24 /6 27/ 4 27/ 4 28/6 28/6 28/ 4 28 /4
Cone profile 25/../25/35 30 30 30 25/.../25135 30 30 30
Butler 8 3x3 8 3x3 9 3x3 9 3x3 7 4x4 7 4x4 7 4x4 7 4x4
Dmin 62.3° 21.08dBi | 21.05 dBi 20.92 dBi 2092dBi | 21.43 dBi 21.28 dBi 20.80dBi__| 20.80 dBj
Margin for Dmin | (.08 dB 0.05dB 0.17dB 0.17dB 0.43 dB 0.28 dB 0.05 dB 0.05dB
Margi for RF power| 0.22dBW | 0.00dBW | 0.22dBW | 022dBW | 0.40dBW | 0.35 dBW 0.05 dBW 0.05 dBW

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 of 24 columns with a 6-patches folded subarray. Margins of 0.08 dB and 0.22 dB are
obtained for respectively directivity at 62.3° 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
subarrays - to be assessed in WP 2200)

- the folded subarray which induces some risks in the fabrication

(loss in the bandwidth expected higher on longer

That's why, alternatives are proposed with 4x4 Butler matrixes and_4-patches subarray. The
solutions will be classified from 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- N mt=24 NB=8 N=3 N ER=6
2- Niwt=27 Np=9 N=3 Ng=4
3- Niwr=28 Np=7 N=4 Ng=6
4- Ni=28 Np=7 N=4 Ng=4
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IX-3 THE CHOSEN SOLUTIONS

The parametrical study has led to the choice of a 6 patches folded subarray 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:

without the written consent of the camnpany

- @ 24 column antenna with 6 patches folded subarray fed by a serial repartitor
- a 24 column antenna with 6 patches folded subarray 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.

)matjon contained in this document is proprietary to ALCATEL ESPA
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Geometrical characteristics

T
ML

The geometrical characteristics of the retained solutions are proposed in figure IX-h.
The truncated cone is characterised by the following parameters:

Heone, the height of the cone ( SERIAL: 146.72 mm, PARALLEL: 146.72 mm)
Rep, the upper radius of the cone (SERIAL: 159.02 mm, PARALLEL: 174.21 mm)
Rins, 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
of Ngr=6. A constant elevation spacing is chosen: 27.42 mm (i.e:0.75 A at 8.2 GHz).

Concerning the azimuth spacing d,,, it varies according to the crown of the cone from:
-24 mm (0.66 A at 8.2 GHz) to 39.80 mm (1.09 A at 8.2 GHz) (SERIAL REPARTITOR)
-28 mm (0.77 X at 8.2 GHz) to 43.80 mm (1.20 A at 8.2 GHz) (PARALLEL REPARTITOR)

PACE

Je

A minimum azimuth spacing of 24 mm is taken on the first crown because the diameter of the

contenues dans ce document demeurent propriété exclusive d'ALC

3

Les nf: -
etne du

,ié 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
E lines (they pass through the patches). If a parallel or combined serial / parallel repartitor is
5 chosen, this value must be greater due to the feeding lines and be equal at minimum to 28mm.

g

k: The exact azimuth spacing values are the following;

2

g Azimuth spacing SERIAL PARALLEL

8 daz1 39.80 mm 43.80 mm

" d,.2 36.75 mm 40.75 mm

: duss 33.70 mm 37.70 mm

5 daza 30.65 mm 34.65 mm

'E dazs 27.60 mm 31.60 mm

3 A 24.00 mm 28.00 mm
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Fig. IX-h: Geometrical characteristics of the semi-active solution
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Electrical characteristics

The feeding law of the subarray is proposed in the tables of figure IX-i-1 and IX-i-2.

i SERIAL REPARTITOR

i a; (in dB) L (in 9 B (in°)
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-1: feeding law of the 6-patches folded subarray fed by a serial repartitor

i PARALLEL REPARTITOR
i a, (in dB) G (in 9 B (in °)
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

v

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.

m/1%

Sendt — \*/

/ Y
/

/]

i

4

Fig. IX-i-3: Radiated pattern of the folded 6-patches subarrays
(fed by serial or parallel repartitors)




shali not

),

ESTEC CONTRACT 11698/95/NL/SB
\4
CONFORMAL ARRAY AES 960596 / ASP 019
TELECOM DATE : ED/REV 3- 45
26/06/96 1/-

proprietary to ALCATEL ESPA
without the written consent of the

.mation contained in this document is
:d by the recipient to third persons

}

Th
be

“SPACE

}i

/

propriété exclusive dALCA”
tiers sans l'accord écrit de

§étre dividguées par le destinataire a des

Les inforr "~ns contenues dans ce document demeurent

et ne do’

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 power possible for the antenna. ESA mask is
represented including a margin of 1.00 dB, which represents the total losses of a 6-patches
subarray (see the antenna loss budget). The numerical values of EIRP 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. '

b - H -‘!rS_'_-s_S —38 =5 15 T 35 L1 31
/
/
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&

Fig. IX-j-1: EIRP pattern for the semi-active antenna with serial Jfeeding
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Fig. IX-j-2: EIRP pattern for the semi-active antenna with paraliel Jeeding
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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 62.3°).

For a single beam, each column is feeding with a RF power of 35 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 SSPA. 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 398 W js obtained for the

antenna,

The EIRP performances are obtained for ¢$=0° (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 N,,); + 360/(2 Ny,p]- 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-1 shows the RF power on each column for both cases $=0° and ¢=7.5° =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 ¢=7.5°, a symmetrical distribution of energy (with a short taperisation) is obtained
whereas unsymmetrical distribution is obtained for $=0°, 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 [-7.5°, 7.5°] 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 62.3° 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 N,,); + 360/(2 N,,,)].
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Fig. IX-1: Focus on the Butler matrixes output for optimisation at 62.3° (0=0°and 7.5°)
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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 0, and azimuth angle ¢;)
and position 2 (given by 8, and ¢,) will be the following:

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

which gives the law : (W11, W21, Wai,..., Wni1)
step 2: optimisation of the Butler's inputs for position 2

which gives the law : (w1, vz, ya,..., WNi2)

(W12, W22, W32,..., Whiw2) = (W2m “Winm )

(V2m and g1 are respectively the averages of the law 2 and 1)
step 3: from the initial law (W11, Wa1, Wst,..., Wnep to final law (W12, 22, W3a,..., Wii2)
- (W2m -Y1m ) one LSB per one LSB incrementation (LSB depending on the number of
bits chosen for each phase-shifter) and comparison of far field value with the far field
value obtained with previous law.

The bits number of each phase-shifter 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-1 MECHANICAL CHARACTERISTICS, PASSIVE EQUIPMENTS AND
COST

The mechanical characteristics are summarized in the table of figure 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 (25%25%25%25%25%35 °) Straight (30°)
Patches per 6 4
column
Number of active 8 BUTLER 3x3 11 active columns
columns / Butler
Design simplicity Butler matrixes dispersion Experience of CNES study + 4
effects + 6 patches subarrays patches subarray
Beam shaping dispersion on matrixes TBV good results (c.f. CNES)
quality
Equipment Butler + cables added to active | 29 distributed active modules
concept but 5 modules less including HPA's (with bias
without bias switching switching) and phase-shifters
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 10°
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 subarray minimises the risks in the final breadboard performances compared
to the semi-active solution in which:

- a complex subarray 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 of figure X-b.

SEMI-ACTIVE ACTIVE
D,in 62.3°/ 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 A< 2 dB compliant but 4> 2 dB
( could be compliant by mismatching)
Amplitude and 1.4°/0.13 dB 0.90dB/ 7°
Pphase jumps analytically calculated (ON/OFF switching)
No compliant
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 (Dmi, at 62.3° 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 1.4° 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 of figure 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
concept
losses between #2dB # 1 dB (filter+connection)

HPAs and (Butler matrixes + cables+filter)

subarrays
Prr per amplifier 166 mWw 210 mWw
(for three beams) for the three beams Jor the three beams

total RF power 398 W 2.28W
DC power good efficiency of the amplifiers poor efficiency of the amplifiers
TRADE-OFF + 0
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Fig. X-c: Active modlules 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 WP1100, 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-1 (page 3-35 of this document), we
have the following relation:

(A b= [% exp g+, + (K- X, + EE)]j

i=L,N

where ¢0 = 0 (180° hybrids)

At the nadir, with a circular polarisation, the far field created by the N columns connected to a
single Butler matrix is:

. . .2 1
E, (nadir) = K=ZI;N < Ax ¢K> &, (nadir) exp[_pT\If£ (K - 1)]ﬁ

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

The contribution of input number i could be written as:

> ‘af* expilg+ i +(K - 1)-—]exp (K - 1)——] gl(nadlr)j-ﬁ—

K=LN

d K-1
%n 8131%“') exp jl¢+ V. ] Z (exp_]¥(1+l))

K=LN

d (exp == N G+ ])N)
%1 gl(na lr)expj[¢+l//J 27[
VN (expjﬁ(i + 1)) -

This expression is equal to zero unless i=N-1.

If i=N-1, the contribution of the input is:

am

Q- & (nadir) . D!
el WN-I]K=ZI,N( )

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

ZNNa a? =1 which implies that ¢y, =

—— g,(nadir) exp j{¢ + V.. 1]‘/_

for each input of the Butler.

1
”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 Ng Butler matrixes) becomes equal to:

—I—NBJﬁ]g, (nadir)| =

VNN;
INsle (nadir)

so directly proportional to the number of Butler matrixes Np.
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1) Lo and Lee : Antenna Handbook [ref A1l photocopied at the end of this annex]

Pages 19 / 101 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 patent 91/01086

The principle of Ref. Al is applied after replacing one large Butler matrix Ny, x Ny (bulky and
difficult to manufacture) by Np small matrixes NxN, with Ng x N = N,,, . Emphasis is put on
the advantages to use equal amplitude signals at the inputs of the matrixes, especially if SSPAs
are placed just after the phase-shifters.

3) Verification of such principle by our software

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

a) fig. A-3-c in the case where (i comes from the center of the array O 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
from all the inputs to a single output: 8 R.E. (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. [A1] - 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 4 comes from the center of the circular array to

one R E. M’ . The matrix, the outputs of which are columns S1 and S17 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 [A1]: the (sin x) / x desired
excitation on the R.E is sampled at -3.9 dB points in the main lobe (equally spaced from its
peak to the first nulls) and near the peak of the sidelobes. That’s why we cannot avoid spurious
back radiation from the R.E nb 9 (the third output of the same matrix).
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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); @, is the reference insertion phase of the matrix
(corresponding to the shortest path)

RE.

[

DIVIDERS 1/24

Figure A-3-b:

How to point in @ direction, by sharing excitation of the drawn matrix (number j) between S,
and S, (+ small spurious radiation on Sy): example of the semi-active array proposed in the
study
(Nio=24 with Ng=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 90° 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: ¢; = (2 k; + 1)
7, where k; are successive integers (with suited numbering of the inputs)

b) other s built with 180° hybrids: with similar connection and rotation, ¢; =2 k; 7.

c) simpler matrixes «Butler-like» in multiport amplifier have the only constraint that
output excitations corresponding to each input are orthogonal:

*
2E mEn=0 m,n
m,n
(Kronecker symbol; 0 if mhot equal to n, 1 if m=n)

They don’t provide linear phase-shifts, multiples of &, at the output.But it is not necessary
when inverse matrixes are used in front 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 / M'! matrix) than on the input nb i.

To feed a circular array, references [A1], [A4] and [A5] say clearly that b-fvpe 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 27» computation: because the total phase-
shift ¢; is always an integer multiple of 2 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: Adp;=(i-P)2n/N, with P=N/2 if N is even and
P=N+1/2 if N is odd (see figure A-3-a). On a physical antenna, with dispersion between
HPA’s and phase-shifters, we have to add a «compensation phase» issued from measurement
of these equipments; and also a compensation of various path lengths in free 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 2n/N, is very simple: add 27(i-P)/N to the input
nb /, take the result modulo 27 between 0 and 2r, and sample it to the nearest bit of the phase-
shifter (LSB resolution).
3- with b-fype 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. from 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, if N=3, phase-shifts will be: -LSB, 0, +LSB) and change by only LSB/N if N is even.
So, the excitations around the array will move a little bit (following principle of figure 84 in
ref. A1), with very little amplitude and phase variation of the global radiated field : in the worst
case LSB/N, in phase; for example if 24 R.E and 5 bits phase-shifter, this phase jump will be
0.5°.
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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 port a, of Butler matrix A is excited
with any amplitude and phase, a corresponding port b, of Butler matrix B will be
excited with equal amplitude and phase when the phase shifters are all set equal.
If the a,s are weighted in amplitude and phase to any desired distribution, a
corresponding distribution is achieved at the outputs b,. Now if a linear phase
distribution with a totai phase of[m2x (m an integer)]is applied across the array of

phase shifters, the entire distribution over b, will translate across the output in
increments of one element spacing for each successive value of /1. The translation
of the output distribution by an increment less than one element spacing requires a
total phase that is a nonintegral multiple X of 27. That is, jm| < |K} < im| + 1. In
these cases there is no longer a one-to-one correspondence between an input port
excitation and an output port excitation. Instead, if one input port is excited, not
one but all output ports are excited to some extent. However, as would be expected
the two adjacent ports corresponding to phases of m2x and (m +.1)2x are excited
most strongly since they straddle the “phantom” element corresponding to the
phase of K2x. If*fact, the output distribution is a discrete sampling of a sharp
(sinx)/x distribution as shown in Fig. 84b. The width of the “main lobe” of the

19-102 Applications
OUTPUT DISTRIBUTION DISTRIBUTION
WITH ALL PHASE SHIFTERS [N WITH PHASE SHIFTERS
SET TO ZERO [N SET WITH LINEAR PHASE
Vo DISTRIBUTION OF fmza ]
1 ACROSS ENTIRE
' ARRAY, WHERE m = INTEGER

LINEAR PHASE DISTRIBUTION
TO TRANSLATE OUTPUT
BUTLER MATRIX A AMPLITUDE DISTRIBUTION
e l l l i i l l S UNUSED PORTS
:: ®eea_; o, q a eee a :,’\ TERMINATED
a
COMPONENT N~ (sin x)/x
(sin x)/x H’ Y \S. ENVELOPE
ENVELOPES P ENVELOPE
700 I, by OF DESIRED
P o - DISTRIBUTION
-
—_— - e -
f |
! M M
H m\l/ \U W \UA\ !
b

Fig. 84. Back-to-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 2x. (Courtesy Hughes Aircraft Co., Fullerton,
Calif.)
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envelope (sinx)/x is two elements and the side lobe width is one element. The
output distribution corresponding to phases of integral multiples of 2 consists of
discrete values identical with those at the input to the first Butler matrix A because
of the one-to-one correspondence between a,s and b,s. 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 muitiples
of 27, the output distribution is a superposition of sampled (sin x)/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 distribution of matrix A.

Now, if the output ports b, are connected by 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 b,s to move along the
periphery of the circular array. If the phase distribution 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 probicms 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
@n = kR(1 — cosnAB), where A0 is the angle subtended by one-element spacing,
R is the radius of the cylinder, and k = 2a/4. 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 27 of total phase change is equal to one beamwidth if the
element spacing As is A/2: .

A
As—RAG—i, Aﬂ—i-ﬁ

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 Butier 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 passive feed network that produces that same distribution. This
reduces to the Sheleg approach. A simpilified schematic diagram of the approach
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for an eight-element array is shown in Fig. 85. Sheleg arrived atghis solution from a
different point of view. He expressed the far-field pattern in cylindrical modes in
the form

N
E@) =2 C,em®

where the number of elements is 2N, and

Co = 21K 1,,J,.(ka)
K = constant

Sheleg 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 elements 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-squarcd array distributions with quite close correlation between

SUM INPUT

@  FEED POINTS TO ELEVATION ARRAY = N (REQUIRED)
VARIABLE PHASE SHIFTERS = N (EXPENSIVE)
[T FIXED PHASE SHIFTERS = N (INEXPENSIVE)

Fig. 85. Sheleg’s approach. (Courtesy Hughes Aircraft Co., Fullerton, Calif.)

measurement and theory except in the remote side lobe region. He shows the
patterns as a function of the number of modes used. Up to a point the patterns
improve as more modes are used; then, beyond this point, the radiation pattern
degrades somewhat. This has been explained by use of the tutorial model
previously discussed.

For uniform distribution the azimuth pattern shan nction of azimuth

scanning of the main beam is shown to b . it makes little
difference whether the peak of the array distribution falls on an element. midway
tween two elements, or any fractional part thereof. This is also explained by use

ot the tutorial model. For more details the reader is referred to Sheleg’s paper [56].
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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 for example a little rotation in azimuth from the
direction OM" to OM", where M and M" are points on the circle, a little before and after a
R.E. M (see figure B-3-b).

* for_the active concept, we put ON one HPA, so one RE. (M*4 on the figure B-3-a), and
then put OFF one R.E. on the opposite side of the active part of the array subarray (M4 on the
figure).

In each case, we can compensate with the phase-shifters for the pointing direction jump 27 /
Niot. 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 (Naet+1/ Ngr), 50 1 dB if N,o=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 M'4 by (i-2) LSB at each step. We

need 21/ N LSB = 2°/ N such steps, to switch off M4 and switch on M'4 (b is the number of
bits of the phase-shifter).

Recall: a total phase-shift of 2% over all the inputs +1 is necessary to move the energy focused
on one output to the next (see figure A-3-a, or fig. 84 from reference Al).

So, for each step, the beam moves in azimuth by 86=(360/Ny) / (2°/N) = 360 / (2° Ng)
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Np=8 (3x3 matrixes; N,=24, b=5 bits) gives 50 =1.4°

The azimuth 3 dB beamwidth is about 50.8 A / D, = 6.8° (Dmic=271 mm)

If the top of the main beam is approximated as gaussian Ggs = G,-3(26/03)*

It is optimal to switch the beam when the station has turned from 86/2=0.7°. 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 (86#63/10), and global phase offset has been computed in annex A as LSB / N,,, = 0.5°.
Remark: we find the same jumps (1.4° and 043 dB) by complex summation of vectors
representing radiation of each active column, near nadir (see figure B-3-a).

SPACE
&

&

In conclusion, for this typical azimuth small rotation and same number of columns (24) for
each concept, semi-ac*ve one shows 7.7 times lower amplitude jump.
Remark: with such a step " 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
M4 M3 M2 M1 M Ml M2 M3 M4
> > » —— > 5 SRS 2
(adding M*4 R.E)
amplitude jump = 20 log 9/8 =1 dB
M4 M3 M2 M1 M M1 M2 MW
0]
=3 > > > -+ -+ — 3y
new M'4=0.996<0° S adding M*4=0.119<120°
,adding M*12=-0.106<-120°

-0.13dB —> =, New radiated field = complex
jl.4 ° sum of all R.E excitations

0

Figure B-3-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 R.E (coherent phase summation
without weighting by the element pattert}: near nadir, its effect is the same for all R.E; offsets
in the input phases of various matrixes compensate for the rotation of the elementary pattern
(equivalent to a phase-shift in circular polarization) ‘

Figure B-3-b:
Small rotation of the beam in azimuth: example for 24 R.E., 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 ALCATEL experience in passive thermal control of active
antennas, with suited coatings or radomes):

- radiating surface and passive BFN (including Butler matrices) : -50°,+50°C

- active modules (gathered at the bottom and about center of the antenna; if necessary
connected to the heatpipes of the platform): -5°+40°C, with no more than 5° 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. COMPOSITION OF THE BREADBOARD BFN

Interactions from 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 BEN" will be implemented
(see figure 2-a), but linear performances of the 3 channels will be measured by shifting the
frequency 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).

e 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 cm.

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;

e 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 MH:z.

3.2 ELECTRICAL SPECIFICATIONS 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);

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

¢) amplitude unbalance: < 0.2 dB peak-peak, at a given frequency.
d) phase unbalance: < 50° peak-peak (can be compensated by the phase-shifters).
e) amplitude variation within each channel < 0.2 dB peak-peak.

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

g isolakow < 13N ( nom SPC(/}
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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.

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

¢) 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: < 5° peak-peak (cannot be compensated by the phase-shifters) for a
flight-type antenna, 10° 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, +50°C (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 S, 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 &, temperature variation should be
chosen for the dividers (such as Duroid 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;
e 2.2 kg for a FM-type 3-beams full antenna.
e 1.2 kg for the breadboard "one-channe!" BFN.
b) Vibration

For a flight model, typical vibration levels will be deduced from m

(WP 2600).

echanical analysis

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 S, 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;

e 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 from the mean insertion loss of all

. = 1 . .. . .

matrices (L=-ﬁ—ZL n ) and from the ideal transmission phase - this averaging
b

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,;, Sy, and S,, of the two parts of the BFN should be measured,
with delivering:

* curves over the whole bandwidth for the S, amplitude and phase of the
24 shortest paths obtained by following association of matrices ports: 3 5 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;

o all S-parameters: 24 S;; and Sy, 72 Sy 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:
e the part of the BFN before the control modules, on one hand;
e the part of the BFN after the control modules, on the other hand.

Due to the large number of paths (72 S,, for the second part of the BFN), will be given in
this table:

* the min, mid, max values and standard deviation of [Sy|, [Sy;|, [S| and
Arg (S;1) among all the paths; each at 8.1, 8.2 and 8.3 GHz.

* the min and max values of [S)|, |Sy,|, |S;)| and Arg(Sz) among the
24 shortest paths over the whole bandwidth.

* the maximal frequency variation of |S;;| 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.

S.2 INSPECTION AND REVIEW OF SPECIFICATIONS COMPLIANCE

Before integration in the breadboard, ALCATEL 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: J 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, +50°C.
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ANNEX A
CS FORMAT FOR DELIVERING
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

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 =y
i Borb J.5

2 Matrix 0
1 nb J Coré6 J.6
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1. FUNCTIONALITIES

According to the electrical diagram of the "semi-active" three-beams conformal antenna
presented in figure 1-a, an active module should perform following functions:

a) Phase contro] over 360° of each of the 3 input-signals (each beam corresponds to a 50 MHz
wide channel, centered at f; = 8100, £, = 8200, f; = 8300 MHz).

The desired phase-shifts are computed by the control unit, including:

e 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);

e compensation of phase dispersions between the various BFN paths, located
before the Butler matrices, including the active modules themselves (phase-
shifter at 0° 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) Combining the three channels, with equal amplitude transmission from each of them.

¢) Amplifying the signal 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 SSPA'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-compensating gain dispersions between the SSPA's, and of the phase-shifters for

various commands, if it appears necessary to comply with the specifications.

e) Providing a very good C/I3 > 28 dB: because of stringent limitation of power radiated in

the Deep Space Network Band (8400 - 8450): this can require internal linearizer.

D) Providing a calibration signal, 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 # in phase opposition (shifted one from each other
- by 360°/(N, - 1));

* 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 # 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:

e whole allocated to the mission: 8025/8400 MHz

e 3 useful channels, 50 MHz wide, centered around: f, = 8100, f, = 8200,
f; = 8300 MHz.

b) Matching:
® Return loss <-18 dB on the whole bandwidth for all inputs and outputs,

e except active modules output, where -14 dB can be tolerated, as the electrical
length until the next equipment (Butler matrix) is very short.

¢) 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 gain/levels budgets:

Output of the modulator 0 dBm
Channel filter loss -0.7 dB
Divider 1/24 and cables insertion loss -2 dB
1/24 division loss -13.8 dB
Butler matrix loss -1 dB
Loss of cables before and after the matrices -0.3 dB
Isolator -04 dB
Rejection filter loss (worst case over the 3 channels) -12 dB
Overall provision for mismatching between equipments -0.6 dB
Level at subarray input without active sub-assembly 20  dBm
Level at subarray input required 15.5 dBm
REQUIRED GAIN ( for any of the three channels): 355 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 Jrequencies.

e) Phase control:
6 digital bits (LSB = 5.625°).

RMS phase error over all the 64 states (after possible reading of a calibration table for each
module) < 3° for each module.

Worst case phase error over all the 64 states < 9° for each module,

S Gain unbalance:

e For a given module, over all 64 phase states : < 1.2 dB peak-peak
e for a given module, RMS over all the 64 phase states: < 0.4 dB

* among all modules, for the reference 0° command and maximal 5°C temperature
difference between them: < 1 dB peak-peak

® RMS among all modules for the reference 0° command and maximal 5°C
temperature difference between them: < 0.4 dB

g Variations within each 50 MHz channel-

e amplitude: < 0.3 dB peak-peak
e time-delay: <2 ns

h) Linearity:

C/13 > 28 dB for three carriers with C = output power C specified in § 2-d); I3 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
-5°, +40°C.

b) All electrical specifications should be met within this temperature range.

plate (thanks to appropriate thermal control of the antenna):

¢) The output power from the active modules can vary, above the minimum value of 19 dBm,

by no more than 2 dB over the whole temperature range -
control specifications 2.e and 2.f would 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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S. OUTPUTS 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

"Conformal array antenna" contract.

-active concept of the

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 2.1-a and

2.1-b.

N =Nb x Np is the total number of subarrays inputs, equally spaced around a circle.

e 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).

o 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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SUBARRAY
(column)
——

Optimally, energy \4 S =
is concentrated :

on one output
of each Butler,

phase-shifters

but can be

moved slowly S 7N

around the ”

cone by driving % BUTLER—AY
= N

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 180° - hybrids (waveguide
magic tees, planar rat-races ...) than with 90° - hybrids (parallel waveguides coupled by holes,
branch-line planar couplers), for following reasons:

a) As it is explained in references [1]12][3], a Butler matrix built with 180° 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 2n 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) 0°, 90°, 180°, 270° to the inputs numbered
1, 2, 3, 4 of the matrix, the excitations corresponding to any combination of input signals
will move by 90° on the circle:

e if we add the above phase-shifts at the inputs of all the Butler matrices, the
beam will turn by 90° 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 A,, By, C,, Dy, to turn the beam by i—n, the

phase-shifts explained before, applied only to matrix A inputs, move the energy
from A, to A, (figure 2.2-c). Then we apply the same phase-shifts to matrix B,
which moves the output energy from B, to B, ... and so on.

b) On the opposite, a Butler matrix built with 90° 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 © 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 90°, by adding 90° 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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(numbering inputs and outputs has

4 ) 0 180 ) 0 been chosen so that the matrix is
unvariant by 180° rotation around

4 4 Oz perpendicular to the sheet

/ ’ / \ / ] plane).

izl

4 3 < I

1) 4x 4 Butler matrix built with 180° - hybrids

CL:OO cj-a.:+30°
/_\

Tg) Outputs regularly connected to a circular array (insertion phase of the shortest path
1= 4 must be added to all output phases, written around the circles)

Figure 2.2-a: 4 x 4 Butler matrix built with 180° - hybrids (1), providing equal Phase-shifts
8;0n outputs regularly connected to 1, 2, 3, 4 on a circular array
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2 3 4 outputs
,S‘.h @ .90 ° 0° OUTPUT
3 [ PHASES
SO
OUTPUTS
-
INPUTS <
® © ™~ [
) INPUTS
Ll) 4 x 4 Butler matrix built with 90° - hybrids 4 3 24
daz+435°

+4357% dy
xcobed .
mpt 4| 4 , < , 3 ’ 4
d: I +45° l +435° l +225 % -435° ' 345%-45°

TE) Outputs regularly connected to a circular array (same remark as in the last page)

Figure 2.2-b: 4 x 4 Butler matrix built with 90° - hybrids (1), providing non equal phase-shifts
B 8; between the outputs connected to the circular array (2)
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Figure 2.2-c: moving the beam by if—n, thanks to phase-shifts 5;applied on the i = I to 4

inputs of the matrix A
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2.3 ADVANTAGES OF 3 X3 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 SSPAs' 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 Pgp 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:

o Eight 3 x 3 matrices gives 19.94 dBi gain, and Py = -1.38 dBW,
¢ Six 4 x 4 matrices gives 19.85 dBj gain, and Pgy = -0.13 dBW,

o Three 8 x 8 matrices gives 19.36 dBi gain, and Pp; = +2.88 dBW,
* Twelve 2 x 2 matrices gives 19.21 dBj gain, and Pgy = -0.98 dBW.

N.B.: The above gain is the most critical, for 62.3° 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 if 3 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 b

0 whole specified bandwidth: 8025/8400 MHz
0 Useful channels: 50 MHz centered around f), = 8100, f, = 8200, f; = 8300 MHz.

a) When feeding successively one of the three inputs:

e The output amplitudes must be theoretically equal; in fact, unbalance between
the 3 x 3 = 9 paths of a given matrix #, and over all § matrices delivered, can be

tolerated no more than + 0.2 dB at a gjven frequency within the X whole

bandwidth, w.r.t. the mean insertion loss L= (Z L,/ Nb)(Ln insertion loss
- averaged on the 9 paths of the matrix ,). N
® The transmission phases towards outputs named A, B, C must bei_{@
~ Qo> 9o, P, When input numbered 1 is excited, -
= o> §ot+ 120° @, - 120° when input numbered 2 is excited,

= Qo @, - 120°, @, + 120° when input numbered 3 is excited.

9, is a fixed value (reference insertion phase) for a given frequency. Errors from these

values must be mmnmhmmmgjmmw over the whole bandwidth.

This is equivalent to specify the following transfer matrix [T]:

1 1 1
jz_“ _j2_1r ej<P0
[TI={1 €3 e 3 |.-—Recall that [T] is defined by:
22 |3
- 1 e J3 eJ 3
- el Sa
1 _—> T =52 A
Sa el e2 .
Sb|=[T] [e2|with 2 ——= | Butler’ | —»Sb g
S 3 , matrix
C € e3 - S
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) @, can vary over all matrices by less than 50° peak-peak (these @, values should be
measured with + 1° accuracy, and will be compensated by ALCATEL in the phase-shifters

- commands).
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¢) Mean insertion loss L, (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 |Sij| of the 9 paths < 0.4 dB peak-peak, within in each
channel for a given frequency.

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) Group-delay 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 modern network analyser, or

computed as Tg=— —IM :

2n df

e) Interfaces: For the breadboard of this contract, interfaces of the matrices must be SMA (or
SSMA) female coaxial connectors.
For a FM 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:

e 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).

* 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 SSPA's and proposed filters technology, matrices made from printed-
circuits are preferred.
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4. THERMAL SPECIFICATIONS

a) Temperature range in flight: -50, +50°C (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 S,, temperature variations for the 9 paths of gne 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.
For minimizing such variations, substrates with low €, temperature variation should be
chosen (such as Duroid 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 S years.

6.2 INSPECTION AND REVIEW OF SPECIFICATIONS COMPLIANCE

Before integration in the breadboard, ALCATEL 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 from § 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 S, S21 and S, and time-delays, should be measured at
ambient for the 9 paths of each matrix, and S, 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.

o for all matrices to avoid too many eull 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
stepsfrom 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 Sy (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 0°, +120° or -120° 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 = ] to 8.
e 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,

+50°C.
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ANNEX A -
CS FORMAT FOR DELIVERING
S-PARAMETERS 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

3

OUTPUT

4 (= A)

5(=B)

6(=C)
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1. FILTERING REQUIREMENTS FOR THE FM-TYPE CONFORMAL ANTENNA

a)

b)

The antenna mission is to radiate three independently electronically steerable beams
from LEO observation platforms 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:

e 8100 MHz for beam number 1
e 8200 MHz for beam number 2
e 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 1-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 platforms.

The DSN stations must not at all be perturbated by the antenna radiation. As it is close to
the three carriers, intermodulation products (IMP) generated by the 24 SSPA's located
inside the antenna, could fall in this band.

As a compromise with lowering the amplifiers efficiency with too stringent linearity
requirements, the C/I 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.

J16 DIC e tNCTINd d ] Qcd [(AS1G€ 1NE 3 s d1€ 9 D
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. ign i v imilar over all the
amplifiers, and the electrical design using MMIC technology guaranties quasi
- identical AG/AT (gain variation coefficient, with temperature) over all SSPA's. So
no thermal compensation is necessary (which induces cheaper antenna), 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 .

¢) 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 antenna.
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2. ELECTRICAL SPECIFICATIONS FOR THE 24 BAND STOP FILTERS

2.1 AMPLITUDE TRANSFER FUNCTION

[Sy;] (f) must comply with the following mask, where RL = rejection level, relative to

maximum level "0 dB", must be equal to:

e 18 dB as a minimum;

® 21 dB as a goal, to comply with the second option of § 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.

Gain (dB)

R.L.

8000 8075 8200

8400 8450

Figure 2.4-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 - 0.5dB <|S,)| <L, withL > -0.7 dB

2.3 AMPLITUDE RIPPLE

Within each useful channel, 50 MHz wide (see § 1-a), |S,;| 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:

® |S;)| <-14 dB (isolators at the input), |S,,| < -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 |S)| 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 5° 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, +50° 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 &, temperature variation should be chosen (such
as Duroid 6002 or TMM 10i from Rogers Corporation).
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4. MECHANICAL SPECIFICATIONS
a) Mass

To minimize the mass of the F M-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.
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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 perfo

rmances of the whole pseudo-conical antenna with various
parameters:

e 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 SUBARRAY

It is fitted to the truncated conical profile described in figure 2-a:

e It is made of 6 unit radiators.

e Starting from larger diameter of the truncated cone, the 5 first patches are
inclined by 25° from the 2 axis (pointing towards nadir), and the last by 35°.

* 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 subarray:
JSeeding lines and driving patches in the lower triplate level
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3. ELECTRICAL SPECIFICATIONS
a) Matching: S, <-14 dB from 8025 to 8400 MHz

b) As aresult 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:

i Ai (dB i in° p=25°
1 (dB) @i (degree) | B (in ©) g
1 -0.23 -10 25 1 \
2
2 -0.27 32 25 3\
3 0 -25 25 4\ T = normal to
5 \ the column
4 -0.13 0 25 support
5 -0.23 -80 25 n
6 -0.27 -116 35

c) Difference between ideal excitations and the ones provided by the feeding lines, simulated
by Academy, should not be more than + 0.7 dB and + 10° within the whole bandwidth.

d) As measurement of actual excitation of the patches is not precise, the elevation cut of the
pattern E(0') (measured at 8100, 8200 and 8300 MH?z) of a subarray should be close to the
theoretical value Ey(0"), computed from the ideal excitations:

| E(®)] - | Ew(©") || < +1 dB, for each critical ©' Jif |E| are directivities in dBi;
lang [E(6")] - ang [Ew(8")]] < 20°, for each critical o'

Remark: 6' and @ are the classical angles in spherical coordinates, but referred to the
subarray normal, which is inclined by 60° 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 6' = 0° and -60° in the longitudinal plane of the subarray: it
should be comprised between Gy, - 0.3 dB and G + 0.6 dB, if Gy, 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 0', for -60° < @' < +2.3°
for the elevation cut and |@'] < 30° in the plane normal to the previous.

The amplitude and phase requirement can be multiplied by 1.5 for 30° < @' < 60°, and

multiplied by 2 for 60° < @' < 90°,

f) Frequency variation : The gain variation (measured for ' = 0° and

more than 0.3 dB peak peak within each 50 MHz wide-channel.

-60°) must not vary by

* The transmission phases for the same angles should not vary by more than 10° peak-peak

among the various subarrays.
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4. THERMAL SPECIFICATIONS

g) Temperature range in flight: -50, +50°C (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 § 3-e.

For minimizing such variations, substrates with low €, temperature variation should be

chosen.
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S. MECHANICAL SPECIFICATIONS
a) Mass

The mass of a radiating subarray, 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 Introduction

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 become 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 of the 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.



Upper Passive Paich

Lower Active Patch

Upper Passive Patch

Cylindrical 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

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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Lower Active Patch With Two Ports Lower Active Patch With One Port

Upper Passive Palch\

Upper Passive Paich

Lower Active Patch Lower Active Pach

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 Introduction

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:

Aer _ _K2yTM _ K TE 2zy _ ke k ™ TE

~ ky k2 = k2 k2
GY, = Bag= (-VIM + VFE) &Y = —g VM - BVFE (2.1)
Azz _ kg 7TM A _ _k M

B, =—Z&1; Gg, =-2I7
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Figure 2.1: Unitary electric dipole embedded in a multilayered medium and its equivalent transmis-
sion line network.
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Nzz _ _ ky v/ TE ~zy _ kg yTE
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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 TE and TM 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 k;, k, and k, are related to the spatial
derivatives through the following standard Fourier transform relations.

7 =ik
aa—y=.7'ky (2.3)
k2=k2+k2

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:

7™ _. B
TE _ on (2.4)
Z7E =
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where the propagation constant 3 has been defined in this study as.
B=./k?- k2
k=w./ne

Once the basic field Green’s functions have been computed, the potential Green’s functions can

(2.5)

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 of the 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.

~ yTE ~
Gir=2_ G¥=0

jw
~ -~ VTE'
Gr=0 oy=t
=Gy =Gy (2.6)
= w |. VTE
Go=13 [] ViM 4 —!J-—] (2.7)
p

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:

CF, = "= (VP - VM) OF, = Vi - Bvi
GE, = BVIE+HVIM  OF, = +i5e (VIB 4 VM) 9
E, = LI GE = —Geli"
S, = —BIF - B O, =4 (P - 1)
Gf, =~ (HF - 1) 6%, = -7 - Briv 29
=~V G = ~sVI

where now V and I 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.

~ ITM -
G =1 G-

Jw
G¥=0 Gw=Lic 210)
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Figure 2.2: Magnetic dipole embedded in a multilayered medium and its equivalent transmission line
network.

G =2 |jrE 4 B 2.11
w = k—g l:] M+ T] (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 spatial
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) = 5, [G (kp)] = /0 " T (kpp) K2F1G () db, (2.12)

Using equation (2.12), any function of the spectral variable k, 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 k, 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 J, (k, p) and to the k3*1 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.

- ko - 00 -
Glp) = 5. [G (k)] = /0 Tn (kp ) K21 G (k) dky+ /k T lkop) KTLG () dby = Ty 4T (2.13)

In this equation 7T} is an integral over the bounded interval [0,ko], of a function containing poles in
the integration path. On the contrary, the function to be integrated for 75 does not contain poles,
but the integral itself is extended to the unbounded interval [kg,00] and the function to the integrated
might diverge in many situations.

In the present work, the integration technique used to evaluate the first integral 7} 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 kq 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 T3, 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 k, 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 k,) this is a very simple task since we can directly write.

GT () = G¥ (o) = S0 [GF (k)] = 50 [G¥ (ky)] (214)
GF () = G¥ (o) = S0 [GF (k)] = 50 [G¥ (k)] (2.15)
Gy (p) = S0 [ Gy (k,)] (2.16)
Gw (p) = So [éw (k,,)] (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:

G=jkyjhks A G= %2}_)51 4] = cos® o Sy [k2 A] (2.18)
G=jkyjhkyAr G=—-22 22 #)s, 4] - sin  So [K2 4] (2.19)
5y ., % sin (2 ) = 1. 5
G=jkikAr G= "5 [A] — 55in(2¢) So [k,, A] (2.20)
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where A is a spectral quantity with radial symmetry (function of only k,) and ¢ 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:

A ;2 ®)g, [ﬁMk"%, EEJ + %sin(2 w) So [17M] - %sin(2 v) 5o [177] (2.21)
oy, = - =28, [Ig . 2 A E} +sin® (¢) S0 [174] + cos? () S0 [FF]  (2.22)
of, = =2y, [15 L E] — co () S [I7¥] —sin? () % [17F]  (229)

GY¥ =-G¥, (2.24)

and the electric field Green’s function due to magnetic currents as:

Gz =0 f g [v,ga ;gVAEM] _ %sin (2¢) So [VEE] + %sin 20) S [VEY]  (225)
Gf}’l = - /(02 ¢) S -VI?’;E I:gVﬂM- — sin? (¢) Sp [VﬂE] — cos? (¢) Sp [VﬂM] (2.26)
GE = -2 22 g Vi ;ngM' + cos? () Sp [ViFE] + sin? (p) So [viEM] (2.27)

G%, = —GEu (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 Introduction

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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Metallic walls

Te

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:

Ay =Galp) +Ga(om)
G = Ga(p) — Ga (pm) (3.1)
GUT = G‘v(p) -Gy (Pm)

where G 4., Gy, are the total new Green’s functions in the structure with the lateral walls, G 4,
G, 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 p,, the distance from the image to the
observation point. If 7. is the distance from the origin to the closest port as shown in Fig. 3.1, the
following vector relations complete the formulation:

Tp = Tpéz + Yp €y Tm = Tm €z + Ym €y

To = To g +yoéy

p = sqrt(zo — xp)2 + (%o — yp)2 Pm = 8qrt(zo — 5"5m)2 + (Yo — ym)2
Tm =27.— Iy 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.

o0

Ar = Galp) + D [Ga(pa(s)) + Ga(ps(s))]
s=1
G =Galp) + Y _(-1)°[Ga (pa(s)) + Ga (0b(s))]
s=1
Gur = Gu(p) + D _(—1)°[Gy (pa(5)) + Gy (pa(s)))] (3.3)
s=1

and according to figure 3.1.2.1, the distances of all the images p,(s), py(s) to a generic observation
point are found through the following recurrent relations.

Xél) 2x(1)

Driven quantities
x® = 2X§2’ - sk

- (3.4)
X‘” 2X“) les VoxP) =2 xP - xiY
§=2,3,--
p(s)=\/(a:o—xp)2—( — yp)?
()2 2
T, — X, -
\/( o a ) (o yp) (3.5)
= (0= X)’ - (= )
s=1,2,---,0

where (z,,y,) are the coordinates of the observation point, (Zp, yp) the coordinates of the source
point and X (1) X () the abscissa of the two lateral metallic walls as shown in Fig. 3.3. As in
the previous sectlon, 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
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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 image 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:

Figure 3.5: Spatial image situation when one image is taken with respect the closest tangent plane
to the cylindrical cavity.

= Gal(p) + cos (67,) G4 (pm)
al

)
6% = sin (62,) G (pm)
)

G%. = cos (6%,) G (pm (3.6)
G%. = Gal(p) +sin (6%) Ga (om)
Gor = Gu(p) — Gu (pm)
and the following auxiliary geometrical parameters are defined according to Fig. 3.5:
Tp=./22+y2 0, = arctan (;’—:ﬁ)
Tm =2T¢—Tp (3.7)

Tm = Tm €08 (Op) Ym = Tm sin(6y)
07, =206, 65, =26, - %

where 7, is the radius of the cylindrical cavity, (z,,y,) the coordinates of the source point, (Z., ym)
the coordinates of the image, p the distance from the source to the observer point and p,, 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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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:

T = Galp) + Z cos [ng)] [Ga4 (pa(s)) + Ga(ps(s))]

s=1
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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.

Gt =3 sin [6)] [G.n (pals)) + Gt (po(s))]
s=1

Gy = icos :0!(,5): [Ga(pa(s)) + G4 (ps(s))]
s=1

Gin =Galp) + i sin :01(13): [Ga (pa(3)) + G4 (ob(5))]
s=1
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o]

Gur = Go(p) + D _(=1)° [G (Pa()) + Go (pa(s))] (3.8)

s=1

and according to Fig. 3.7, the distances of all the images p,(s), pp(s) to a generic observation point
are found through the following recurrent relations:

(1)

Ta' =2T.—T
?1) ¢ e Driven quantities

Ty =2Tc—Tp

(s-1)

r) =27, - 'r'l(,s_l) rgs) =2r.—1g (3.9)
§=2,3,---,0
) = 78 cos (65) Y =l sin (6a)
Xy =" cos (8) ¥y =1 sin (6))
2 2
pa(s) = (20— X)" — (u - ¥) (3.10)
2 2
6 = (70— XY — (10 1)
s=1,2,---,00

where (z,,y,) 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 (p,,6,). Finally, we will call 6{ and 6{° the
orientation angles of the image dipoles. Straightforward geometrical considerations in Fig. 3.7 lead
to the following recurrent relation for their evaluation.

9 = 26, o) 9 =26, a1y
8§ = 27 3’ Ty o

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, 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.

o= GF (on) + 3 [oos (6) [67 (6,62) + G (oi.6)) +
s=1
sin (607) 67 (647, 60) + 67" (417,60

¢ = o~ (Pmoo)+§1 [cos (67) [GF (b9.60) + GF* (17, 60)| +
=
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sin (08 [G% (6$,6) + G¥ (0,64)]]

67 = 67 om0+ 3 [os (00) [0 (s0.0) + 67 (47.0)] +

() 7 ) 7 )
B = O a3 s (67) [07 (..) + 67 (o7,0)] +
sin (0) [G¥ (0§,6.) + G¥ (o5,6.)]] (3.12)

In the same way, let Gsp,. be a generic total scalar potential Green’s function and Gy, 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

o0

- GZZ = Goplp) + Y 05 [68] [Gup (pa(s)) + Gup (s(5))]

s=1

Gy, = zsm [659] [Gup (0a(5)) + Gup (25())]

G% —Zcos [6_,(!3] vp (Pa(8)) + Gup ((3))]

Y. = Gup(p) + 3_sin [657] [Gup (0a(5)) + Gup (p1(s))]
s=1

o0

GspT = Gsp Z Gsp pa(s)) + Gsp (Pa(s))) (3.13)
=1

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 9( $) 9( ), they can be
redefined with the following recurrent algorithm:

_ 6 = 0,6 =1

() = [26, — 4] — g™ .14
- 65 = (26, — 6| — 65~V '
s=1,2,--,00

where the angle 8 takes into account the actual nature of the current dipole (electric or magnetic)
and the sign variable h, 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

[ - || Electric source l Magnetic source |
6 0 T
ho -1 +1

Table 3.1: Values of § and h, for both electric and magnetic sources.

interesting to notice that the angle 6, 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 6, 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

| : b |
Cylindrical cavity || arctan (%5
Walls at ports x=cte. 0
Walls at ports y=cte. z

Table 3.2: Angle 6, 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 results 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 — 0.

2. The boundary conditions at all interfaces.
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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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written as:
Gop(z) = Gy (x,x,,)+§(-1)s Gy (2,289) + G (z,28)]+a1 G (2.3 ) +02 G (z,257) (3.15)
s=1

where for instance G, (z,zp) is the scalar potential at point (z,y) produced by a source placed
at point (Zp,yp). Since the boundary conditions for the electric field implies zero potential at the
metallic walls, the additional constants g, and g2 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
microstrip structure, showing drop in accuracy.

the potential produced by the (n — 2) first images as:

Gol(z) = Gy (z,3p) + nf(—l)s (G (=, ) + G, (z,zfﬁ)] (3.16)
s=1
and compute this potential at the two metallic walls.
wy = Gy (z0(1)) ; w2 = Gy (20(2)) (3.17)
Next we compute the total potential produced by the two last images in the series, namely.
G2 (z) = q1 Gy (2,2{") + 42 Gy, (2. 2" (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:

—w; =GP éxél); =q; Gy gzgl),xgn); + g2 Gy ézgl),z,(,n)g

—wo = Gy xg2) =q Gy :382),:051") +¢2G, mgz),a:gn)

(3.19)

from where we easily find the two unknowns g; and ¢, required to annihilate the total potential in
equation (3.15) at the metallic walls:

w12 — Wi wo Y11 — W1 Y21
1= y 42 = (3-20)
Y11 Y22 — Y21 12 Y12 721 — Y2211
with the following redefinition of the matrix coeflicients.
y11 = Gy (z0(1),25") M2 =Gy -’Eo(l),xgn) (3.21)
21 = Gy (20(2),28”) 122 = Gy (20(2), 7" ‘
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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 gq; and go 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:

Go (o) +80) —Gu (=) Gu (o2 + A2) — G ()
y W2 =

W= Az - Az

(3.22)
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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 Az 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 w;, and wy at the first and second metallic walls respectively.

Gy (o) + Az) - 63 () Gy (28 + Az) - G5 ()
- Az Az

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:
Guw (a:gl)+A::,:c¢(,")) ~Guw (zgl),x,(,")) Guw (xél)+Aa:,z,(,")) —Guw (:cél),zl(,"))

M1 = AT T2 = Az

Guw (zgz)-kAz,z‘(,")) -Gy (zgz),zgn)) Gw (xg")-}-Az,zl(,")) Gy (z(()z),xg"))
Y21 = Az Y22 = Az

—un ;—wp = (3.23)

(3.24)

so that the unknown coefficients ¢; and gy 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 é; directed
electric dipole is written as:

n
(%) = Ga (Y | 2p,9p) + Y @k cos[a(k)] Ga (z.y | 20, 4"
k=1
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at a discrete set of points in the cylindrical cavity boundary.

n
GY =Y g sin[a(k)] Ga (z,y | 2, 4") (3.25)
k=1

where again G4 (z,y | Zp, yp) is the potential produced at the point (z,y) by a source placed at
the point (zp,yp) and gx is the set of unknown constant to be computed. Moreover, c(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 condition mathematically as.

sin [a(3)] GZ.. (2, 9:) + cos[a(2)] Gfﬁ; (zs,9:) =0
i=1,2--.7n

(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
PO®) = g P(i,k); i=1,2,---,n (3.27)
k=1
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where the matrix coefficients and known term vector are given respectively by.

P(i, k) = sin[a(s) + (k)] Ga (z:,3: | o, 39)
PE(i) = —sin[a(i)] Ga (i, 4i | Zp, vp)
The solution of the system of equations in (3.27,3.28) gives the unknown coefficients gk, 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

(3.28)

conditions, at least, at a discrete set of points around the cylindrical cavity wall.
Similar procedure is followed if an é, directed dipole is considered. In this case, the corresponding
components of the dyadic are simply written as:

n
G = qu cos [a(k)] Ga (z y | z{ ,yé ))
k=1

G (2.9) = Galz,y | Tp,yp) + D g sina(k)] Ga (2,5 ), 4P) (3:29)
k=1

and the new unknown constants g; 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.
sin[a(i)] GZ. (zi,y:) + cos [a(d)] G%. (zi, %) =0
1=1,2,---,n

Again, introducing equation (3.29) into the boundary condition (3.30) a system of linear equations

(3.30)

of the form shown in (3.27) is obtained. Now the matrix coefficients and known term vector take the
following form:

P(i, k) = sina(i) + a(k)] Ga (2,3 | 2, 4") (331)

20 (i) = —cos [a(i)] Ga (zi,y: | Zp, 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.

Gor(@9) = G (5,7 | 2p,3p) + > 04 G (z.y1280,4) (3.32)
k=1

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.

G‘UT ($i7 yt) = 03 1' = 1’ 2, RS [ (333)

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(Z’k) = (xnyz Ixa 7y¢(1k))
PEO(@) = =Gy (i, yi | Tps Yp)

The formulation will be completed once we define the position and orientation of the images as well

(3.34)

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.
27

a(l) = (z—l)n i=12,---,n (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:

p = (/22 + Y2 Ta=2T¢—Tp
2 = ry cos [a(k)] yf,k) = r, sin[o(k)] (3.36)
k=12,---,n

where as usual (z,,yp) are the coordinates of the source point and r. is the radius of the cylindrical
cavity. Finally, the points where the boundary conditions are strictly imposed are computed as.

z; = re cos [a(i)] ;i = resinfe(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 (z;,y;), 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
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where the index m runs to all possible TEy, , and TM,, , 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 I, [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]

TM, em _Im (z_yz)
e,V = — [——2-8 - cos(m
p 7 aJmy1 (2i) (me)
¢ T T pIm+1 (T:)
J (ELE)
WMy — _ f’lﬁ_’"ésinm
i T Zi pIm+1 (2:) (me)
J (&L
thP - — f_'ﬂ_l___mia_)_ cos(m So)

T aJmi1 (2:)

7 (52)
ITMo — _ . [2_“m\ a )

TM, _ 2m Jm(ﬂ)
e, °=—
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] (3.43)
em =2; ifm #0

where a is the radius of the cavity, Jy, the Bessel function of order m, Jj, its first derivative,

T; = Tpmp the n-th nonvanishing root of the m-th order Bessel function and z{ = z,,, 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 TMp,, py TMom TEp,, n» TEompn 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
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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]

Exbmmy (@14) = NE, €05 [ (¢ — )] sim [32 (y — )]

3.44
e'yfm’n) (z,y) = Ngy sin [ (z — ¢)] cos [5E (y — d)] (3.44)
h_zgm’n) (z,y) = N,fz sin [2E (z — ¢)] cos [BE (y — d)] (3.45)

h-yfm,n) (¢,y) = N§ cos [2E (z — c)] sin [3Z (y — d)]

where ¢ denotes the family of modes TE(mn) or TM(pn), a and b are the dimensions of cavity, ¢
and d the offsets with respect the origin of coordinates and the normalization factors for both families
of modes are given by:

( NTM =2 m
m=123,---
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( T™ _ 4 2 n
Mo = T
=1.2.3,---
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( TE _ VEém €n
Nez - + b \/m21bl+nzg
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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.
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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

ET[S,- =O;1"=1,2,...’nvsr€se
ETIS:-: ETlsT_;Tzl’Z,...’nvsresm
Ar|y = Hr|-;7=1,2,---,n Vs € sm (4.1)

where Er |, is the total tangent electric field evaluated at the interface s,, Er | st Hr | s+ are the
total tangent fields at one side of the interface s, Bt | -, Hr |,- are the total tangent fields at the
other side of the interface s,, s, has been used to denote the set of surfaces containing all printed
patches (the set of electric surfaces) and s, 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 E’(e) plus all the scattered field E(scat) produced
by the resulting induced electric and magnetic currents on the structure. The original boundary
conditions in equation (4.1) then becomes

Brl,, = (B + Biscan) |, = By + Bllan =07 =1,2,,n Vs, € 5, (42)

Sr (scat
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Figure 4.2: Equivalent magnetic currents resulting from the application of the surface equivalent
principle to a generic slot s;.

= — e o

E(scat) s = E(scat) = ) E((.:ca)t) = E((.:ca)t); r=12,---,nVs €sm (4-3)
3 — f (rt) (r —
H(scat) s;" = H(scat) Sr— H(sca.t) H(sca)t) = 17 27 R 1 VS,- € Sm (4.4)

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 Js
and equivalent magnetic currents above M,+ and below M,- 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 s, by an electric current
placed at interface s; as

p(rs) _ . =(rs) = 1 : _
E(SCZt) =-J w/ss Gy - Js ds' + ]—w /ss (VG,(,T s)) (V' - Js) ds' (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

P =(r,)
E, = / Gg,, -M,ds' (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

ﬂ(r,s)) - jw / 0 g1, ds + 3_15 / (VGSJ’S)) (V' M) ds' (4.7)

t
(sca 5
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a2 / Gl J,ds (4.8)

(scat) —

By virtue of the superposition principle, we can now compute the total scattered field produced at

a generic interface s, by adding up the contributions of the scattered fields produced by all sources
in the structure

F(r) _ . =(rs) = 1 , -
E(sca,t) = Z li—jw/ss G4 'Jsds,+:7'_w i (VGSIrs)) (V' Jy) ds'] 4
ss€se
> / 5(;;) M, ds' (4.9)
ssessm *e
_ . 1
H((srzat) = Z [—-]w Gg) M,ds' + — (Vg(r,s)) (V' M,) ds’} +
s Ss W Ss
ss€sm
2 / i) Juds (4.10)
s Ss
ss€se

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

n . =(rs) = 1 -
Ee = Z ["-7“’/35 Gy - Jsds'+ ﬁ/ss (VGSJT’S)) (V' Js) ds’] +

Js;-!e
/ G(r’s) M, ds'
S
ss €8m
r=1,2,---,nVs, €5, (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 s, and compute the total
_ (et
scattered magnetic field above H () and below A )) the interface as

(scat) (scat
=(rt) _ _(r'r ) _ 1 o+ B
Higear) = —J“’/s, Myeds' + = | (VGE™) (V' M4) ds' +
[—-]u/ G( ) - M, ds' + —-1—/ (vgg,s)) (V' - 32,) ds'] 4
JWw Jsg
3sEsm
Z /’Gﬁj) Js ds’ (4.12)
-’sE.se
=(r™) _ R =(rr~) - 1 rr _
e )

[—Jw / o ity ds' + — / (V65 (v'- it,) ds’]+
LU Ss

ss esm

/ Gl Jods (4.13)

ssese
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where M,+ is the magnetic current placed above the interface s, and M, - is the magnetic current
placed below the interface s, 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 s, and consequently the set sF contains all
printed patches above the current interface s,. 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 = &, x (B2 — E1). Applying this relation to the magnetic
currents at both sides of the s, interface shown in Fig. 4.2 we obtain

- +
M"+ = +éz E((:ca)t)

M,- = —&, B ) (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

My =—-M,- =M; r=1,2,---,nV5 € $m (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 = Z / 5gf)-jsds'+
Ssess:' >
=(r, _ 1 _

3 [—jw / oY M, ds' + — / (veg?) (v'- 1,) ds’] +

s Ss JUJ Ss
Ssesj,;

. =(1',1‘+) =(T,T-) - ’ 1 (T 1'+) (T 1'—) ' _ ’
—]w/ o) LG M, ds +-,—/ (v[65 +65]) (V' Bit,) ds' —

Sy ]w Sr
. =(r,s) ~ ] 1 (ry8) ! A !

2 [—Jw/sst - M, ds +j_w/s, (VG (V- M) ds'| -
ss€Sm

Z / ﬁgf) M js ds’
S.sé.sc °
r=1,2,---,nVs €5y (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)
one can establish that the spectral domain Green’s functions denoted as 5g’r+) and GI™) 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 ﬁ(pﬂ. )
and GSZ,’”") can be extracted from the equivalent transmission line network shown in Fig. 4.3¢c 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

=(7r =(r,r+ =(r,r~
B g 5

Gt(:;ar) - GSZ?T+) + Ggfr“) (417)

which are simply the Green’s functions sum of the Green’s functions for the magnetic currents above
and below the s, 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 of the
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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

T {rys) 1 -
Eegy = z [ ]w/ G'A - Jsds' +jw/ (VG£T’3)> (V' Jo) ds'] +

s
ss€se

> / Go - My ds
ssESm.

r=1,2,---,nVs €8, (4.18)

s Ss
s_qu;"
_ =(r.s) ' / (r,8) ' /}
Z [ jw | Gr - Myds' + = SS(VG ) (V- ML,) ds'| +
5865;
=) = 1 (r,r) ' ’
—yw/erp My ds'+— | (V6gm) (V- M;) ds' —
)3 [-—]w/ oo M,d +i/ (vas?) ( M)ds’]—
s JUJ Ss
Ss€ES8
> /ﬁ(};’f) Js ds’
Ssesse >
r=1,2,---,nVYs € 8m (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

T, =(rs) =
B, = / Gy - Jyds' (4.20)
a7, = / Gol. i, ds (4.21)

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.
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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 subdomain 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 7,7 and T used to discretize the geometry of the antenna as
shown in Fig. 4.4. A subdomain roof-top function suitable to our purposes will be defined in the two
adjacent triangles in the following form [14]

+525 p7; for 7 in TF
fa(F) = —2—123 pn; for 7in TF (4.22)
0; Elsewhere
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where [, is the length of the common side between the two triangles, A is the area of the triangle
T, Ay is the area of the triangle 7,; and the vectors j;, p, are the radial vectors measured from
the free vertex of the triangles T;7 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

+—lli;:; for 7 in T}
V- falr?) = A‘ ; for #in T (4.23)
0; Elsewhere
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

Za(s)fks 7); s=1,2,--+,n Vss € s,

M, = ZQ(S) F(Y), s =1,2,+,n V55 € 5m (4.24)

where afcs) are the unknown coefficients in the expansion and f,gs) are the roof-top functions de-
fined in the triangular cells discretizing the geometry of the s; 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
i — (3) S) 1 (r,8) r . fls) '
By = Z []w/G d+]w/s,(VG” ) (V-7 as'| +
Ss€se

)3 zw/ Gl 79 as'

Ssesm

T—1,2,---,7’LVS1-€S€ (4.25)

0 = 3 3el [T A0+
s Ss

:xses:

. =\ R 1 =
)y zkjaﬁ) |- | s G 7 a'+ = [ (v6§) (v ) as| +
'ise.s;},;

(r) o) | ) , £(r)

‘>lc {—jw/ F ds +Jw/s, (veem) (v'- f )ds']—

o [ T A 1 r, 7(s)
DI [ [ T 5 as'+ == [ (v65D) (v 77) as] -
i,Esm
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Ss

Ss G’e

7‘-—1,2,---,nVS7-€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
5 7") and integrating over the corresponding testing surfaces s, the following relations are obtained

lE(e)-ﬂ(T)ds = Z Ea()[—Jw/ dsf()/d f—(s)_(”)

Lo 1) [ (20) 0]
Z Za(s)/ dsf_(r)/ ds f(s)G(”)

Ss G-Sm

r=1,2,---,nVs € s (4.27)

0 = Z Za(s)/ dsf(')/ ds f(s)GH’Js)

55652’

Z Za [ Jw/ dsf(r / ds fIES)G(r,s) .1 /ds (V'fi(r))/ ds' (V’-fés)) vas>]+
JW Js, ss

Ssésm

Zak [ Jw/ dsf”/ ds' [T + jlw/s,ds (V-f,-(r)>/srds' (V-7 var)]_
2 el [oow e [ BB 55 oo (0100) [ (1) 7]

Ssesm

Y Sofl [ asil [ a5 7055

Ssese

T—1,2,"‘,nv5re5m (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

Pg:l,s)( — _]w/ dsf(r)/ ds fks —(rs)

jlw ds (v f(r)) / ( f—(s)) G

r=1,2,---,n; Vsre.se

§=1,2,---,n; Vss € s, (4.29)
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P(r s)(z’k) _ / ds fi(r)/ ds’ f]SS) —ﬁ_g:,)
Sr Ss

T‘=1,2,"',n; VSTGSe
s=1,2,---,n; V85 € 5 (4.30)

P(rs)(i,k) - ./sdsfi('r)/; dslflgs)ﬁ(};f)

r=1,2---,n; Vs € 5,

s=1,2,---,n; Vss € s, (4.31)
P{Oik) = —jw /s ds f{" / ds' FOGe +
1 () / Y 1 F(s) (r,s)
=) @ (V-7 ) | ds (V' )Gw
7'=1,2," ,n, VSTESm
s=1,2,---,n; Vss € 8, (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

PO i By T if s € s
(o) (8) =
0; if 5, € sy

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

Pase pa)  p2) pln) o®
2523 p@l) pe2 ... pen @
o || BT B ] (31
Pgn)) P("vl) P(nvz) P("?n) a(n)
| ~(e) J = = = -

where the submatrices g(r’s) can take one of the four forms shown in equations (4.29,4.32) and

the known term vectors BE:; are defined in (4.33). Inversion of the matrix system in equation (4.34)

gives as solution the unknown coefficients aff); 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

P(r ’)(z, k) = / ds 77 / ds’ fés) Eg;s)
Sr Ss
r=1,2,---,n; Vs € 3,
§s=1,2,---,n; Vs; € 8¢ (4.35)

=(r,s

PO k) = / ds f7 / ds' [T

r=1,2,---,n; Ys, € spp

§=1,2,---,n; V85 € s, (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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inside structure Magnetic currents defined in
MoM matrix / the interface between the two worlds
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y.

MoM matrix
MoM matrix / outside structure
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) = / ds fa, /s ds' f, G* + / ds fa. / ds' f,, G* +
Sr 5 Sr s
/ ds f,, / ds' f,, G¥* + / ds f,, /s ds' f,, GW (4.37)
Sr Ss Sr s

where f;; and f,, are the z and y components of the vector basis function defined in equation (4.22)
and G*? 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

I= / dady | da'ay F(z,y.2',y) (4.38)

where F(z,y,z’,y') is any of the scalar funct1ons in equation (4.37) and T;, T} 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

F=f +ua+vbd
a_F2+f3 —F
b= T"’;”’ (4.39)
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Figure 4.6: Arbitrary triangular domain and its transformation to the canonic triangular domain.

where 71, 75, 73 are the position vectors (coordinates) of the three vertexes of the original triangle,
T 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 (z,y) and (u,v)
planes

T=z1+u (132-;:1)3 —.’1)1) +v (z2;$3>

y=y+u (—y2 ; ¥ _ yl) +v (———y2 ; y?’) (4.40)

With the aid of this transformation, the integral in equation (4.38) becomes

1 +u 1 +u’
I=A; Ak/ du/ d’u/ du'/ dv' F(u,v,u', ') (4.41)
0 —u 0 ~uf

where the areas of the two original triangles A; and Ay 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=A; ApY Y W W F(ui, v, ul, vg) (4.42)
i=1k=1
where W;, W] are the weights, (uj,v;), (uj,v;) the abscissas and N, 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

56

i*‘



- (us, vi) | W
1 (3.9) 50
5 [ TE {1+ )+ ] | T
4 % +\/ﬁ+1)’ \/TE+1 155;50\5%
5| [+ d) 0] | Sem
o [ T30~ )+ O] |
][5 (1= )~ | Bt

Table 4.1: Weights and abscissas for the 7 points integration rule in the canonic triangular domain
of Fig. 4.6.

HExS M
1] (39) |3
2| (0,0) | &
30 (LY | &
41 @1,-1)| 5

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)

Dy

N, = ———
" (di +dk)

(4.43)

where D, is the distance between the barycenters of the source and observer triangles, d; is the radius
of the circle circumscribed to the observer triangle and dj is the radius of the circle circumscribed to
the source triangle. The last step is to compute, before performing the integral, the distance index

- iw) |

1
2] (5.-3)
3

L—
Helie ]
o
N1
ot | e | eof— g
-

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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1] (2.0) | 1
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

Np, | Integration Rule
<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 of the 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 7, in Fig. 4.7). The transformation to the polar coordinates thus
defined is given by

T — To = p cos(yp)
Y — Yo = p sin(p) (4.44)
whose Jacobean is indeed p. The integration limits ¢; and 2 in the angular variable can now be

easily computed as

Yo — Yo

tan (1) = 7 — 2
a o
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Figure 4.7: Integration in an arbitrary triangular domain using polar coordinates.

Yb — Yo
t =272
an (ip2) o — T,
lor—p2|<m (4.45)

where 7, = (Z4,Yo) and 7, = (b, yp) 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 7, and 7, namely

y—b=m(z~a)

m= Yo — Ya
Th — Za
b=1ys; a=1z, (4.46)

Then, we must compute the intersection of this line with the following one

_T—I,
Y=Y

tan(yp) (4.47)

After few straightforward manipulations on equations (4.46,4.47) we obtain the intersection between
the two lines as
m (Zo = Za) = (Yo — Ya)
sin(yp) — m cos(yp)
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 subtriangles 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

p(p) = (4.48)
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7. = 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 3

1= WY [ ap [7 odpFlo0400) (4.49)
k=1 p=1 »1(p) 0

and the integration limits ¢1(p), v2(p), pp(); p = 1,2,3 are computed with equations (4.45,4.48)

by substituting the original triangle vertexes 7,, ¥, and 7; by the vertexes of the observer triangle

in Fig. 4.8 as shown in Table 4.6 (note that r}, 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

B
F;c T1, | T3,
F;c T3, | T2,
F;c To, | T1;

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

(”)zk ZV /dzdyf m{(Z,Y) / dz' dy’ fks ém(z',y')
r=12,---,n; \7’sTEse

s=1,2,---,n; Vss € 3,

PE6K) = D In@) [ dody i Fnlay) [ da' e P - emlav)

m $r Ss

r=1,2,---,n; Vs, € 5pp
s=1,2,---,n; Vs5 € s¢

(” (i,k) = ZV /dxdyfr) m T,y / dz’ dy’ -(s)-ﬁm(:c',y’)
r=1,2,---,n; Vsre.se
s=1,2,---,n; Vss € s

P(T s)(z k)= ZIm(z)/ dz dy fi(") . Em(x,y)/ dz' dy f_,gs) hm(z',Y)
m Sr Ss
r=1,2,.---,n; Vs; € spp
s=1,2,---,n; Vss € sy, (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

12m,i)= [ 7 en(o,y) dady

r=1,2,---,n; Vs, € s¢ (4.51)

IRmi) = | B hm(z,y)dody
r=1,2,---,n; Vs, € s (4.52)

where Ti(r) is a triangular cell discretizing the geometry of the s, interface. Using the new overlapping

integrals defined in (4.51,4.52), all matrix coefficients shown in equation (4.50) can be written as

”) ZV (m z)I(s)(m k)

r=1,2,---,n; Vsr € s,

s=1,2,---,n; Vss; € s

PO K) = 3 In(2) 155 (m, ) I8 (m, k)
m
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7‘=1,2,--~,n; VS,-ESm
$§=1,2,---,n; Vss € s,
P9k =L Vnle ) I$) (m, ) I85) (m, k)

r=12,---,m; Vsr € S
s=1,2,- ,n'Vssesm

”) i,k ZI mz)I(s)(m,k)

=1,2,---,m Vsr € 5m
s=1,2,---,n; Vsg € 5 (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)

Vi .
li
Ie(m,i) = S (=1)P~1 —_ %) . & (2 4)d 4.54
. 2 p-1_ L =(P)  7(1)
Ipp(m,i) = > (-1) m ) - h (z,y) ds (4.55)
p=1

where Ti(

1), Ti(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

Ije(m,i) = Z( 1)1’- [I,e) (m,4) + I (m, z)] (4.56)
2
. 4 U
Ifh<m,z>=p§<—1)" i 28 (m, ) + I8 (m _)] (4.57)
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where the new integrals correspond to the integrals of the z and y scalar components and are given
by
I(p) (m,i) = Ne,(m) / . 5 cos [M(x - c)] sin [%(y - d)] dz dy
Ti

a

(») 5 sin | °% (2 — BTy~
I; (m i) = Ne,(m) /T,-(p) Py sm[ - (z c)] cos[ 5 (y d)] dz dy

(4.58)
I(p) _(m,1) = Ny (m) /Ti(p) ﬁg) sin [n_zaz(z - c)] cos [nTW(y - d)} dz dy
I}’,’By(m,i) = Ny, (m) /.r,(”) p(p) cos [rr::r (z— c)] sin [nTﬂ(y - d)] dz dy
‘ (4.59)

The whole analytical effort must therefore be concentrated in the resolution of the following four
integrals extended to arbitrary triangular domains

®) (. {) = 5) cos | 2™ (4 —

19)(m, i) = /T o P20 |2
. mﬂ'

Ié{fz(m,z) =/r( ) p(”) sin

I8 (m,i) = /T ,, Psin

sin —(y — d) dz dy
cos | —(y — d) drdy

—(y - d) dz dy

a
18)mi) = [ AP cos 22| sin |- )] doay

(4.60)
The first integral to be solved can be rewritten in the following general form
Ts. = | oz coslec (@ = go)] sinfes (y - 0.)) de dy (4.61)
Using the definition for the radial vector p in equation (4.22) we write
L. = [ (o= 1) coslec (z = g0)] sin s (v = 95)] dzdy (462)

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

1 +u
I, = AT/O du dv (azu + bz v) cosec (1 + azu + by v — gc))sin[es (y1 + ayu + by v — gs)]

—-u
(4.63)
where Ar 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

Ios, = Ar [Ies, + s, (4.64)

63



where we have defined

1 +u
I, = /0 du dvaz u cosec (T1 + az u+ by v — gc)]sin[es (y1 + ay u + by v — g;))

-u

1 +u
Ies, = /0 du dv bz v cos [ec (21 + az u + by v — gc)] sin[es (y1 + ay u + by v — g5)] (4.65)

-u
As a rule for the next developments, we will always use the "~ symbol to denote quantities that
depends on the outer most integration variable u. Quantities without the * symbol will be true
constants depending only on already known geometrical parameters. Following these rules we can
now define the following auxiliary quantities

ac=ec a5=es
be = b bs = by (4.66)
cfc=:c1+azu—gc Js=y1+ayu—gs

so that the first integral in equation (4.65) is written as

“+u

Ies, = ag /01 duu dv cos [ac (bc v+ Jc)] sin [as (bs v+ cis)] (4.67)

—-u

The integral in dv can be easily performed, resulting

1 1 | —cos [&(_) v+ 13(_)] R cos [&(_,_) v+ 3(+)] o
Is, = az/ duu = — - — (4.68)
o 2 &) » G(+) »
where the new constants have been defined as
5.(_) = as bS - ac bC &(+) = as bs + ac bc (4 69)

by = dsas — ac d. 5(.,.) =dsas +ac 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

2 1 cos[&(_'_(_) u+fl(_)]—cos[¢'z(_,_) u+fz(_)]
Ics = = d’u (7 - =
* 2 Jo &(~)

_cos[&(+,+) u+l—z(+)l—cos[&(+y_)u+ﬁ(+)] (4 70)
a(+) )
and the new constants are defined as
EL(+,+) = ay [/ 23 + Ay Qe + a«(+); &(+’_) = ay ag + Qg Qe — &(.,_)
a(_’+) =ayas — Az Ac+ &(_); (-J,(_’_) =ayQs — Az Gc — &(_) (4.71)

h(+y =y1as — gsas + T1ac — gecGe; h(—) =Y1 a5 — gsas — T1ac + ge ac

This last equation can be expressed as the sum of four integrals with known analytical solutions,

namely
L, = 2 {—a(l—_) oo (L8 ho) )| + 75 Tem (18 o)) | -
5 T (1,844, ) \: + 5 e (L s,y b)) |;} (4.72)
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and the analytical form of the integral I, 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

Is, = by / du/ dvv cos ac (bcv +czc)] sin [as (bsv-}-cis)] (4.73)

The integral in dv can now be solved analytically

' 1 a b +u
ICSU = bz / dU _2_ { _UCOS[G(_:) 1J+b(_)] _
0

a-) —u

- H +u
cos[a(_f) v+b(+)1
o(+)

-u
sinfa-) v+b )} |7

+u
T _u} (4.74)

where all the constants are defined in equation (4.69). Again, to perform the integral in du we need

sinfa(4) v+b(+)]
—u [“(+)]

to write explicitly all dependences with this variable. Using the same definitions as in (4.71) and
after cumbersome but straightforward manipulations we obtain

_ bz 1 d u cos[&.(_d.) u+ﬁ(_)]+u cos[&(_,_) u+l'z(;)1 u cosLé(.,.,.,_) u+71(+)]+u cos[&(_,_,_) u+ﬁ(+)]
esy = o u - a(-) - a(+)

+sin[&(__v+) u+l-z(_z]—si;1[&(_,_) u+fz(_)] + sin[ﬁ(+,+) u+l.z(+z]—si;1[&(+'_) ‘u+;l(+)] } (475)
[a-) 2]

and now all integrals in (4.75) can be solved analytically. Using the results of Appendix B we finally

write
l'cs,,=b§ { Fy [I (L b)), + T (1,a(_,_),ﬁ(_))|;]
—i5 | (1 a<++),h(+))| + I (1’&<+»-)”~l(+>>’;]
T [ (L& ho) ] = s (13 >)H
itz |5 (Lacanhw)|, - (Laen h)l 479

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 a; = e; = 0 in the original equation (4.65). In this case the
result of the corresponding integral is simply I.;, = 0. The next singular case arises when a, = e. = 0,
as; = eg # 0. In this case the first integral in equation (4.65) becomes

1 +u
I, = az/ duu/ dv sinles (y1 + ayu + by v — gs)] (4.77)
0 -

Using the same coefficients defined in equation (4.66) we write above integral as

+u

Is, =ax /01 duu dv sin [as (bs v+ Js)] (4.78)

-u
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The integral in dv can now be directly solved. Using the constants defined in (4.69) we write

- +u
3 1 —Cos [6(_) v +.b(_)]
Is, = az A duu (4.79)

a(-)

-u

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

1 cos |G .yu+ h(_y| — cos G YU+ h(_
L, =ax/ duu{— Bty et o) femy et )]} (4.80)
0

u ~

a(-)

The resulting expression can be solved analytically with the results of Appendix B, yielding

1
1 -, .
Ies, = az {—EL— I, (1,0.(_)4_), h(_)) }
(=) 0 0

ac=¢€e.=0; as = e5 #0; a(—) #0 (4.81)

1

+-a—’(-1—-; fcx (1, a(—,—)’ ﬁ(“))

still equation (4.81) is not defined if G(~) = 0. In this case however, equation (4.78) simply becomes

“+u

1 R
Ly, = ag / duu [ dvsin [b)] (4.82)
0

-U

Performing the integration in dv and using again the constants definitions in (4.71) we find

1 -~
Is, = az/ 2u? sin [&(_,_f_) u+ h(_)] du (4.83)
0

and this integral can also be solved analytically. Using the results in Appendix B we simply write

- - - 1
Is, =2a, {Iszz (l,a(_,+), h(_)) |O}
ac=e=0; a;=e;#0; 3y =0 (4.84)
Another interesting singular situation arises when a; = e; # 0, a. = e, #0,b.=0and b; = 0. The
first thing to note is that in this case d(—y =0 and g4y = 0. Also equation (4.67) now becomes

+u

1 . .
Ies, = am/0 duu dv cos [ac dc] sin [as ds] (4.85)

—-u

After performing integration in dv and using the constants defined in (4.66), the following integral
is obtained

Is, =2a; /01 duu® cos[a. (az u + (z1 — g¢))] sina, (ayu+ (y1 — g5))] (4.86)

and this integral can also be computed analytically. Using the results in Appendix B we simply

write
. 1
Icsu = za':c {Iscz:2 (aSaaya (yl - gs)aam az, (2’1 - 96)) 0}
Qe = € 75 0; s = € 7é 0; a(_) = &(+) =0 (4.87)
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The most difficult singular cases to treat are when either 4_) = 0 and G4y # 0 or g(_y # 0 and
a(4+) = 0. 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 —cos[& v+b ]+u
I, = az/o duu% sin [5(_)] v]i: + (&‘Z) (+)

(4.88)

-—u
Before integrating in du we write explicitly all the dependence of the integrand with respect this
variable, yielding

Loy =% /0 L duu {sin [aayu+he)]

_ cos [&(+’+) u+ h(+)] — cos [&(+,_) u+ il(+)] }

a(+)

(4.89)

Integration can now be performed analytically. Using the resuits of Appendix B we simply write
1 - _ -
b 2 T (e

1
o 0]

a(4) ;é 0; 5,(_) =0 (4.90)

We can also notice that the last singular case is dual to the previous one with respect the constants
d(4) and G(_). We can therefore directly write

a = _ ~ 1
Is, = ?I [2 I.2 (l,a(+’+),h(+))|0
1 o '
T (1,80 4y, by )| + = Tee (1,8( -y, B
e (bt bo)| + 5 T (o)
a+)=0; 8 #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 a; = e, = 0.
In this case we simply notice I;, = 0. Next we consider a. = e, = 0, as = e; # 0. Under these
conditions, the second integral in equation (4.65) becomes:

1 +u
Is, = bz/ du dvv sinfes (y1 +ayu + by v — gs)] (4.92)
0 —u
Using the same coefficients defined in equation (4.66) we write above integral as
1 +u -
Ls, = by / du / dvv sin [a, (bev +ds))] (4.93)
0 -u

The integral in dv can now be directly solved. Using the constants defined in (4.69) we write
. [~ 8 ] +u

s ja(-yv + 0(—

+ (=) (-)

—u [C”L(—)]2

— COS [&(_) v+ B(_)] i
a(-)

1
Ls, = b /0 du{ v (4.94)

-U
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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 a u+h —u cos[d(_ _yuth
L, = b, du (=) utho)] [a-o) uthe)]
v a(-)

+sm[a( +) u+h( )]——sm[a(_ -) u+h( )] } (495)
[a]”
The resulting expression can be solved analytically with the results of Appendix B, yielding
- ~ . 1
- 1 .
Lo =t { = T (L) | — 55 T (L o100
) . 1 1
+[T(TI (1) hm) —m L (Lac oy he) }
ac=e =0; a; =€ #0; a_y #0 (4.96)

still equation (4.96) is not defined if 4._y = 0. In this case however, equation (4.93) simply becomes

1 +u n
Lo =bs [ du [ dvwsin b)) (4.97)
0

-U

Performing the integration in dv we find in this case
Icsv = O
ac=¢e=0;a;=¢e;#0; a_)=0 (4.98)

Another interesting singular situation arises when a; = s # 0, a, = e, # 0, b, = 0 and b; = 0. The
first thing to note is that in this case @(_y = 0 and G(4+) = 0. Also equation (4.73) now becomes

1 +u " a
Ies, = by / du / dv v cos [ac dc] sin [as ds] (4.99)
0 —-u
After performing integration in dv we readily note that
Is, =0

Also in this case we will treat the more complicated singular cases given by the situations either
d(—y = 0 and G4y # 0 or G-y # 0 and G(4) = 0. 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

+u v cosl&(.,_) v+5(+) tu
u

L, =b ldl Lv2?sin |b
ot [lad i o ligs

sin &(+) ’U+i7(+) +u

o _u} (4.101)

Before integrating in du we write explicitly all the dependence of the integrand with respect this

—-u

variable, yielding

_ by ld u cos[ (4 +) uth(g|+u cosfacy ) uthiy)]
sy = Ty L a(+)

+ sin[&(.},,.,.) u+i7'(+3] ——Si;l[a(.}.‘.-) ‘U.+’.l(+)] } (4.102)
[ac+)]
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Integration can now be performed analytically. Using the results of Appendix B we simply write

1

Is, = b? [‘&‘fs Fer (L3 b))y = &5 Tex (i) g

1 L. . 1
- —=I;(l,a _y,h
o ] s ( (+:-) (+)) O]

d4) #0; G-y =0 (4.103)

+[_%]. I (1, G(4,+) E(+))

a(+)

We can also notice that the last singular case is dual to the previous one with respect the constants
a(4+) and @(_). We can therefore directly write

o = 2 [_E(‘l:j Fea (L= B0y |y = a5 Tex (Lo Bo)

1 L s _ 1
- —— I {1,8_ _y, h(_
o G 8( (==) Y )) ojl

a4y =0; a() #0 (4.104)

trtp L (L beo)

a(-y

This last operation completes the evaluation of the first integral in equation (4.60). Fortunately
enough, the remaining 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

1 +u
Ise, = AT/ du dv (ayu + by v) sinfes (z1 + agu + by v — gs)] cos [ec (y1 + ayu + by v — gc)]
0

- (4.105)

This integral has the exact same form as the one in equation (4.63) provided we interchange all

variables associated to the r-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

| Initial variable | Replaced by I

(az, ay) (aya az)

(bz, by) (by, bz)

(z1,91) (y1,71)

(z2,72) (y2,T2)

(z3,93) (y3,73)
(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)

1 +u
I, = AT/ du dv (ay u + by v) coslec (21 + azu+ by v —gc)] sinfes (y1 + ayu + by v — gs)]
0

- (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 a; and b; of the term (a; u + b5 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

1 +u
I, = AT/O du dv (azu+ by v) sinfes (21 + azu + by v — g5)] cos [ec (y1 + ayu+byv — gc)]

’ (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) = tm(r, 8) Itm(m,i) Ifm(m, k) (4.108)

where Ifn, is an overlapping integral of the type studied in the previous section and t.,(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 tn(r,s) indicates that the current or voltage is
measured at an interface s, when the exciting generator has been placed at an interface s;.

The first step in the formulation is to add and subtract to (4.108) the asymptotic term of the
spectral domain quantity t,,(r,s) when the order of the mode m tends to infinity (m — o0).

P(i,k) = > [tm(r,8) = tmo (7, 8)] Ifm(m,4) Iim(m, k) + Po(s, k) (4.109)

m

where t,,, is the asymptotic part of ¢,, and we have defined

Po(isk) =Y tmo(ry 8) Im(m, i) Igm(m, k) (4.110)
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Figure 4.9: Equivalent transmission line network for electric sources in the asymptotic limiting case
m — oo.

Note that if the source and observer points are at different interfaces, when m — oo the energy
excited by the source can never reach the observer interface s, 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) =0; Vr#s (4.111)

What remains to be done, is to evaluate the asymptotic coefficients t,,, 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 — oo) 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

z85) 287

tme(s,8) = —/————
" z8) + z87
§=1,2,---,n; Vs € s, (4.112)
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where Z((;f,,) is the characteristic impedance of the transmission line placed below the interface s,

and Z; (=1) is the characteristic impedance of the transmission line placed above the interface s, as
shown in Fig. 4.1. It is now convenient to write the explicit forms of the characteristic impedances
for both TE,, , and T My, p,, namely

T w po )
Z(s) E _

Cm
\/k2 (s) (3)_ Ln_l)2_(1_zb1)2

a

\/kgeg_s)u(s) m1r)‘2_ (%)2

0 (4.113)
W €Q €r
For the asymptotic limiting case m — oo above impedances become
w (s)
Z(s)TE' Ho ,U,

cm —j \/ m7r nT
m7r n_7r
w €q €r

In above characteristic impedances we can define a frequency independent quantity, namely

Q) = \/ (m—a’f)z + (%)2 (4.115)

ZTE _ Jw g ﬂ$ *)

so that finally

Cm ng )
(m.n)
ZET™ —-—(—) (4.116)
JweEg€r

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 M(s,s) = L2E8 pr(s)

(m,n)
s
(m;n)
T L
tmo E(s, 8) = jweg E(s)
$=1,2,---,n; V55 € s, (4.117)
where the new constants have been defined as
M$ s) (8-1)
Mis)= oy ”(s D
E(s) = ) + ¢ls=1) (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 TE and TM modes

. 1 .
FEP(6 k) = 32—y T ) 1 )

m

PTM (i k) ZQ("‘") IEM(m, i) IEM (m, k) (4.119)
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where I7E and ITM are the overlapping integrals between the basis functions with the TE, , and

T My, , 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 TM waves. After straightforward manipulations we obtain

Po(iok) = 5 75 PP k) + — g B (0nk) (4.120)
JGn
where the new constants have been defined as
d$TE = wpo M(s)
dOTM = e 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.

Static Part of Kemnel

0.0025 T T T
————
0.002
€4=1.0 3 mm g /
R < 00015
£,4=2.33: 0.51 mm ><
:
£,=1.0 5 mm 3 0.001
» ér‘1=2-35 niEn 0.51 mm =
S 0.0005
Erl=1 0 7 mm
25 mm 0 * . . . :
0 1000 2000 3000 4000 5000 6000
Frequency: 4 GHz Number of modes (m)

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 — oo)
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Frequency: 4 GHz
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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 — o0.

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 ¢,,, 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

tmo(s,8) = _ZQ

s=1,2,--

1 1
z&
,N; Vss € 8 (4.122)

Using the definitions for the asymptotic characteristic impedances in (4.116), above equation is
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transformed for both TE and TM modes as

TE Q™™
b (8,8) = ——es
™Mo j dOTE
jd,(f)TM
tTM(s,s) = o (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 T'M waves become
PTE(i,k) =Y Q™ ITE(m, ) ITE (m, k)
m
. 1 )
PIMi, k) =Y o ITM (m, i) ITM (m, k) (4.124)
m s

and the total asymptotic matrix coefficients expressed as the superposition of TE and T M cases

. 1 . . .
Po(i, k) = S dOTE PTE(i, k) + j d&TM pTM(; ) (4.125)
Jan

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 ¢,,, 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 (T, S) = E (4126)

§

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) = b
E(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
Triangular Mesh Generation
15 |
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5 &

Y(mm)
>
/_
i

-5 : ? 5

A I 1 I I

25 -20 -15 -16 -5 0 5 10 15 20 25
X (mm)

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 ¢ 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 ¢ = 57.5°
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Figure 4.18: Computed mesh for the lower active patch with an angle ¢ = 87.5°

79



Chapter 5

Electrical Characteristics

Computations

5.1 Introduction

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 Z.. Following the delta gap model [17], a voltage V, constant

I Is+1

Port : s+1

Port:n

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 E‘((z)) produced by the voltage V;, and the total impressed or

exciting field E(e) of equation (4.18) will be expressed as the sum of the impressed fields at all ports
5 N 5
Eg= E} (5.1)
g=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 V; 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

BEf) =—V,6(F—7) é; 1<g<n (5.2)

where 7, is the position vector of the g-th port and é, 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
_ . 1<r<n
and I, 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
I = j,.(F')|f,___fr e dr'i 1<r<n (5.4)

wr

where w, 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

L=Y o 1<r<n (5.5)
k
where the following 7 coefficients have been defined
W= Fe(@)pes, &rdrs 1<r<n (5.6)
Wy

It is interesting to note that using the definition for the vector mode functions fj given in equation
(4.22) above v 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))

ED =S o286 - 71) &, { tsrsm (5.7)
i r#s

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 V; applied as exciting voltage. Therefore, using
directly equation (5.2) we write

B =-Vi8(F—7s) & (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
Poy=Vs | 6G—7s)é fNdr-YS " 2. | (=) 6 Fi(Fdr (59
o .k >
But the integrals in equation (5.9) can again be expressed as a function of the v coefficients defined

in (5.6). We can then write

Py = Vil - Z > o ZeA” (5.10)

s K
It is interesting to observe that in the known term vector of equation (5.10) there is one part
depending on the unknown coefficients c;. 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
ay 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

i T 1 o 7
N (P(l 1)+zr;;7r>zy<rﬂ") B0 . pin ] [ g2
0 (2,1) (22) ... p(2n) a e
_ = £ P B Vs (5.11)
0 pD) pma) ... plem) || &L |

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 V,. Also, '_y(")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 V; and the induced current I, 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 v coefficients definition in (5.6), the input impedance
at the excitation port simply becomes

Zin = ‘?fi = —alm (5.12)
>k Y

where %,f 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

W%=§ Z 7 (5.13)

then, by use of simple network relations {19]

Srs = Zin = Zc r=s
T8 Zm +Zc?
22, Y Zn (1<r<n
ST,S - Zc + le'n r # 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 -y 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-top fc)/lput Port Half Roof-top f\Output Port

A

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 v coefficients
in equation (5.6), we first introduce the expression of the vector basis functions defined in (4.22),

thus obtaining

@ _ I _ L
Te = 2 A Ju, [pklr'ﬁr e,.] dr (5.15)

The first thing to notice is that the resulting integral is zero for all triangular domains not containing
the point 7. Also, we remark that only the half roof-top functions defined at the r-th port will both
contain the point 7 and at this point the radial vector p|._ 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 p evaluated

at the point 7,. As we see from the figure the scalar product [/5k|r-.—.f, . ér] is the height of the triangle
[ﬁklfﬁr . ér] = hy; Vk € Half roof-top attached to r-th port (5.16)

X

| - ér] =Height of triangle

Figure 5.3: Geometry used to compute the gamma coefficients associated to half roof-top functions.
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Upon using equation (5.16) into (5.15) we finally obtain

l
'y,(cr) = ﬁ; hi dr = w,; Vk € Half roof-top attached to r-th port (5.17)
Wr

where w, is the width of the r-th port. This last result is summarized in the following equation
where we give the value of the vy coefficients at a generic port r.

; Vk € Half roof-top attached to r-th port
71(:) ={ 1:,. roof-top attached to r-th por (5.18)

Rest of k

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 — co. Indeed, numerically
it is not possible to compute the Sommerfeld integrals when p — oco. To overcome this difficulty
we shall first develop alternative asymptotic expressions for the Green’s functions valid in the far
field region (p — o). 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

In this section we are interested in evaluating an asymptotic form for a general spatial domain Green’s
function when p — oo. To start let us consider the spectral domain counterpart G and note that
spectral and spatial domains are linked by the classical double Fourier spatial transformation given
by

1 +00 p400 - . .
G(z,y,z) = oy /_oo /_oo dkz dky G(kz, ky, 2) exp(j kz z) exp(j ky y) (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

Glkz, ky, 2) = §(ks, ky) exp(—j B 2) (5.20)
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where f 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

kz =k, cos(k,)
k, =k, sin(k,) (5.21)
y = Fp ®

so that the double Fourier transformation in (5.19) becomes

1 2m & . 3 . .
G(z,y,z) = -2—-;/[; dk‘p/o dk, ky G exp(—j B z) exp[j (k, cos(ky) z + k, sin(ky) y)] (5.22)

Next, we further transform the resulting integral to polar spatial coordinates

z = p cos(¢p)
y = p sin(p) (5:23)
so that we easily write (5.22) as
27
G(z,y,2 / dk / dkp k, G exp(—j B z) exp [j k, p (cos(ky) cos(yp) + sin(k,) sin(p))]

(5.24)
which using the expression for the cosine of the difference between two angles and reversing the
order of the integration, becomes

27T
G(z,y,z / dk, k, exp(—j B 2) | dk, § exp [j k, pcos(k, — )] (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 k, p — oo, then the function to be integrated exhibits a saddle
point in k, = . 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(z z)—i-/oodk k, exp(—j Bz) 27 g exp(j ko p)
— 7y7 —21‘. 0 pvp p .7 Jkppg pJ pp
- kpp— o0 (5.26)
Now, to the remaining integral we apply the following change of variable
k, = ko sin(w) (5.27)

To do so, first note that 3 is also function of k,. Using the definition in equation (2.5) and applying
the change of variable in (5.27) we obtain

B = \/kg — k2 sin®(w) = ko cos(w) (5.28)

so that equation (5.26) becomes

27k
G(z,y,z 27r/ ‘/ T szm(w g ko cos(w) exp [j ko (p sin(w) — z cos(w))] dw

kyp— o0 (5.29)

85



X
Figure 5.4: Standard cylindrical and spherical coordinate systems relations.

It is now convenient to change the (p, ¢, z) coordinates of the cylindrical coordinate system, to the
standard spherical coordinate system (1,8, ¢) (see Fig. 5.4).  Equation (5.29) then becomes

® (2w ky sin(w) _
G(z,y,z 27r/ \ 77 sml(@ g ko cos(w) exp [f ko r (sin(6) sin(w) — cos(@) cos(w))] dw

kop — o0 (5.30)
® (27 ko sin(w) .
G(z,y,z 271_/ \/ 77 sin(d gko cos(w) exp [—7 ko r cos(w + 6)] dw
kyp = 00 (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 kgr — oo then the resulting function to be integrated
exhibits a saddle point at w = —6. Again, it is this saddie 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

-2
G(z,y,2) = ”ko \/_] Pt L cos(6) exp (—jkor)
kyp— o0

kor = o0 (5.32)
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which can be written in its final form as

exp(—7kor
(kx,ky)_PH_o)

G(.’L‘, Y, Z) = .7 kO cos(e)g} r

kyp— 0

ko T —r 00 (533)

Finally, it is interesting to see what are the values of the spectral domain variables kz and ky when
all the above transformations are applied. First, compute equation (5.21) in the saddle point ko=

kz =k, cos(p)
ky = k, sin(p) (5.34)

Next use the change of variables in (5.27)

ks = ko sin(w) cos(yp)
- ky = ko sin(w) sin(p) (5.35)

Finally, compute the resulting expression in the saddle point w = —6

ky = —kq sin(0) cos(yp)
ky = —ko sin(f) sin(y) (5.36)

Note also that using (5.36), the radial spectral variable k, is written as
k, = 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 (kz,ky) given by equations (5.36,5.37).
In addition, the spectral domain Green’s function § is evaluated at the top interface of the layered
structure as required by the exp(—j 8z) 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

E=—ju ¥ / Gy J.ds (5.38)
s Ss

Ss€se

)

where GE: 1s 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

87



notice that the contributions of the electric scalar potential G, have been neglected in the far field
region, because it contains dependences of the type (1/r%) in front of the (1/r) dependence of G4
[10]. Using the form of the dyadic in equation (2.6), we can write (5.38) as

E=—juw Z Als) (5.39)
55;33

where the new vectors have been defined as
A) = / 6§ J, ds' (5.40)
Ss

The next step is to use in above equation the asymptotic form of the spatial Green’s function
derived in (5.33)

xp(=iko B) 5 4o (5.41)
R
(s)

where g,” is the magnetic vector potential spectral Green’s function produced by the source s

A = j K, 0089§£f)(kz»ky) /
Ss

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)

z

ok

X

X

Figure 5.5: Standard far field approximation for source and observer position vectors.

A) = j kg cosegf:) (K, ky) S’—‘M / exp(+j ko7 - é,) Js ds’ (5.42)
Ss
with the usual vector identity [10]
7 - & =z’ sinf cos p + 3 sinf sinp + 2’ cosh (5.43)

In this last equation we can define the radiation vector as

NG) = / exp(+j ko7 - &) Js ds' (5.44)
Ss
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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

N9 =S o) [ exp(+ikor &) () ds (5.45)
k Ss

where afcs) 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

2
o -1k ~ A
N0 =Pl 3 (™ [ A7 il ) d (5.46)
k m=1 k k
and Tk(l), ,52) 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

N(s Za(s) Z 12A(m) i p(m) exp(+j ko - &) ds’
4
N = Za(s) Z )i 12Alzm) i p{™ exp(+j ko 7 - &) ds' (5.47)
m=1

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

Ngs) = cos 6 sinp N{®) + cos @ sincpNy(s)
N§) = —sin@ N{) + cos p N (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)

exp(—jkor -
E0 = wko cos @ L:O_) Z 9,(:) (kz,k )N(S)
sg€se

exp(~jkor) .
E, = wky cosf ————— Z 39 (kg ky) NS (5.49)
sg€se
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

H=-jw ) /Sﬁﬁi)-Msds’ (5.50)
8s€sm

where again the contributions of the magnetic scalar potential G,, are neglected. In an exact parallel
way as before, we can now write above equation as

H=-jw Y F© (5.51)

Ss€sm
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with the definition of the following vectors
Fls) = / G\ 1, ds' (5.52)
Ss
Introducing the asymptotic form of the spatial Green’s function we write

F&) = j K, cosegl(,,f)(kz,ky) w/ exp(+j ko7 - &) M, ds' (5.53)

Ss

from where the radiation vector for magnetic currents can be defined as
JAQS / exp(+j ko™ - &) M ds' (5.54)
Ss

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

Hy = wky cosf ex_p(:r]k—or) E gg)(kz,ky) Ll(;)

s

ss€sm
exp(—j ko) -
Hy = why cos§ ————— Z G2 (kg ky) LY (5.55)
ss€sm

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]

Ey=+nH,
E,=—nHs (5.56)

where 7 is the characteristic impedance in free space

Ko

n= a (5.57)
we then obtain the radiated far field as
exp(~j ko) ~(s)
E9—+c05047rk0 - Z: 9r (kx,ky)L‘(;)
ss€sm
_ 1 exp(—jkor) ~(s) (s)
E, = —cosf e - E (kz, ky) Lg (5.58)
ss€sm

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

exp(—J ko ) 5)( (s)
Ey = cos(94ﬂ_k0 Z (kz, ky) Ny

Ss €sc

+ Z g kz,k ) L

Ss E-Sm
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_ 1 exp(—jkor) 59 N
E‘;,—-c05047rk0 . Z (k) ky

ssesc

- Z g kx,k )

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

E=FEgés+ Epé, (5.60)
where in general, the spherical components Ey, E,, are complex numbers (phasors) and it is assumed
that the radial component in the far field region is negligible (E, = 0). If real an imaginary parts
are separated in equation (5.60), the following expression is obtained for the radiated far field
E=E" 4+ ;E® (5.61)
where the real and imaginary vectors have been defined as
EW =E{ey+EDe,
EW =Ef ¢+ EP e, (5.62)
and Eg), Eg), E(’) 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

E=E" coswt — E® sinwt (5.63)
Next, we can compute the time instant 7; where above field is maximum or minimum, namely
92 E(r) . )
tan(2wmn) = — (5.64)

[BOF ~ B

In addition, the time instant where the field is minimum or maximum is simply

WTe=wTt + % (5.65)
If we introduce ¢t = 7; and t = 7, into the expression of the field given in equation (5.63), the
values E1, E, at the major (minor) and minor (major) semiaxis of the polarization ellipse are thus

computed. The axial ratio of the radiated wave is then written as

_ 1Bl 2 =
A, = A if |By| > | Byl
E _ _
4, =Bl i 150 > 1B (5.66)
|Ex |
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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 A, = 1 indicates circular polatization while A, — oo 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 Vl(e) and Vz(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
)

the process and consider the generator Vz(e) exciting the structure when the first generator is short-

generator Vl(e exciting the structure when the second generator is short-circuited. Then we reverse

circuited. Let us now suppose that when Vl(e) is exciting the structure alone, the resulting induced
current is J;, and when V{® is exciting the structure alone, the resulting induced current is J;,. The
total current J; that will radiate and therefore will contribute to the radiation characteristics of the
structure is obtained, applying superposition, as

Js = JSl + J32 (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

jsl = Zag) fk(f,)

k
T = 3o fi(®) (5.68)
k
and ag) is the unknown coefficients of the expansion when the generator is at port (1), and af)

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,(cl) and af) but rather

(1 a
a0 = %

2
o _ o
T3

(5.69)

where V) and V5 are the voltages directly applied to both ports and are therefore different from the
generator voltages Vl(e) and Vz(e) as shown in Fig. 5.6. Introducing equation (5.69) into the expansions
(5.68) we easily obtain

js1 =W Z agcl) fk(f/)
k

Jo =V Y o fu(7) (5.70)
k

Consequently, the only thing that need to be done is the evaluation of the voltages V; and V5 as a
function of the generator voltages Vl(e), 2(8). To start we consider the generator Vl(e) exciting port (1)
with the second generator short-circuited as shown in Fig. 5.7. In these conditions the computation
of the voltage V; is extremely simple

V=V Lin__ (5.71)



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( °) at port (2), we
obtain an input impedance Zi(,f) so that

A%
Vo=V, i (5.72)
Ze+ Z;,

Using equations (5.72,5.71,5.70, 5.69) we can finally compute the total current density in (5.67) as

AR, _
J = V(e) in ka(l) fk("—'l) + V. (e) zn ak( )fk (5.73)
) Ze+ Z3) ; Ze+ Z
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

ZZV

o (r) _y
o Z Z(r) fk( ) (574)

where as we have seen, V( ® 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 (") 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 (RT/Duroid 5870; €, = 2.33, h = 1.57mm) and the second one printed on a high dielectric
constant and relatively thin substrate (RT/Duroid 6010; €, = 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
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Figure 6.1: Measured versus simulated results for the structure shown when no mesh refinement is
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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.

Usir. . 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

dB(sil)
25.0 mm — ﬁ
i Ay
4 N
2.29 mmf ;;
| HE mo oma
2
=T : 1
ko] \ u
Lower active patch g% ?\ \ \\
g :
I h, =157mm e fmo 100 gm

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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Figure 6.6: Comparison between results obtained with our software and with HP-MOMEMTUM for the
structure shown. HP-MOMEMTUM results are indicated with thick line.

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 theoretilc(z)a.zl 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 elenienta.ry 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 subroutines
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. 6.10a).
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 Ey and E, 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 ESA/ESTEC contract
No. 11698/95/NL/SB 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 6.25: Mesh for the upper passive patch when it is placed outside the cavity, therefore printed
on the top side of the substrate (structure shown in Fig 6.10b).
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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.1). 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.1. The method is based on replacing each
transmission line section of length I; by an equivalent two ports impedance network (Figure A.2),

where '
28 = +j 2, tan (%) (A1)
Zlgz) = —j Z, csc(B; ;)
z) =23 = 2 + Z{) A2
Z(z) - Z(z) =2 (A.2)
12 21 b

B; is the propagation constant of the i-th transmission line and Z,, 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 Electric Network

For the electric network of Figure A.1 we can first compute the input impedance at the first interface

7 = J Z.,, tan(Bp, hp,) Upper limit is short-circuit (A.3)
Pu Z,, Upper limit goes to infinity '
then compute all other input impedances up to the position of the generator.
Zi1+ 3 Z, tan (B; h;) .
Zz=Z 1 .7 [ (ﬁ’l. Z);Zzpu+13pu+2"“’ps—1 (A.4)

“Z.; + 3 Zi_1 tan (B; hy)
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Figure A.2: Equivalent network of a section of transmission line of length [;.

With these impedances it is simple to compute the voltages and currents at the generator terminals,

namely
Vz(ps_l) — I Zzg-l ZEs

Vl(Ps) — V'z(Ps—l)
[P ] Ze (A.5)
2 ) ggps—l'{'zps

I =1 7557,
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All other voltages and currents above the generator are now easily computed by applying the
transformation in equations (A.1,A.2)

( I§z) _ v _ Z(i()i) 8
v = 20 Iéz) + 20 1)
1=ps—1,ps—2,--,py+1
VD = Ly
Iéi—l) __ I§i)

\

For the top interface we must check if the first transmission line is extended or not to infinity

Vl(Pu) =0

Z(pu) I(Pu) T interf . hort-ci it (A 7)
Igpu) — Z(pu) Op 1nteriace 18 a short-circul i

0 Top interface placed at infinity

For the part of the network below the generator we can proceed in the same manner. Firts compute
the input impedance at the last interface

7 j Zcm_ , tan (Bp,—1 hp,—1) Lower limit is short-circuit (A8)
-1 = Zeps Lower limit goes to infinity ’
then compute all other input impedances up to generator
Z; Ze. t
Zi i1t J ¢ AT (ﬂl ) L - 2apl - 37 * 4y Ds (Ag)

3 y1=Dr
“ Ze; +J Ziyy tan(B; h i) P
The voltages and currents in all interfaces below the generator are then computed simply as

VO _ 0 16
. Zl%). o
v = AT 291

I(')

1;=p37p5+11"'1pl_2 (A].O)

V(H'l) +V(2)
I§z+1) - —Iél)

L

For the bottom interface we must also check if the associated transmission line is extended or not
to infinity

V2(Pl-1) =0
zPY -1y . . _
@D _ —E%;l—_ﬁ I Bottom interface is a short-circuit (A.11)
2 = 22
0 Bottom interface placed at infinity

As seen in Figure A.1, p, is the interface where the current generator is placed, p, is the interface
corresponding to the top (upper) short-circuit, p; is the interface corresponding to the bottom (lower)
short-circuit and I, is the strength of the current generator of excitation.
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A.2 Lower Magnetic Network

For the lower magnetic network of Figure A.1 we start by computing the input impedance at the last
interface

| 2 t —1hp— L limit is short-circuit
Zp,—1={ J Ze,,_, tan(Bp—1 hp,—1) Lower limit is short-circui (A12)

Ly Lower limit goes to infinity
As before, the input impedances in all other interfaces simply become
_  Zit1+ ] Z, tan(B; h;)
Zi = ZC,‘ .
Ze; +j Ziy1 tan (B; hy)
Now the voltage and current at the generator terminals are written as

Vl(m) =V
{ I{”‘) _ Ve (A.14)

ZPs

s t=p—2,p1—3,---,Dps (A.13)

Using again the transformation given in (A.1,A.2) we compute the voltages and currents in all other

interfaces as _ o
( V(’)_z(") I(‘)

. . Zl%. L
Y

=

1=ps,ps+1,--,p—2 (A.15)

Vl(i+1) — +V2(i)
I§z+1) - _Iéz)

\
For the last interface we check if the associated transmission line is extended or not up to infinity

‘/'2(171—1) — O
Z3 ) (p-1) : : -
7D _ —-E%gm I Bottom interface is a short-circuit (A.16)
2 - 22
0 Bottom interface placed at infinity

As before, ps is the interface where the voltage generator is placed, p; the order of the bottom
(lower) interface and V; the strength of the voltage generator of excitation.

A.3 TUpper Magnetic Network

For the upper magnetic network of Figure A.1 we start by computing the input impedance at the
first interface

J Ze,, tan(Bp, hp,) Upper limit is short-circuit
Zp, = “ * . o (A.17)
Ze,, Upper limit goes to infinity
The input impedances in all other interfaces can be written as
Zi-1+3j 2., tan (B hs) .
Z; = 2, - s t=pu+1,py+2,-4,ps—1 A.18
* U9 2 + 5 Zioy tan (B hy) PuT SiPu Ps (4.18)
The voltage and currents at the generator terminals now become
Vz(p’_l) =V
- A19
{ 1D = Y (A.19)
ps—1
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Finally, the voltages and currents at all other interfaces are written as

v(")—:ff)"’ 10
. Zay L
W= 0+ 2

4 .
19 =

. . i:ps—]_7ps-_2’...,pu+1 (A20)
Iéz—l) — __Il(z)

\

For the first interface we check if the associated transmission line is extended or not up to infinity

‘/‘i(p'u.) =0
AL X . N
1P = —E&u—) I; Top interface is a short-circuit (A.21)
1 = 11
0 Top interface placed at infinity

- and again, ps is the interface position of the voltage generator, p, the order of the top (upper)
interface and V; 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.

jcz (am bc» dc)

u U
1 =/ T cos [ac (bez + dc)] dz =
!

" sin [ac (beu +dc)] : sin[ac (bc ! + dc)] 4 o8 [ac (beu +dc)]  cos[ac (bel + dc)] (B.1)
acbe acbe (ac bc)2 (ac bc)? )
Two singular cases must be treated in equation (B.1), namely
- u u2 _ l2
Iz (0, be, de) . = 2
~ u u2 — l2
I.. (ac,0,d.) = cos{ac d;) 5 (B.2)
Next compute the integral
. u
T, (a5, bs, ds)|" = / sin [as (bs © + dy)] dT = —— las (bsutd5)] | cosfas (bsltde)] (g g
L l as bs as bs
Two singular cases must be treated in equation (B.3), namely
fs (0) b81 dS) :‘ = O
I, (as,0,ds) :‘ = sin(as ds) (u — 1) (B.4)

Next compute

fsz2 (a'sa bs, ds)

u
l

u
= / 22 sin[as (bs ¢ + ds)] dz =
l

_u2 cos [as (bs u + ds)] " 12 cos [as (bs! +ds)] | 2u sinfas (bsu+ds)] 21 sin(as (bs! + ds)]

as bs asbs (asbs)? (as bs)?
2 cosfas (bsu+ds)] 2 cosfas (bs!+ ds)) (B.5)
(as bs)3 (as bs)3 -
The two singular situations in (B.5) lead to

-~ u
I .2 (0,bs,ds) = 0
- u . ud =13
I,,> (as,0,ds) = sin(as ds) 3 (B.6)
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Finally we also need to compute the following integral

u
Iscz:2 (a.‘h bs’ dsa Qc, bCa dc) I

= /lu 22 sin[a; (bs z + ds)] cos [ac (be z + d.)] dz (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

u
Igep2 (ab‘a bs, ds, ac, be, dc) :

_u2 cos [&(_) u+ 5(_)] . 12 cos [&(_) I+ 5(_)] _ u? cos [&(+) u-+ 5(+)] N 12 cos [&(+) I+ 5(+)]

24 24(-) 24(+) 24+
1 =4 4 u 1 ~ ~ U
— 1,a._y, b —— Iz (1,a.4y,b B.8
+a(_, Icz( ()2 9( ))\, +a(+) c:c( a(+) <+))l (B.8)
where the following constants have been defined
&(_) = Qg bS — Q¢ bc
&(_i_) = das bs + Qe bc (B.g)

B(_) = ds 0,3 - Gc dc
b(+) = dS Qs -+ Qe dc

There are now certain singular situations to be treated in equation (B.8). For the simplest cases

we can directly write

Isc:z:2 (O’bs’ds»ac, bc,dc) =0

u
l

Isc:z:2 (a’s’ bS7 d57 07 bcv dc)

=T (Lo B0),
ud — 3
2
where I,2 is defined in equation (B.5). Next, for the more complex singular situation: a_y = 0,
a4y # 0, we find

Isc:z2 (as, 0, ds’ Qc, 03 dc)

:L = sin(a; ds) cos(a. dc) (B.10)

u
Igeq2 (G'Sa bs, ds, ac, be, dc) !

+'u3 sin [i)(_)] _ 13 sin [B(_)] 3 u? cos [ZZ(_*.) u+ 5(_;_)] + 12 cos [&(+) [+ B(+)]

6 6 244, 234
1 ~ ~ u
—_ G(1), b
+a(+) e (l’a(+)’ (+))‘1
a(__) = O; &(+) # 0 (B.ll)

Finally, for the dual singular case: &) =0, Gy # 0, we simply write

u

=

u3 sin [5(+)] l3 sin [5(+)] u2 CcOos [5.(_) u+ 5(_)] l2 cos [6(_) [+ B(_)]

Iscz2 (GSa bSa dSa Gc, bCa dc)

™% " 6 2a M 24,
1 - . ~ u
+'a(—— Ic_—; (1, a(_.),b(_) !
Gy =0; 8y #0 (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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101

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.

to dlibrnion
ACTIVE SUB-ASSEMBLY combiner

124 ™ to BUTLER matrix

1724 -

RF INPUTS

124 [

MMIC MODULE

dividers

Control Power
Power Unit Supply
Supply

figurel : 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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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.

O In three-tone mode, third-order products at (fi+f-f,) are 6dB above their
counterparts at (2f;£f)
This result can be deduced from a simple computation using a power series model
of the non-linearity.
ID=a0+a1V+a2V2+a3V3+... if V=V +V,+V,
Development of (V 1+V2+V3)3, where V,, V,, V; are waves at same power level,
gives terms 3Vi2Vj (like with two-tone excitation) and 6V;V;Vy, corresponding
respectively at frequency (2f£f;) and (f+f-f,), where i,j,k are any value between 1
and 3. The 6/3 waves level ratio squared gives power level ratio between IM
products at (2f;£f;) and (f+£-fp)

If p,=IMP3 power spectral density at (2f;£f)
p3;=IMP3 power spectral density at (f+£-f,)

P3=4p;

O For the given frequency plan f;=8.1, £,=8.2, £;=8.3GHz, the spectral occupancy of
three-tone third-order intermod products spurring in DSN band, is presented in
figure 2:

o All IMP going within DSN band

Z f2+£3-f1
(r3)
6dB
2f3-f2 2f3-f1
(p2) —_— (p2)

8.4 8.5 8.6
DSN band

figure2: Spurious in DSN band
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O Assuming that IMP power spectral density is constant in its band, we can compute
equivalent power spectral density in DSN band:

2f5-f,: p)/3

2f5-f, 1 p,/6

651 p3/3= 4p,/3

Total IMP3 power in DSN band = 11p,/6

Thus, from this approached computation, we conclude that:
2 three-tone IMP3 = one two-tone IMP3 + 3dB

C/I3two-tone§C/I3mree-tone+3dB
=
= Required C/I3 with two-tone excitation :
31dB (28+3)
3.2 4 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
of Pseudomorphic 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 (212dB) provided by the increase of the maximum
oscillation

frequency,

- a higher Power added efficiency (PAE) at 1dB 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 1dB compression point (namely with

a small backoff guaranteeing the output power required and minimising unsuitable
effects 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 imisation sharin t St re-amplifier e

Because four stages will probably be sufficient to perform 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 100mW, 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 1dB 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:

Power c i i I =31dB

Power Supply

1-1-3 2-/-2 3-/-1
Number of stages pre-amplifier/MMIC MODULE l

Those results show very close consumption values between 1-/-3 and 2-/-2
distribution. Then, two others criteria have been retained to involve the final choice: 2-/-

2, which performs:
- better temperature stability avoiding temperature compensation (if difference 5°C

maximum between modules)
- better sharing out gain between pre-amplifier and modules minimizing dispersion

effects.
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inim in and pre- ifier t r rform

We can now precisely compute the minimum gain to perform the required output

power.
REQUIRED GAIN (see in "Chapter4 Sub-Assemblies 355dB
specifications" §2, specification 2.c
Maximal insertion losses through phase shifters: 9 dB
Insertion losses through combiner 3/1: 5.2 dB
Overall provision for flatness and temperature drift: 1 dB

( Minimal gain to perform:  50.7 dB j

The overall provision for flatness and temperature drift is computed in the worst case
at 45°C with 12dB minimal gain guaranteed at ambient temperature for each module
with a 0.04dB/°C slope on 20°C 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:
< worst case losses for various components
< minimal gain

REQUIRED OUTPUT POWER PER CHANNEL : 19 dBm
MMIC amplifier nominal gain (at 25°C) : -24 dB
- Maximal insertion losses through phase shifters : +9 dB
Insertion losses through combiner 3/1 : + 52dB
N Overall provision for flatness and temperature drift : +1 dB
Dividers and cables overall insertion loss : +15.8 dB
Channel filter loss : + 0.7dB

[Minimal pre-amplifier output power to perform:  26.7 dBm }

(all supplementary data referring to "Chapter 4 Sub-Assemblies specifications" § 2
specification 2.c)

3.5. Detailed electrical di m of the active sub-assembl

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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to calibration combiner
Three-tone Pcy *=3.7dBm

Three-tone
Pp*=10.2 dBm i Pour*=23.7dBm
—— - .
Pp*=0dBm Poyr*=26.7dBm 0dB* ,
iod nins
i R ANPLFER b
MMIC MODULE
Power Supply and Control Unit
* All worst case values at 45°C
4 L li ec er
Now, we can indicate all the expected parameters for the different devices.
Carriers Pre-amplifier MMIC MODULE |
81.82 83" 3 stages 2 stages
Gain(dB) @ v 35 24
Frequencyband-- S50MHz 250 MHz
respectively centered at [8.075 ; 8.325] GHz
8.1 8.2 83GHz
Gain fiatness (dB)- <<0.1 p-p <<0.1p-p within each
S50MHz channel
{— Nominal output power. (dBm) with 26.7 23.7
worst case losses. max. single tone Three-tone delivered
Single tone Output Power at 1dB 28.3 28
compression (dBm).
Nominal PAE (%) 37 20
C/I3 at nominal output power >20 316
IP3 (dBm) 326 348
(not critical)
‘Time delay variation (ns) <<1 <<i
Output and Input retumJoss  (dB) >15 >15
DC Power-consumption atnominal 1.25 1.1
output power (W).
DC Power-consumpton-without’ 0.7 0.95
W)
‘Temperature range of the basepiate NA [-5, 45°C]
(C)
Gain variation versus Temperature <0.06 <0.04
(dB/°C) (not critical)
1B015-]

Reproduction interdite © ALCATEL ESPACE Reproduction forbidden



CONFORMAL

ARRAY ANTENNA

Estec Contract 11698/95/NL/SB

Reproduction interditt © ALCATEL ESPACE Reproduction forbidden

DATE : ED/REV : PAGE :
30/10/96 1/- 8 /11
5. Combiner e form
Parameters Expected values
Frequency:range 8 -84 GHz
Insertion loss 52dB
Insertion Toss'variation into -50Mhz band <<0.7dB
centeredat 81 82 83 GHz
Input- and Output return Toss >18 dB
Delay tme:vanation <<1ns
DC Power consumption (W) NA (passive circuit)
‘lemperature range of the baseplate [-5;45°1C
fechnology Microstrip
6. Phase shift rman
Parameters Expected.values
Number of bits 6
Frequency band 8-8.4GHz
Insertion loss 9 dB max
Flatness <<0.1dB p-p
Insertion loss variation over.all-64-phase -0.5dB +0.5dB
states v
RMS Tnsertion loss variation over all 64 <0.4dB
phase states:
Insertion loss with 5°C temperature.dnitt and <0.1dBp-p
scattering between 24 modules
[ RMS Insertion loss with 5°C temperature <0.05dB
drift and scattering between 24 modules
Input. and Output return:ioss (dB) >18
DC Power consumption (W) negligible
Worst case Phase control <8
over all the 64 states
RMS Phase control < 3° over all the 64 states
F3 >40 dBm
input power at 1° phase shift and0.7dB 22dBm
compression
Temperature range (°C) [-5°C,40°CT
Delay time variation <<1ns
Switching speed 20 ns
‘lechnology MESFET 0.5um
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7. ler expe erforman
Parameters Expected values
Frequency range 8 -84 GHz
Nominal coupling 20dB
Directivity 17 dB
Insertion Toss vaniation into 50Mhz band centered <0.17dB
at 81 82 83 GHz
“Input: and Output retum loss- >18dB
DC Power consumption (W) NA (passive circuit)
‘Temperature range of the baseplate [-5.45°)C
‘lechnology Microstnip
. Overal cted perform
Board 1/2
Carriers - Pre-amplifier MMIC MODULE Whole active
8.1 82 8.3 3 stages + 2 stages sub-assembly Compliance
attenuators amplifiers+phase | -expected values
shifters+combiner+ -
-ASIC
‘GGain 28.7dB 8.8dB at45°C 35.5dB OK
Frequency band S0MAz 250 MHz - OK
[8.075 ; 8.325] GHz
Gain flatness: <0.1dB p-p <0.1 dB p-p within <0.2dB p-p OK
each 50MHz channel
Phase control NA over 360° with 5.625° | _over 360° with OK
resolution (6 bits) 5.625° resolution
(6 bits)
Worst case Phase control NA 8 BN OK
over all 64 phase states
" RMS phase control over all NA <3 <3° OK
64 phase'states
Insertion loss variation over: NA +/- 0.5dB +/- 0.5d8 OK
all 64 phase states
RMS Insertion loss NA <0.44dB <0.4dB OK
variation over all 64 phase'
statse
Insertion‘loss with 5°C NA 0.4dBp-p 0.4dBp-p OK
temperature drift and
scattering between 24
modules
RMS gain vanation with 5°C NA 0.3dB 0.3dB OK
temperature drift and
scattering between 24
modules
Reproduction interdite © ALCATEL ESPACE Reproduction forbidden IB015-1
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Board 2/2
Camiers : Pre-amplifier MMIC MODULE. Whole active Compliance
8.1.82 83 3 stages + 2 stages sub-assembly
attenuators amplifiers+phase- expected values
shifters+combiner+
ASIC
Nominal output power with 26.7 dBm 23.7 dBm 23.7 dBm OK
worst case losses max.single tone | Three tone delivered Three tones
delivered
C/I3 at nominal output >20dB 31.6dB 31.6dB OK
power
‘Time delay variation <ins <1ns <2ns OK
Input and output retum Toss™ >15dB >15dB >15dB OK
DC Power.consumption at 1.25W 11W <306 W OK
nominal output power (ASIC included)
DC Power consumption 0.7W 0.95W 251W OK
without'RF
Nominal PAE- 3B% “20% 185% OK
‘lemperature tange - NA [-5, 45°C] - OK
Gain-vanation versus <0.06 dBF°C <0.04 dBI"C - OK
Temperature (not critical)

Parameters of each quadri-module Expected values
Size 12076015 mm

Weight <240g

RF connectors Inputs: 12 female SMA

Outputs: 8 female SMA

Uigitals signals-and-power supply CANNON  [15/25737]P female
connector (1-per group of. 4 modules) 8D
‘Technology Multichip module based on cofired

alumina

A preliminary interface control drawing is given in the followin

integration possibilities of the multilayer structure:
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ACTIVE MODULE PACKAGE (FOUR ACTIVE MODULE TO BE MULTIPLY BY 6)
(all dimensions given in mm) With connector CANNON 25P
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| INTRODUCTION

The preliminary trade-off (WP 1200) had led to the choice of a semi-active conformal 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 subarray permits to comply with the
specifications of the whole antenna (EIRP, axial ratio, return loss, bandwidth, mass...)
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I THEORETICAL PERFORMANCES OF THE SUBARRAY
II-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 from 25° to the revolution axis of the antenna and one radiator (the
closest to nadir) tilted from 35° (fig. II-1-1).

Upper radius !
(Rsup=174.21 mm))-
' AN

H ht

Lower radius
(Rw=98. 4& mm)
]

35

Z axis
(toward carth)
Fig. II-1-1: Profile of the subarray
The spacing between the elementary radiators is equal to 0.75 A (27.42 mm).

* the elementary radiator

The elementary radiator is a double stacked patch in cavity (figure II-1-2). 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 (II-1-3 to II-1-5). For the theoretical results, the diagram
will be fitted by a cosine function, without cross polarisation, as shown in figure II-1-3.

&
a 7777 7777
SN

AMMAITIITHON

Fig. II-1-2: Elementary radiator geometry
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Fig. II-1-3: Radiated patterns of the Elementary Radiator at 8.2 GHz
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* the optimised excitations
The optimised excitations were the following:
ER number a; Aiin dB) &:(in degrees)
1 35 -0.27 dB -116°
2 25 -0.23 dB -80°
3 25 -0.13 dB 0°
4 25 0dB -25°
5 25 -0.27 dB 32°
6 25 -0.23 dB -10°

The profile has been optimised with the conditiona; 222 a3 2 a4 2 a s 2 o 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 ¢; and ¢,, a relative difference of 49° 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 II-1-8. The shape of the
subarray is not exactly included in the mask. In order to understand the reason, it is necessary
to draw (see figure II-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).

Gain (dB)

0 5 10 15 20 25 30 35 40 45 S0 55 60

Elevation (in degrees)

Fig. II-1-6: Tramsfer function of a conical array of 24 subarrays
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The analysis of figure II-1-6 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 WP1200 report that the level obtained by the whole antenna is
equal to the sum of the level of a single subarray and 10 log (Ng) where N is the number of
Butler matrixes in the whole antenna. The EIRP specification of ESA 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 °): 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 25° until 62.3°): higher the elevation is, lower the transfer level
will be. So for the specification of a minimum directivity of 21 dBi for maximal elevation (1 dB
loss included in the specification), the level of a 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. II-1-7):

Fig. II-1-7: Output level of the subarray in function of elevation
( input power of 1 on each input)
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Fig. II-1-8: Theoretical radiated pattern of a single subarray
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O-2 SIMULATED RESULTS WITH ACADEMY

The simulation 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 farest 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 II-2-1. Quasi equal length 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 II-2-2 and II-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.

0.2
. _Axﬂit::*w—w
-0.2 — N’\/—\\W

v M5 \"\,_\
-0.4 /_(?\/\ N
os . Mf\’W\A

—~

-1.0 b + 8.5

Fig. 1I-2-2: Amplitude simulated distribution along the subarray
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Fig. II-2-3: Phase simulated distribution along the subarray
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* Performance 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 1I-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. II-2-4: Simulated EIRP of the whole antenna at 8.2 GHz
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I MEASUREMENT OF THE SUBARRAY : FIRST RUN
ol-1 MANUFACTURING OF THE SUBARRAY

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 II-1-1.

B=25%/25°/25%25°/25°/35° o~
eiev=27.42 mm (0.75 3) 3oedir) !
oy = 44.80 mm (1.23 1)
doz=41.75 mm (1.14 })
dres= 38.70 mm (1.06 )

Heone= 146.72 mm
Roup=175.94 mm

Nor= 24
dozy= 35.65 mm (0.98 ) Neg= 6
des= 32.60 mm (0.89 2) Npg=8
dozs= 29.00 mm (0.79 3) N=3

Fig. IlI-1-1: New configuration of the conical antenna (azimuth spacing=29 mm)

A picture of the subarray is presented in figure ITI-1-2. It permits to see the different part of
the subarray: coaxial to stripline transition, printed circuits, cavity and upper patch.
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III-2 _COMPARISON BETWEEN THEORY AND EXPERIMENT
m-2-1 THE ANECHOIC CHAMBERS

For the measurement, the far field distance is equal to 2D%A, where D represents the largest
dimension of the antenna. For the Conformal Array subarray, D#4A which gives 32 A as
minimum length to be in far field condition. The reference marks are described in figure III-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 ©=0° axis for the precision of
measurements.

(Xc, Ye,Zc) : Computation reference

(Xm, Ym, Zm) : Measurement reference &Ye

ric

.
B

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
subarray under test will be located at 55 A of the feed corn. In the second one, it will be
located at 200 A of the feed corn. A software will recomputed the measurement at a distance
of 1000 A.
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I1-2-2 THE FIRST RUN

The first run has been measured in the 55 A anechoic chamber. The field is re-computed in
sufficient far-field conditions. The comparison between theory and experiment is proposed in
fig. IT1-2-2.
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Fig. III-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 Integral 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 of freedom 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 ITI-2-3 and ITI-2-4.

.

PORT 1 : ™ vl

e AN
PORT 4 - PORT 2
| PORT3

Fig. III-2-3: Meshing of the inpizt cross
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Fig. III-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 III-2-5 and III-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.

TLLIIITTT

Fig. I1]-2-5: Meshing of the whole repartitor
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Fig. III-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 from 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 a; Academy ¢; SPDRI a; SPDRI ¢;
1 -0.27 dB -116° -2.66 dB -109°
2 -0.23 dB -80° -1.64 dB -81°
3 -0.13 dB 0° 0dB -13°
4 0dB -25° -0.22 dB -13°
5 -0.27 dB 32° -2.99 dB 37°
6 -0.23 dB -10° -4.35 dB -23°

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 13° 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 III-2-7)
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Fig. III-2-7:Comparison between the pattern found 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-1-1 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 a; Aiin dB) &i(in degrees)
1 35 -2.66 dB -111°
2 25 -1.64 dB -79°
3 25 0dB 0°
4 25 -0.22 dB -31°
5 25 -2.99 dB 26°
6 25 -4.35 dB -10°

Phase only optimisation
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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 +18°. This new
excitations gives the radiated pattern of figure IV-1-1. Comparison with theoretical estimations
are proposed here above.

DB/1s0
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Fig. IV-1-1: Radiated pattern of RUN 2

This new pattern permits to be quasi compliant for EIRP specification at 8.2 GHz (see figure

IV-1-2).
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Fig. IV-1-2: 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 resuits to the ones of SPDRI. These results are reported in the

following table:
ER number THEORY a; THEORY §; SPDRI a; SPDRI ¢;
1 -2.66 dB -111° -3.72dB -115°
2 -1.64 dB -79° -2.52dB -81°
3 0dB 0° 0dB 0°
4 -0.22 dB -31° -3.10dB -32°
5 -2.99dB 26° -1.39dB 25°
6 -4.35dB -10° -4.13 dB -2°

It is interesting to notice that the maximum phase difference is now lower than 8° (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 subarray 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-1-3.
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Fig. IV-1-3: Axial ratio of the subarray at 8.3 GHz

The specification of 3.5 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
stripline input transition. That's why a new design of the repartitor is proposed by isolating the
excitations from 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 from the transition.

Fig. IV-1-4: Modification of the repartitor for RUN 3
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The excitations which permit 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(in dB) ,(in degrees)
1 35 -3.72dB -115°
2 25 -2.52dB -81°
3 25 0 dB 0°
4 25 -3.10dB -32°
5 25 -1.39dB 25°
6 25 -4.13 dB -17°

Only one radiator has changed: the number 6 in which a phase difference of -15° is achieved.
The radiated pattern is proposed in figure IV-1-5 and this new excitations permits to be
compliant with ESA EIRP requirements on the whole bandwidth (see figure IV-1-6) -except
from the level at the nadir which 0.2 dB under specification at 8.2 GHz and 0.3 dB at 8.3

GHz).
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Fig. IV-1-5: Radiated pattern at 8.2 GHz for RUN 3 (Theory)
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Fig. IV-1-6: EIRP simulation for RUN 3 at 8.2 GHz (Theory)

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-1-7: Comparison between theory and measurement for 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 a; THEORY ¢; SPDRI a; SPDRI ¢;
1 -3.72 dB -115° -4.06 dB -122°
2 -2.52dB -81° -2.56 dB -88°
3 0dB 0° 0dB 0°
4 -3.10dB -32° -3.23 dB -35°
5 -1.39dB 25° -0.73 dB 27°
6 -4.13 dB -17° -3.82dB -15°

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.

V-2

FINAL SUBARRAY PERFORMANCES

The final repartitor is presented in figure IV-2-1.

O

;

C

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 Sq4 log MAG S 0B/ REF O dB 3. ~25.266 de

> ] s.asji GHz
311-19.054_dB|
cor 8.0040 GHz,
Del
\ \
=
4

START 7.8000 GHz STOP ©.8000 GHz

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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* Axial Ratio

The axial ratio of the subarray is determined by the following formula:

AR (in dB) = 20 log ((ISOL-1)/(ISOL+1))
where ISOL= CO/CROSS (in amplitude value)

The axial ratio is drawn in function of the elevation angle theta in figure IV-2-6.

Axial Ratio (in dB)

Fig. IV-2-6:Axial ratio on the bandwidth

Elevation (in degrees)

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 30° is observed. But, it will be without effects on the ESA requirements
of 3.5 dB for the overall antenna on the whole bandwidth (see next part). '




The information contained in this document is proprietary to ALCATEL ESPACE and shall not

be discloscd by the recipient to third persons without the written consent of the campany

Les infonnations contenues dans ce document demeurent propriété exclusive d'ALCAEL ESPACE

et ne doivent pas &tre divulguées par le destinataire 4 des ticrs sans I'accord écrit de 1a société.

ESTEC CONTRACT 11698/95/NL/SB
v
MR ANTENNA
TELECOM DATE : ED/REV 31
15/02/97 1/-
* 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.

15.0

Groy (dB)

13.0

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.

We are actually trying to reduce the mass of the subarray by 30 or 40 g in order to design a
more attractive antenna mechanically and thermally compliant with the mission (40 g saved in a
subarray 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

level and 45 to 50° elevation levels).
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L5 at 8.1 GHz, 8.2 GHz and 8.3 GHz

4%

The radiated power obtained with an input power of -0.77 dBW is presented in figure IV-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
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For being fully compliant, the idea consists in tilting the subarray by 1° more. It means that the
profile of the subarray becomes 26°/26°/26°/26°/26°/36°. 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).

H.op.=145.41 mm
Royp=178.30 mm

Ny= 24

NER= 6

NB =8

N=3
P=26°/26°/26°/26°/26°/36°
deiev=27.42mm (0.75 2)
dpy=45.36 mm (1.24 2)
dp2=42.20mm (1.15 2)
A= 39.03 mm (1.07 1)
dpe= 35.87 mm (0.98 )
dus=32.70 mm (0.89 2)
A= 29.00 mm (0.79 2)

Fig. IV-3-2: Final geometrical characteristics of 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.

5
45 i
-l $300

W
n

Axial ratio (in dB)
E-S

3 8100 : 1.97 dB max
8200 : 2.26 dB max
25 8300 : 2.64 dB max

0' 5 10 15 20 25 30 35 40 45 50 55 60
Elevation (in degrees)

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 subarray except at the nadir (see the comparison in figure IV-3-5 at 8.2 GHz).
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Fig. IV-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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VvV TABLE OF COMPLIANCE
Compli
REQUIREMENT 8.1 GHz 8.2 GHz 83GHZ | onthwhne
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RETURN LOSS <-14 dB -26 dB -33dB -28 dB C
subarray! 2,38 dB max 3.75 dB max 3.85 dB max QC
AXIAL RATIO < 35 dBwhoze anternd  1.97 dB max 2.26 dB max 2.64 dB max C
Gain (62.3°) > 20.05 dBi 20.15 dBi 20.23 dBi 20.24 dBi C
losses <0.95 dB 0.78 dB 0.73dB 0.76 dB C
Radiated Power < -0.77 dBW -0.77 dBW -0.77 dBW 0.77 dBW C
to be optimized
SUBARRAY MASS <90 g 130g 130 g 130g | wichantens

VI __CONCLUSIONS

The feasibility of a 6 patches subarray 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.

This subarray is broadband (400 MHz at X-Band), small size (which permits to reduce the final

mass of the breadboard) and full
ratio, return loss and radiated power.

y compliant with the specification of ESA in terms of axial
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0. INTRODUCTION

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.

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.

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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1. REQUIREMENTS
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.
The frequency band is defined 8025-8400 mHz, with three 50 MHz channels
centered at 8100, 8200 and 8300 MHz respectively.
1.1. "IN FRONT" OF ACTIVE MODULES

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.

A distinction is made between the complete flight antenna with three
channel-BFN and the breadboard antenna with only one channel BFN.

The 3:1 combiner is not included in these specifications.

o Matching: Input and outputs return loss
< -18 dB, whole BW.
o Insertion loss: < 2 dB flight antenna
< 2.5 dB BB antenna: longer cables are allowed.
o Amplitude unbalance at a given frequency:
< 0.2 dB peak-peak
o Phase unbalance at a given frequency:
< 50° peak-peak
o Amplitude variation within each channel:
< 0.2 dB peak-peak
o Group delay variation within each channel:
< 2 ns peak-peak.

Note: Group delay variation is specified < 2 ns within 50 MHz channe!l bandwidth, A.D.[3 4],
for the complete antenna.
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1.2. BFN "AFTER" ACTIVE MODULES

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].

This BFN section is composed of the Butler matrices plus cabies
subassembly. In particular, Butler matrices have a dedicated section within
this document and the requirements document, A.D.[2].

o Matching: Input and outputs return loss
< -18 dB, whole BW.

o Insertion loss: < 1.1 dB flight antenna (including matrices)
< 1.6 dB BB antenna (including matrices): longer
cables are allowed.

o Amplitude unbalance at a given frequency for any path:
< 0.4 dB peak-peak flight antenna.
< 0.6 dB peak-peak BB antenna.

o Phase unbalance at a given frequency for any path:
< 5° peak-peak flight antenna
< 10° peak-peak BB antenna

o Amplitude variation within each channel:
< 0.5 dB peak-peak

o Group delay variation within each channel:
< 6 ns peak-peak.

Note: Group delay variation is specified < 2 ns within 50 MHz channel bandwidth, A.D.[3,4],
for the complete antenna.
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1.3.

BUTLER MATRIX

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 90° or 180° hybrids AD[2]. In the
following paragraphs a brief summary and comment on the specifications of
such modules will be done.

An initial description of the operation of a 3x3 junction for multiple beam
antenna systems was addressed in RD[1], where the symmetry of operation
of the device was detailed. A functional device fulffilling 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.

Basically, the 3x3 Butler device is a matched six port hybrid coupler with 1/3
power division from one port to other three and 120° 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 1B,
1C are shifted 120°).

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.

o The phase distribution required for the Butler Matrix is Iisted in table

1.3.1 below.
Table 1.3.1
PORTS A B C
1 7] ] 7]
2 7] p+120 p-120
3 7] p-120 p+120

In order to comply with the phase distribution, the hybrid coupler is
modified by inserting additional transmision lines with electrical lengths
of 120° at two ports, as sketched in figure 1.3.2 below.

Figure 1.3.2.- Modified 3x3 hybrid coupler for Butler Matrix
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The conformal array antenna requires 8 of these devices to be
manufactured with a minimum error between them.

Amplitude unbalance between the 9 paths of each matrix and over the
complete series must be in a +0.2dB range at each frequency within the
whole bandwidth with respect to the mean insertion loss, defined as

|

-2k
Ivb

where L_ es the insertion loss averaged over the 9 paths of matrix / and
N, is the number of matrices. Since this can only be determined once
the 8 matrices are manufactured, in the design stages we have proceed
applying this restriction to L, defined as:

IS
L=

and the dispersion within each channel is given, in dB by:
d e Sjl - L

Within each channel, the variation of the 9 transmission path
amplitudes must be lower than 0.4dB (pk-pk) and the variation vs.
frequency of the 9 paths, also within each channel, must be lower than
0.4dB (pk-pk).

Losses associated to each matrix transmission path must be lower than
0.8dB.

Within each channel, the variation of the group delay for each path
must be lower than (TBD) for the 8 delivered matrices: lower than 2 ns
at complete antenna level.

The reference insertion phase g is defined when input port 1 is excited,
and the error for each matrix at a given frequency must be no more than
+5° over the bandwidth, and the variation of the reference phase over
the 8 matrices must be lower than 50° peak to peak.
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o Impedance matching better than 14 and 18dB are required respectively
at the input and outputs ports of the Butler matrices.

This specification list must be maintained in a temperature range of -50°C

to +50°C.

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

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].

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.

Fig. 2.1.1 : Two-way Wilkinson 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 Q, 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 1:8 output
splitters). '

Classical microstrip lines are used to implement the divider. The substrate
used has the following characteristics:

Height : 0.6 mm
Er ; 2.94

tg o : 2.510°
Metallization thickness 35 ym

A layout of the printed circuit can be seen on the figure below.

General dimensions are (circuit with enclosure): (251,5 x 66,8 x 16 mm).
Separation between output ports is 10 mm.
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Fig. 2.1.2 : Layout of 1:24 signal divider
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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). ‘

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:

Port 2 represents actual ports : 2, 3,4,5,6,7, 8,9, 14, 15, 16, 17, 18,
19, 20 and 21.

Port 3 represents actual ports : 10, 11, 12, 13, 22, 23, 24 and 25.
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Fig. 2.1.4 : Output return loss
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Fig. 2.1.5 : Transmission parameters (amplitude)
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Fig. 2.1.8 : Absolute group delay
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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:

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) 9.4°

Amplitude variation (within 50 MHz channel) 0,02 dB
Group delay variation (within 50 MHz channel) 3 ps

Insertion losses 1,04 dB




- Nom. Identificacién Fiscal A-28-006104

Inscripcion 1* fecha 27/3/1923

- Hoja n°® 4813 -

- Folio 36

- Tomo 139

Registro Mercantil de Madrid

Mod M-11

m e Doc.: CAS-CAA-TI:0-0004
Page: 26 ‘

DIVISION ESPACIO C A A Issue: 1
SPACE DIVISION Date: 18.12.96
2.2. CABLES

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:

- 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.

All these objectives are met by KMW RG402/U cable, with nominal
50/50/200 mm length at the connection of dividers - active modules / active
modules - Butler matrices / Butler matrices - rejection filters respectively.

These cables are ended by:

- SUHNER 23 SMA-50-0-11 or similar connector at one end.

- SUHNER 712-03-16 or similar connector at the other end, with easy
trimming at this point during integration.

Main selected cable characteristics are:
- 1.32 dB/m insertion losses at 8.4 GHz.
- 0.035 Kg/m.
- 4.76 mm bending radius.
- 12.7 mm flexing radius.

Translated to the 50 mm and 200 mm sections, this means:

Insertion Losses:

- 50 mm cable 0.066 dB
- 200 mm cable 0.264 dB
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Amplitude Unbalance:

- Cable length error
- Over complete bandwidth

Phase Unbalance:

- Cable length error
- Over complete bandwidth

0.00132 dB/mm
0.04 dB

9.9%mm

0.45° (linear performance)
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2.3.

BUTLER MATRIX

2.3.1. Initial Considerations

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 Z, (50Q). In principle, the hybrid coupler transmission line lengths
must be those sketched in the figure (4/3 and 4/12, with 4 corresponding to
the guided wavelength), although some modifications in length are allowed
maintaining (ideally) the performances: any of the 4/3 lines can be increased
by 4, and any of the 4/12 can be increased by 4/2 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.

| brm—z 7| A

1
S BRI

Figure 2.3.1.

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).

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 (4/3) and short (AN2)
transmission lines does not help to obtain a frequency independent device.
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LINE LENGTHS OF 120° AND 30°

EEsof - Touchstone — 01709797 - 13:34:30 - BUTLER

DBIS211 .. DBIS31]
BUTLER BUTLER

-3.000

-4.500

-6.000
8.000 8.200 FREQ-GHZ - 8.400

Figure 2.3.2 .- Transmission coefficients of 3x3 ideal 30/120
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LINE LENGTHS OF 120+360° AND 30°

EEsof - Touchstone — 01709797 - 14:26:41 - BUTLER

DBLS21] ., DBIS31]
BUTLER BUTLER
-3.000 ‘

.‘z_ \\4
-6.000 .

8.000 8.200 FREQ-GHZ 8.400

Figure 2.3.3.- Transmission coefficients of 3x3 ideal 30/480
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LINE LENGTHS OF 120° AND 30+180°

EEsof - Touchstone - 01/709/97 — 14:25:10 — BUTLER

DBIS21]
BUTLER
-3.000 .____
—_—
~4.500
-6 .000
8.000

DBIS311
BUTLER

8.200

FREQ-GHZ 8.400

Figure 2.3.4.- Transmission coefficients of 3x3 ideal 210/120
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LINE LENGTHS OF 120+360° AND 30+180°

-3.000

-4.500

-6.000

8.000

EEsof -~ Touchstone — 01/09/97 — 14:28:54 — BUTLER

DBIS211 _ DBIS311

BUTLER

BUTLER

8.200

FREQ-GHZ 8.400

Figure 2.3.5.- Transmission coefficients of 3x3 ideal 210/480
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2.3.2. Electrical Design

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 4/3 transmission lines are photoetched
and connected by 50Q coaxial transmission lines of 30° electrical length.

A second option consists of to concentrical configurations where the inner
ring was occupied by 4/3 lines and the outer was occupied by 4/3+4 lines,
connected by the 74/12 microstrip transmission line.

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 4/3 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.

FIRST CONFIGURATION

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.

Figure 2.3.6.- Coaxial connection between microstrip layers
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Each of the printed board layers of the 3x3 coupler has the basic shape
shown in figure 2.3.7. The microstriplines, which originally are 50Q, 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.

Figure 2.3.7.- Layout of a layer of the 3x3 coupler

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

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 44/3, which are connected through TA/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.

Figure 2.3.8.- Planar ‘anular’ 6 port coupler

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.

Figure 2.3.9.- Coaxial connection of the anular matriz
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THIRD CONFIGURATION

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 slotiine
connecting two layers of microstrip lines could provide the required
performances. The slotline length should take the role of the coaxial lines,
being of A4/12 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.

Figure 2.3.10.- Section view of the planar slot 6 port coupler

Each level made in microstrip should resemble those of the coaxial
configuration sketched before, and should include a transition from microstrip
to sandwiched slotiine. 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 4, giving the
configuration sketched in figure 2.3.11.

Figure 2.3.11.- Slotline 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.

The transition was optimised and compared to the coaxiai line transmission
considered in the first design approach.

FOURTH CONFIGURATION

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 44/3 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.

3 6
1 4
2 5

Figure 2.3.12.- 3x3 branch line coupler (the coaxial conection of 3-2 and 6-5 is not shown)
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BASELINE DESIGN

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.

Breadboarding of these elements is under way, Figure 2.3.13.

C'LTE 0.6 mm
" CLTE 0.6 mm

(*) separation sheet (CFR4 with metallized 40 X 45 X2 mm
holes) 1 mm approx.

coaxial lines crossing whole sandwich:

conductor centered through holes

N | o e 470 A
| |
g |
i l‘% .’” Q }‘! r F '?'1 Ei
_ S ik : o
- e Iﬂ%ﬁl - 1T @[L - M ;
A * b i Y A e
I— F:L_ t i |]ﬂ:: %iﬁ | MMI{ %Qé !
L\ e 3 “7 l_ |; l o ‘
== |

(*7 min thmrm mar I0mm

Figure 2.3.13.- Layout of the Butler Matrix Baseline



- Nim. Identificacion Fiscal A-28-006104

- Inscripcion 1® fecha 27/3/1923

- Hoja n° 4813

- Folio 36

- Tomo 139

Registro Mercantil de Madrid

Mod. M-11

DIVISION ESPACIO
SPACE DIVISION

CAA

Doc.:

Page:

CAS-CAA-TNO-0004
39

Issue: 1

Date:

18.12.96

2.3.3. Substrate Selection

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, CLTE from ARLON for its low variation of dielectric constant
with temperature. AR320 from ARLON is also considered but only for initial
samples.

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 € close to 3 as the ones above presented.
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2.3.4. Electrical Performances

BUTLER MATRIX WITH COAXIAL (4/12) CONNECTION (BASELINE)

Summary of electrical characteristics

Channel 1 Channel 2 Channel 3 Whole band
Amplitude +0.15dB +0.2dB +0.25dB +0.25dB
unbalance
Phase unbalance -3.5%1.5° -1.3°%0.1° -2.2%2.1° -4.3°3.9°
(pk-pk)
Amplitude 0.05dB 0.05dB 0.05dB 0.15dB
variation vs
frequency
Group delay Ons 0.01ns 0.01ns 0.05ns
variation
Matching ports <-18.0 <21 <23 <-17.5
Overall loss <-0.4 dB

(A/12 lines)

a) Input match, transmission coefficients and mean insertion loss vs

frequency
FREQ dB(S11) dB(S33) dB(S41) dB(S51) dB(S61) avglL dB(S43) dB(S53) dB(S63)

8.000E+09 -17.190 -16.357 -5077 -5.128 -5204 -5157 -5204 -5204 -5.189
8.025e+09 -18.017 -17.064 -5032 -5123 -5198 -5139 -5198 -5.198 -5144
8.050E+09 -18.917 -17.818 4992 -5120 -5194 -5123 -5.194 -5194 -5103
8.075E+08 -19.896 -18.622 4955 -5119 -5192 -5109 -5192 -5.192 -5.064
8.100E+09 -20.964 -19.477 4921 -5120 -5191 -5097 -5191 -5191 -5.029
8.125E+09 -22.120 -20.376 4.891 -5122 -5191 -5088 -5.191 -5191 -4997
8.150E+09 -23.355 -21.307 4863 -5126 -5194 -5080 -5194 -5194 -4.968
8.175E+09 -24620 -22.241 -4839 -5132 -5198 -5075 -5.198 -5198 -4.943
8.200E+09 -25.800 -23.122 4819 -5139 -5204 -5.072 -5204 -5204 -4.920
8.225E+09 -26.679 -23.865 4801 -5148 -5211 -5071 -5211 -5211 -4.901
8.250E+09 -26.993 -24358 -4.786 -5.158 -5220 -5.073 -5220 -5.220 -4.884
8.275E+09 -26.630 -24505 4774 5170 -5231 -5076 -5.231 -5231 -4.870
8.300E+09 -25.749 -24281 -4765 -5.184 -5243 -5.081 -5243 -5243 4859
8.325E+09 -24615 -23.744 4759 5199 -5257 -5.088 -5.257 -5257 -4.850
8.350E+09 -23.426 -23.004 -4.755 5215 -5272 -5.097 -5272 5272 -4.844
8.375E+09 -22.280 -22.164 4753 -5233 -5289 -5108 -5289 -5289 -4840
8.400E+09 -21.216 -21.298 4754 -5253 -5308 -5120 -5.308 -5308 -4.838
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b) Losses and amplitude dispersion wrt mean insertion loss vs. frequency

FREQ  dB(Loss) Displ Disp2 Disp3 Disp4
8.000E+H09  -0.386 0.081 0.029 -0.032 -0.047
8.025E+09  -0.367 0.106 0016 -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+H09  -0.307 0217  -0.046 0.112 -0.114
8.175E+09  -0.302 0236 -0.056 0.132  -0.123
8.200E+09  -0.298 0254  -0.067 0.152  -0.131
8225E+H09  -0.297 0270 -0.076 0.171  -0.140
8.250E+09  -0.298 0.286 -0.086 0.189 -0.148
8275E+09  -0.300 0.301 -0.094 0206 -0.155
8.300E+09  -0.305 0316 -0.103 0222 -0.162
8.325E+H09  -0.312 0.329  -0.111 0238 -0.169
8.350E+09  -0.320 0342 -0.118 0253 -0.175
8.375E+09  -0.330 0354 -0.126 0268 -0.181
8.400E+H09  -0.342 0.366 -0.132 0282 -0.187
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c) Phase Differences between ports vs. frequency

8.5

FREQ Dfi1 Dfi2 Dfi3 Dfi4 Dfi5 Dfi6 Dfi7 Dfi8
8.000E+09 -124.732 117.473 117473 -124732 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 119617 -121.689 -589.7E-15 618.1E-15 675.0E-15 -0.652
8.175E+09 -121.168 119978 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 -120.410 120.703 120.703 -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 121432 -119.025-557.7E-15 841.9E-15 110.1E-15 -1.584
8.300E+09 -118.472 121798 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 122532 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 0.3ns over the complete bandwidth, and the
variation is lower than 0.05ns also over the complete bandwidth.
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BRANCH LINE BUTLER MATRIX WITH COAXIAL (4/3+4) CONNECTION

(FOURTH CONFIGURATION - BACK UP)

Summary of electrical characteristics

Channel 1 Channel 2 Channel 3 Whoie band
Amplitude +0.25dB +0.16dB +0.2dB +0.25dB
unbalance
Phase unbalance -2°/2.5° -2.5%/2° -3°/2° -11.99%11°
(pk-pk)
Amplitude 0.24dB 0.05dB 0.15dB 0.24dB
variation vs '
frequency
Matching ports <-11 <-16 <-16.5 <-11
Overall loss < 0.6dB
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a) Input match, transmission coefficients and mean insertion loss vs

frequency
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CAA

b) Transmission losses and amplitude dispersion wrt mean insertion loss

vs. frequency
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24. LOSS BUDGET

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:

Divider 1:24

Coaxial cable (50 mm)
Coaxial cable (50 mm)
Butler matrix

Coaxial cable (200 mm)
Isolator (if necessary)
Rejection filter

-1.1dB
-0.07
-0.06
-0.6 dB
-0.26
-0.3dB
-1.2dB

Total loss

Added to the RF performances of the active
A.D.[1,2], the power dissipation map results:

Input Data:

- Antenna block diagram, A.D. [1,2]
- Insertion losses of the passive BFN.

- insertion losses of the active modules:

-3.6 dB

modules and radiating panel,

1.1 w/module, R.D.[3].

- Insertion losses of the radiating columns: -1.0 dB, A.D.[1].

- Active module gain: 8.8 dB, R.D.[3].

- Preamplifiers design: RF power at antenna I/F, 26.0 dBm per beam,

R.D.[3], A.D.[2].
- Cables length, R.D.[2].

Dissipated power on flight antenna:

- 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. + fiiter.

- 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

Signal Divider

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.

The main conclusions can be written in the form of this table:

- Parameter = Spec. affected Requirement
Tolerance in line widths Amplitude <30 ym
unbalance
Tolerance in line lengths (4/4 1S, +5%
transformers) - (£ 0,3 mm)
Resistor values tolerances 1S,,1 10%
Resistor parasitics 15221 C < 0,12 pF
L<0,5nH
Resistor attachment to the lines 1S, Repetitivity
(soldering, bonding, epoxy)

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).

The rest of the parameters affecting |S,,| and |S,,; 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

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 4/12
coaxial line physical implementation: the pursued matrix assembly is
illustrated in the exploded view of figure 2.5.1.

a a
ul

DIELECTRIC

SEPARATION CFRL~-LIKE
I STIFF MATERIAL WITH
METALLIZED HOLES AS CABLE .IACKET

< F) -
4

METALLIC PIN AT INNER
COAXIAL CONDUCTOR

DIELECTRIC

Fig. 2.5.1 : Butler matrix sandwich exploded view

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.

BFN Assembly

No major critical points are detected at complete BFN assembly level.
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3. COMPLIANCE MATRIX

Comparison of performances after RF design versus requirements are
herein summarized in compliance matrix format.

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.

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.

- SIGNAL "IN-FRONT" SUB-BFN BUTLER "AFTER" SUB-BFN
PARAMETER :DIVIDER S MATRIX

S ] R P STATUS P R P STATUS
MATCHING <-20 <-18dB <-20 Cc <18.0dB|<-18 dB <-180 | MC(1)
INSERTION LOSS <115 |<2dB <12 c <06d8B [<1.1dB <10 C
Amplitude unbaiance <005 |<0.2dB < 0.05 Cc + 0.25dB|{< 0.4 dB <04 C
(at a given frequency) peak-peak peak-peak
Phase unbalance <10° |[<50° <10° o] -45° |<5° < 5° C(2)
(at a given frequency) peak-peak +4.0° |peak-peak
Amplitude variation <0.05 |<0.2dB <01 C 0.05dB {<05dB <01 o}
(within 50 MHz channel) peak-peak peak-peak
Group delay variation <0.01 }<2ns <0.01 c <005ns|<2ns <01 e
(within 50 MHz channel) complete complete

antenna antenna

R-Requirement
P-Performances
C-Compliant

MC-Marginal Compliance

(1) Minimum margin 0 at lower frequency (8025 Mhz)
(2) Tolerance impossed to cables length: + 0.07 mm

Table 3.1 : Compliance Matrix




