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Abstract – We present in this paper performances comparison of 
Whispering Gallery sapphire-rutile resonator excited on WGE 
or WGH modes. Q factor, turnover temperature, curvature and 
frequency stability of each mode family are presented. 
Frequency stability of 2.10-12 for WGH7,0,0 and 8.10-13 for 
WGE9,0,0 have been obtained for short integration times. 
Keywords -  Sapphire-resonator, temperature compensation, 
frequency stability 

 
 

I. INTRODUCTION 
 
 Whispering Gallery (WG) mode sapphire resonators are 
well known to exhibit exceptional high Q factor in the 
microwave frequency range [1]. Exceptional spectral purity 
has been obtained with such resonators introduced in an 
oscillator loop [2]. For integration times superior to 1 second 
and temperature higher than 6K the large temperature 
sensitivity presented by sapphire resonator limits drastically 
the achievable frequency stability. Near the liquid nitrogen 
temperature (77K) several thermal compensation techniques 
have been already proposed and tested [3, 4, 5, 6, 7]. Recently 
we have proposed a new thermal compensation technique 
associating sapphire and rutile which presents a temperature 
coefficient permittivity opposite to the sapphire one [8]. Our 
thermal compensation process consists in the deposit by a sol 
gel method of a thin film of rutile on the entire sapphire disk 
surface in order to obtain a monolithic resonator. Two 
whispering gallery mode families can be excited in the 
resonator the quasi TM (WGH) or the quasi TE (WGE) 
modes. WGE modes excited in sapphire crystal are less 
sensitive to temperature fluctuations than WGH modes [9] 
and then achievable frequency stability can be improved by 
the use of the WGE configuration.  
In this paper we present the performances comparison of our 
resonator, excited on WGE or WGH modes, in term of Q 
factor, turnover temperature, curvature and frequency 
stability. 
 
 

II. SAPPHIRE - RUTILE RESONATOR 
 
 The resonator consists of a low cost sapphire disk with 37 
mm diameter and 9.2 mm high. A 2 µm thin film of rutile has 
been deposited using a sol gel method on the entire surface of 

the sapphire disk [10]. Sapphire presents a high temperature 
coefficient of permittivity (TCP) leading to a strong 
frequency-temperature sensitivity. Rutile is characterized by a 
negative TCP. Then the temperature sensitivity of the 
resonator will be affected by any amount of rutile added on 
the sapphire surface. The resonator is then centered in an 
OFHC copper cylindrical cavity. Two electrical probes 
(antenna) parallel to the symmetry axis are then used to excite 
WGH modes while two magnetic probes in the same plan 
enable to excite the Hϕ component of WGE mode family.  
For WGH modes the electrical field is essentially parallel to 
the cylindrical axis. Then the temperature sensitivity of WGH 
mode frequencies depends principally on the sapphire 
temperature coefficient of ε//, i.e the relative permittivity in 
the axial direction. For WGE modes where the electrical field 
is essentially transverse, it is the temperature coefficient of ε⊥ 
that determines the frequency sensitivity. 
At 77K the TCP of sapphire leads to temperature sensitivity 
of frequency of the order of [9]:  
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The frequency temperature sensitivity of WGE modes is 
approximately half of the WGH modes one.  
 
 

III. COMPARISON OF WGE AND WGH PERFORMANCES 
 

The resonator has been fixed on the cold finger of a cryo-
cooler. Heaters and temperature sensor are anchored in the 
cold finger to enable temperature stabilization using a 
commercial PID regulator. The cavity was firstly cooled 
down to 10K and then the temperature was raised by step. At 
each temperature step, Q factor and the resonance frequency 
of each mode have been recorded using a vector network 
analyzer (VNA) with 1 Hz frequency resolution and 
referenced to a cesium clock to ensure long term frequency 
stability. This experiment has been conducted two times to 
characterize WGE and WGH modes. 
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A. Turnover temperature, T0 
 

Figure 1 shows the evolution of the turnover temperature 
of WGE and WGH modes for different azimuthal numbers. 
As expected the turnover temperature decreases when the 
azimuthal number increases. Indeed the higher the azimuthal 
number is, the more confined in the sapphire disk the 
electrical field is. We observed lower turnover temperature 
for WGE modes. That can be explained by the fact that the 
electrical field confinement is more efficient for WGE modes. 
For the same rutile film thickness, the effect on resonance 
frequency is less. 
 

 
 

Fig. 1. Comparison of the temperature turning point of WGE and WGH 
modes versus the azimuthal number of the mode. 

 
B. Curvature 
 

The frequency – temperature characteristic of each mode 
has been fit by a second order polynomial near their 
temperature turning point T0. Figure 2 shows the evolution of 
the WGH7,0,0 frequency around its temperature turning point. 
Around T0 the residual frequency temperature sensibility can 
be expressed as: 
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where A is expressed in K-2characterizes the curvature of the 
frequency temperature curve. We have obtained :  
 
A = 1.2.10-7 K-2 for WGH modes 
 
A = 7.10-8 K-2 for WGE modes 
 
The curvature of the frequency temperature evolution 
depends only on the value of the sapphire TCP at the 
temperature turning point of the mode. Measured turnover 
temperatures of WGE and WGH modes don’t differ 
drastically with the azimuthal number. Then for each mode 
family the curvature is approximately constant with the 

azimuthal number. For WGE modes the curvature is two 
times lower than the WGH one’s which is in agreement with 
the TCP of sapphire [11]. 
 

 
 
Fig. 2. Evolution of the WGH7,0,0 frequency as a function of temperature just 

near its turning point. The dashed line represents the second order 
polynomial fit 

 
C. Q Factor 
 

In figure 3 the unloaded Q factor has been plotted versus 
the azimuthal number at the turnover temperature of the 
considered mode.  
 

 
 

Fig. 3. Evolution of the unloaded Q factor of WGE and WGH mode versus 
the azimuthal number m. 

 
Unloaded Q factor of WGH and WGE modes increases 

with the azimuthal number except for the WGE9,0,0. For this 
mode the Q factor is limited by a low Q spurious mode which 
is at 30 MHz from the principal resonance. 
WGH modes Q factor are higher than WGE ones. We ascribe 
this discrepancy by the large number of spurious modes 
observed near each WGE resonance. For WGH and for some 
unexplained reasons, observed spectra are less perturbed by 



low Q spurious resonance.  
 
D. Loss tangent of the rutile film 
 
Q factor of the temperature compensated resonator can be 
expressed as [11]: 
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Where ps and pr are the electric energy filling factors in 
sapphire and rutile respectively and tanδi the dielectric loss 
tangent of the considered material. For WG modes we can 
assume that ps + pr ≈ 1 and for a small dielectric perturbation 
that the ratio pr / ps represents the ratio of the effective 
volume of the two dielectric materials.  
The above equation becomes : 
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This formula leads to a tan δr ≈ 1.10-4 at 50 K which is 10 
times higher than the one for a single crystal of rutile [12]. 
It should be noted that this loss tangent can be improved by 
doping the TiO2 film with Al2O3. In that case tan δr ≈ 1.10-5 at 
50 K has been measured [12]. With such a loss tangent 
unloaded Q factor of the order 13.106 can be obtained using a 
high quality sapphire crystal with 20.106 of unloaded Q 
factor. 
 
 

IV. OSCILLATOR LOOP 
 

 The compensated resonator stabilized around its turnover 
temperature has been implemented in an oscillator loop 
schematized on figure 4. Oscillation on WGH7,0,0 and 
WGE9,0,0 is ensured by a commercial GaAs amplifier and a 
dielectric filter. Voltage controlled phase shifter (VCPS) and 
attenuator (VCA) have been inserted in the loop to control 
signal phase and amplitude. Resonator reference plans are 
fixed by a set of three ferrite isolators. Resonator couplings 
have been set near unity for β1 (input) and near zero for β2 
(output). A circulator placed at the input resonator access 
enables to extract the reflected  signal which is directed to a 
high efficient backward diode (D1) placed outside the cryo-
cooler for WGH7,0,0 configuration and inside the cryo-cooler 
for the WGE ones. 
 
 The resonator is regulated around its temperature turning 
point with a commercial PID using a 1 mK temperature 
resolution cernox sensor [13]. Assuming that both the 
ultimate temperature stability and the departure from the 
turning point are of the order of magnitude of the temperature 
sensor resolution, we get from equation (1) the frequency 
stability limitation due to temperature control :  
 

13102.1 −×=ν
ν∆  for the WGH7,0,0  

 
1410.7 −=ν

ν∆  for the WGE9,0,0. 

 

 
Fig. 4. Oscillator circuit 

 
The loop electrical length is controlled by a Pound 

frequency stabilization servo by locking the oscillation 
frequency to the center of resonance [14]. The carrier is phase 
modulated by the VCPS at a frequency of 1.2 MHz for WGH 
configuration and 680 kHz for the WGE configuration. The 
backward diode signal is then demodulated by synchronous 
detection. The resulting error signal is filtered and sent back 
to the VCPS bias stage. The noise floor of the frequency 
stabilization servo  has been evaluated considering the 
experimental slope of the error signal (1.7 ×  10-5 V/Hz for 
the WGH7,0,0 mode and 4.7 ×  10-6 for the WGE9,0,0 mode) 
and the noise at the input of the lock-in amplifier (11.2 
nV/ Hz  white noise). The Pound servo limitations are : 

 
-1/214  10.5 τ=ν

ν∆ −  for the WGH7,0,0  

-1/213  10.2 τ=ν
ν∆ −  for the WGE9,0,0  

 
 We have also implemented a DC power stabilization 
servo to prevent frequency instability due to power 
fluctuations [15]. The resonator frequency sensitivity to 
power fluctuations has been measured and is of the order of    
1500 Hz/W. In the operating oscillator conditions, the output 
voltage noise of the schottky diode detector (D2) presents a 
flicker component of –127dBV/ Hz at 1 Hz. This voltage 
noise induces flicker frequency noise and then leads to a 
frequency stability flicker floor of 1510.2 −=ν

ν∆ . 

This value is an optimistic one. Indeed the schottky diode 
(D2) is placed outside the cryogenic can and it is sensible to 
ambient temperature fluctuations. This temperature sensitivity 
leads to injected power fluctuations of the order of 2 µW/K. 
The diode (D2) has been then temperature controlled to null 



power fluctuations due to the ambient temperature 
fluctuations. The limitation of the power servo is : 

13-10 5.2 ≈
ν
ν∆ .  

 
 

V. FREQUENCY STABILITY 
 

The oscillator output signal (9.2 GHz for the WGH7,0,0 and 
11.8922 GHz for the WGE9,0,0) has been mixed with the 
signal of a microwave synthesizer referenced to a cesium 
clock. The beat note has been analyzed by a frequency 
counter interfaced to a computer. In figure 5 we have 
represented the standard deviation (square root Allan variance 
σy (τ)) of the relative frequency fluctuations of the two 
oscillators we built. 

 

 
Fig. 5. Rutile-sapphire resonator oscillators frequency stability. 

 
The use of the WGE configuration has considerably improved 
the short term frequency stability. Frequency instability better 
than 8.10-13 has been measured at short integration times for 
the WGE9,0,0 which has to be compared to 2.10-12 obtained 
with the WGH7,0,0. For longer integration times we have 
measured approximately the same frequency drift for the two 
modes. The frequency drift is of the order of 3.10-9 per day. 
Actually we don’t have any convincing explanation for this 
frequency drift. We checked all the electronics servo (Pound 
and power) and measured their offset variations on large 
times scales. Any of these measurements can be correlated 
with the observed frequency drift. The best candidate to be 
responsible for the drift is the stress relaxation in the sapphire 
itself or in its mounting structure. Nevertheless WGE and 
WGH show the same drift which contradicts previous 
observation at lower temperature [16].  
 
 

VI. CONCLUSION 
 
 We have demonstrated the potentiality of a new 

temperature compensated sapphire microwave resonator for 
which the thermal compensation has been obtained by the 
deposition of a rutile thin film on the sapphire disk by a sol 
gel method. This resonator has a number of advantages such 
as compactness, low cost, and intrinsic immunity to 
vibrations. This resonator excited both on the WGH7,0,0 and 
the WGE9,0,0 mode shows short term frequency stability of 
2.10-12 and 8.10-13 respectively. For long integration times the 
frequency stability is limited by a resonator frequency drift of 
3.10-9 per day. Careful checks of electronics servos have 
strengthened that this drift is due to internal resonator 
phenomenon. Thermal gradients, stress relaxation have to be 
considered and further experiments are then needed to 
understand the actual cause of this frequency drift. 
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