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Applications of Interferometric Signal Processing to
Phase-Noise Reduction in Microwave Oscillators
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Abstract—To enhance the sensitivity of oscillator phase-noise discriminators based on the critically coupled resonators were
measurements, an interferometric frequency-discriminator sys- overcome in the interferometric measurement systems devel-
tem may be implemented. Such systems consists of a microwaveyneq gt the University of Western Australia, Nedlands, W.A.,

interferometer, incorporating a high-@ resonator and a phase- . . \ . . . .
sensitive microwave readout. Suppressing the carrier at the out- I the mid-1990's, and is subject to international patent [5]{9)].

put of the interferometer enables the microwave readout to BY implementing the interferometric signal processing, the
operate in the small-signal regime with an effective noise tem- phase-noise floor of aiX-band frequency discriminator was

perature close to its physical temperature. When used as a reduced to a level of155 dBc/Hz at 1-kHz Fourier frequency
sensor of a frequency-control system to lock the oscillator to a without the use of cryogenics. This has enabled the devel-

selected resonant mode of a higld} resonator, the interferometric t of a 9-GH illat ith the oh . tral
frequency discriminator has enabled more than two orders of OPMeNt of a 9-LHz oscillator wi € phase-noise spectra

magnitude improvement in oscillator phase-noise performance as density of —150 dBc/Hz atf = 1 kHz, which represented
compared with the state-of-the-art. Thus, the phase noise of an at least a 25-dB improvement in the oscillator phase-noise

X -band oscillator was reduced to—150 dBc/Hz at 1-kHz Fourier performance as compared with the previous state-of-the-art
frequency without the use of cryogenics, and was limited by the [10], [14].

thermal noise in the microwave interferometer. To facilitate tun- Th h d itivity of the interf i t
ing and locking, an automatically balanced microwave frequency e enhanced sensilivity o the Interierometric measuremen

discriminator was developed using voltage-controlled attenuators System arises from its ability to satisfy two seemingly con-
and phase shifters. Rapid frequency tuning of the oscillator was tradictory requirements: having high power at the input of
achieved by varying the interferometer phase mismatch and the interferometer, and enabling the small-signal operation of
automatlcally controlling the carrier suppression without tuning a microwave readout system, which represents a homodyne
the high-Q resonator. . . .
downconvertor for converting fluctuations of the microwave
~ Index Terms—Effective noise temperature, frequency discrim- signal at the output of interferometer into voltage noise.
Lino";tgr’ microwave interferometer, phase and amplitude fluctua- The |ow-noise operation of the readout system is achieved
' by balancing the interferometer and amplifying the signal
with the suppressed carrier by using a high-gain low-noise
I. INTRODUCTION microwave amplifier before processing it in the nonlinear
HE frequency discriminator is a key part of any oscillatof"iXing stage. The combination of carrier suppression and a
Tfrequency—stabilization system and improvement of i{gvy-nmse microwave amplification enables t'he mterfgrometr@
sensitivity results in the corresponding improvement in tH&iSe-measurement system to operate with effective noise
oscillator phase noise. The ideas of using a carrier—suppresdfgfiPeratures close to its physical temperature [5].

technique for improving the sensitivity of frequency discrimi- N this paper, we consider: 1) the principles of opera-
nators can be found in literature dating back to the late 195¢ign of interferometric frequency discriminators and the noise

[1]. In particular, a carrier—rejection filter based on a criticallf?€chanisms affecting their sensitivity; 2) the applications of
coupled microwave resonator in reflection was suggestedTHcrowave interferometric signal processing to phase-noise
[2] as the dispersive element in a frequency discriminator. g§duction in microwave oscillators; and 3) noise analysis and
following this work, Santiago and Dick developed a Cryogenieerformance of tunable ultra-low phase-noise oscillators with
X-band frequency discriminator with an extremely low phas@Utomatic carrier suppression.

noise floor of—160 dBc/Hz at Fourier frequency = 1 kHz

in 1992 [3], [4]. This performance was achieved by using a ||. PHASE-NOISE FLOOR OF THE INTERFEROMETRIC
sapphire loaded cavity (SLC) resonator operating at liquid- FREQUENCY DISCRIMINATOR

nitrogen temperature. However, the sensitivity of Santiago

and Dick's frequency discriminator was limited by the I"’mkriminator is shown in Fig. 1. The key part of the discriminator

of carrier suppression caused by nonperfect matching of the . . . . .
: A iS a microwave interferometer with a high+esonator in one
cavity to the transmission line. The drawbacks of frequen

B its arms. The sensitivity of the interferometric frequency
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Readout System For instance, the effective noise temperature of about 360 K

Resonaty Reforence was measured ab,, < —40 dBm [5]. The value oflys
; g | Fhase Shifier being close tdl, implies that the measurement-system noise

UW-Input \ — Outpus floor is primarily I|m|_ted by thermal fluctuations in the lossy
< —> components of the interferometer.

oH o S Assuming that the oscillator operating frequenfy. is

\ttenuator  Phase Shifh L e equal to the resonant frequency of the highresonatorf,.,
way the interferometric frequency-discriminator phase-noise floor

Iterjeromere Interferometer Dark Fringe in terms of one-sided spectral densities is given by [5]
Fig. 1. An interferometric frequency discriminator. kpTrs (1+ /3)2

L2 = =5 W{H(Afé?/f)z’}- (@)

processed by the homodyne phase-sensitive readout syster]]'ere Py is the power of microwave signal incident on

which is formed by the low-noise microwave amplifier, refert-he resonatorf is Boltzman's constant3 is the resonator

ence phase shifter, and double-balance mixer. The mlcrow%\(/)%p"ng coefficient.f... and Q, are the resonant frequency

amplifier is introduced in f_ront of the mixer n ordgr o nd unloaded@-factor of the resonator, respectively, and
take advantage of the carrier suppression and override w 1+ 8Y/2 is the resonator loaded half-
mixer’'s high effective noise temperature. While operating %5 Fres(1 4 5)/2Q, |

the small-signal regime, the effective noise temperature of t gndW|dth. Substituting into (4) the set of parameters cor-

microwave readout system is constant, and not affected by{ gpondlng to a typical room temperature SLE,= 0.7,

flicker noise of microwave amplifier. This allows the phas r;) d?190_09(()), rﬁf U’\; Tvé) SaTcZL;IZ?S;zig-T:ig%;hZrﬁ{;s:-ﬁg?seKroor
sensitivity of the interferometric frequency discriminator t mc = 9 ' b

be increased by increasing the power incident on the ti]gh-mc —155 dBc/Hz atf = 1 kHz. This is more than 50 dB better

. . . > .than the ph noi f a free-runnin illator n th
resonator as long as the carrier suppression remains sufﬂmén"i‘ the phase noise of a free-ru g oscillator based on the

A number of noise mechanisms, both intrinsic and extern%?me resonator [6], and illustrates the high potential of the
' interferometric phase-noise reduction technique.

with respect to the frequency discriminator, limit its sensi- Another component of the frequency-discriminator bhase-
tivity and, therefore, introduce uncertainty in the process of ise floor is c?e 10 the haseq modylat'on PM) an% am-
oscillator frequency measurements. One of these mechani S IS du P : iatl :

D! tude modulation (AM) fluctuations inside the microwave

can be described in terms of the readout-system effecti rferometer. Th fluctuation rin volt ntrolled
noise temperaturdys, which can be expressed as a su errerometer. These fuctuations occu oltage-controfie
nd ferrite components of the interferometer, and can also

of three components representing noise contributions of the™ . . . .
microwave-amplifier, double-balance mixer, and lossy co € vibrationally induced. Assuming thalse = fres, the
ponents of the interferometer

TRS = Teﬂ + Teﬂ /Kamp + To- (1)

amp mix

requency-discriminator phase-noise floor due to the above
mechanism is given by

; ; 1—p3)?
E{‘D(?) ~ |:£1£1t + [,l,nt, § 2 :| (
Here, Kaup and T2 | are the microwave-amplifier gain™ * ) o () F LA 8¢ 432

amp

and effective noise temperature, respectively, dpds the I
| . respec . AL+ (ALE /1 6
ambient temperature. High amplifier gain makes the mixer 0.5 ’
noise contribution insignificant, and (1) can be simplified to ) )
Trs = T 4T, Here, £12(f) and L£4%,(f) are spectral densities of phase

amp

In the general caséis is a function of Fourier frequency and amplitude fluctuations in the interferometer, respectively,
f and power at the input of the low-noise microwave amplifigndéerer is the error in setting the reference phase shift, which
P..p. This dependence is caused by the microwave-ampliﬂ@rsuns in a residual sensitivity of the frequency discriminator
flicker noise, which intensity scales proportiona”y with inputo amplitude fluctuations in the interferometer. USing the above

power [12], [13]. For a typical microwave amplifier, we found®arameters of the SLC resonator and considering the noise
that [5] performance of typical voltage-controlled devices [7], we can
show that£5”® = —141 dBc/Hz atf = 1 kHz. This is

__ romin 2 K . i
Trs = Trs" (L + fe/ ). 2) 14 4B higher than the thermal noise floor calculated earlier
Here, 732" is the minimum effective noise temperature offom (4). Removing the voltage-controlled devices from the

the readout system measured with aB@rmination attached interferometer leaves the microwave circulator as the only
to its input, andf. is the flicker-noise corner frequency giversOurce of nonthermal fluctuations inside the interferometer (see
‘ Fig. 1), and allows a significant reduction in the frequency-

b
Y . discriminator noise floor. Using the phase-noise model of a
fe(HZ) = 1.5 % 10° % Popp(MW). (3) single isolator [7], [8]
By suppressing the carrier at the output of the interferometer [,LSL(F) m= —150 — 12log, o(£") dBc/Hz (6)
and choosing a microwave amplifier with a low level of
Johnson noise, the readout-system effective noise temperafuwen (5) it follows LgD@)(l kHz) = —158 dBc/Hz, which

can be reduced to a level close to the ambient temperdture is lower than the noise floor calculated from (4). However,
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Fig. 2. A frequency-stabilized microwave oscillator with interferometric ) )
signal processing. Fig. 3. Phase-noise performance of a 9-GHz oscillator. Curve 1: measured

phase noise of the free-running oscillator. Curve 2: measured phase noise
of frequency-stabilized oscillator. Curve 3: phase noise due to the fre-

; ; ; ; ; :guency-servo finite-loop gain. Curve 4: phase noise due to readout-system
at low Fourier frequenues, the circulator .n0|se Conmbuuoiffective noise temperature. Curve 5: phase noise due to intrinsic phase
becomes the dominant factor and determines the frequengyttuations of microwave circulator. Curve 6: phase noise due to oscillator
discriminator noise floor. This is because #ig”® increases amplitude fluctuations.
as1/f3 while £5P® ~ 1752,

When the oscillator operating frequengy.. is not exactly channel of the readout system based on Mixer 2 (see Fig. 2)
equal tof:.;, the phase noise of the interferometric frequencyliows in situ monitoring of the noise performance of the
discriminator is affected by the oscillator AM noise. The nureadout microwave amplifier.
merical estimate for the frequency-discriminator phase-noiseThe spectral density of the oscillator phase noise at Fourier

floor due to this effect is approximately160 dBc/Hz atf =  frequencies within the bandwidth of a high-gain frequency-
1 kHz, assuming thafo.. — f:.s = 2 kHz and the oscillator control system is given by [5]

AM noise spectral densityC%% (1 kHz) = —140 dBc/Hz.

Another mechanism for the amplitude-to-phase conversion in ‘ L5 f)

an interferometric frequency discriminator is related to the Lee(f)y=> LEPO(f)+ =L (8)

error in setting the reference phase shift.;. The frequency- ] f

discriminator phase-noise floor due to this effect is given

by where the first term represents the frequency-discriminator
EgD(g)(f) = 25,/ tan®(6rer).- 7) phase-noise floor due to the noise mechanisms discussed

earlier, and the second term represents the hjgtesonator

Equation (7) allows the upper limit on the reference phasges_onant freque_ncy fI_uctuations. Such fluctua_tion_s arise frqm
shift error to be calculated. Thus, assuming an oscillator ANgrious effects including temperature, and seismic and radia-
noise of £ (1 kHz) ~ —120 dBc/Hz, the phase error tion pressure fluctuations [15].

8¢rer Must be kept less than 2.4f the thermal-noise limited ~ The phase noise of the 9-GHz loop oscillator with the
performance given by (4) is to be achieved. interferometric frequency discriminator was measured by us-

ing a second interferometric frequency discriminator with
similar sensitivity. Both frequency discriminators were based
on the commercial temperature-stabilized SLC’s developed by

N , N . Poseidon Scientific Instruments Pty Ltd., Fremantle, W.A. The
A simplified diagram of the frequency-stabilized microwavgegits of noise measurements are shown in Fig. 3. Curve 1

oscillator with interferometric signal processing is shown i, Fig. 3 corresponds to the phase noise of the free-running
Fig. 2. The highe) resonator is used both as a bandpass filtgf,, oscillator. Closing the frequency feedback loop with a
in the loop oscillator and a dispersive element of the frequenax gain of 58 dB reduces the oscillator phase noise by 50 dB

discriminator [14]. The oscillator phase-noise SUppression ds Fqrier frequencies below a few kilohertz (curve 2). The
achieved by applying a filtered signal from the output of thgne sided phase noise of the oscillator in this case follows a
frequency discriminator to the voltage-controlled phase Sh'ftﬁr'cker-frequency law and fits to

(VCP) inside the loop oscillator. The VCP allows the tuning
of the oscillator operating frequency by changing the effective
electric length of the loop. The frequency discriminator and
VCP represent the sensor and actuator, respectively, of a
frequency-control system, which locks the oscillator to which corresponds toC2°(1 kHz) ~ —150 dBc/Hz. The
selected resonant mode of the highresonator. An auxiliary various components of the oscillator phase noise given by

lll. ULTRA-LOW PHASE-NOISE OSCILLATOR WITH
INTERFEROMETRIC SIGNAL PROCESSING

L(f) = —60 — 301log,(f) dBc/HZ 9)
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curves 3-6 in Fig. 3 were calculated from a small-signal model Attenuator  Loop amplifier ] Output

of the low-noise oscillator. Here, we assumed the following ol
parameters: = L
1) power incident on the SLC resonatBg,. = 50 mW; Phase  Resonator

shifter Circulator

2) reference phase-shift errép,..; = 3°;
3) oscillator AM noise spectral densitg$3;(1 kHz) =~

—140 dBc/Hz; FM input
4) 60-dB level of carrier suppression. )
L. Amplitude
It was also assumed that the carrier is suppressed at the SLC Microwave control
resonant frequency and the total dc gain of the feedback Interferometer loop
. . Frequency

control loop was equal to 58 dB. The loop filter was designed;onsror
to provide a phase margin of the open-loop transfer function leop Readout
equal to 25. HW-amplifier

Curve 3 shows the suppression of the free-running oscillator
phase noise by the frequency servo. This level of the oscillator ]

. . . . .. Filter

phase noise could be achieved if the frequency discriminator —

was noiseless. Comparing curves 2 and 3 shows that thg 4. A frequency-stabilized microwave oscillator with automatic carrier
relative degradation of the oscillator phase noise at FourRppression.

frequencies above 10 kHz is due to the insufficient gain of

the frequency servo. Curve 4 in Fig. 3 corresponds to the |\V. TUNABLE ULTRA-LOW PHASE-NOISE OSCILLATOR
oscillator phase noise due to the readout-system effective noise WITH AUTOMATIC CARRIER SUPPRESSION
temperature. It varies d9 ' and is a major factor limiting the

oscillator phase-noise performance at Fourier frequencies fragmprinciple of Operation

200 Hz to 10 kHz. At low Fourier frequencigis< 200 Hz, the . . .
: N : . The optimal phase-noise performance of the above oscillator
oscillator phase noise is limited by phase fluctuations in the

iS achieved at frequencies close to the resonant frequency

circulator (curve 5 in Fig. 3). The phase-noise performanc : . .
f1h illator in this f be | ithe high€ resonator. Tuning the operating frequency of
ot the oscifator In this irequency range can be IMProveq, ., 4, oscillator (by changing the phase balance of the

by setting the resonator coupling close to criticd, — .interferometer) ruins the carrier suppression and degrades the

1) (5). The same goal can also be achieved by r('Jplac'ggcillator phase-noise performance due to flicker noise in

the circulator with a 3-dB hybrid coupler, as suggested me readout amplifier. To minimize the degradation of the

_[4]' In this case, the power at the input of the microway, scillator phase noise, an automatic carrier—suppression system
interferometer must be increased by 6 dB to compensate

pable of maintaining the balance of the interferometer within

the loss of signal power in the hybrid coupler. The overajf,e ggcillator tuning range has been developed. The general
phase noise of such an oscillator at Fourier frequencies 50 figuration of the microwave oscillator with an automatic

< f < 5kHz is entirely determined by the readout-systeng, rier_syppression system is shown in Fig. 4. In such an
effective noise temperature (curve 4 in Fig. 3). The componeflijiator, the carrier is automatically suppressed due to the
of the oscillator phase noise caused by AM-to-PM conversigiynt gperation of two feedback control systems. The first
(7) is shown by curve 6 in Fig. 3. _ (frequency) control system maintains the phase balance of
From the above discussion, it follows that further iMgne interferometer, while the second one (amplitude-control
provements in the oscillator phase-noise performance coulgstem) keeps the amplitude mismatch between the interferom-
be achieved by increasing both the power incident on thger arms at a minimum. The sensors of both control systems
resonator and it&)-factor. For instance, a phase-noise spectrgte almost identical, except for the quadrature settings of the
density of the order oL(1 kHz) is expected for the room reference phase shiftegses; andy,es. In practice, the optimal
temperature SLC oscillator operating with an incident powggjues of the reference phase shifts are sought at frequency
of Pinc = 500 mW. To increase the)-factor of the SLC, close tof,.. to ensure the optimal sensitivity of each sensor
it must be cooled to cryogenic temperaturégfactors of and minimum cross coupling between the control systems.
order 5- 10" and 5- 10° have been achieved for the SLCThe values 0fp,er; and ¢,«t» Obtained in the process of such
resonators operating at liquid nitrogen (77 K) and heliu@ptimization remain unchanged during the oscillator frequency
(4.2 K) temperatures, respectively [16], [17]. The phase noiggning.
of a frequency-stabilized oscillator based on a 77-K SLC Responding to variations of interferometer phase mismatch,
resonator withP,. = 50 mW is expected to be equal tothe two feedback control systems alter the oscillator frequency
—180 dBc/Hz atf = 1 kHz. It is worth noting that at Fourier and the attenuation of the interferometer compensating arm
frequencies higher than the resonator bandwidth, the oscillaigttil the balance of the interferometer at a new operating
phase noise does not depend on thdactor [see (4) and frequency is achieved. This enables the degradation of the
(5)]- This implies that atf > 250 Hz, the phase noise of theoscillator phase noise associated with the lack of carrier
cryogenic oscillator based on the 77-K SLC resonator will nguppression to be completely avoided. However, there are
be affected by cooling to lower temperatures. other noise mechanisms which effect the oscillator phase
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15 — : — 60 Power at the output of microwave interferometer (input
L. ] of low-noise microwave amplifier) as a function of phase
2 ] mismatch is shown by curve 2 in Fig. 5. This dependence
“ A -
1-70 corresponds to when the frequency and amplitude-control
\\\\ 1 systems are both operating. It shows that even at the bound-
el aries of the tuning range, the power at the input of the
R S -80 . . '
\ 7\\\ low-noise microwave amplifier does not excee®8 dBm,
f ] which is low enough not to cause any significant degradation
i \‘\ 1 90 of the frequency-discriminator effective noise temperature
“\/ ] [see (2) and (3)]. These experiments have also confirmed
A . that extremely high levels of carrier suppression could be
e ' . * -100 reproducibly achieved and maintained. Defining the carrier
T §F & ° & 2 8 suppression as a ratio of power incident on the Hiyh-
Phase mismaich, deg resonator to the power at the input of the microwave readout
Fig. 5. Oscillator frequency offset from the resonant frequency of SLempllfler—_cs = PiﬂC/P?mP__and apply_lng this definition to
resonator (curve 1) and power at the output of microwave interferomeféte experimental data in Fig. 5, a maximum value:otqual
(curve 2) as functions of interferometer phase mismatch. to 109 dB was obtained.

noise and depend only on the oscillator frequency shift frofh Oscillator Small-Signal Model
the high¢) resonator center of resonangg. — fies» @Md IS The noise performance of a microwave oscillator with
discussed in the following section. 3 _ _automatic carrier suppression is analyzed by solving a system
The tuning range of the frequency-stabilized oscillator withf coupled nonlinear differential equations, which describe the
automatic carrier suppression is limited by the maximum phaggnt operation of frequency and amplitude-control systems.
mismatch AWy, at which the interferometer can still beThe first characteristic equation of this system corresponds
balanced. For a two-port high-resonator, the value @¢nax  to the loop oscillator in which the total phase shift around
is given by the loop# is adjusted by the error signal from the frequency
. discriminator. Expressing the operating frequency of the loop
Ao = asin(feq) (10) oscillator as a function of the phase shif{18]

where 3., is the equivalent coupling of the high-resonator
equal tofeq = f1/(1 + f2), andg; and 3, are the resonator

coupling coefficients. Here, it is assumed ty < 1. The and taking into account that theis a function of the output

value OfA.\Ij““X corr_esponds_ t9 the maximum phase devl""t'o\/noltage of the filter in the frequency control system, results in
of the cavity reflection coefficient with frequency. From (10),

th? bclyutngatriez of the oscillator frequency tuning range can A& — A f{% tan{8, + 8[U, + Kr(p)Usp
calculated to be (A fose, Am, Adp, - )]} (12b)

Afosc = fres + Aférg)) tan @ (12a)

osc — Jres =+ A D 1- 33 11 . .

J 5 fo v Peq (1) where A fose = fose — fres, 05 1S @ voltage independent com-
where Afos = (fie/2Q.)(1 + 3) is the resonator half- ponent of the loop oscillator phase shift, is an initial bias
bandwidffr?.anoQo(ﬁs 'c/heQu%(loa—(:ez[d%’g)-factor voltage of the electronic phase shiftéf(p) is the differential

The experimental dependence of oscillator operating fraperator corre_sponding to t_he frequency contrql syst_e m filter
quency on phase mismatch is shown in Fig. 5 (curve fjansfer function, andUrp is the frequency discriminator
It corresponds to the oscillator based on a typical roorfftPut voltage The latter is a function of frequency offset

temperature SLC resonator having the following parameteréf‘)“' mterferometer phase _an_d amplitude mlsmatche/s
1) fn = 9 GHZ: and Am, respectively, power incident on the highresonator

Pinc, the gain of microwave amplifieK ,,,.,, and some other
2) By = 0.75, B = 0.15: paramete?& P !
3) QO_ - 20_0 000. ) ) The characteristic equation of the amplitude-control system
From Fig. 5, it follows that the frequency is a nonlineajs gerived by “traveling” around the control loop and combin-
function of the phase mismatch, and the total tuning ranggy the transfer functions of all its elements. Starting from the
is approximately+14 kHz, which is comparable to the SLC,q|tage-controlled attenuator in the compensating arm of the

resonator half-bandwidthh fo 5. From (11), it follows that jnterferometer, its attenuation can be expressed as a nonlinear
the oscillator tuning range can be increased by reducing figction of the applied voltagé/,..

resonator’'s}-factor and its coupling coefficient. However, this

will be achieved at the expense of degrading the oscillator a = a(Uyc)- (13a)
phase noise [see (4) and (5)]. This confirms the intuitive

perception that low-phase-noise operation and broad frequencirepresentingl/,., as a sum of the dc bias voltagé,
tuning are mutually exclusive. and the amplitude-discriminator filtered voltage, the following
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Fig. 7. The frequency-discriminator sensitivities to phase fluctuations inside
3 ? interferometer (curve 1) and oscillator amplitude noise (curve 2) as functions
U0

Lt U /df dU y/din

of interferometer phase mismatch. Both control systems are operational.

AU A >

y

dUydoe 7= AM noise dUrp /da have been calculated as functions of the
A1, The results of these calculations are shown in Fig. 7

Amiplitude Discriminator (curves 1 and 2, respectively). They imply that oscillator
Fi Phase noise performance degrades near the boundaries of the

ig. 6. The small-signal model of a frequency-stabilized microwave osc
lator with automatic carrier suppression. tuning range as botUrp /di» anddUrp /dc rapidly increase
as A¢ - iA¢I1lax-

characteristic equation of the amplitude-control system is The major disturbances affecting the oscillator frequency
obtained: stability include: 1) frequency fluctuations of the free-running

Am = alV, + Tr(p)Uan (A fose, A, At - - - oscillator §f%¢¢ caused primarily by phase fluctuations of

0sc
Qo

) (13b) the microwave amplifier in the loop oscillator; 2) phake

and amplitudedmg.. fluctuations inside the interferometer;
where T'r(p) is the filter-transfer function and/sp is the 3) oscillator amplitude fluctuationgaos; and 4) intrinsic
amplitude-discriminator output voltage. The parametgrin  yoltage fluctuationurp andéuap at the output of frequency
(13b) is the optimal attenuation of the compensating arm ghd amplitude discriminators. Most of these fluctuations are
the interferometer, which can be found from the condition @fatistically independent, except for the last twa{p and
carrier suppressiony, = |I'(fies)|, wherel is the reflection s, ), which are strongly correlated, as they are primarily
coefficient of the high® resonator at some arbitrary frequenc¢aused by the same factor—thermal noise at the input of the
fres» Which is not necessarily equal fes. microwave readout amplifier (see Fig. 4).

By linearizing the system of characteristic equations (12b) The fluctuations of the oscillator operating frequency due
and (13b) in the vicinity of the stationary regime, one cag the above disturbances can be found by using the oscillator
Obtain a set Of diﬁ:erential equations, Wh|Ch are Iinear W|th r%ma”_signgu model. We consider below 0n|y two noise mech-
spect to small fluctuations of the oscillator operating frequengyisms causing the oscillator frequency fluctuations. The first
é fosc @and interferometer amplitude mismatétn. Presenting mechanism is associated with fluctuatiohg®ee. It imposes

these equations in a graphical form yields a block diagraffe following limit on frequency fluctuations of the frequency-
shown in Fig. 6, which will be referred to as an oscillatogtapilized oscillator:

small-signal model. The graphical approach simplifies the

f) — free X
understanding of the oscillator noise analysis by visualizing bfase = 0foi’ /(1 +7) (14)
the interaction between two control systems and allowing oléere
to trace the effect of various noise sources on the oscillator <
=91 = &va/(1+7a)] (15)

frequency stability. From the small-signal model of the os-
cillator, it is also clear that the cross-coupling between the the modified open-loop gain of the frequency-control sys-
two control systems is caused by residual sensitivities of bam. This is an important parameter, as it allows the stability
discriminators to the unwanted type of fluctuations. Thuapalysis of the stationary regime of the tunable oscillator
in general, the frequency discriminator is sensitive to ANb be performed. It also shows how well the frequency
fluctuations in the interferometer, while the amplitude discrinfluctuations of the free-running oscillator are suppressed by
inator exhibits some sensitivity to oscillator phase noise. the frequency-control system. Parametersy, in (15) are
should be noted that the sensitivities of both frequency aftfte open-loop gains of the frequency and amplitude-control
amplitude discrimination are functions of the interferometeyystems, respectively, given by

phase mismatchAy and, therefore, vary in the process of v = (dUpp /df) K #(p)S,

frequency tuning. Assuming that both control systems are

operating, the sensitivities of frequency discriminator to phai’é‘

fluctuations inside the interferometét/rr, /dy and oscillator Yo =(dUan/dm)Tr(p)S, (16)
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wheredUrp /df is the sensitivity of frequency discriminator 60 , -
to frequency fluctuationsdU,p/dm is the sensitivity of
amplitude discriminator to AM fluctuations inside the interfer- L 80p
ometer, andS, and S, are transfer functions of actuators of % : 3
frequency and amplitude-control systems, respectively. They & -100 |-
are given by g i
L ) g -120 ¢ ; .”‘!* i y
Sy = (d0/dw){Af55 / cos® (Buat) + p} S ]
B _140 N, N
and 2 5 O\ /‘W
7] A .
do -160 f > 3
Sa =(1/ct0) —— a7 i NG
dUca : N
. . . -180 [ l I 14 biin s
where 6, is the stationary value of the loop phase shift, 1 10 100 1000 10 10
and df/du and da/dU,., are the voltage derivatives taken Fourier frequency, Hz

at th_e_pomt of statl_or_lary reglr_ne' Paramegem (15) IS a Fig. 8. The noise budget of frequency-stabilized microwave oscillator with
coefficient characterizing coupling between two servo contrgltomatic carrier suppression. Curve 1: measured phase noise. Curve 2:

systems and are given by noise floor due to the limited gain of frequency servo. Curve 3: noise
floor due to phase fluctuations inside interferometer. Curve 4: noise floor
OUrp/Om OUxp/8f due to readout-system finite noise temperature. Curve 5: noise floor due to
= EYiz af aUu 3 (18) oscillator AM noise. Curve 6: noise floor due to amplitude fluctuations inside
Fp /0 f AD/Om interferometer. It is assumed thtsc — fres = 10 kHz.

where dl/sp/df is the sensitivity of amplitude discrimina-

tor to oscillator frequency fluctuations, antlrp/dm and (cyrve 1). For the sake of generality, both numerical and theo-
dUap/dm are the respective sensitivities of frequency angtical data were obtained for the oscillator operating at 10-kHz
amplitude discriminators to interferometer AM mismatch flucssfset from the SLC center of resonance. The simulations
tuations. _ ) ) _ were performed assuming the same set of parameters specified
The second noise mechanism causing the oscillator ftesyjier in Section IIl. It was also assumed that the AM noise of
quency fluctuations is related to fluctuations of the interfefrg \gjtage-controlled attenuator in the compensating branch
ometer phase mismatahy. The limit imposed on thé fosc  of the interferometer was equal B ~ —150 dBc/Hz [7].
by this mechanism is given by Fluctuations of the interferometer phase mismatch were taken
518 = 5y in a form £I2(f) = 10~ **/f dBc/Hz [7]. The open-loop dc
o8¢ 147 gains of the frequency and amplitude-control systems were
.{dUFD/dz/; L e dUpn/dm dUAD/dz/)} (19) chosen to be equal to 55 and 50 dB, respectively. Curve 2
dUpp/df ' 1+4~, dUpp/df dUsp/dm in Fig. 8 shows the suppression of the free-running oscillator

) _. .. phase noise by the frequency servo. This level of the oscillator
wheredUrp /di anddUsp/di) are the respective sensitivitiesphase noise could be achieved if the frequency discriminator

of frequency and amplitude discriminators to phase fluctugig noiseless. Curve 3 gives the oscillator phase-noise floor

tions inside the interferometéy). For the spectral componentsy, 14 phase fluctuations inside the microwave interferometer.

of 64 within the bandwidth of the frequency-control systeMy \aries ast/f3 and is a major factor limiting the oscillator

but outside the bandwidth of the amplitude control one, (191ase noise at offset frequencies below 400 Hz. As was

may be simplified as mentioned previously, this noise floor can be reduced by
AUrn /dip df setting the resonator coupling close to critigdd — 1) at
T = W g (20) o gi s

dUpp /df AU a given value of a resonat@y-factor. Curve 4 corresponds to

] ) ] the oscillator phase-noise floor imposed by the finite effective
where df /di is the gradient of oscillator frequency depengqige temperature of the microwave readout sysm It

dence on the phase mismatgiiV). An example of such \aes fike1/ 2 within the frequency range from 100 Hz to
dependence measured for the SLC-based oscillator is showR §\xHz and likel/f* at f < 10 Hz. The rapid increase of

Fig. 5 (curve 1). The shape ¢f{ V') indicates that sensitivity of o oscillator noise af < 10 Hz is caused by the lack of

oscillator frequgncy to phasg mismatch fluctuations increa%%ﬁrier suppression [see Fig. 6 and (2) and (3)]. At high offset
at the boundaries of the tuning range. frequencies around 10 kHz, the oscillator phase noise is limited
by oscillator AM noise (curve 5 in Fig. 8). This limit arises
C. Oscillator Phase-Noise Performance from the residual sensitivity of the frequency discriminator to
The results of noise analysis of the tunable oscillator agscillator AM noise whenf..c # fres. The last component
presented in Fig. 8. By using the oscillator small-signal modeif the oscillator phase-noise floor is due to AM fluctuations
various components of the oscillator phase noise were caléside the interferometer (curve 6 in Fig. 8). This noise floor
lated as functions of Fourier frequency (curves 2—6). To verifyas calculated for the amplitude-control system based on
the results of numerical simulations, the measured phase-ndlse single-pole low-pass filter with corner frequency 10 Hz,
spectrum of the tunable oscillator is also shown in Fig. 8hich was used in our experiments. By increasing either

§F8) = 6
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T J— We have also developed a tunable low phase-noise mi-
crowave oscillator with automatic carrier suppression. Such
60 K an oscillator enables a fast frequency tuning to be com-
ﬁ A ] bined with a low phase-noise performance. It also exhibits
g 80 M‘ i ] an improved immunity to environmental disturbances such
': ook M ﬂ L as vibrations, which normally tend to upset balance of the
2 i | microwave interferometer and degrade the oscillator frequency
; 100k ( 5] stability. The phase-noise spectral density of a 9-GHz tunable
] [ 2 / ] oscillator operating at room temperature was measured to
: 140 [ v ] be —145 dBc/Hz at 1-kHz Fourier frequency. We expect
& ] 1/ J that X-band liquid-nitrogen-cooled oscillators with automatic
-160 : 5 carrier suppression should be capable of achieving the phase-
[ ] noise levels of orderS}»*(1 kHz) ~ —180 dBc/Hz. Such
-180 . 1'0 — 10‘0 — 100‘0 1‘64 TS oscillators are supposed to play a crucial role in the precision
physical experiments aimed at the detection of gravitational

Fourier frequency, Hz
waves.

Fig. 9. The phase-noise spectra of a frequency-stabilized microwave os-

cillator with automatic carrier suppression at different offsets from the

resonant frequency of the SLC resonator. Curvefl: = fres Curve 2: ACKNOWLEDGMENT

fosc = fres + 5 kHz. Curve 3:fosc = fres + 10 kHz. .
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