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Design and Characterization of an All-Cryogenic
Low Phase-Noise Sapphir€-Band Oscillator
for Satellite Communication

Svetlana A. Vitusevich, Klaus Schieber, Indra S. Ghosh, Norbert Klein, and Matthias Spinnler

Abstract—An all-cryogenic oscillator consisting of a fre- and with the rise of possible cryogenic payloads, oscillators

quency-tunable sapphire resonator, a high-temperature super- composed of resonators made from HTS or cooled low-loss di-
conducting filter and a pseudomorphic high electron-mobility electrics became an interesting topic [1].

transistor amplifier was designed for the K -band frequency range The ch t h th : f simol illat
and investigated. Due to the high quality factor of the resonator € Chance 1o enhance the periormance or simple osciliators

above 1000000 and the low amplifier phase noise of approxi- Was given by the very higly} values achievable at cryogenic
mately —133 dBc/Hz at a frequency offset of 1 kHz from the temperatures. In addition, the choice of a suitable active element
carrier, we have achieved oscillator phase-noise values superior js of equal importance.

to quartz-stabilized oscillators at the same carrier frequency for The lowest microwave amplifier phase-noise values reported

offset frequencies higher than 100 Hz. In addition to low phase ) ) .
noise, our prototype oscillator possesses mechanical and electricathus far for conventional field-effect transistors (FETs) and

frequency tunability. We have implemented a two-step electrical high electron-mobility transistors (HEMTs) based on IlI-V
tuning arrangement consisting of a varactor phase shifter inte- semiconductors are approximatelyl30 dBc/Hz at 1-kHz
grated within the amplifier circuit (fine tuning by 5 kHz) and  frequency offset from a carrier frequency of approximately
a dielectric plunger moved by a piezomechanical transducer 14 Gz [2]. Even lower values of the/f noise have been
inside the resonator housing (course tuning by 50 kHz). This . . . .

tuning range is sufficient for phase locking and for electronic reported for hetefPJ_U”Ct'O” bipolar transistors (HBTSs) [3].
compensation of temperature drifts occurring during operation Another very promising new development are HEMTs based

of the device employing a miniaturized closed-cycle Stirling-type on gallium nitride (AlGaN HEMTSs) with high-frequency

cryocooler. gain and phase-noise performance apparently being superior
Index Terms—Dielectric resonator oscillator, oscillator noise, to gallium—arsenide and indium—phosphide HEMTs [4], [5].
phase noise, satellite communication. However, such semiconductors féf-band amplifiers are not

yet available for space applications.
As the most simple and versatile oscillator approach, the
output signal of a lovil / f-noise microwave amplifier is passed
OW phase-noise oscillators are considered to be kg@yough a two-port microwave resonator and fed back to the
components for advanced microwave communicatiogmplifier input. If the total phase shift around the oscillator
radar, and measurement systems. As an example, in futiggp is an integer o2 and the total loop amplification (equal
on-board processing satellite systems, there is a need fofpaamplifier gain minus insertion loss of resonator and other
high-performance carrier generation Atband frequencies. components) exceeds unity, this device oscillates at one of the
As a possible system approach, flexible local oscillator (LQgsonant frequencies of the resonator. The basic phase-noise
generation schemes employing digital phase-locked loogghavior of the oscillator circuit is described by the Leeson
(DPLLs) at frequencies from 1 to 3 GHz can be used igodel [6], which is based on the properties of the oscillator
combination with up- or down-conversion through a very loWomponents. Phase noise of the amplifier is translated into

phase-noise LO. With such a system, the performance agstillator phase noise according to the following:
flexibility of an S-band synthesizer should become available at
K-band frequencies if the oscillator phase-noise performancf — 10.1oe |1 12
is superior to quartz-stabilized references. osc = 11108 +4Q%f%
A few years ago, the investigation of high-temperature su-
perconducting (HTS) technology for space applications beganThe second term in (1) represents the amplifier noise
consisting of white noise determined by the amplifier gain
Manuscript received September 30, 2001; revised March 1, 2002. This wédk 1tS noise figure /", its physical temperaturé’, and its
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of offset frequencies. This noise decreases strongly upon
increasing the loaded quality fact@r, of the resonator.
According to (1), the lowest possible oscillator phase noise
(Qr — o0) is determined by the phase noise of the amplifier.
In order to achieve an oscillator phase noise close to that
of the amplifier for frequencies offsets of 1 kHz, extremely
high resonator quality factors are required. Employing the
above-mentioned 3-dB criterion according to (1), for a fre-
guency offset off,, = 1 kHz, the required loaded quality
factor is 1.1- 10°. Whispering-gallery (WG) modes are modes
with high azimuthal mode number. in dielectric cylinders.
In the case of high-purity sapphire as the resonator material,
WG modes allow for the highest unloaded quality factors
above liquid helium temperature, which are close to that of
superconducting niobium C"_J‘V't'es'_Th'S is due to the low Va_lu%‘ . 1. Photograph of the cryogenic 23-GHz prototype oscillator consisting
of the loss tangent of sapphire, which drops almost proportiorfla WG-mode resonator (large circular metal housing), a two-stage HEMT
to T° from 7 - 10~¢ at room temperature to 610°8 at 77 K amplifier (rect_angular housing), and an HTS bandpass filter for mode selection
for f = 10 GHz [7]. Form > 7, the loss contribution of the (S9uaré housing).
metallic housing becomes negligible agdvalues in the 10
range become possible at temperatures of 50-80 K, which are4) construction of a space qualified and lightweight oscil-
accessible with low-power cryocoolers. An addition to high- lator assembly;
values, the strong field confinement inside the sapphire cylinder5) phase noise below that of multiplied quartz oscillators.

and the high mechanical stability of sapphire make sapphireThe first prototype oscillator we have built is shown in Fig. 1.
WG-mode resonators attractive to be used as frequency $ta-a first approach, we have selected a modular setup in order
bilizing elements in microwave circuits. Drawbacks of WGo be able to characterize each component individually. First,
modes are the relatively large mode density, their dual-mogi properties and performance of the components will be dis-
character and the high temperature coefficient of the resonggtseqd:
frequency of approximately 40 ppm/K & = 77 K (see  Resonator: We have constructed a sapphire dielectric res-
Sections Il and I1l). onator excited in a WG mode. The main disadvantage of WG
Beyond the simple feedback oscillator topology, oscillatgesonators is the high spurious-mode density. The mode spec-
phase-noise values below that predicted by (1) can be achiewgfin was, therefore, calculated employing the computer code
by combining a phase-locked loop (PLL) circuit with a feedmAFIA [9]. The electromagnetic-field confinement increases
back oscillator circuit. For such an assembly, a highesonator as a function of the WG-mode number at the same time the
is employed as a phase discriminator, which allows for corode density including empty cavity modes perturbed by the
pensation of phase fluctuations by the amplifier [2], [7]. Usingapphire cylinder becomes higher. Therefore, the seventh WG
this technique, phase-noise values as low-d40 dBc/Hz at mode corresponding to 14 maxima of the electromagnetic-field
1-kHz frequency offset from a carrier frequency of approxienergy along the circumference was used as a compromise be-
mately 10 GHz have been reported for a Peltier cooled WG regreen and the mode density (Fig. 2).
onator with@ of only 200000 [8]. However, such oscillators A WG-mode sapphire resonator has been designed based on
are quite bulky because the PLL circuit is composed of discref&apphire cylinder with 13 mm in diameter and 5 mm in height.
components. For measurements, the cylinder was centered in a silver-plated
oxygen-free high-conductivity (OFHC) cylindrical copper
Il. OSCILLATOR DESIGN AND ASSEMBLY cavity and fixed by s'oldering. Tuning of the resonance fre-
guency was accomplished by changing the physical distance
As our own approach, we have performed a prototype desiggtween the sapphire resonator and a sapphire tuning disk
study for an all-cryogenic loop oscillator with phase noise deteggig. 3).
mined by (1) for future on-board satellite application. The key The tuning behavior was simulated numerically employing
specifications were defined in accordance with the following ap- finite-difference field-simulation technique. Table | shows

plication potential: the calculated resonance frequencies for a frequency range of
1) precise setting of the oscillator frequency &3.03:0.50 GHz and two settings of the sapphire tuning disk
f = 23000000 kHz; (where d is the distance between the sapphire cylinder and

2) electrical tunability for implementing the oscillator in auning disk).
PLL and for electronic compensation of frequency fluc- According to Table I, the WGWGH,y) mode represents
tuations occurring during operation on a cryogenic plag higher order mode with a high density of spurious modes
form; around. In the WG mode, most of the electromagnetic energy
3) demonstration of operation on a cryogenic platform to e confined inside the dielectric. Therefore, the perturbation of
held at a temperature @f = (77 £ 0.025) K employing the cavity geometry due to the coupling antennas is insignifi-
a low-power Stirling-type cryocooler; cant.
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Fig. 4. Spectrum of 23-GHz resonatorat= 78 K measured with 1-GHz
frequency span.

coupling loops sapphire tuning disk

——— S3PphiTE Over the entire mechanical tuning range of 50 MHz, the un-
‘ - §  resonator loaded quality factor of the resonator was found to be above
2. 10°.

A typical resonator spectrum measured at 78 K is shown in
Fig. 4. The peak of the WG mode is not fully represented due to
piezoelectric transducer the very small bandwidth of the resonance (very higlfactor)
and the limited resolution of the analyzer. According to Fig. 4,
the WG mode does not overlap with other modes, but the min-
imum distance to the next spurious mode is only 100 MHz (see
also Table I). The loaded quality factor was determined to be

TABLE | 3.2 . 10%, indicating that our resonator design allows fQr
D R oA R ey /FREQUENCYRANGEOFa1es very close to the fundamental limits of quantum absorp-
o tion by phonons [10].
The coupling coefficient was determined to be 0.4 for both

Fig. 3. Tunable WG-mode resonator fof = 23 GHz with
mechanical/piezomechanical tuning range of 60 MHz/50 kHz.

Azimuthal mode Frequency (GHz) Frequency (GHz)

number d=1mm d=2mm ports resulting in a ratio of unloaded to loaded quality factor of
TEn=0 - 23.345 1.8. Accordingly to [11], this value represents an optimum with
™0 ) ) respect to low phase noise.

- The WG modes (Fig. 5) in cylindrical dielectric resonators
Hybrid mode 22.764 23.272 are dual modes corresponding to waves propagating along the
(HM)n =1 23.326 23.356 circumference of the sapphire cylinder in a clock or coun-
HMn=2 23, 115 23. 136 terclockwi_se directi_on,_respectively. As a result of deviatipns

from the ideal cylindrical symmetry, e.g., due to coupling
HMn=3 23.276 23.291 loops, we observed a splitting of each WG resonance in two
HM =4 20 864 29 951 distinct modes_separated from each other by approana}tely
23.29] 23,379 60-150 kHz. Since the coupling to both modes is of similar
HMn=5 - - strength, the oscillator can either operate at one or another
MMz 6 resonant frequency depending on the phase condition within

- the feedback loop and, therefore, on the voltage applied to the
HMn=7 23.025 23.034 varactor phase shifter. Currently, a modified resonator design,
(WGHzg0) which avoids two equally coupled WG modes with such a

small difference in resonance frequency, is under development.
The total mechanical tuning range was found to be 50 MHz
with an adjustment accuracy of 50 kHz. After optimization, we
We have developed a mechanical tuning screw with a spedialve attained a maximum tuning range of 50 kHz for a voltage
spring-washer arrangement. For electrical tuning, we have eofi-60 V applied to the piezoelectric transducers.
ployed a stack of multilayer piezoelectric transducers for lifting Amplifier: Several commercial high-frequency FETs and
the spring-like metallic bottom plate of the resonator housinBlEMTs were tested and preselected with respect to Igy
Thus the sapphire cylinder, which is soldered to the bottonoise and high amplification. An AlGaAs/InGaAs/GaAs
plate, can be moved upwards with respect to the tuning dipseudomorphic high electron-mobility transistor (pHEMT)
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Fig. 6. Measured phase noise of the amplifier.T1» 300 K, Usg = —0.4
Fig. 5. Spectrum of 23-GHz resonatort= 78 K measured with 1-MHz v, (2) T = 300 K, Usqg = —0.8 V. )T = 77K, Usg = —0.4 V and
span. Usg = —0.8 V.

was selected for two-stage amplifier design. We have de-

10 5
veloped a cryogenic two-stage HEMT amplifier including 0
a semiconductor varactor phase shifter and a 10-dB output 10l
coupler. On-wafer measurefiparameters served as input data 2'0

for a hybrid microstrip design. Two-step amplification has
been optimized for setting the gain a little bit higher than the &
insertion loss of the oscillator loop, including resonator, filter, «»~-49f
and coaxial coupling loops. As total gain, we have achieved a  -39f
value of 11 dB, the maximum phase shift was found to be 70 -6.01
The amplifier phase noise was measured in atwo-branch con-  -70f
figuration employing an HP phase-noise measurement system:  -8.0f
a continuous wave (CW) signal at 23 GHz generated by an HP
83640A synthesized sweeper is split into two equal parts, one
passing through a phase shifter, the other through the amplifier.
When the phase difference is adjusted t6 @uadrature), the Fig. 7. Measured HTS filter responsg., : reflected signalS., : transmitted
output voltage is zero. Therefore, any phase fluctuation of thignal.
amplifier can be registered as a voltage fluctuation at the output.
The measurements were carried out for the onset of the saturarhe HTS filter has a center frequency of approximately

tion regime of the amplifier at source—drain voltdde, = 2V. 53 GHz, the width of the passband is 140 MHz. The center
~The measured amplifier phase-noise results are showngigg ency can be varied over 200 MHz by employing different
Flg_.6. It can be seenthatthgmtnnsm excess n0|$¢fs‘llcker covers for the filter housing. Fig. 7 shows the HTS filter
noise plus a small Lorentzian-shaped generation-recombifds;onse at 1-GHz frequency span. For frequencies within the
tion (g-T) noise. At room temperature, a strong dependence \(kshang, the filter exhibits an insertion loss of approximately
the gate voltag€/s (curves 1 and 2in Fig. 6) was observed iy gg  our experiments indicate that this filter provides a
comparison to a negligible dependence on the varactor voltaggsicient suppression of spurious mode locking close to the

(not shown here). At high negative gate bias, the g—r compongis mode. Without this filter, we have not been able to lock
of excess noise became smaller and the total level of no'{ﬁ% oscillator to the WG mode.

decreases. Decreasing temperature results in a slight reduction
of 1/f phase noise.

In contrast to room temperature, the noise at 77 K did not
show a noticeable dependence on the gate and varactor bia#. the total phase shift around the oscillator loop is an in-
The phase noise decreases by approximately 1 dBc/Hz widlger multiple of2r and if the HTS filter is tuned correctly to
increasing gate voltage from0.4 to —0.8 V and increasing avoid locking to any spurious mode, the device oscillates at a
approximately 2 dBc/Hz with increasing varactor voltagéequency corresponding to the resonant frequency of the WG
from 0 to 12 V. At a temperature of 77 K, the amplifier phasenode. According to Fig. 8, a clear output spectrum at 23 GHz
noise exhibits an almost idedl/f dependence. The bestwas demonstrated. The measurements were taken with a drain
phase-noise level for the 23-GHz amplifier was determined bdas of 2 V, a gate bias 6£0.6 V, and a varactor bias of 9 V. A
be —133 dBc/Hz at 1-kHz offset from the carrier frequency. maximum output power of 7 dBm was measured for on oscil-

Filter: We have constructed an HTS two-pole dual-modator assembly with optimum setting of the oscillator frequency
bandpass filter, which avoids locking to any spurious mode. with respectto the HTS filter passband. Two identical oscillators

S (dB)

22530 23030 23530
Frequency {MHz)

I1l. M EASURED OSCILLATOR PERFORMANCE
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Fig. 8. Output power spectrum of the 23-GHz oscillator. Fig. 9. Measured phase noise: (1) of the amplifier and (2) of the oscillator.
Squaresli/ f fit to the amplifier noise. Circles: oscillator phase noise calculated

have been assembled and tested. Theondition for self-os- from the fit to the amplifier phase noise according to the Leeson formula.

cillation was achieved by subsequent tests employing semirigid . .
connecting cables of different physical length. The resona? rthe hest ;?Lezrformance ever published fdi'ehand oscillator
coupling loops were adjusted to attain a suitable compromi $€ €0, [12]).

between sufficiently high loade@ value and sufficiently low ¢ For modern tele;:omr_rrlu?lcat;]on syst(_em,_thek;mpoitir;'t oﬁset
resonator insertion loss. Typically, the insertion loss was agcauency range ot osciliator phase noise IS above £ since

justed to be approximately 6 dB, resulting in loadgd/alues it strongly influences the phase modulation of the system. Any
above 16 ' variation in gate-bias voltage of the amplifier results in pushing

Since the phase noise of our oscillator is lower than that g}e oscillator ph"?‘se noise upwards. The §ensitivity of the car-
all commercially availabld(-band sources, two oscillator were €' frequency with regpect o the gate bias can be chara(_:ter—
d by the up-conversion factor [13]. Usually the up-conversion

mixed to an intermediate frequency and tested by operating b _ ) i
d y yop g actor of oscillators is approximately 3 MHz/V for an offset fre-

inside one vacuum Dewar. Cooling to liquid-nitrogen tempera- L
9 a g b ency of 1 kHz. Our estimation based on measured values of

ture was attained by mounting the oscillators onto the copp f . o . .
bottom plate of the Dewar. The carrier frequency of the two ac%atlgf :fo:pepfgzmglglligaonil-?i/c\l/ll?;?g_j?ﬁgir?geltjzggﬂ\éﬁgon

sembled resonators are set to be approximately 23 GHz ‘s value d trates that i illator. th i
a frequency difference between them of nearly 10 MHz. Th IS value demonstrates that, in our oscifiator, the honfinear pro-
sses resulting in noise up-conversion are unremarkable.

signals of two oscillators were directed to a mixer. The mixe%eF ¢ frsets above 100 Hz. th hieved ph .
signal was applied to the input of the phase-noise system. orirequency OfISets above - Z, the achieved pnase noise
gJequr oscillator (diamonds in Fig. 10) is below that of commer-

The beat signal is measured against the reference signal : . ;
ated by the HP 8662 microwave synthesizer adjusted to t ial sources (circles and triangles), which are usually based on a
-MHz quartz reference (squares). Therefore, it is worth con-

lowest specified noise level at a carrier frequency of 320 MHZ,”, ™. . . : .
The required 10-MHz signal was generated employing a IO\fl_derlng a system implementation of our oscillator in the near

noise frequency divider (division by 32). The temperature w t‘ILfltue.t t ficient of th tor f
stabilized at 78 K using a Lake—Shore temperature controll € lemperature coetlicient of the resonalor frequency was

r ) .
with a silicon diode temperature sensor and a heat resistor. ﬁ?éermmed to be 40 ppm/K at 77 K CO”GSF’F”?d.'“g to the ex-
achieved temperature stability was approximate8/mkK. pected temperature dependence of the permittivity of sapphire.

Measured and calculated phase-noise results for the ampli Q“S’ the electrical tum'ng range is high enough to compensate
and oscillator are shown in Fig. 9. The amplifier phase noise Qr temperature fluctuations up to 50 mK. Such temperature sta-
hibits an almost ideal/ f dependence & = 77 K with an ab- ility should be achievable on a cryogenic platform in a satellite.

solute value of-133 dBc/Hz at a frequency offset of 1 kHz,
which is nearly independent on the value of the source gate
voltageUsg applied to the transistors. The oscillator phase noiseUp to now, there is a continuing discussion about the eco-
depicted in Fig. 9 corresponds to the measured noise mimgnic advantages of on-board cryogenic communication equip-
3 dB, assuming that both oscillators have the same performanoent in satellites. The not-yet-answered question is whether
The 30 dB per decade region of théf) curve was fitted with cryogenic payloads will become state-of-the-art in future com-
the empirical relation of the Leeson model. The value of thaunication satellites [1] or whether the use of cryogenic sys-
phase noise is-118 dBc/Hz at 1 kHz and is superior to anytems in space will be restricted to a few cases where the highest
commercialK -band oscillator. possible performance is required and paid for.

The measured values are still slightly above the valuesAs the mostimportantissue, a new optimized cryogenic pay-
predicted by the Leeson formula for frequency offsets belowad concept has to be found. The components that were con-
10 kHz (circles in Fig. 9). This discrepancy is still not fullysidered mostly in the past were front-ends with low-noise am-
understood. In spite of this, to the best of our knowledge, thidifiers (LNAs) as well as input and output multiplexers con-

IV. ON-BOARD APPLICATION



168

SSB Phase Noise

p ~10MHz MO
-20‘!\ -@-mult. 10MHz MO
-40"F \ =g MMO  20GHz
__ 60 5 i §PLL,_FETDROOMHz MO
%:' -80 \V«,\-«» l i
3 =
O 1000 < \w ~
e
= -120 <
-140 = M
-160 T ~~~~~~~~~~~ "
-180 l | : :
1 1000 1000000

Frequency (Hz)

Fig. 10. Phase noise of our oscillator (diamonds) in comparison to that

commercial sources of the same frequency (circles and triangles) based on

10-MHz quartz reference (squares) (from [12]).

MMO 23GHz+/-
50MHz

£kt

phase detector

Fig. 11. Example of a flexible frequency generation system Koband
on-board processing satellites.
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As already claimed, our performance has not been surpassed
at K-band frequencies [13].

In future on-board-processing satellite systems, there will be
a need for a highly flexible and high-performance carrier
generation within thek<-band. A microwave master oscil-
lator (MMO) like the one built could pave the way for an LO
generation scheme employing DPLLs at frequencies in the
1-3-GHz range together with frequency up-conversion by
the MMO. The reference frequency for such DPLLs would
become variable by tuning of the MMO (Fig. 11) and by se-
lection of different division factors. With such a system, the
performance and flexibility of ai$-band synthesizer could
become available & -band frequencies.

of V. CONCLUSION

Fhe phase noise of our cryogenic sapplirdand oscillator
has been measured as a function of gate and varactor biases.
The best phase noise of the two-stage pHEMT 23-GHz amplifier
was found to be-133 dBc/Hz at 1-kHz frequency offset. This
transforms into an oscillator phase noise of onl{/18 dBc/Hz

at 1-kHz offset in case of a cryogenic WG-mode sapphire res-
onator. This value is superior to quartz-stabilized oscillators at
the same frequency. This type of oscillator can be used in high
data-rate uplink, downlink, or intersatellite links for future mul-
timedia satellites ak’-band frequencies for increased data rates,
which are now limited by bit errors due to the oscillator phase
noise.
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