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ÅCommunication links with enhanced phase noise requirements.

ÅLocal Oscillator: Dielectric Resonator Oscillators (DROõs) available up to 30 GHz only. 

ÅLO frequency must then be obtained by means of additional multiplier circuits and band -pass filters.

Introduction: Scenarios
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Possible LO frequencies for EO applications



ÅTarget: mm -wave oscillator with very low phase noise, lightweight, low power consumption.

ÅUsable in PLL-configuration.

Introduction
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f0 4.50E+10Hz

fc 300 Hz

Ql 24696

k 1.38E-23J/K

T 290 K

F_eff 6.31corr. to 8dB

Ps (at amplifier input) 5.00E-04W
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Resonators and phase shifter
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Krupka, Jerzy & Kaminski, Pawel & Jensen, Leif. (2016). 

High Q -Factor Millimeter -Wave Silicon Resonators. 

IEEE Transactions on Microwave Theory and Techniques. PP. 1-6. 

10.1109/TMTT.2016.2607712. 

å40 GHz

å70 GHz

ÅQ is limited by tan dof the underlying dielectric .

ÅSapphire best below 40 GHz.

ÅTemperature -compensated dielectrics: BMT, BZN

ïQxf(GHz)= 40,000 to 250,000 corresponding to max. Qmax of 5,500 at 45 GHz.

ÅHRS:

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

ïStandard 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 

Frederikssund. 

Dielectric resonators

7

HRS:
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ÅConductor losses at enclosure (top and bottom surface) deteriorate Q.

ÅNot suited for high -Q applications with Q å 50,000.

TE011-type resonator

8

Synergy, 10 GHz
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ÅMöbius structure is a surface with only one side and only one boundary component.

ÅQ-values relatively low.

ÅMetamaterials: Are engineered periodic composites that have negative refractive Ȥindex 

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.

Möbius resonator and other approaches
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ÅAzimuthal high -order modes are subject to total reflection at the interface between the 

dielectric resonator and the surrounding air. 

ÅElectromagnetic 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. 

ÅQ is limited by tan dof the underlying dielectric only.

Whispering Gallery (WG) mode resonator
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ÅDisadvantages of using Whispering Gallery Mode Resonators:

ïHigher order mode has to be chosen in order to achieve sufficient confinement of the electromagnetic 

wave inside the dielectric cylinder Ý many other TE / TM and hybrid dielectric resonator modes in the 

vicinity of the high -Q WG -mode (left plot). 

ïWG 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). 

ÅFilter needs to be very selective Ý high -order needed Ý considerable insertion loss Ý

enhanced feedback path noise figure and increased phase noise.

Whispering Gallery (WG) mode resonator
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1 GHz 1 MHz



ÅDefect resonators embedded within a periodic bandgap structure.

ÅPeriodic bandgap structure is created by e.g. etching a periodic hole structure into HRS 

wafer. 

ÅQ is limited by tan dof the underlying dielectric only .

Photonic crystal (PC) resonator
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Å1
st

step: design of bandgap.

ÅResonator resides within bandgap.

Photonic crystal (PC) resonator

13

Parameter Value

Length 56573 µm

Width 40109 µm

Periodicity a 1831 µm

HoleRadius r 549.3 µm

Thickness h 1000 µm

Taper Width 2370 µm

Taper Length 2700 µm

Permittivity ₵r 11.66

Loss Tangent ǘŀƴ 2ɻ.3 × 10-5

Conductivitỳ 1.43 × 10-3 (ʍϊm)-1

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

13 GHz

45 GHz



Å2
nd

step: resonator design:

ïShifting one air rod on either side of the resonator creates windowing effect on the electromagnetic field 

amplitudes.

ïThis eliminates wave -vectors at low magnitudes < 2 p/l
0

and minimises leakage of the electromagnetic 

energy from the dielectric in to the surrounding air.

ïReason: Within air the maximum possible magnitude of the wave -vector is 2p/l
0
. Within the cavity larger 

values than that are possible. 

ïQuality 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.

ÅPC resonator approach adopted for this project.

Photonic crystal (PC) resonator
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ÅElectronic 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: 

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

ÅE.g. +/ -45 ° degree phase shift corresponding to +/ -900 kHz electric tuning range for 

Q0 = 50,000. Other tuning mechanisms required for 1. and 2.

ÅElectronic tuning range decreases with increasing resonator Q.

Electronic phase shifter approach

15

Resonator

Phase shifter Amplifier

Coupler
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ÅHRS: Slope of permittivity de/ dT=1.2Ł10
-3

/K (250 -290 K).

ÅCorresponding slope of resonance frequency f : df/f = -0.5Łde/e= -51.8 ppm/K.

Åf = 45 GHz 

ïdf/ dT = -2.33 MHz/K (diel. filling factor k= 100 %)

ïdf/ dT = -1.17 MHz/K (diel. filling factor k= 50 %)

ÅAmbient temperature change from -20 to + 40 °C results in variation of resonance 

frequency of -139.8 MHz (k= 100 %) or -70.2 MHz (k= 50 %). 

ÅElectronic varactor phase shifter tuning range (< 1 MHz) not sufficient.

Impact of ambient temperature variation on f

16

Electrical properties of as -grown 

and proton -irradiated high 

purity Silicon, Jerzy Krupka et 

al. , Nuclear Instruments and 

Methods in Physics Research B 

380 (2016) 76 ð83
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ÅTwo possible routes (or combination of the two):

1. Active temperature control. 

ÅRequired precision:

ïk= 100 %: +/ -300kHz/(2.33MHz/K) = +/ -0.13 K

ïk= 50 %: +/ -150kHz/(1.17MHz/K) = +/ -0.13 K

ÅTemperatures > 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).

Impact of ambient temperature variation on f

17

Electrical properties of as -grown 

and proton -irradiated high 

purity Silicon, Jerzy Krupka et 

al. , Nuclear Instruments and 

Methods in Physics Research B 

380 (2016) 76 ð83
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Example: WGM-DRO electromechanical tuning

ÅVariation of distance between resonator and dielectric disc.

ÅCombined mechanical (differential threads ) / piezoelectric drive necessary. 

Piezoelectric travel range typically 2 to 15 µm.

DE000019841078C1, 2000: Ghosh et al.
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Wideband Frequency Tuning Approach: PCR

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

ÅThe resonance splits into an even - and an odd -mode resonance with decreasing distance dz.

ïThe unwanted mode has to be suppressible by a waveguide bandpass filter 

ÅA good range for tuning is between 1600 µm and 1800 µm distance 

ïThe corresponding tuning range is 60 MHz  

ïThe tuning sensitivity can be approximated with 300 kHz/um. 

ÅDifficult mechanical construction. Not realised in this project.

Odd -modeEven-mode



Oscillator topology
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ÅPhotonic Crystal Resonator cannot be integrated on the die of the active element Ý

two principle oscillator topologies (with similar phase noise) are possible: 

ïSeries feedback (right):

ÅTransistor 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.

ïParallel feedback (left)

ÅParallel feedback uses a resonator in transmission and an amplifier, which is required to be stable.

ÅEasier to design and test, because amplifier is stable and can be tested on its own.

ÅParallel feedback is adopted in this project.

21

Oscillator topology

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

Series feedback Parallel feedback

Impact of port mismatch (+/ - 5 Ohm)



ÅInvestigation 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).

ÅResult: Best phase noise for IL = 6 dB.

ÅHowever, minimum is shallow and variation of the amplifier noise, gain and saturated 

output power has been neglected Ý Rule of thumb only.

22

Oscillator topology: resonator coupling strength
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Active part: 1/f noise
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ÅHardly any design PDKs come with an 1/f noise model for the active devices. 

ÅIn fact, the only PDKõs we have found are IHPõs SGB25 and SG13 design kits. 

ÅSGB25 (fT/ fosc: 80/95 GHz) vs. SG13 ( fT/ fosc: 230/340 GHz) Ý SGB25 not further 

considered.

ÅLiterature study: 1/f noise of HBT devices significantly lower than GaN / GaAs 
devices. 

Active part & 1/f -noise

24

SG13
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Phase noise estimation
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ÅLeeson equation: 

ï1/f corner frequency = 10 kHz, effective noise figure = 8 dB 

ïAmplifier input power = -3 dBm 

ïResonator 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.

26

Projected phase noise at 45 GHz
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Overview of the full system
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Main chip layout

¶First stage amplifier

¶Balanced power 

amplifier

¶Coupling amplifier

¶10 dB coupler

¶Electrical phase shifter

üThe total chip area is 

2.5 x 1.5 mm². 
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Loop amplifier

Driver PA

DC
Distribution

Coupling
Amplifier

Electronic
Phase 
Shifter

Loop
Amplifier

10 dB
Coupler

V_tune

ÅThe loop Amplifier is realized in a two stage 

design with a driver stage and a balanced PA 

stage

ÅThe signal is split and combined by a 90 °

Branchline coupler. 

ÅThe design was mainly driven by an 

optimised phase noise performance while 

simultaneously satisfying the gain and power 

requirements. 
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ÅFor the Driver as well as the PAs a single stage cascode amplifier was 

used. 

Loop amplifier

  

 

Driver PA
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ÅBased on this layout, 2.5D EM simulations in Momentum were carried 

out including

ïrouting of the interconnections,

ïin- and output pads of the chip,

ïInductors,

ïCapacitors,

ïmeander lines.

Loop amplifier

ÅThe output of these simulations was 

then included into the ADS circuit 

simulation.
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ÅGood in - and output matching 

ÅUnconditionally stable over the 

complete frequency and 

temperature range

ÅThe small signal gain ranges 

from 19.1 dB (T = +20 °C) to 

21.8 dB (T = -40°C)

ÅUnconditionally stable over the 

complete frequency and 

temperature range

Loop amplifier: Design

© IMST GmbH, 28/03/2023 - All rights reserved
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ÅPower sweep was performed at 

+20 °C, 

üleads to the smallest gain

ÅP
1dB

= 0.19 dBm at the nominal 

frequency 

ÅVariation of 0.15 dB over 1 GHz 

bandwidth around the nominal 

frequency

Loop amplifier: Design
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Å150 µm GSG -probes used during measurement.

ÅMeasurement at room temperature.

Amplifier and phase shifter S -parameters and 

gain compression (on -wafer): Setup
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ÅBlue: measurement, red: simulation.

ÅBias conditions Driver, PA, Coupling Amp. / Vcc_ps/ Vtune:

ïSimulation: 2.11 V & 11.2 mA, 2.44 V & 22.6 mA, 1.50 V & 33.5 mA, 1 V, 0 V. 

ïMeasurement: 2.10 V & 11.3 mA, 2.42 V & 22.6 mA, 1.50 V & 30.15 mA, 1 V, 0 V.

ÅOverall 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).

ÅRoot cause: Simulation accuracy of the SG13S design kit.

ÅBias optimization needed in order to realise enough gain needed for oscillation.

Measurement: Amplifier and phase shifter S -

parameters and gain compression (on -wafer)
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ÅUsing default bias (Bias 1), measured output P1dB is only -7.8 dBm.

(simulation: -5.2 dBm). 

ÅWith the elevated Bias 4, both small signal gain (12.5 dB) and P1dB ( -3.8 dBm) reach 

acceptable levels.

Measurement: Large signal compression main 

path at 45 GHz / Bias optimisation

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

7

8

9

10

11

12

13

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

G
a
in

[d
B

m
]

Pout DUT[dBm]

(main path) Gain_DUT  vs. Pout_DUT @45GHz

M3-B1 DUT_Gain 45 GHz

M4-B2 DUT_Gain 45 GHz

M5-B3 DUT_Gain 45 GHz

M6-B3 DUT_Gain 45 GHz

M7-B4 DUT_Gain 45 GHz

M8-B4 DUT_Gain 45 GHz

Max Max

V_clamp Driver Driver Pa1_Pa2 Pa1_Pa1 Cpl_Amp Cpl_Amp Ps_Vcc Ps_tune DUT_Gain DUT_P1dB LA_Gain LA_P1dB

U[V] U[V] A[mA] U[V] A[mA] U[V] A[mA] U[V] U[V] [dB] [dBm] [dB] [dBm]

Bias1 3 2,1 11,3 2,42 22,6 1,5 30,15 1 0 9,30 -7,79 13,60 -3,49

Bias2 3 2,6 15,11 2,66 25,38 30 15,1 1 0 11,03 -6,77 15,33 -2,47

Bias3 3,1 2,6 15,11 3,03 30 1,5 30,19 1 0 11,45 -4,85 15,75 -0,55

Bias4 3,47 2,9 17,46 3,43 35,03 1,5 29,8 1 0 12,50 -3,80 16,80 0,50
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ÅStandard common -emitter single -stage amplifier

Coupling amplifier

Driver PA

DC
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Coupling
Amplifier

Electronic
Phase 
Shifter

Loop
Amplifier

10 dB
Coupler

V_tune
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ÅBlue: measurement, red: simulation.

ÅBias conditions Driver, PA, Coupling Amp. / Vcc_ps/ Vtune:

ïSimulation: 2.11 V & 11.2 mA, 2.44 V & 22.6 mA, 1.50 V & 33.5 mA, 1 V, 0 V. 

ïMeasurement: 2.10 V & 11.3 mA, 2.42 V & 22.6 mA, 1.50 V & 30.15 mA, 1 V, 0 V.

ÅAs for main path, general agreement of simulated and measured S -parameters is 

quite 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.

Results coupling amplifier path
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ÅUsing Bias 4, coupling path gain is 15 dB at 45 GHz and output P1dB is -1.8 dBm. 

ÅThe 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).

Measurement: Large signal compression 

Coupling Path at 45 GHz
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ÅDesign of branchline coupler with varactor diodes.

ÅTotal variation of the transmission phase = 32 °.

Electronical phase shifter 

Driver PA
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Electronic
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10 dB
Coupler

V_tune
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ÅTop graphs: IL change when varying tuning voltage from 0 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).

ÅAgreement between simulation and measurement is excellent. The total realised 

phase shift it 30.5 ° at 45 GHz.

Measurement: Phase shifter phase shift and 

insertion loss (Vtune 0 to 3 V)
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ÅFor the 10 dB coupler a broadside 

microstrip coupler topology is chosen

ïVery low tolerances regarding the line width and layer 

height

10 dB coupler
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Coupling
Amplifier

Electronic
Phase 
Shifter

Loop
Amplifier

10 dB
Coupler

V_tune
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Å0.9 dB insertion loss in through part.

Å10.6 dB coupling loss.

ÅGood matching and isolation.

10 dB coupler
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Resonator: L5 Cavity
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Motivation: L3 vs. L5

ÅQ
0

limited due to radiation 

ïὗ corresponds to the simulated Q
0

without dielectric losses.

ïFor the simulated L3 Q
0

= 163,000 (without dielectric losses) leads to a  calculated limit of Q
0

< 40,000.

ïWith a loss tangent of 2Ł10
-5

(ὸὥὲ =1.2Ł10
-5

) for irradiated HRS material, Q
rad

has to be very high 

(approaching 10
6
).

ÅL3 resonance has higher field densities in z -direction compared to a L5 topology. 

ÅDue to this reduced field leakage L5 is expected to come up with higher Q
rad

and thereby 

higher Q0 values.

ὗ
ρ

ὸὥὲ
ρ
ὗ

ὸὥὲὸὥὲ
ρ

”ᴂ‐‐
Ƞὸὥὲ

‐
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ÅWith absorbers at bottom and top of housing no spurious observed in 1 GHz span.

Å6 dB insertion loss: Ql = 26,849, Q0 = 53,698.

L5-design
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ÅDRIE etching of the resonator design carried out by Vmicro S.A.S, 27 rue Charles saint 

Venant, 59260 Hellemmes, France.

ÅExcellent etching quality was excellent: Hole diameters and the sidewall angles were 

compared to the design values at five positions of the resonator (1140 µm and 90 The 

agreement is very good. 

ÅDeviation from 90 ° is sufficiently small to permit high Q -values.

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

y = -1074.7x2 + 2699.9x + 47895
R² = 0.996

0

10000

20000

30000

40000

50000

60000

0 1 2 3 4 5 6

Q

Q

Poly. (Q)

L5 resonator production quality



ÅDespite 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.

ÅProblem process temperature? O
2

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.

Resonator S-parameters and temperature sweep: 

L5
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ÅRegarding the resonance frequency deviation is only 70 MHz (simulated: 44.93 GHz, measured: 

45.00 GHz). 

ÅUnloaded quality factor is even higher than simulated (simulated: 53,700, measured: 80,500) Ý loss 

tangent of the neutron -irradiated HRS base material is lower than 2.1Ł10-5 (derived from a resistivity of 

400 kOhm cm and a bulk loss tangent of 1.2Ł10
-5

). 

ÅProblem: coupling strength is very low: At resonance, S21 is only -15 dB as opposed to  6 dB per design. 

ÅCannot be explained real hole size. 

ÅCoupling 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 

estimation algorithms need to be used in order to come up with manageable simulation time.

Resonator S-parameters and temperature sweep: 

L5
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Resonator: Reduced Dielectric Filling Factor 

Cavity (RFFC)
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ÅBasic Idea: Reduction of dielectric filling factor of the resonator leads to reduction of 

dielectric losses.

ÅTo minimise out -of-plane radiation loss ( ὗ ), a Gaussian shape for the envelope of 

the resonant modeõs electric field is needed.

ïQuadratically tapering the horizontal period of the first ὔ ψunit cells.

ÅThe 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.

ÅRadiative Q-factor exceeded 800,000 . 

ïThe unloaded Q -factor will be dominated by the material loss ὗ .

ÅWith a realistic loss tangent (ÔÁÎ ςȢρ ρπ ), the simulated Q -factor is 108,000

ïThe low dielectric filling factor of the air slot mode has effectively doubled the unloaded Q -factor for a 

material loss limited design .

Q-optimisation
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ÅWith absorbers at bottom and top of housing one spurious mode at å 44.25 GHz.

ÅIL = 6 dB: Ql = 54,053, Q0 = 108,105.

RFFC-design
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