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Abstract—We present the characterisation of three Cryogenic signal-to-noise ratio per mode inherent in the wide bantiwid
Sapphire Oscillators using the three-cornered-hat methodEasily

implemented with commercial components and instruments,His Fractional frequency stability better thanx 10~ has
method reveals itself very useful to analyse the fractionafre-

qguency stability limitations of these state-of-the-art utra-stable already been demonstrated by beating two nearly identical

oscillators. The best unit presents a fractional frequencystability CSOs [14], [15]. The fractional frequency stability of one
better than 5 x 107'¢ at 1 s and below2 x 10~'¢ for 7 < 5,000 unit is simply obtained by substracting 3 dB to the actual

S. result, assuming the two oscillator noises are equivaladt a
Index Terms—Ultra-stable Oscillators, frequency stability, —uncorrelated. This assumption is not generally true eafigci
phase noise. when developing a new instrument at the state-of-the-art.

In our lab, we recently achieved the implentation of three
nearly identical CSOs in the frame of the Oscillator IMP
. . _ project. This was the opportunity to test the three-corhédrat
T he Cryogenic Sapphire Oscillator (CSO) based on flethod [16] to extract the individual frequency stabibtie

sapphire whispering gallery mode resonator cooled n ry preliminary measurements based on these method
6 K is currently the microwave signal source presenting tri%\,e been presented in [17]. Since one of the CSO has
highest short-term frequency stability for integratiomei been improved and more data have been accumulated. The
T = 1...10,000 s. With a fractional frequency stabilityCu

. rrent results demonstrate the capability of the method
715 l
better thanl x 107", the CSO allows the operation of theWhich has been simply implemented with commercial

laser-cooled microwave atomic clocks at the quantum "méromponents and counters. Althought based on the same
[1]. It provides the means to improve the resolution of th eneral configuration, the three CSOs lightly differ from

SDpeaeCpe S\pl)zrc]:lgleNset\:\?c?rgk?gsa\L/cgll g;)?ﬁclge t(!?f/kelrnyng:lzvgaesdelicnlﬁCh other. Different thermal configurations have beeredest
; d only one resonator is completely optimized, the two
Interferometry (VLBI) Observatories [2]-[7]. The Csoothers recently implemented still need some adjustmettts. T

can also enhance the calibration capability of MetrologiCg, oo comered-hat method gives us information about each
Institutes or help the qualification of high performancec'%SO and thus will help us to optimize its functionin
clocks or oscillators [1], [8], [9]. The CSO performances ar us wi pu plimize 1ts functioning.

only concurrenced at short integration times=¢ 0.1...10 s)

by laser stabilized to a room temperature Fabry-Perot (FP)
cavity made with low-expansion vitro-ceramic materials [I. CSODESCRIPTION
[10]-[12]. More recently fractional frequency stabildi®etter

16 : o
than 1 X 10 . _have been .reported with laser stabilized %8nd 30 mm height cylindrical sapphire resonator. It operates
cryogenic S!I!0|um FP cavity [13]. Conversly tq the C,:SOon the quasi-transverse magnetic whispering gallery mode
the FP-stabilized Iasgr suffers from a large drift (tymca_l WGHys 00 near 10 GHz [3]. The Q factor can achieve

10712 /day, and requires a femtosecond (FS) laser to deI|szr>< 109 at the liquid-He temperature depending on the

the mlcrowave_output. In turn, the FS laser is expensive aggpphire crystal quality and on the resonator adjustmedit an
cum_bers_ome, it can hardly Wo_rk longer than weeks witho anning. In an autonomous cryocooled CSO, the sapphire
loosing internal frequency locking, and suffers from thes lo resonator is placed into a cryostat and in thermal contattt wi
C. Fluhr, Y. Kersalé, E. Rubiola and V. Giordano are with thstitute the. second stage of a_ pulse-tube (PT) CryOCO_OIer delivering
FEMTO-ST (Franche-Comté Electronique, Mécanique, fitigue et Optique typically 0.5 W of cooling power at4 K (see Fig. 1). The
- Sciences et Technologies), Unité Mixte de Recherche 6CRRS (Centre  gag flow in the cryocooler induces mechanical vibrations and
National de la Recherche Scientifiqgue), 25000 BesanconcEra(e-mail: dulati b 1 H hich d b
giordano@femto-st.fr) a temperature modulation at about z, which need to be
S. Grop is with Alemnis GmbH, Feuerwerkerstrasse 39, 3602nThfiltered. In our cryostats the heat-links between the PT
Switzerland. _ stage and the flange supporting theK thermal shield and
B. Dubois is with the center for technological developmerENVH O the resonator is made with copper braids or foils. The same

Engineering, 32 avenue de I'Observatoire 25000 Besancanck. 4 - e
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I. INTRODUCTION

Our most advanced CSOs incorporaté4amm diameter



CSO
14 output
9.99 GHz

stage and thé0 K thermal shield. This simple arrangement _E-FI
is sufficient to limit the resonator displacement beldw + _
pm at the PT cycle frequency [18]. The thermal filtering i €=D Av ¥ SRR T
obtained by combining the heat-link thermal resistance afd R~

the thermal mass of thé K flange and its ballast that couldg
be added. Eventually, the resonator is stabilized at itsotvar 2
temperaturely, where its thermal sensitivity nulls at first @~{Hvcpg Phase Modulation
order. T, depends on the residual paramagnetic impurities *
present in the sapphire crystal [19], and thus is specific "F\;y
each resonatorly is typically between5 and 8 K for a ET
high-quality sapphire crystal.

v

VCA| Power control

The CSO is a Pound-Galani oscillator [20]. In short, the Y ﬂ//z P.T. 29 Stag
resonator is used in transmission mode in a regular oscil- — | Mechanical

lator loop, and in reflection mode as the discriminator of . decoupling

Power Ser
Ny
T

the classical Pound servo [21]. The sustaining stage and'unnel D'Odes &[] Lhermal Ballast |

the control electronics are placed at room temperature. The [ﬂj Se”:597\|\.-‘|: Heate

insertion loss through the cryostatis—30 dB. The sustaining &

stage is made up of commercial components. Two low noise il _[|4]

microwave amplifiers provide a small signal gain ofteladB. § ']—(0)---° Sapphirg o 3

A \oltage Controlled Attenuator (VCA) allows the control of 4K S@'{L EJ_‘H L—__|-Copper Cavit
the power injected in the resonator. Two Voltage Controlled 1 |

Phase Shifters (VCPS) are used for the Pound servo. A Cryogenic Part

70 kHz phase modulation is applied through the first one. The
correction is applied through the second VCPS8RMHz Fig. 1. Scheme of the Cryogenic Sapphire Oscillator showtiegcryogenic
bandwidth filter and some isolators complement the circufart (cooled resonator) and the electronics placed at reonperature
The error signals needed for the Pound and the power servos

are deri\_/ed from the low frequency voltages generated by two TABLE |

tunnel diodes placed near the resonator input port. ThedPoun CRYOGENIC SAPPHIREOSCILLATORS MAIN CHARACTERISTICS
detector is directly connected to a lockin amplifier (Stadfo

Research Systems SR 810). €S0-1 €S0-2 €503
] ) ) Resonator
Three oscillators were assembled successively since 201 Zrequencyvo (GHz) 9.988 9.995 9.987
They are identical in the principle but show however somg Material HEMEX  HEMEX — Kyropoulos
diff table | Loaded Q-factor@ . 1x 10 3.5 x 10 4.0 x 10
ifferences (see table I). Input coupling coef3; 1 1 0.92
The thermal ballast is a piece of stainless steel placedgumf’;’etr temperatur@p | 6.238 K 5.766 K 6.265 K
nd ryosta
bgtween_ the PR"* stage gnd the resonator support.. As;o- Cryocooler Model PT 405 PT 405 PT 407
ciated with the thermal resistance of the mechanical linlg i | Ballast time constant; 12's 100 s 35s
equivalent to a first order filter with a time constar. Control electronics
] o . .| Pound Discri. GainD 3.4 mV/Hz 2.3 mV/Hz 1.4 mV/Hz
D is the Pound servo frequency discriminator sensitivity injected powerPx 100 pW 300 pW 70 pW

in (V/Hz). It depends onPg: the power injected in the
resonator. Formally,D is taken at the demodulator output
(see Fig. 1). For slow frequency fluctuatiofA(t), the error
signal at the demodulator output i$t) = DAwv(t). D is  Ill. RELATIVE FREQUENCY STABILITY MEASUREMENTS
experimentaly determined by applying an offset at the llocki

amplifier output and measuring the resulting frequencyt.shif

The measurement set-up is schematized in figure 2. The

CSO-1 is an optimized copy of our first demonstrator, i.€£SO output signals are mixed to obtain the three beatnotes:
ELISA developed for the European Space Agency (ESA)> = 7 MHz, v13 = 0.9 MHz and 3 = 7.9 MHz. They
and implemented in the Deep Space Network station DSAaBe simply counted using a multi-channel&K-FXE SCR
in Malargue Argentina [3]. The second one ULISS is aounter [22]. The three channels work in parallel therelgy th
transportable unit, which has been travelled since 20#ata acquisitions are synchronous. All datas are procdssed
in some european laboratories to be tested in real fiedde second averaging time usingAawindowing [23]. The
applications [14]. The third CSO has a new designed cryostatmputed two-sample deviation (7) differs from the true
and was put into operation in october 2014. No completeMlan deviation o, (7). The correspondence between (1)
optimized, it incorporates a crystal manufactured by thendo,(7) can be found in [24]. For white and flicker FM noise
Kyropoulos growth method instead of a HEMEX crystal. these two representations of the fractional frequencyildgiab

are almost identicalos (1) ~ 1.14 x oy, (7).
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Fig. 4. One unit phase noise obtained by comparing CSO-2 B30-&
Fig. 2. Measurement Set-Up. Each beatnote is low-passefiltet0.9 MHz) Measurement realized with the Symmetricom 5125A phasestdstip.
and amplified (Minicircuits ZFL-1000+ Amplifier). The mutiannel counter
is referenced on the 10 MHz coming from an Hydrogen Maser (H.M

a deviationo, (7) such as [25]:

A. Beatnotes and phase noise oa(T) =82 x 107167712 £ 6.0 x 10716 2)

Figure 3 showsr, (1) computed from the three beatnote?t
and compared to the fractional stability of a typical high- n—14 1. .
performance hydrogen Maser (H.M.) The bold lines repres#ﬁ('f) ~ 10~ rad’Hz " is filtered by theA-averaging [24].

71 (r) wihoutany post e processng, The thin s a1 19 b8 e case wih o vaditondleounter Thus
computed from the data after a linear drift removing. PP 9

times to9 x 10771, due to the integration of the white
M PM noise over the counter input bandwidth1df9 MHz.

should be noted that the CSO white PM noise

CSO-1 and CSO-3 present the best performances at short
term, whereas a perturbation near= 10 s affects CSO-2.
The long term behaviors also differ: CSO-1 and CSO-2 do
not show a frequency drift but seems limited by a random
I walk process. Conversely CSO-3 is drifting with a rateef
1e-15 1-2 3 x 10~ */day.

1o

le-14F

o (1)

B. Three Cornered Hat Method
lem16

Lol Lol Lol PR . . .
10 100 1000 10000 10000 The individual frequency stabilities have been computed
Integration Time (s) using the three-cornered-hat method implemented in the Sta

, . ble32 software. The results are given the figure 5.
Fig. 3. Two-sample deviations (7) calculated from the three beatnotes.

T T T T T T T
The measured frequency stabilities are better tham0—'° : : : :
for = < 2,000 s. If the oscillator noises are equivalent and
uncorrelated, that means that the fractional frequendyilgya
of one unit is better thaf x 107!, which is a conservative __ 1e-15;
value as we will see in the next section. This number & L
coherent with the phase noise measurement between CSGS-2
and CSO-3 shown in figure 4.

This result corresponds to the phase noise of one unit
assuming equivalent and uncorrelated the two CSOs: 3 dBj._1¢}
has been substracted from the measured spectrum. For Fourie | : :
frequency f < 10 Hz, the phase noise spectrum can be TP

i

) ] , 1000 10000 1000
approximated by a white frequency noisg ¢ slope) and a Integration Time (s)
flicker frequency noisef(~3 slope):

Fig. 5. Individual fractional frequency stabilities obted by applying the
three-cornered-hat method.

1 2
S,(f) = (TQ + 0T3> x 10710 rad®Hz™! (1)
f f At short term ¢ <50 s), all the individualoa (7) improve
This phase noise spectrum is equivalent in the time domainwith the integration time but do not follow the expected



771/2 slope. Indeed it is expected that the CSO shory AM-index fluctuations of the interrogation signal. Such a
term frequency stability is ultimatly limited by the Poundsensitivity makes mandatory a supplementary control laop t
discriminator white frequency noise. For CSO-1 and CSOsuppress the spurious AM. In our CSOs we do not implement
this white frequency noise is completely masked by anothen AM suppression lock loop as we have never highlighted
process leading to a hump ima(7). In section IV-A we such a strong sensitivity.
show this perturbation can be attributed to residual resona
temperature fluctuations. At longer integration times, theIn [15] Hartnett describes a cryocooled CSO where the
frequency stabilities reach an apparent flicker floor expand injected power is set tal00 yW. He claims a fractional
over approximatly two decades. Thus for the best oscillatdrequency stability limited by a white frequency noise Ess.
i.e. CSO-1,04(7) ~ 1.5 x 10716 for 100 s < 7 < 5,000 s. However it is obvious from the figure 6 thaty () does not
follow the expected-—'/2 slope forr ~ 1 s.

The humps appearing at~ 400 s, can be attributed to an
oscillation in the air conditionning system of the lab. Tty From the data presented in the figure 6, it is clear that
reveal the residual sensitivity to the room temperatureache there still exist some sources of fluctuation responsiblte fo
CSO. Nevertheless the resulting CSO frequency variations a frequency stability degradation with respect to the Pound
obviously correlated, which is in conflict with the requiremd  servo intrinsic noise.
of the three-cornered-hat method. The calculatg¢r) near
400 s cannot be considered as the actual frequency stabiliy. Noise in the resonator temperature control
Correlated noises indeed induces false results: the ieders The resonator is stabilized at its turnover temperature

hump in the CSQ—l stability is sym_ptomatic of this situationTO using a LakeShore 340 Temperature controller in the
The same cguuon m“.St be taken in the analysis of the IOBgoportional—lntegral (PI) mode. The temperature sensor i
term ﬂuctuatlons_ rgsultmg also for a large part from thennooa Cernox type CX-1050 with a sensitivity of approximately
temperature variations. 3 kQ2/K. The controller drives a currerdty in a 25 ) heater.
The LakeShore controller makes 10 readings per second and
IV. SHORT TERM FREQUENCY STABILITY ANALYSIS offers a variety of digital processing that can be done to the
In the figure 6 the fractional frequency stability of CSO-1 igaw sensor data before applying the Pl control equationsThu
compared to the most advanced CSO performances previouhly input information can be in sensor uni)(or converted
published [14], [15], [26]. These ones have been evaluatgdtemperature unit (K).
using the beatnote between two assumed equivalent CSOs.
The measurement resolution deduced from the LakeShore
] 340 User's Manual i9R = 1  equivalent tod7" = 300 uK
o for the sensor we used. The same datasheet indicates a
: : ‘ ] control stability equals to+2 Q (or equivalently+600 1K)
PPN S R SRR L A A without any information about the considered bandwidth and
T 3 ‘ - ] the type of noise (white and/or flicker?) affecting the tempe
ature control. Neafl, the residual thermal sensitivity of the
CSO frequency is:

: ; : 1 Av
tertefr oo AT

IR A rough estimation of the noise floor imposed by the
10000 100¢ temperature controler can be done by assunfiing7y) ~ 67T
and a rms temperature fluctuatioh? ~ 600 puK. The
Fig. 6. CSO-1 fractional frequency stability compared es results:(] reSUItmg fractional frequgncy Stablllty ts 3.4 %_10_16' Th|§
V. Giordano et al. [14]® Locke et al. [26];0 J.G. Hartnett et al. [15] . Shows that below a fractional frequency stabilitylot 105
the noise of the temperature controller has to be considered
In [26] Locke describes a liquid helium cooled CSO. Thé temperature stability of some hundreds of microKelvin is
power injected in the resonator is higher than those usedancommon performance for such a cryogenic configuration
our devices. Depending on the input resonator port couplifgased on a commercial controller and a thermistor [28]-[30]
he evaluates the optimimum injected power betwéeand Better temperature stability of a fewK have been reported
60 mW. We do not share this approach. In our CSOs tlmn systems using ac-resistance bridge and custom elexctroni
injected power is much lower, i.Br ~ 100 uW. It is set to the design [31], [32]. Such a solution should be envisaged to
value for which the resonator power sensitivity is miningizeimprove the CSO short frequency stability and reach thetlimi
[27], and thus is specific to each resonator. Locke measuiigthosed by the noise of the Pound frequency discriminator.
the intrinsic noise of the Pound frequency discriminator.
The resulting frequency stability limitation was evaluhte We do not know the details of the algorithms implemented
2 x 10~167-1/2 which is well below the observed value. Itin the controller. We checked that for small departures ftoen
also demonstrated that the CSO frequency stability is ttec temperature set-point, the Model 340 behaves like a toarditi

aA(D)

=1.9x107YT - Tp) 3)

1 10 100 1000
Integration Time (s)



PI controler. Ife(t) is the error signal expressed in Kelvin, the
output current/; can be written as:

Iu(t) =G P [e(w + L1 / e(t)dt} @ &0 i WA
Tr é

G is an internal gain which depends on the controller configg
uration and on the sensor sensitivity. In our case we medsurSZE
G = 22.5 mA/K and G = 1.7 mA/K when the controller
works in sensor unit and temperature unit respectivelis the
dimensionless proportional gain; is the integral time [33].
Both P and7; can be adjusted from the controller front panel.
The input data processing chosen, the setting of Pl-cdetrol o
gains is done using the autotuning procedure of the LakeShor Integration Time (s)
controller. To start the autotuning, we adjusted the iniglies Fig. 8. CSO-1 resonator temperature deviaton(7) for some temperature
of P andr; to those determined by a manual Ziegler-Nicholsontroller configurations, the proportional gain is kephstant P = 300: 1)
procedure. EventuallyP and 7; can be slightly varied by reading in temperature unit (K)7; = 16 s; 2) reading in sensor uni,
checking the short term frequency stability and searchi@@vfatligns}jr);ﬁ?ﬂg%;?yffg ig%ﬂggug ;58)51_4)(1(3? T‘X?Zﬁ?ﬁeﬁ“m

. - 6
for the best result. Figure 7 shows (7) calculated from ith A7 = 4 x 10-5 K and 6,, = 20 s. m
the beatnote between CSO-1 and CSO-2 for two different
configurations of the CSO-2 temperature controller: regdin
in sensor un|t@) orin temperature unit (K) The same and 3is jUSt above the resolution measurement limited by the
7 are used for both. The effect on the frequency stability fsequency noise of CSO-2. The temperature modulation
obvious: the hump maximum is shifted to longer integratiol§ still there leading to the hump in the CSO-1 fractional
times when the reading is made in Kelvin with all othefréquency stability curve, (see figure 5). In spite of all our
parameters being kept constant. efforts we did not manage to find a better tuning for CSO-1

and CSO-2. CSO-3 behaves better as no hump has been

1le-05=~ SR

Temp

1e—06

1001

-15

10 observed in itsra (1) curve.

o)

The cause of this temperature modulation as well as its
impact on the CSO frequency stability, are still not well
understood. A modulation amplitude A" = 4 x 10~° K will
lead to a frequency instability of x 1076 if the resonator
temperature i$ mK above or bellow its turnover valug,.
Such an error on the temperature setpoint seems not realésti
it is much higher than the controller measurement resaiudfo
300 pK. Moreover we tried to adjust the temperature setpoint
by step ofl mK around the expectedl, without finding any
better tuning. The temperature modulation could resufhfem
1 L T Tl T — unexpected time lag in the thermal system making the control

Integration Time (s) loop unstable. CSO-1 and CSO-2 are operating for a long time.
They have been subjected to several stops, and both have been
Fig. 7. oa(r) calculated from the beatnote CSO-1 vs CSO-2, for tweransported by car in the frame of the ULISS project. Thermal
fﬁr{gﬁLa;;‘;ﬁjfgﬂt;‘i’t"gz)‘fo”f'g“rat'on: 1) reading in sensur (2), 2) reading - 5 chorages and bold tightenings into the cryostat coule hav
been degraded by the resulting mechanical perturbatidres. T

In a second time, we intentionaly operate CSO-1 far frofi coherent with the fact that CSO-3 is immune to these

its turnover temperature, i.e & —= T, + 100 mK. At thermal perturbation as it was recently assembled and has no

this point the first order resonator temperature sensitigt PE€N transported.

7 5% = 1.9x1071°/K. Thus the CSO frequency fluctuations o o

will follow those of the resonator temperature. Figure 8vgho B- Noise in the Frequency discriminator

the resonator temperature deviation, e.(7), for different As explained in the previous section, CSO-3 is the only

temperature controller configurations. one not limited at short term by the resonator temperature
The curve 4 is the computed temperature deviationfluctuations. Its fractional frequency stability is showrfigure

assuming a resonator temperature modulated around dtfor several values of the Pound frequency discriminatar ga

mean value(T) with a periodé,, = 20 s and an amplitude D. The latter has been simply varied by changing the power

AT = 4 x 107° K, which represents well the actual behavioPr injected into the resonator, all the other parameters being

of the configuration2. The curve 3 corresponds to the kept constant.

best configuration we found and that has been used for theThe measured frequency stabilities followra'/? slope

measurements presented in the previous section. The cwmél = ~ 30s and then a flicker floor. Both vary with the inci-

oA(D)

10716




10,

there still exist technical sources of fluctuation resplolesi
for a degradation of the oscillator frequency stability twit
respect to the Pound servo intrinsic noise. These periorisat
could be minimized by a careful optimisation of the thermal
system and of the resonator temperature stabilizationpiies
these perturbations, all the tested CSOs present a short ter
frequency stability better tham x 10716 at 1 s and than

5 x 10~'6 between30 s and3,000 s. The best CSO shows
a frequency stability oft.6 x 106 at 1 s and a flicker floor
below?2 x 10716,

10—16

10 100 1000
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the CSO short term fractional frequency stability is [24]:
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2 en _ap
oa(T) \/; D VOT
wheree,, (V/vHz) is the demodulator output voltage spectral

density. The computed values of are given in the table Il. 4

TABLE Il
COMPUTED VOLTAGE WHITE NOISE SPECTRAL DENSITY,

(2]

Curve in o, (1s) Pr D en
Fig. 8 x1071  (uW)  x10~*(V/Hz) (nV/\/Hz)
@ 5 12,5 1.3 8.0 [3]
@ 2 33 35 8.6
€) 0.7 87 9.3 8.0

The constant valuee,, ~ 8 nV/VHz is the equivalent [4]
voltage noise of the Pound detector. The direct measurement
of e, requires to duplicate the Pound detector and thus to
place a second cryogenic diode receiving the signal retlectgs)
by the cavity. This has not been foreseen in our current CSO
design. However this value is compatible with the expected
noise contributions of the Lockin amplifier and of the diodegg)
detector itself.

Assuming an identical Pound detector noise for CSOp
1 and CSO-2 leads to a short term frequency stability of
3 x 107167~1/2 and4.4 x 10~167~1/2 respectively. For this .
two CSOs the Pound discriminator noise is not the dominargt]
process.

El
V. SUMMARY

We applied the three-cornered-hat method to measure the
individual fractional short-term frequency stability dfiree
Cryogenic Sapphire Oscillators. This method implementétf!
with commercial instruments and softwares permits a com-
parison at thel0~'¢ level. The method also reveals that

FEDER for funding one CSO.
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