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Cryogenic sapphire oscillators (CSOs) simultaneously achieve ultra-low phase noise and outstanding frequency sta-
bility, making them widely used in precision measurement applications. In this study, performance evaluation and noise
analysis are conducted on a home-built CSO. When compared with an optically generated microwave (OGM) reference,
its synthesized 100 Hz signal demonstrates a relative frequency instability (Allan deviation) of 2.1 x 103 at an averaging
time of 70 s. After evaluation of the dominant noise sources, it is shown that the short-term frequency stability is limited by
the 1.4 Hz vibrational noise from the pulse cryocooler, resulting in a limitation of 1.2 x 10~15 £=1. At an averaging time
of 100 s, the contribution of temperature fluctuation noise becomes prominent, limiting the frequency stability to 10~16. In
the long term, the stability of the voltage reference in the microwave power servo becomes the limiting factor. This research
provides guidelines for the development of improved CSOs and their further applications in precision measurement physics.
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1. Introduction

A defining characteristic of ultra-stable microwave signal
sources is their exceptionally high frequency stability, which
is typically quantified in the time domain using the Allan
deviation of relative frequency fluctuations. Currently, the
primary methods for generating such ultra-stable microwave
signals are the optical frequency division scheme based on
frequency-stabilized lasers and cryogenic sapphire oscillators
(CSO0s).['1 Microwave signals produced by these two ap-
proaches achieve fractional frequency instability at the level
of 10~ to 10!® for one-second averaging times.!®’! For a
10 GHz carrier, this corresponds to an absolute frequency fluc-
tuation of a few to tens of microhertz. Benefiting from such
high frequency resolution, a key application of ultra-stable mi-
crowave sources is serving as the local oscillator for cesium
fountain clocks.[®! They are used to precisely measure clock
transition frequencies, thereby pushing the frequency stability
of microwave clocks to the mid-10~'# level and beyond.*!°]

Distinct from the ultra-stable microwave signals derived
from lasers stabilized on Fabry—Perot cavities, the resonator
of a CSO exhibits a frequency-temperature turning point
(FTTP),['") which grants it superior medium- to long-term
frequency stability. Moreover, as an all-microwave system,
it offers significant advantages in terms of development cost
and operational simplicity. As a result, CSOs can serve
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as frequency references in very long baseline interferometry
(VLBI),!"?! where their performance rivals that of active hy-
drogen masers, maintaining data coherence over extended av-
eraging times in deep-space observations. Furthermore, com-
pared to conventional laboratory signal sources, the exception-
ally pure signal generated by a CSO is also suitable for quan-
tum computing operations, as it is less likely to disrupt system
coherence during qubit manipulation.!'3] The cylindrical de-
sign of the sapphire resonator enables electromagnetic waves
to propagate in a whispering-gallery mode within the sapphire
crystal. This property allows it to function as a sensor for
testing Lorentz symmetry violation and as a detector for dark
matter.!1%15]

To measure the frequency stability of a CSO, it is neces-
sary to employ an additional reference source with better fre-
quency stability,!”! or to use a three-cornered hat method with
multiple sources.!'®! Alternatively, the time-delay decorrela-

d.['7-18] However, this approach

tion method may be considere
is less convenient for signals in the microwave band, as the
difficulty lies in constructing a time-delay line at microwave
frequencies. In comparison, using another independent CSO
or an active hydrogen maser as the reference oscillator to eval-
uate the performance of the device under test (DUT) remains
a reliable solution. With the maturity of optical frequency

,[19:20

division technology in recent year I optically generated

microwaves can inherit the exceptional frequency stability of
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ultra-stable lasers (USLs). Consequently, they can also serve
as a frequency reference for measuring the frequency stability
of CSOs.

As outlined above, the significant application value of
CSOs has made their development, evaluation, and character-
ization key focuses in both academic and industrial research.
This paper introduces the principles and experimental setup
of the CSO, including the design of the microwave resonator,
oscillation loop, and frequency-locking techniques. In the Re-
sults section, measurements of the CSO’s frequency stability
and phase noise are presented. To evaluate the frequency sta-
bility of the CSO, an optically generated microwave (OGM)
based on optical frequency division is applied, which typically
achieves stability on the order of 107'® and phase noise of
—105 dBc/Hz at 1 Hz in the X-band. [+20-221 This setup meets
the requirements for measuring the CSO’s phase noise down
to —95 dBc/Hz at 1 Hz.

Additionally, theoretical analysis and experimental veri-
fication of the CSO’s noise sources are conducted, covering
frequency-locking noise, microwave power fluctuation noise,
temperature fluctuation noise, and 1.4 Hz vibrational noise
from the pulse-tube cryocooler. By addressing these noise
sources in future work, the frequency stability of the CSO sys-
tem could be improved to the 10'© level, with phase noise
below —105 dBc/Hz at 1 Hz, comparable to that of the most
advanced systems developed at the University of Western Aus-
tralia (UWA) and the Franche-Comté Electronique Mécanique
Thermique et Optique-Sciences et Technologies (FEMTO-
ST).112

2. Experimental principles and setup
2.1. Frequency-locking principle of CSO

The core of the CSO is a sapphire-loaded copper cavity
(SLC), which serves as the resonator and provides the founda-
tion for its frequency stability. It selects the microwave signal
resonant with a high-order whispering-gallery mode (WGM)
of the sapphire cylinder in the X-band. Together with a low-

generate a stable oscillating signal. The sapphire resonator
acts as a frequency discriminator for the frequency-locked
CSO. The microwave signal fed into the resonator, upon re-
flection, carries information that identifies the deviation be-
tween the resonant frequency and the oscillation frequency.
The frequency-locking technique based on this concept was
proposed by Pound and has since evolved into the Pound—
Drever—Hall (PDH) technique for frequency stabilization of
lasers. [23:24]

The application of the Pound frequency discrimination
(PFD) technique in the CSO is illustrated in Fig. 1. Its prin-
ciple can be described as follows: the carrier at frequency f,

represented as e!2%/c!

, undergoes frequency modulation with
modulation depth ¢, and frequency fp,. Assuming a small
modulation depth, this modulated signal can be approximated
as a three-frequency wave, consisting of Jo(@p)e >/’ and
J1(Om) ei27(fet/m)t " where Jy and J; are the expansion coeffi-
cients of the Bessel functions. Since the resonator linewidth
Afo is much smaller than fy,, the double sidebands at fre-
quencies f; £ fi are fully reflected. Only the carrier at f;
interacts with the cavity and is partially reflected, expressed
as S11(f.)Joe'?™<!, where Sy; is the reflection coefficient of
the resonator. The reflected three-frequency wave is separated

by a circulator and detected to obtain the raw error signal as

Rerr = —4%p PyerJoJ1Im S (fc) cos (Zﬂfml‘) ,

_ Bi—1-i20Af/ fo
Bi+1+i20Af/fo’

Here, pp (mV/mW) and Py represent the voltage conversion

St (fe)

Af=fe=fo- (D

sensitivity and the detected power of the power detector (PD),
respectively. Sp; is characterized by the coupling coefficient
B1, quality factor Q, and resonant frequency fy of the sapphire
cavity. In Eq. (1), the raw error signal can be extracted via de-
modulation techniques. With weak modulation (¢, ~ 0.1), the
approximation JoJ; = ¢, /2 can be applied, and the frequency-
discriminator error signal is expressed as

noise amplifier (LNA) and a phase shifter, it forms an oscil- 8D Paet 0, 10
lation loop. By satisfying the Barkhausen criterion, it can Verr =Dy (fo—fo), Dy =————="5"=, ()
ation loop. By satisfying the Barkhausen criterion, it ca (1+B1)* fo
10.7885 GHz | : f;
Phase shifter l oI ~ & -10t
. S 30+ { \,\ %
L e 8 RN = 20
100 kHz = N .
Band i’_’ 0 H 5 T~
-pass g T fm@ RF ° 2 -30
filter T source S0 2
y I N & 40l
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N . N N -50 L L L
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Fig. 1. (a) The scheme of the Pound frequency discrimination technique applied to a CSO. (b) The imaginary part of the S;; parameter is
characterized by the voltage measured with a vector network analyzer. (c) The Sy; parameter of the sapphire resonator, demonstrating a Q-factor
reaching 5.1 x 108.
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where D, is the frequency-discrimination coefficient. In
Fig. 1, the error signal can characterize the deviation between
the oscillation frequency and the resonance center as ImSjy;.
This signal is fed back by the servo controller to the voltage-
controlled phase shifter (VCP) in the oscillation loop, thereby
pulling the oscillation frequency to the resonance center.

2.2. The sapphire resonator

The sapphire cylinder with a diameter of 50 mm and a
thickness of 30 mm is placed inside a copper cavity, with a
pair of magnetic probes used to excite the WGH;5 o mode.
In Fig. 1, the measurement of S>; by a vector network ana-
lyzer shows that the insertion loss is 15 dB. Despite this weak
coupling causing a low coupling coefficient (f; = 0.45), it en-
ables a high loaded Q-factor, reaching 5.1 x 108.

As analyzed in the phase noise model of a phase-locked
oscillator,”! the sapphire resonator serves as the frequency sta-
bilizer of the oscillator. However, the frequency characteris-
tics of the resonator are influenced by environmental factors,
including temperature fluctuations, microwave power fluctu-
ations, vibration, and mechanical deformation. Among these
factors, the effects of the first two are noticeable, as demon-
strated by the measurement illustrated in Fig. 2.

~
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Fig. 2. (a) The scheme for measuring the frequency shift of the sapphire
resonator by comparing it with a microwave signal source referenced to
the hydrogen maser. (b) The measured frequency-temperature turning
point. (c) The frequency shift at different power levels under operating
conditions. (d) The linear power spectral density (LPSD) of the PFD er-
ror signal Ve under free-running and closed-loop conditions.

By scanning the surface temperature of the sapphire res-
onator or the microwave power fed into the cavity, correspond-
ing shifts in its resonant frequency can be measured. A low-
phase-noise signal generator (E8257D), referenced to an ac-
tive hydrogen maser, provides a 10.7875 GHz signal as the
frequency reference for measuring the microwave frequency
of the CSO. Thus, the frequency shift is observed as a varia-
tion in the 986 kHz beat-note frequency.

The temperature-induced frequency shift is shown in
Fig. 2(b). The temperature of the sapphire resonator is scanned

from 3.6 K to 4.6 K, with a frequency-temperature turnover
point Trrrp observed at 4.330 K. By stabilizing the resonator
at Tprrp With a cryogenic temperature servo, the temperature
fluctuation noise can be effectively suppressed. In Fig. 2(c),
the microwave power fed into the resonator is varied by adjust-
ing the bias voltage of a voltage-controlled attenuator (VCA),
yielding a microwave power-induced frequency shift sensitiv-
ity of —0.35 Hz/mW.

To stabilize the microwave power, a directional coupler
extracts 1/10 of the microwave power, which is converted into
This volt-
age is locked to a voltage reference in a low-noise controller

a voltage signal via a cryogenic PD (DT8012).

(SIM960), thereby compensating for power fluctuation noise
by adjusting the bias voltage of the VCA.

In the frequency-locking process, a 100 kHz modulated
RF signal output from a lock-in amplifier (LIA) is applied to
a VCP with a bandwidth of MHz, enabling the generation of
a coherent three-frequency wave. After being reflected by the
resonator, the signal is detected by a cryogenic PD, yielding
a 100 kHz error signal synchronized with the modulation RF.
After demodulation and amplification by the LIA, the error
signal described by Eq. (2), V(Af) = ADyAf, is obtained.
Here, A is the gain provided by the LIA. By feeding this er-
ror signal back to the bias voltage of the VCP, the oscillation
frequency is locked to the resonance center.

In Fig. 2(d), once the frequency lock is achieved, the fluc-
tuation noise of the error signal is suppressed by almost one
order of magnitude at Fourier frequencies below 1 Hz.

3. Frequency stability and phase noise

In this study, two CSOs were developed by the National
Gravitation Laboratory (NGL) at Huazhong University of Sci-
ence and Technology, designated as CSO-1 and CSO-2.[7!
The frequency stabilities of CSO-1 measured with CSO-2,
an H-maser, and an OGM are shown in Fig. 3(a). When
compared with the OGM, 211 the Allan deviation of the rel-
ative frequency fluctuations reaches 2.1 x 10~!5 at an averag-
ing time of 70 s. Here, the frequency stability of the OGM
is derived from a 30 cm Fabry—Pérot cavity with a stability
of 1.9 x 107101251 A commercial frequency transmitter (Syn-
chronization Technology Ltd, STW-FT series) is used to trans-
mit the synthesized 100 MHz signal from CSO-1 to the dis-
tant laser lab. A commercial phase noise analyzer (PNA, Mi-
crochip 53100A) measures the 100 MHz signal derived from
the OGM (9 GHz) via a 1/90 frequency divider, comparing it
with the 100 MHz signal from CSO-1. For T < 5 s, the fre-
quency stability is limited by the noise floor of the frequency
transmitter, exhibiting a trend of 1 x 10714 7=,

In addition, the frequency dividers also impose a limit on
the short-term stability, with a single divider exhibiting a trend
of 8 x 10713 ¢~ This explains the observed short-term sta-
bility behavior of 2 x 10~'% 7!, To accurately characterize
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the short-term stability, a second oscillator (CSO-2) is used
for this purpose, yielding an Allan deviation of 3.8 x 10~ 15 at
1 5.7 However, for T > 10 s, the stability degrades rapidly due
to the drift of CSO-2, which can be verified from the CSO-1
vs. H-maser comparison result.!

~

% —— CSO-1 vs H-maser

Gy 10_13 E e. —90—CSO-1vsCSO-2 CSO-1 vs OGM

o e

= \.\o
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Fig. 3. (a) The frequency stabilities of CSO-1 are measured by compar-
ison with CSO-2, an H-maser, and an OGM. (b) The phase noise of the
10.7885 GHz signal measured by comparing CSO-1 with CSO-2.

For Fourier frequencies above 1 Hz, the phase noise of
CSO-1 is measured as shown in Fig. 3(b). The close-in
phase noise of the 10.7885 GHz microwave signal reaches
—95 dBc/Hz at 1 Hz and —125 dBc/Hz at 1 kHz.

potentially be improved by employing a lower-phase-noise

It can

amplifier.?®) Above 10 Hz, ripples are present in the phase
noise spectrum, arising partly from high-frequency vibrations
of the cryocooler and partly from ripple noise coupled through
the bias supplies of the LNA and VCP. In the frequency range
above 10 kHz, the phase noise exhibits a white noise floor,
reaching —135 dBc/Hz from 10 kHz to 1 MHz. This is due to
the weak microwave power returned to the LNA. In principle,
the high-frequency phase noise can be reduced by lowering the
insertion loss of the resonator. Additionally, low-noise filter-
ing techniques can also be implemented for this purpose. [*!

4. Noise analysis

A free-running CSO already exhibits frequency stability
at the 10~!# level. Only under optimal locking conditions can
the frequency stability of its output signal approach that of
the resonator itself, potentially reaching the regime of 10~13
to 10716,
CSO,!"! the primary noise contributions originate from two

According to the noise model of a phase-locked

categories: frequency-locking noise and resonator frequency
noise. Frequency-locking noise is typically introduced dur-
ing the demodulation process of the LIA, including the intrin-
sic electronic noise of the demodulator and residual amplitude
modulation (RAM) noise from the modulator.'?”! The sources

of resonator frequency noise are diverse. Typical contributors
include temperature fluctuation noise, microwave power fluc-
tuation noise, and vibrational noise from the cryocooler. These
noises are analyzed in detail below.

4.1. Frequency-locking noise

In Eq. (2), the front-end detection voltage noise npgp in-
troduced by the PFD technique aliases with the error voltage
Verr, thereby manifesting as frequency-locking noise. Since
the PFD technique employs high-frequency modulation and
demodulation, the predominant component of the introduced
voltage noise originates from the high-frequency white noise
of the detector. Consequently, the contribution of frequency-
locking noise to the relative frequency stability can be ex-
pressed as

oy (’L’) = m . Lv 3)
8v2Vepf1omQL VT
where B1, O, Vpp, @m, and hpgp denote the coupling coeffi-
cient at the SLC input port, the loaded Q-factor, the voltage
detected by the PD in the PFD technique, the phase modula-
tion depth, and the white noise component of the PFD, respec-
tively.

The hppp mainly originates from the inherent noise of the
LIA, including the output noise n,,; and demodulation noise
npMm. The relationship between them can be expressed as
Mim = (MM D nout) /A, hpED = Miim, Where njiy, and A are the
noise limit and the sensitivity gain factor of the LIA, respec-
tively. By connecting a 50 Q termination to the input of the
LIA (SR830) and collecting the voltage noise from its X out-
put channel, the output voltage noise nqy of the LIA can be
characterized. Under different gain settings, the output volt-
age noise of the LIA remains nearly identical, exhibiting a
1/ f-type voltage noise of 1.3 x 10~° (Hz/f)'/>V /\/Hz at low
frequencies.

To measure the demodulation noise npy, a weak modula-
tion signal (100 kHz, 4 mV) generated by the LIA itself is fed
back into its input port for demodulation. When demodulating
in-phase, the modulation signal is detected and amplified at
the X channel. When demodulating in quadrature, the voltage
noise from the Y channel represents the demodulation noise,
as presented in Fig. 4(a). As the gain factor increases, the de-
modulation noise npy decreases. At a gain factor of 10000,
the limiting voltage hppp as low as 4 nV/v/Hz can be de-
tected. Based on Eq. (3), the LIA’s detection limit for the fre-
quency stability is shown in Fig. 4(b), reaching 4 x 10716 /T
at 0.01 ~ 1 s with a gain factor of 10000.

To reduce the frequency-locking noise, one can increase
the frequency-discrimination coefficient D, or enhance the
gain factor A at the detection front-end. With a phase mod-
ulation depth @, = 0.1 and a loaded Q-factor Qp = 5.1 x 108,
the trend of Dy as a function of the power fed into the SLC
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is shown in Fig. 4(c). As the power increases from —10 dBm
to —2 dBm, Dy, correspondingly increases from 0.4 mV/Hz to
4.2 mV/Hz.

In Fig. 4(c), prior to optimization, CSO-1 operated in a
high-power mode with a Dy of 11.8 mV/Hz and a gain factor
of 500. The results indicated that the contributed short-term
stability of Appp is 3 X 10713 /+/7T. After optimization, operat-
ing in a low-power mode, the Dy is only 2 mV/Hz, but the gain
factor is increased to 5000. The results show that the contribu-
tion of hpgp is reduced to 4 x 10’16/\/f, reaching 2 x 10°16
at averaging times from 10 s to 1000 s.

_
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Fig. 4. (a) The limiting voltage noise nj;y, detected by the PFD technique.
(b) The LIA’s intrinsic noise contribution to frequency stability. (c) The
frequency-discrimination coefficients under different input powers. (d)
The contribution of the PFD technique’s locking noise to frequency sta-
bility. Before optimization, A = 500, D, = 11.8 mV/Hz; after optimiza-
tion, A = 5000, D, =2 mV/Hz.
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Fig. 5. (a) The scheme for measuring RAM noise. (b) The attenuation
and phase shift of the VCP with changes in the bias voltage U,,. The at-
tenuation turning point is 5.1 V, and the phase-shift sensitivity kycp is

0.647 rad/V. (c) The contribution of RAM noise to frequency stability
under different bias voltages.

4.2. Residual amplitude modulation noise

In the PFD technique, a VCP is required to perform phase
modulation (PM). However, due to the non-uniform loss of the
VCP, a concomitant amplitude modulation (AM) at the same

frequency, denoted as Oy, is introduced. The AM component
is demodulated by the LIA and converted into an offset volt-
age, thereby affecting the frequency detection. This effect is
known as residual amplitude modulation (RAM) noise. Ac-
cording to Eq. (1), the detected error signal with the RAM
term is given by Verr = Dy, (fram + 0 f), where 8 f = f. — fo
represents the deviation between the carrier and resonance fre-
quencies. The frequency offset around the locking point, re-
ferred to as the RAM frequency, is expressed as

fram = (BE = 1) foOum/4B10¢m. 4)

Here fram carries the same weight as the identified frequency
deviation J f, thus limiting the long-term stability of frequency
locking in the PFD scheme. Furthermore, fram acts as a con-
duit, thereby coupling the microwave power noise np into the
front end of the frequency discrimination scheme, expressed
as Dy framnp.

An effective method to reduce RAM noise is shown in
Fig. 5(b).
used to suppress amplitude modulation. With the modula-

The insertion-loss turning point of the VCP is

tion voltage Up, applied to the VCP, the amplitude modula-
tion can be expressed as Ot = A (Up) /A (Up) - U, thus 804y =
Umi/lﬁUb, ?L(Ub) =0, and the E(ay,) = 0. Here, U, is the
bias voltage, A and A represent the first and second derivatives
of the attenuation coefficient with respect to bias voltage.

In Fig. 5(b), with a modulation voltage Uy, of 0.1 V and
the fitted A, the contribution of the bias voltage noise 6U
to Oy, is merely 0.24%. From the expression for fram, the
transfer coefficient from 00y, is 154 Hz/unit. Thus, the con-
version coefficient from the bias voltage fluctuation 6U, to
Sfram is 0.37 Hz/V. The typical 8U, is characterized by a 1/f
behavior in the close-in frequency range, achieving a level of
5 pV/\/I-ﬂ at 1 Hz for a 5 V bias, which is ensured by the
voltage reference module (SRS SIM960). Thus, the predicted
contribution to frequency stability is 1.7 x 10716,

The scheme in Fig. 5(a) is designed to measure RAM
noise. It requires two LIAs. One is employed for the PFD
technique, and the other is used to measure the RAM noise.
The two LIAs are synchronized with respect to the 100 Hz
modulation signal. After demodulation, the voltage charac-
terizing the amplitude modulation is given by u = 20 Yo Pyet,
where }p is the detection efficiency of the PD, and Py, is the
detected microwave power. The RAM noise can be expressed

as
RAM _ Bi—1
oMM = oy.
4B10¢,, P 1oGLA

Here, 0, and Gy 4 are the Allan deviation of the output voltage

&)

from the RAM-LIA and its gain factor, respectively.

The measured RAM noise is shown in Fig. 5(c). When
the bias voltage Uy, of the VCP is set to 2 V and 4 V, the mea-
sured RAM noise is on the order of 10~5. When Uy is set
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to the turning point (5.1 V), the measured RAM noise is no-
tably suppressed. For averaging times between 1-50 s, the
stability follows a trend of 1 x 10713 //7, reaching a floor of
1.3 x 107'® at 200 s. Increasing the sampling interval to 4 s,
the measured floor reaches 2.0 x 10~1¢ at 100 s, which aligns
with the predicted result.

In Fig. 5(a), the RAM-LIA also measures the intrin-
sic voltage noise of the PD.I?’! In principle, only the high-
frequency white noise within the PD affects the measurement,
expressed as

kgT

21
GRAMPD _ ﬁ1 )
PdetT

= . 6
Y 4ﬁ1Q(Pm ( )

Here, kg = 1.38 x 1072 J/K is the Boltzmann constant, and
the operating temperature 7 is 300 K. In Eq. (6), the calcu-
lated noise floor is 1.3 x 10713 / /7T, which is consistent with
the results shown in Fig. 5(c). The results agree with the intu-
itive understanding that RAM noise essentially stems from the
coupling of carrier amplitude noise into the PFD noise, mani-
festing as a limitation over longer periods.

4.3. Temperature fluctuation noise

To precisely stabilize the resonator temperature at FTTP,
the measurement scheme shown in Fig. 2(a) is employed to
determine the resonant frequency. The relationship between
the resonant frequency and temperature can be obtained via
curve fitting. At FTTP, the conversion between temperature
fluctuations and the relative change in resonant frequency can
be expressed as

2
oy = ;O(;TfSATFTTPGT- (N
Here, fy ' 9%fy/dT? is the second derivative of frequency
with respect to temperature, with a value of 1 x 10~° Hz / K2,
and ATgrrp is the uncertainty of the measured FTTP.[]

<
2 4332 & (@)
§ 4330
(]
g ! "
g 0 5 10
= Time (hours)

7] -15
_ 0110
¥ 107 .
~
©

]0—16

' 10> 10° 10
Averaging time (s)
Fig. 6. (a) The temperature of the sapphire resonator is monitored by an

independent temperature sensor for 11.5 hours. (b) The Allan deviation
of temperature fluctuation and its contribution to frequency stability.

According to the scheme in Fig. 2(a), the frequency refer-
ence is supplied by a hydrogen maser. The uncertainty of the

measured frequency can be reduced to 100 nHz when each
measurement is averaged over 5 minutes. The accuracy of
temperature measurement is ensured by the temperature sen-
sor (Cernox™), which has a temperature resolution of 89 uK
at 4.2 K. By performing peak fitting on the measurement curve
in Fig. 2(b), the FTTP can be determined with a fitting uncer-
tainty of 3 mK. Thus, ATrrrp can be reduced to 4 mK.

The temperature of the resonator is measured by an inde-
pendent temperature sensor. In Fig. 6(a), over a period of one
day, the peak-to-peak temperature fluctuation remains within
3 mK. According to Eq. (7), the temperature fluctuation noise
can be converted into the contribution to frequency stability, as
presented in Fig. 6(b). For averaging times from 1 to 1000 s,
the contribution of the temperature fluctuation is on the order
of 10716,

4.4. Microwave power fluctuation noise

In the power servo, part of the microwave power is cou-
pled and converted into a voltage signal by the PD. The fluc-
tuation of the voltage signal can be considered to be caused
by the relative intensity noise (RIN) of the microwave signal.
The signal is fed back to the VCA after passing through the
PI controller, realizing compensation of the RIN. Such a de-
sign relies on a crucial assumption: the coupled power and the
main power are correlated.

The principle of the power servo is illustrated in Fig. 7(a).
A signal source (E8257D) generates the microwave signal un-
der test at 10.8 GHz. The VCA acts as the actuator by ad-
justing the attenuation according to the applied bias voltage.
The power splitter divides the test signal into two paths: one
serves as the sensing branch for the power servo loop, and the
other acts as the monitor branch for the main power. Both
branches are connected to identical PDs. The Data Acqui-
sition (DAQ) unit simultaneously samples the voltages from
both paths. The acquired voltage signals are calculated to
characterize the correlation between the sensing branch and
the main power branch.

The voltage samples obtained by the two PDs are V; and
Va4, respectively, and their intrinsic detection noises npp of the
two PDs are uncorrelated. Their cross-spectra satisfy the con-
dition | Ssq(f) [>< Ss(f) - Sa(f). The coherence coefficient be-
tween the two sets of voltage samples can be defined as

1Ssa ()

The extinction of the coherence coefficient ys2d is inevitable due

Ya (f) < (8)

to the inherent noise of the detector. The yszd can directly char-
acterize the effective bandwidth of the power servo.

Two independent PDs (DT8012) are employed to analyze
the power coherence between the inner and outer loops of the
power servo. In Fig. 7(c), the coherence coefficients }/szd under
different detection powers are measured. When the detected
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power is — 14 dBm, the coherence bandwidth (752d > 0.6) of the
two PDs is only 1 Hz. On the other hand, when the detected
power is —18 dBm, the coherence bandwidth is significantly
enhanced, reaching 10 Hz.

The RIN of the microwave signal coupled into the sens-
ing branch is suppressed when the power servo is enabled. The
in-loop power (#) noise reduction is characterized by the out-
of-loop detected power (Py). It achieves a gain of anppGpr,
where « is the attenuation and Gpy is the gain of the PI con-
troller.

Figure 7(b) shows the RIN of the out-of-loop microwave
power. When the detected power is set to —14 dBm, the poor
correlation between the inner and outer loops results in the
RIN being even higher than that in the open-loop case. At a
power level of —18 dBm, the RIN is effectively suppressed,
indicating that the power servo is functioning properly.

The front-end noise in the power servo arises from the
reference voltage Vi and the intrinsic noise of the PD (npp).
With the measured microwave power-induced frequency sen-
sitivity (—0.21 Hz/dB) and the conversion efficiency of the PD
(21 mV/dB at —18 dBm), an estimation of the fundamental
limit that RIN noise places on frequency stability is shown in
Fig. 7(d). In the short term, the limit of the RIN on the stability
is 5.5 x 10716, which is constrained by flicker frequency noise
converted from the 1/f-type noise of the reference voltage.
For averaging times exceeding 1000 s, the RIN begins to de-
grade, which is due to random walk and drift of the reference

voltage.
Osc. E8257D ”PD¢
SC.
< -60
™ | ey 2
nPD £
10.8 GHz Vosas i ) 90F T - =
z \/”}“”NIP"'- 3
& E Open-loop .
Close-loop @—14 dBm
-120p Close-loop @—18 dBm
(a) PI controller (b) 102 107! 10 10!
s Frequency (Hz)
= L 8. Z -
5 L0 W i = 10 149 o
. )
S 075 ,‘M 5 1077 €
‘e.Q:) 1 g 2
g 0.50 £ E
[5) > Q
o Q 5 o
o
& 0.25 —— P, @18 dBm = 10 10" g
5} _ = =
,g 0.00 P; @—14 dBm z <
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Fig. 7. (a) The measurement scheme for validating the effectiveness of
the microwave power servo. (b) The RIN of the microwave power under
open-loop and closed-loop conditions. (c) The coherence coefficient of
the detected voltage from the out-of-loop path of the microwave power
servo at test points of —18 dBm and —14 dBm. (d) The Allan deviation
of the RIN and the estimated contribution to frequency stability.

4.5. 1.4 Hz vibration-induced noise

The sapphire resonator is mounted on the 4 K cold plate.
Vibrational noise from the pulsetube cryocooler causes vari-
ations in the relative position between the microwave probe
and the sapphire cylinder. It affects the excitation of the WGH

mode, causing variations in the resonant frequency, coupling
coefficient, and Q-factor. A prominent feature is the 1.4 Hz
pulsed vibration signal, which manifests in the phase noise
spectrum of the CSO or in the in-loop noise spectrum of the
PFD technique, as shown in Fig. 2(d).

In Fig. 8(a), the phase noise spectrum of the CSO is
zoomed in near 1.4 Hz, and two frequency components can be
observed, which originate from the vibrational noise of two in-
dependent cryocoolers. Two distinct vibration signals are ob-
servable at 1.41 Hz and 1.44 Hz, originating from CSO-1 and
CSO-2, respectively. Their contributions to the phase noise
spectrum in terms of power and bandwidth are —70 dBc/Hz
with a 0.02 Hz bandwidth and —79 dBc/Hz with a 0.03 Hz
bandwidth, respectively.

The phase noise S introduced by the two vibration sig-
nals contributes to the frequency stability, which can be calcu-
lated as follows:

sm sin” (nf)
248 df. ©)
o R / (ztf)?
In Fig. 8(b), the calculated contributions of the two vibra-

37! and
!, respectively. These contributions constitute

tion signals to the frequency stability are 2.5 x 107!
12x1071 7=
a limiting factor for the short-term frequency stability but de-
crease rapidly with increasing averaging times.

S

jes) -14 .

= ~60| -70 dBc/H: 107 N
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Fig. 8. (a) The zoomed phase noise spectrum showing the identifiable
1.4 Hz vibration noise. (b) The contribution of the 1.4 Hz vibration noise
to frequency stability.

5. Discussion

Figure 9 summarizes the main noise contributions to
CSO-1, determining the current-limited frequency stability. In
the short term, the main contributor is the 1.4 Hz vibration
noise unique to the pulse-tube cryocooler. Although its con-
tribution in the time domain follows a 7~! decay trend, it lim-
its the frequency stability at the second scale. It can be im-
proved by an assembly with lower vibration sensitivity or by
using a cryocooler with lower vibration noise.?®! In the fu-
ture, mitigating this noise could break the barrier preventing
the 1-second frequency stability from reaching the E-16 level.

By optimizing the frequency-discrimination coefficient
and the front-end gain factor of the LIA, the frequency-locking
noise is effectively reduced, reaching 4 x 107'¢/,/7 at 0.4—
2 s, as shown in Fig. 4(d). However, it does not decrease with
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longer averaging times because the frequency-locking noise
also includes the output noise of the LIA and the RAM noise,
which manifest as a floor of 2 x 1071° for 1 > 2s.

For averaging times between 2-200 s, temperature fluc-
tuation noise and microwave power fluctuation noise become
the dominant noise sources in CSO-1. Their combined contri-
bution lies in the range of 6 x 107! to 1 x 10~!3, which limits
the frequency stability from reaching 107!, Notably, at an av-
eraging time of 140 s, the temperature fluctuation noise mani-
fests as a hump in the Allan deviation plot. This is attributable
to the time constant of the temperature feedback loop. For the
temperature monitor outside the loop, only temperature fluctu-
ations with averaging times greater than 200 s can be measured
for effective compensation. This problem can be mitigated by
performing thermal conduction simulations to identify optimal
sensing or control locations and to tailor the temperature con-
trol scheme for the sapphire cavity.

Non-correlated summed

107144 1.4 Hz Vibration-Induced Noise
PFD technique noise
Temerature fluctration
Microwave power fluctration
RAM noise

10t

Allan deviation

101}

107! 10° 10! 10? 10° 10
Averaging time (s)

Fig. 9. The main noise contributions in CSO-1 are converted into con-

tributions to frequency stability. The total contribution, shown as the red

curve, is calculated by an uncorrelated squared summation of individual
noise contributions.

For averaging times beyond 200 s, power fluctuation
noise rises and becomes the dominant limit to frequency sta-
bility. This originates from locking the microwave power to
the controller’s voltage reference — a noise source that is in-
herently difficult to suppress. Because the voltage reference
noise shows 1/ f characteristics near 1 Hz, it typically appears
as random-walk noise and drift at lower frequencies, thereby
translating into resonant frequency drift. To mitigate this,
one could lock the microwave power to a voltage reference
with better long-term stability or operate at the power-induced
frequency-shift turnover point. This scheme allows the CSO
to maintain frequency stability at the 107!6 level, even over

medium-to-long averaging times.[>°!

6. Conclusion

In the frequency-locked CSO-1, the PFD locking noise
is optimized, reaching 4 x 1071%/,/7 at 0.4-2 s. However, its
performance will not be maintained for longer averaging times
due to the RAM noise; a noise floor of 2 x 10710 is achieved

at 100 s. For averaging times beyond 200 s, the voltage ref-
erence in the microwave power servo becomes susceptible to
random walk or drift, thus limiting the CSO-1’s frequency in-
stability to levels above 10716, In the future, it is necessary
to optimize the assembly of the sapphire resonator to reduce
the effect of 1.4 Hz vibrational noise on PFD locking noise
in the short term. Effective monitoring of the sapphire res-
onator’s temperature fluctuations is required, as it constitutes
the primary barrier preventing CSO-1 from reaching a stabil-
ity of 107'°. A more stable voltage reference is also required,
both to suppress the RAM noise and to ensure the long-term
stability of the microwave power.
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