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Introduction: Scenarios
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Introduction
Phase noise at 45 GHz
VoltageControlled )
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Loy (f) = 10-log [_.(1_|_ ).(1+_)._] k 1.38E-28)/K
> 2 4Q7f* f/ P | K 290K
F_eff 6.31jcorr. to 8dB
Ps (at amplifier input) 5.00E-0WV
A Target: mm -wave oscillator with very low phase noise, lightweight, low power consumption.
A Usable in PLL-configuration.
‘l‘l
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Resonators and phase shifter
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Dielectric resonators

= =3 """"'sq:phire(lftan‘_) -
.| BMT ceramic ol o
Krupka, Jerzy & Kaminski, Pawel & Jensen, Leif. (2016) S& forp = 416 §em iR 6 6
Hi(’;h Q -Factor MiIIim’eter -Wave Silico’n Resonators.  feeeeee{ 7T Si forp = 70 kQcm :----#-4- ta-n -_ ’ —I_ ’ ) tan diel -_— ’
IEEE Transactions on Microwave Theory and Techniques. PP. 1-6. ¢ FZSi I T B E pa) E 8 E
10.1109/TMTT.2016.2607712. i ® irradiated Si T %8S 0
10°
t 2
0 f (GHz2) 10

A Q is limited by tan d of the underlying dielectric .
A Sapphire best below 40 GHz.

A Temperature -compensated dielectrics: BMT, BZN
I Qxf(GHz)= 40,000 to 250,000 corresponding to max. Qmax of 5,500 at 45 GHz.

AHRS:

I Losses are both electric and dielectric leading to an inverted frequency dependence of the losses.

I Standard material with resistivity up to 70 kOhm cm, proton / neutron irradiated material up to .
416 kOhm cm. Available from Topsil GlobalWafers Semiconductor Materials A/S, DK-3600 M
Frederikssund. (7%
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TEO11-type resonator

1§ W
NI 49:5

Synergy, 10 GHz

A Conductor losses at enclosure (top and bottom surface) deteriorate Q.
A Not suited forhigh -Q applicati oms800i t h Q
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Mobius resonator and other approaches

Mobius Coupled Printed Resonator (MICPR)
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A Mobius structure is a surface with only one side and only one boundary component.
A Q-values relatively low.

A Metamaterials: Are engineered periodic composites that have negative refractive  Zndex
characteristic not available in natural materials. In this case the achievable quality
factors are of the order of 500 at 100 GHz. Also too low. r o
%
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Whispering Gallery (WG) mode resonator

A Azimuthal high -order modes are subject to total reflection at the interface between the
dielectric resonator and the surrounding air.

A Electromagnetic energy is strongly concentrated within the dielectric resonator and the
conductor losses at the walls of the enclosure can be suppressed to a negligible level.

o . . . |
A Qs limited by tan  d of the underlying dielectric only. @.1\%4

10
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Whispering Gallery (WG) mode resonator

-10r 1 GHz ' -60 1 MHz

-80r ) -70
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A Disadvantages of using Whispering Gallery Mode Resonators:

I Higher order mode has to be chosen in order to achieve sufficient confinement of the electromagnetic
wave inside the dielectric cylinder Y many other TE / TM and hybrid dielectric resonator modes in the
vicinity of the high -Q WG -mode (left plot).

I WG resonator modes are dual modes. Frequency difference between these two modes is governed by
small imperfections of the shape of the dielectric cylinder. A narrowband filter is required to single out the
wanted resonance (right plot).

A Filter needs to be very selective Y high-order needed Y considerable insertion loss Y
enhanced feedback path noise figure and increased phase noise. f
(a
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Photonic crystal (PC) resonator

A Defect resonators embedded within a periodic bandgap structure.
A Periodic bandgap structure is created by e.g. etching a periodic hole structure into HRS

wafer.

A Q is limited by tan
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Photonic crystal (PC) resonator

Length 56573 um
Width 40109 um
B Periodicity a 1831 um
HoleRadius r 549.3 pm
i Thickness h 1000 pm
Taper Width 2370 pm
Taper Length 2700 um
Permittivity ¢ 11.66
Loss Tangeri I y 12.3x10°
L 42 . . 43 s H H . H ] Conductivity' 1.43x 103 (m in)?t

A 1st step: design of bandgap.
A Resonator resides within bandgap.
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Photonic crystal (PC) resonator

a c
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Lattice constant, a Shift

A 2nd step: resonator design:

i Shifting one air rod on either side of the resonator creates windowing effect on the electromagnetic field
amplitudes.

I This eliminates wave -vectors at low magnitudes <2 p//, and minimises leakage of the electromagnetic
energy from the dielectric in to the surrounding air.

I Reason: Within air the maximum possible magnitude of the wave -vector is 2p//,. Within the cavity larger
values than that are possible.

I Quality factor comparable to those obtained by WG -resonators are within reach at mm -wave
frequencies. No spurious mode due to presence of energy gap, no dual modes.
A

A PC resonator approach adopted for this project.

k, (2n/a)
FTE,)
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Electronic phase shifter approach

S21 Resonator
-4
Zo!
-5 N 40 - ®1 =
-6 20 o A A
S A P
-7 0 —_ — =
g RF Out «— R2 \ Coupler
-8 -20 35/4 i 1
) R f
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44,997 44,998 44,999 45 45.001 45.002 45.003 — —
f (GHz) o [ esonaro _L L
I PORT 2
-0 PR
. . mfu_}r L ouf&u‘r
A Electronic Phase shifter needed for:

1. Secure start-up of the oscillator (phase condition): 360 ° needed.

2. Adjustment of the oscillator frequency: compensate manufacturing tolerances and temperature drift (dominated
by permittivity of resonator)

3. Tuning input in PLL configuration:

A Phase vs. frequency is governed by phase(S21) of resonator.

A E.g. +/ -45 ° degree phase shift corresponding to +/ -900 kHz electric tuning range for
Q0 = 50,000. Other tuning mechanisms required for 1. and 2.

1
A Electronic tuning range decreases with increasing resonator Q. @ M
- T

15

© IMST GmbH, 28/03/2023 - All rights reserved



Impact of ambient temperature variation on f

(@11.75

Electrical properties of as -grown
and proton -irradiated high :
11.70 t purity Silicon, Jerzy Krupka et cmemenes
al., Nuclear Instruments and :

Methods in Physics Research B .
11.65 | 380 (2016) 76 883 e EERURLE
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A HRS: Slope of permittivity de/d 7= 1 . 2 £/K (@50 -290 K).
A Corresponding slope of resonance frequency f : df/ff= -0 . Sefed -51.8 ppm/K.
Af =45 GHz

I df/dT = -2.33 MHz/K (diel. filling factor k = 100 %)
I df/dT = -1.17 MHz/K (diel. filling factor k =50 %)

A Ambient temperature change from -20to + 40 °C results in variation of resonance
frequency of -139.8 MHz (k = 100 %) or -70.2 MHz (k = 50 %). :
A Electronic varactor phase shifter tuning range (< 1 MHz) not sufficient. f M
rS

16
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Impact of ambient temperature variation on f

@11.76
[ : : : : : : Electrical properties of as -grown
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L T S purity Silicon, Jerzy Krupka et ==n s . z =
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A Two possible routes (or combination of the two):

1. Active temperature control.
ARequired precision:
i k =100 %: +/ -300kHz/(2.33MHz/K) = +/ -0.13 K
T k=50%: +/ -150kHz/(1.17MHz/K)=+/ -0.13 K

ATemperatures > 290 K must be avoided in order to stay with high - Q (reason: thermal
activation of electrons into conduction band within HRS. Intrinsic and cannot be avoided).

2. Tuning of resonator frequency (see next page).
(.
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Example: WGM-DRO electromechanical tuning
//I
| R2— g ] T T e

/ e T

/ A% 2;:"__,_" g R 8} \ L .
5 K /130\3 28 3 = -30 - «— | i
!ﬂ \\ ~ ,=g’ }——%;:g' “AQ% :: \ -105
- 7 0 e

DE000019841078C1, 2000: Ghosh et al.

AVariation of distance between resonator and dielectric disc.

A Combined mechanical (differential threads ) / piezoelectric drive necessary.
Piezoelectric travel range typically 2 to 15 pm.

18
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IMST

Wideband Frequency Tuning Approach: PCR

T T T T
s} S_2,1 dist=1600 u
w Qd.d_mg.d.%- s21d 0 um
— 5214
=3 00 u
u
g

Scattering Parameters in dB

Frequency in GHz 44.7 448 449 45.0 45.1 45.2
Frequency in GHz

A The tuning mechanism is the variable distance dz between the two stacked identical L5 resonators.

A The resonance splits into an even - and an odd -mode resonance with decreasing distance dz.
i The unwanted mode has to be suppressible by a waveguide bandpass filter

A A good range for tuning is between 1600 pm and 1800 pm distance
i The corresponding tuning range is 60 MHz
i The tuning sensitivity can be approximated with 300 kHz/um.

A Difficult mechanical construction. Not realised in this project.

19
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Oscillator topology
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Oscillator topology

S11>0

S21=0 ] {
{ T | ) Series feedback Parallel feedback

=
-]

N iDS
N\

yal 72 z1 72 73

dB(Reflection_type..S(1,1))
dB(Transmission_type..S(2,1))

freq, GHz freq, GHz

Impact of port mismatch (+/ - 5 Ohm)

A Photonic Crystal Resonator cannot be integrated on the die of the active element Y
two principle oscillator topologies (with similar phase noise) are possible:

I Series feedback (right):

A Transistor needs to be instable at the desired oscillation frequency. Is achieved e.g. by tuning  microstrip line length
attached to the transistor source. Resonator operates as reflection type and stabilises oscillation frequency.

I Parallel feedback (left)
A Parallel feedback uses a resonator in transmission and an amplifier, which is required to be stable.

A Easier to design and test, because amplifier is stable and can be tested on its own. I
A Parallel feedback is adopted in this project. r(r.¥
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Oscillator topology: resonator coupling strength

Phase noise vs. insertion loss

18
16
14
12

=

dBc/Hz
O N M O 0O O

30 -28 26 24 -22 -20 -18 -16 -14 -12 -10 -8 -6 4 -2 0
S21 (dB)

A Investigation of Leeson equation with symmetrical coupling to resonator and assuming
that amplifier noise, gain, and output power are constant upon variation of the
coupling (and resonator IL).

A Result: Best phase noise for IL =6 dB.

A However, minimum is shallow and variation of the amplifier noise, gain and saturated
output power has been neglected Y Rule of thumb only.

22
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Active part: 1/f noise
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Active part & 1/f -noise

LFN@1kHz LFN@10kHz LFN@100kHz
Size | LW, 1 LFN@IkHz | Vg1, | LFN@I0kHz | Vg1, | LEN@100kHz Valg

Device (pm) | (nm) |y | (mA) |VA(V) | (AHz) (AHz.Y) (A’fHz) (A/Hz.Y) (A*Hz) (A/Hz.V)
GaNHEMT 1 | 2x75 | 250 1.5 19252 10 | 426F16 | 22143815 | 241E17 1.253E-16 1.76E-18 9.1315F-18
GaNHEMT2 | 4x75 | 250 [1.3] 27376 [ 10 | 227F-16 | 83065E-16 | 3.26E-17 119E-16 2.67E-18 9.7604F-18
GaNHEMT3 | 2x50 | 250 [13]20037 [ 10 | 675616 | 33678E-15 | 2.56E-17 1.275E-16 8.63E-19 4.305E-18
GaNHEMT 4 | 4x50 | 250 [1.3] 38964 | 10 | 1353E-15 | 39216E-15 | 6.66E-17 1.71E-16 1.75E-18 4,4965E-18
GaN HEMT 5 Bx50 250 |1.3| 81.034 10 3.10E-15 3.828E-15 1.45E-16 1.784E-16 3ABE-1R 4.2957E-18
GaN HEMT 6 Ax50 250 15| 4732 10 4.30E-16 9.5139E-15 1.71E-17 3.618E-16 143E-19 3.0283E-18
GaN HEMT 7 Bx50 250 [1.5] 52.604 10 2.79E-15 53114E-15 6.66E-17 1.265E-16 6.55E-19 1.2446E-18
InGGaP HBT | dx20 1000 1.2 9 3 TO0E-18 3 BEROE-16 5.30E-19 1.963E-17 1.10E-19 4.074E-18
InGaP HBT 2 2x20 1000 (1.2 9 3 4.095E-18 1.5167TE-16 4.538E-19 1L6RIE-1T 1.324E-19 4.904E-18
GaAspHEMT 1 | 2x20 | 150 |1 | 12611 3 142F-16 | 3.7507E-15 | 3.00E-17 | 7.924E-16 2.59E-18 6.8512F-17
GaAspHEMT 2 | 4x20 | 150 |1 | 24833 | 3 187F-16 | 2.5101E-15 | 440E-17 | 5911E-16 498E-18 6.682F-17
GaAspHEMT3 | 2x20 | 100 |1 | 5547 | 3 1436-16 | 8.6113E-15 | 2.000-17 1.199E-15 2.645-18 15852116
GaAspHEMT 4 | 4x20 | 100 |1 | 11251 3 181E-16 | 53536E-15 | 3.356-17 | 9.919E-16 3.85E-18 1.1412E-16
GaAs pHEMT 5 | 2x40 100 |1 [ 11.491 3 1.831-16 5.3201E-15 276117 B.O15E-16 4.06LE-18 1.17861-16
GaAs pHEMT 6 | 4x40 100 |1 | 24.883 3 2.65E-16 3.5499E-15 3.RBLE-17 5.191E-16 4.71E-18 6.3055E-17

1LoG)

Ic_noise_M calc_noise_at_Coll/NUM_DOF_TRANS

Plot VBIC_MOISE SCALEAUI modeling Tlmodel AF KFf Sic

1E-12

1E-13

1E-14

1E-14

1E-16

1E17

1E-18

1E-189

SG13

teagl L L LTHIE 1 L
TE+0

1E+1 1E+2

freq [LOG]

1E+3 1E+4

A Hardly any design PDKs come with an 1/f noise model for the active devices.
fact
A SGB25 (fT/fosc: 80/95 GHz) vs. SG13 ( fT/fosc: 230/340 GHz) Y SGB25 not further

Al n

considered.

t he

onl

y

PDKOs

w e

have

A Literature study: 1/f noise of HBT devices significantly lower than
devices.

found ar

GaN / GaAs

24
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Phase noise estimation
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Projected phase noise at 45 GHz

ALeeson equation:

I 1/f corner frequency = 10 kHz, effective noise figure = 8 dB

I Amplifier input power =

I Resonator loaded Q = 25,000 at 45 GHz and 28.000 at 65 GHz corresponding to the
electron / dielectric loss of proton irradiated HRS with resistivity of 416 kOhm cm.

-3dBm

Offset freq. [Lssb({45 GHz)
(Hz) (dBc/Hz)

10 -36.8
100 -66.7
1000 -96.4
10000 -123.8
100000 -146.3
1000000 -163.3
10000000 -165.9
100000000 -166.0
2000000000 -166.0

26
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Overview of the full system
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Main chip layout

1 First stage amplifier

{1 Balanced power
amplifier

1 Coupling amplifier

q

1 Electrical phase shifter

RN
&

i N
s i
S
W L W — o i
b \\\ [ ., \\ E
N N N
,

GND R- |n GND
r;r; ERTET

C
AND N0 34 AdND

U The total chip area Is — i s =
2.5x 1.5 mmz TEL RN ER

*GND Vdc Vdc GNDGNDGND GNDGND ~ GND  CPL out GND

N

—wnZ—
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Loop amplifier

AThe loop Amplifier is realized in a two stage
design with a driver stage and a balanced PA
stage

AThe signal is split and combined by a 90 °
Branchline coupler.

NEREN

L
7
7

AThe design was mainly driven by an
optimised phase noise performance while
simultaneously satisfying the gain and power
requirements.

30 © IMST GmbH, 28/03/2023 - All rights reserved



Loop amplifier
AFor the Driver as well as the PAs a single stage cascode amplifier was
used.
Off chip components A Off chip components T
Input- /Output-/ Bias- NW i Input- /Output-/ Bias- NW = rmeuw ﬁ
Base transistor part = i Bate transistar st ;
Emitter transis part §_. 2 Emitter transps¥gr part by T_-‘?f"f’""‘w'lmmm
Current mirror - s Current — . =
Voltage di = I Voltage divider =1 N
E- i1 L . ;-_;: 5’: =
= fi ) Al L g
] —p— i D)
Y- i % iy -.
2
o @L W‘v-»*‘f;-"
- PA 1 i
1
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Loop amplifier

ABased on this layout, 2.5D EM simulations in Momentum were carried
out including

I routing of the interconnections,

T in- and output pads of the chip,
I Inductors,
1
1

. Capacitors,
" meander lines.

AThe output of these simulations was
then included into the ADS circuit
simulation.

32
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Loop amplifier: Design

RL Input RL Output

0—|

AGood in - and output matching -

AUnconditionally stable over the
complete frequency and

temperature range
AThe small signal gain ranges T dmEe e
from 19.1 dB (T=+20 °C)to . m i y
21.8 dB (T = -40°C) o
AUnconditionally stable over the i
complete frequency and | o T e s

10 1 T ] T 1 T T 2 ™ T T 7 0 T T T T T T T T T T 0.0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

temperature range feq, Gtz feg, Gz

5—

-10—|

-15—|

-RL[dB]
-RL[dB]

-20—

-25—

-30—

-35—

70—
65—
60—
55— r
50— —1.0
45— r

40—
35—
30—

Gain[dB]
>
|

k / meas

25— —0.5
20— -
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Loop amplifier: Design

APower sweep was performed at
+20 °C,

U leads to the smallest gain

AP, = 0.19 dBm at the nominal
frequency

AVariation of 0.15 dB over 1 GHz
bandwidth around the nominal
frequency

£DS

Gain[dB]

IMST

Gain vs. Pout

20.0
19.5—
19.0— % —
18.5—m
d p(m42) =31.016
vs(Gain_cgpl_amp[::,1], P_out_cpl_ampl::,1])=18.98¢ §
RFf eq=. 244300
180_ d p(m43) 0.083
apl_amp][::,1], P_out_cpl_amp[::,1])=17.984
RFf q 44 500
d 46)=-30.913
175_ blot p(TG : cpl_amp[::,1], P_out_cpl_amp[::,1])=19.09(
RFf eq= 45 000
d p(m54) =0.187 o
17.0_&;' gG45 0Opl amp]::,1], P_out_cpl_ampl::,1])=18.090
d p(mG - 30|961 1], Poi | 11)=19.047
ot ::,1])=19.
16_5_RF s o Sain ! _amp[::,1], _cpl_amp(::,1])
d p(m 6)=0.233
RF‘ fv (G4‘5 500I amp[::;,1], P_out_cpl_ampl::,1])=18.04(
9=
16.0 — T
-40 -35 -30 -25 -20 -15 -10 -5 0 5 10

Pout[dBm]

34

© IMST GmbH, 28/03/2023 - All rights reserved



Amplifier and phase shifter S -parameters and
gain compression (on -wafer): Setup

IMST

—

ST -
o] | | E2

(| |

{—

GNDRF in GND
E ST

AND N0 4 AND

i)
=
rE 2
‘ E
= 7 g
BZNY ] )
I [ .

L] 5
GND Vdc Vdc GNDGNDGND GNDGND  GND CPL_out GND

A 150 um GSG -probes used during measurement.
A Measurement at room temperature.
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Measurement: Amplifier and phase shifter S -
parameters and galn compressmn (on -wafer)

ma9
7freq—45
1o (3(22))[0 ] -11.685

IMST

(S(2, 1))
(S( [
A
dB(S(: )
dB(S(1.1)) B
5 04 8 3 o 3
P % .
dB(S(35,35))[0,::]
dB(S(2,2))[0,:1]
5 3
LT T

A Blue: measurement, red: simulation. kj k/

freq (0.0000Hz to

( )I0,:]
)0.:]
\
)[0.::]

A Bias conditions Driver, PA, Coupling Amp./ Vcc_ps/ Vtune:
i Simulation: 2.11V & 11.2 mA, 2.44V & 22.6 mA, 1.50 V& 33.5mA, 1V, 0 V.
i Measurement: 2.10 V & 11.3 mA, 2.42 V & 22.6 mA, 1.50 V & 30.15 mA, 1 V, 0 V.

A Overall match is good. However, approx. 3 dB less peak gain. At 45 GHz the
difference is 4 dB. Simulated oscillation margin is only 2 dB (L5 resonator).

A Root cause: Simulation accuracy of the SG13S design Kkit.
A Bias optimization needed in order to realise enough gain needed for oscillation. @.
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Measurement: Large signal compression main
path at 45 GHz / Bias optimisation

(main path) Gain_DUT vs. Pout DUT @45C

B Max
\\ \ 11 V_clamp Driver Driver Pal Pa2| Pal_Pal| Cpl_Amp| Cpl_Amp| Ps_Vcc | Ps_tune | DUT_Gain| DUT_P1dH
z \ \ = M3-B1 DUT_Gain 45 G U[Vv] U[Vv] A[mA] U[Vv] A[mA] U[Vv] A[mA] U[Vv] U[Vv] [dB] [dBm]
g = M4-B2 DUT_Gain 45 G Biasl 3 2,1 11,3 2,42 22,6 1,5 30,15 1 0 9,30 -7,79
§ N \ "~ | ==—M5B3DUT_Gain 456 Bias2 3 2,6 15,11 2,66 25,38 30 15,1 1 0 11,03 -6,77
N = M®6-B3 DUT_Gain 45 G Bias3 3.1 2,6 15,11 3,03 30 1,5 30,19 1 0 11,45 -4,85
S 9 T M7B4 DUT—Gaf“ 456 Bias4 3,47 2,9 17,46 3,43 35,03 1,5 29,8 1 0 12,50 -3,80
\\ = \|8-B4 DUT_Gain 45 G
\\ N

7
30 28 26 -24 -22 20 -18 -16 -14 -12 -10 -8 6 -4 -2 0
Pout DUT[dBm]

A Using default bias (Bias 1), measured output P1dB is only -7.8 dBm.
(simulation: -5.2 dBm).

A With the elevated Bias 4, both small signal gain (12.5 dB) and P1dB ( -3.8 dBm) reach
acceptable levels.
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Coupling amplifier

AStandard common -emitter single -stage amplifier

Driver PA
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Results coupllng amnm pllfler path

m;f q—45 90GH;

S0

==

25

Sa 107

) 1

Cx

Do -20

© 4
30|

@
A Blue: measurement, red:; simulation.

A Bias conditions Driver, PA, Coupling Amp./ Vcc_ps/ Vtune:
i Simulation: 2.11V & 11.2 mA, 2.44V & 22.6 mA, 1.50 V & 33.5mA, 1V, 0 V.
I Measurement: 2.10 V & 11.3 mA, 242V & 22.6 mA, 1.50V & 30.15mA, 1V, 0 V.

A As for main path, general agreement of simulated and measured S  -parameters is
guite good. Again, as for the main path, 3.4 dB gain are missing in the measurement
and a 1.5 GHz frequency shift is observed.

I0,:]

( )[]

5(48,48)[0,:1]
S
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Measurement: Large signal compression
Coupling Path at 45 GHz

(coupling path) Gain_DUT vs. Pout_coupling amp @45(

N\

Gain[dBm]
F/ﬂ
w S

= =Z
$ e
g 2

14 - -
Pout cpl amp[dBm

A Using Bias 4, coupling path gain is 15 dB at 45 GHz and output P1dB is -1.8 dBm.

A The small signal gain with Bias 4 is close to the simulated value for Bias 1. P1dB is
even higher (measured: -1.8 dBm vs. -3.5 dBm simulated).
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Electronical phase shifter

ADesign of branchline coupler with varactor diodes.

o

ATotal variation of the transmission phase = 32

D)D)

DC i
Coupl
Distribution L A(r)#pqi;irg
NN

<
:
=]

N
=
wn
—

U

NN RNENNY

analog PS

Phase[’]
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Measurement: Phase shifter phase shift and
Insertion Ioss (Vtune Oto 3 V)

IMST

0,:
O,.
0,:

== 5’6‘0 A( (( »[ 1)( B(S2.1)I0,::)=-
0.6

i( (( ))[ +1)-(dB(S(25,24))(0,:])=-
6

(dB(S(33,32))[1,:])-(dB(S(25,24))]
(dB(S(31,30))[1.::])-(dB(S(25.24))
(dB(S(27,26))[1,::])-(dB(S(25,24))[

140
45| rea=t5.00H
( 5e(S(33,32))[1,::])-unwrap(phase(S(25,24))[0,::])-3*360=30.53:

e(S(25,24))[0,::])-3*360

ap(phase(S(25,24))[0,::])-0*360

ap(phas

(31,30))[1,::])-unwr:

ase(S(27,26))[1,::])-unwrap(phase(S(25,24))[0,::])-1*360 P,

hase( (33,32))[1,::])-unwr:

S
ase(S
S

@ @© © O © o _C
ZZ-ZZE freq, GHz gg 2

33333

A Top graphs: IL change when varying tuning voﬁage from O to 3 V in steps of 0.5 V.
Bottom graphs: phase shift when varying tuning voltage from 0 to 3 V in steps of 0.5 V.
Left: simulation, right. measurement (same colour code as for simulation).

A Agreement between simulation and measurement is excellent. The total realised

phase shift it 30.5 °at 45 GHz. r M
(a:

freq, GHz
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10 dB coupler

AFor the 10 dB coupler a broadside
microstrip coupler topology is chosen

I Very low tolerances regarding the line width and layer
height

DC i
Coupl
Distribution LJ A(r)#pqi;irg

74

V_tunj f

NN RNENNY

U
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10 dB coupler

A0.9 dB insertion loss in through part.
A10.6 dB coupling loss.
AGood matching and isolation.

m1 m2
freq=45.00GHz freq=45.00GHz
RL dB(5(2,1)=0.883 moll  |dB(S(3,1)=-10.619
-20 : - {7} 10
IS B [Ay]

.25;/_\/ 02 20
a2 a0 S S - ~ 2 94 30 §
one ] ‘ o )
1) 2 ] g
€238 g 06 —40 o

08+ —-50

-45 T l T I J l T I T I 1 I 1 i 1 I 1 ] T '10 ] ' T ] T I 1 I 1 I 1 I 1 I T I T I T

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

freq, GHz freq, GHz I
M

r S

A T
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Resonator: L5 Cavity

IMST



IMST

Motivation: L3 vs. L5

;‘;‘E!iﬁi‘:}g

L5 normal

it

srresesnnsy

sl

OWETO WE

L3 normal

AN .

T : P

A Q, limited due to radiation
i 0  corresponds to the simulated Q , without dielectric losses.
I For the simulated L3 Q, = 163,000 (without dielectric losses) leads to a calculated limitof Q, < 40,000.

i With alosstangentof 2 £ P we =1 . 2 £)fddirradiated HRS material, Q,,4 has to be very high
(approaching 10 ).

A L3 resonance has higher field densities in z -direction compared to a L5 topology.
A Due to this reduced field leakage L5 is expected to come up with higher Q,.4 and thereby

1
higher QO values. f M
IrS

© IMST GmbH, 28/03/2023 - All rights reserved



L5-design

+10270.000

=10F--

I
N
o

T

q)—

1
w
=]

T

QO00000000000C00CCOCO0O000O00
COCO00O000O000000O00OO0000O00
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OOCO000000000000000CO00000a0
OO000COO0000000000O00C00COO0
OO00O0000O0000O00000CO0O00O00
0000COO0O00A0O00A0000A000 :
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COCO0O000000000000000CO000000
l\l- OOOOOOOOOOOOOOOOOOOOOOOOOOOD {\\

Scattering Parameters in dB

1
FN
o

T

COCOO00O0000000000000TOTOO0 :
5g&g&gﬁg&gﬁé&%&%&gﬁg&é&g&g i

_6 j i
0000C000000000000000000000 %4 44.6 44.8 45.0 45.2 45.4 45.6
0000000000000 00000000O0000 Frequency in GHz
0000000000000 000O00000000
O0C00000000000000000000000
DO00000000000000CO000000O00

<

A With absorbers at bottom and top of housing no spurious observed in 1 GHz span.
A 6 dB insertion loss: QI = 26,849, Q0 = 53,698.
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L5 resonator production quality

60000
50000 _K

40000

Measurement example (from \

bottom side) 30000 Q

Measurement map

. N Poly. (Q)
tandard Standard 20000
deviation  deviation y =-1074.7% + 2699.9x + 47895
1 2 3 4 0 R2=0.996
. 10000
top diameter (um) 1123,9 1122,0 1119,4 1119,8
bottom diameter (um) 1152,6 11511 1147.3 1160.6 0 .
0 1 2 3 4 5 6

Standard

mean (°) deviation (°

e o082 0083 o080 9117 9120 9096 0,20

A DRIE etching of the resonator design carried out by Vmicro S.A.S, 27 rue Charles saint
Venant, 59260 Hellemmes, France.

A Excellent etching quality was excellent: Hole diameters and the sidewall angles were
compared to the design values at five positions of the resonator (1140 um and 90 The

agreement is very good. 1
A Deviation from 90 ° s sufficiently small to permit high Q -values. f&%

48

© IMST GmbH, 28/03/2023 - All rights reserved



Resonator S-parameters and temperature sweep:

LS

F1 m2
req=44.782GHz req=45.541GHz
dB(5(6,5))+3=-6.2683/dB(5(6,5))+3=-18.2832

m3 m4

nd Delta=2.8360E8| [freq=15.819GHz
Hep Delta=-47.1154| [dB(S(2,1))=-49.3461

Pelta Mode ON

Fe TV

il

-100

T T T T T T T T T T
440 442 444 446 448 450 452 454 456 458 46.0
freq, GHz

A Despite supreme etching quality the measurement results of the first samples were
disappointing: Q of the resonators was very low in the measurements: For the sharpest
resonance (L5, marker 1) the unloaded Q in simulation is 50,000. The measured Q for wanted
resonance associated with marker 3 was only 1,800.

A Problem process temperature? O , plasma based cleaning post etching process (150 °C) was
avoided and replaced by a solvent based cleaning used at a controlled temperature of less than
70 °C.
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Resonator S-parameters and temperature sweep:

m6
freq=45.0013400GHz
dB(S(6,5))=-14.95837000 Refl

m8
m7 ind Delta=6.80000E5
P freq=45.00GHz dep Delta=0.05139 e
: ] dB(S(6,5))=-17.823| Delta Mode ON
7] ADE -12
-20—_ _13;
- ] mé6

-30—

40— a . )
, ” i m 8 %

B 18—
-50— 19

— -20 L L L L L L L L L L L

1 5 & &§ & &§ & &§ &§ &§ &§ & & &&
-60 T Tt T T 5 o 2 2 2 2 92 © 9 © o o oo

oooooooooooooo
449 450 451 452 453 454 455 456 457 458 459 8 8 8§ 8 8 3 " ®» » » 3 R R¥

freq, GH
freq, GHz req, bHz freq (44.90GHz to 45.10GHz)

Refl

dB(S(8,7))
dB(S(6.5))
i

A Regarding the resonance frequency deviation is only 70 MHz (simulated: 44.93 GHz, measured:
45.00 GHz).

A Unloaded quality factor is even higher than simulated (simulated: 53,700, measured: 80,500) Y loss
tangent of the neutron -i r r adi at ed HRS base mat-6(derieedfromaredistvityofr t han =2
400 kOhm cm and a bul k®l oss tangent of 1.2t10

A Problem: coupling strength is very low: At resonance, S21is only -15 dB as opposed to 6 dB per design.
A Cannot be explained real hole size.

A Coupling strength is strongly affected by small inaccuracies of the field solution as part of the 3D  -FDTD

simulation method. Also, the high -Q of the resonator presents a problem to the simulator as resonance 1\14
estimation algorithms need to be used in order to come up with manageable simulation time. ff.%
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Resonator: Reduced Dielectric Filling Factor
Cavity (RFFC)

IMST



Q -optimisation

A Basic Idea: Reduction of dielectric filling factor of the resonator leads to reduction of
dielectric losses.

A To minimise out -of-plane radiation loss (0 ), a Gaussian shape for the envelope of
the resonant modeneesledel ectri c fi1 el d 1 s
i Quadratically tapering the horizontal period of the first 0 P unit cells.

A The PCR was excited by an electric dipole source located at the centre of the structure
and the Q -factor calculated by analysing the time -decay of the fields.

A Radiative Q-factor exceeded 800,000 .

i The unloaded Q -factor will be dominated by the material loss 0

A With a realistic loss tangent (OAT ¢® p 1), the simulated Q -factor is 108,000

I The low dielectric filling factor of the air slot mode has effectively doubled the unloaded Q -factor for a
material loss limited design .

(e
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RFFCGdesign T

AWi t h absorbers at bottom and top of housin

AIL =6 dB: QI =54,053, Q0 = 108,105. f
(S
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