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Abstract – A novel single pressure refractive index gas 
thermometry (SPRIGT) has been collaboratively 
developing by the TIPC-CAS in China and the LNE-
Cnam in France [1]. In the SPRIGT, microwave 
resonance frequencies are used to determine the 
refractive index of a working gas in a quasi-spherical 
resonator at a single pressure and temperature. Then 
an unknown temperature can be determined by 
comparing the refractive index with that at a 
reference temperature. Usually, the resonance 
frequencies were obtained by fitting the S21 scattering 
parameters with respect to the scanning frequencies, 
which are generated by a network analyzer using a 
frequency list generating routine. To realize high 
accuracy measurement in frequency at low 
temperatures, three kinds of frequency list generating 
method (scanning method), namely frequency 
uniform method, phase angle uniform method and 
their hybridization method (mixture method), have 
been investigated. The results show the phase angle 
uniform and mixture method is easier to realize high 
accuracy measurement than frequency uniform 
method at low temperature. Besides, long-time 
stability in frequency were also studied in this work, 
the results show that the phase angle uniform and 
mixture method have a same level stability, thus they 
can be used in the SPRIGT. 
Keywords – SPRIGT, microwave resonator, frequency 

scanning, quasi-spherical 

 I. INTRODUCTION 

We can comprehend the nature temperature and 
measure the thermodynamic temperature through primary 
thermometry development. High accuracy measurements 
of thermodynamic temperature at low-temperature range, 
namely below the neon triple point at 24.5561 K, are of 
important strategic significance for both science and 
engineering. In the temperature range from 5K to 24.5561 
K, there exist three modern types of primary gas 
thermometry: constant volume gas thermometry (CVGT), 
dielectric constant gas thermometry (DCGT) and acoustic 
gas thermometry (AGT) [2,4], which all have a harsh 
requirement of absolute pressure measurement. However, 
China has not yet set up any primary thermometry or 
devices below 24.5561 K on account of the limitation of 
absolute pressure measurement accuracy. To face this 
bottleneck, TIPC of CAS in China and LNE-Cnam in 
France have jointly developed a neoteric single-pressure 
refractive-index gas thermometry (SPRIGT) method of 
primary gas thermometry. This method successfully 
established the mathematical relationship of frequency, 
refractive index, gas density and thermodynamic 
temperature and made it becomes possible to determine 
the thermodynamic temperature by microwave resonance 
frequency measurements in a cavity where the pressure 

190



and temperature of gas are accurately controlled. The 
media of frequency and thermodynamic temperature is 
index and can be expressed as a ratio method of 
frequency under vacuum and with pressure as equation: 
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where kT(T) and kT(Tref) are the isothermal compressibility 
of the resonator at T and Tref, the subscript pairs (T,0) and 
(Tref,0) denote the temperature T and Tref  at zero pressure. 

Based on the advancement on the ab initio 
calculation of helium-4 properties and microwave 
resonance technology development, a competitive 
uncertainty of 0.25 mK theoretically for thermodynamic 
temperature is expected with ten-fold measurement speed 
compared with the other primary thermometry methods in 
SPRIGT[1]. 

It is a great challenge to realize this innovative 
approach practically and the SPRIGT system has been 
dedicated designed and constructed at TIPC-CAS. The 
resonant frequency is pivotal for getting thermodynamic 
temperature by SPRIGT. For the purpose of realizing 
high-precision microwave resonant frequency 
measurement, the quasi-spherical resonator has been 
perfectly closed and a stable enough environment of 
temperature and pressure has been realized [6-8]. Besides, 
microwave resonant frequency measurement adopted the 
frequency scanning method, mainly through transmitting 
microwave signal continously by a signal source in a 
customized instrument. Then the microwave signal scans 
over a determined frequency bandwidth following by 
specific rules compoing the frequency scanning 
procedure. There are two kinds of scanning methods 
mainly used in microwave resonance measurement which 
will be narrated in detail later. To realize high-accuracy 
measurement in microwave resonant frequency at low 
temperatures, thesr scanning methods will be investigated 
in this paper in order to achieve a low uncertainty [9]. 

 II. DESCRIPTION OF THE METHODS 

In SPRIGT, the thermodynamic temperature T of the 
working gas in the resonator cavity is determined by the 
microwave scanning procedure. And we decided to use 
the quasi-spherical cavity whose dimensions are precisely 
designed so as to successfully separate the signal into 
three peaks. The approach adopted to measure the 

microwave resonances of the quasi-spherical resonator is 
the same as that previously determined to be optimal at 
NRC [10, 11]. The microwave signal transmitted by the 
signal source scans over a specific range of frequency as 
different rules in network analyzer. Afterwards, a 
scanning parameters called S21 can present the scanning 
procedure. The scattering parameter S21 was described 
three Lorentzian terms and a polynomial background 
term and fitted by Levenberg–Marquardt method, as 
shown in paper [12]. 

 
Practically, a two-port Agilent N5241A PNA-L 

network analyzer which has the best signal-to-noise until 
now is used to connect the resonator antennas with coaxi-
al cables. Generally speaking, a time base is indispensa-
ble for the network analyzer, here the 10 MHz reference 
frequency signal is provided by FS725. Then the micro-
wave resonances for a given triplet is measured by re-
cording the complex S21 parameter. It can be expressed 
by the following equation [12].  
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where An, B, C and D are complex constants which 

characterize the fitting parameters,f is the source 
frequency and f* is an arbitrary constant.  

The network analyzer data collection procedure has 
been optimized for better results through a variety of 
microwave modes including TM11, TE11, TM12 and 
TE13 modes. In general, TM modes are found to have 
better signal-to-noise ratios than TE modes and lower 
frequency modes have better signal-to-noise ratios than 
higher frequency modes.  

Generally speaking, the procedure of microwave 
resonance frequency scanning is complicated mainly 
includes predicting the position of the triplet peaks, 
performing a coarse scanning encompassing all three 
predicted triplet peaks as the setting of specific 
parameters, determining the approximate positions of the 
actual peaks, performing fine scanning which centered on 
each of the three peaks in the triplet, determining initial 
parameters for fitting through coarse and fine scanning, 
extracting the triplet peak frequencies. 

Microwave frequency scanning is the basement of 
high-precision measurements by the way of microwave 
resonances. There exist two main kinds of microwave 
generating and scanning list: frequency uniform scanning 
method and angle uniform scanning method. The 
difference of them is the different scanning rules. 
Frequency uniform method scans between two 
frequencies with a fixed frequency interval, angle 
uniform method generates scanning points of frequency 
with uniform phase angle for each peak.  

Owing to the different scanning rule, distribution of 
the generated scanning points for these two methods has a 
great different as shown in figure 1. It is clear that for 
frequency uniform method, the points near the three 
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peaks are sparse but intensive on the bottom. While the 
distribution of angle uniform is quite opposite to the 
frequency uniform. The uneven distribution of scanning 
points may present the frequency unevenness. For the 
purpose of covering the scanning range much more 
uniform, a mixed method which integrate the advantages 
of these two methods is put forward. Here it is denoted by 
mixed scanning method as the blue lines in figure 1, it 
can be seen that the distribution of scanning points is 
much more uniform. 

 

Figure 1 different distribution of scanning points of scanning 
approaches 

Then another problem comes into being that what 
proportion of these two methods should be chosen. A 
series of research has been finished in order to find a 
suitable proportion for uniform distribution then a much 
more precise uncertainty will be obtained. Figure 2 shows 
the results of the relative change of fitting parameters in 
equation 1 through the measurement at different 
proportions. Here the trends of the A/Aavg (figure2-a), 
B/Bavg (figure2-b), C/Cavg (figure2-c) and D/Davg 
(figure2-d) which present the stability of microwave 
signal are listed. We can see clearly that when we set 25% 
(frequency uniform occupies 25% and angle uniform 
holds 75%), A, B and D are the most stable during 
experiment. Therefore we can determine 25% as the best 
proportion for the microwave resonance frequency 
measurement in SPRIGT. Moreover, the proportion may 
be different for different experiment system. 
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Figure 2 Different distribution of scanning points of scanning 
approaches 

The proposition of this new method and the 
proportion determination are of great significance to the 
high-precision microwave resonance frequency 
measurements at low temperatures. It can not only 
improve the measurement uncertainty of microwave 
resonance but also guarantee the accuracy of the 
thermodynamic temperature obtained from the SPRIGT 
system. 

 III. RESULTS AND DISCUSSIONS 

 
So as to be convinced that this new microwave 

scanning approach is in effect and can be used to measure 
for long time, we carried out a set of experiments. The 
table below shows the single point uncertainty of 
different scanning approaches for 4 microwave modes in 
one microwave resonance frequency scanning cycle. It is 
obvious that the uncertainties for 4 microwave modes of 
frequency uniform scanning method are much bigger than 
those of the other approaches. To ensure the microwave 
resonance measurement uncertainty, we decided to 
abandon the frequency uniform scanning approach. 
Compared with angle uniform method, the uncertainties 
of mixed scanning method are slightly smaller for the 4 
modes. Therefore, it can be the foundation for long-time 
measurement with angle uniform and mixed scanning 
methods. 

 

Table 1.  The single point uncertainty of different scanning 
approaches for 4 microwave modes 

Method TM11 TE11 TM12 TE13 
Frequency 

uniform 
1.56 14.39 3.6 3.23 

Angle uniform 0.32 0.17 0.14 0.96 
Mixed 0.31 0.16 0.13 0.94 

 

The following states the analysis results of 
measuring for 12 hours at 5 K in these two approaches. 
Here only shows the analysis results of only TM11 mode, 
the other three modes are the similar to TM11. Figure 3 
demonstrates the frequency result of angle uniform 
scanning method by Allen variance. And the result of 
analysing that of mixed method in the same way is shown 
in Figure 4. These two measurement are both taken under 
vacuum, unfortunately, the level of temperature control is 
totally different owing to the influence of external 
environment. The 12 hours measurement of angle 
uniform method are implemented when the standard 
deviation of temperature control is 0.029 mK. However, 
it is 0.0694 mK of mixed method, much bigger than angle 
uniform. Temperature control precision has a big impact 

on the frequency stability, but we can see from the figures 
that the long-time stability of angle uniform is about 
0.009 ppb and 0.008 ppb of mixed method (the 
integration time are both 3 hours). It is also clearly to see 
that collecting by mixed method is much more stable then 
we could use it for long-time measurement. 

 

 

Figure 3 Allen variance result of angle uniform scanning 
method measurement for 12 hours 

 

Figure 4 Allen variance result of mixed scanning method 
measurement for 12 hours 

As can been seen above, so as to get the thermo-
dynamic temperature T of SPRIGT system, the data 
collection from 5K to 25K is indispensable. Foras-
much, it is necessary to test the result of mixed scan-
ning method. We test these three kinds of scanning 
approaches from 16 to 22K for 4 microwave modes. 
The results of the three scanning methods for 4 modes 
is shown in Figure 5, through comparing the single 
point uncertainty of three methods for 4 modes, we 
can see that the uncertainty at different temperature 
has no big difference for 4 modes. Then we can say 
that this new method can be used in SPRIGT system. 
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Figure 5 Comparsion results of three scanning methods from 
16K to 22K 

 IV. CONCLUSIONS 

The SPRIGT experiment system has been established 
in TIPC so as to verify the feasibility of single pressure 
refractive index gas thermometry. The microwave reso-
nance frequency scanning approaches have been investi-
gated in order to accomplish high-precision microwave 
measurement. And one novel method called mixed meth-
od has been put forward. We have described the meas-
urement effect of this method for not only one microwave 
scanning cycle at different temperature for different mi-
crowave modes but also long-time stability measurement. 
After comparing the results of this new one with the other 
two methods, we insure that this method can be used in 
the SPRIGT system covering the studied temperature 
range. When we set the integration time as 3 hours, the 
standard deviation of continuous measurement for 12 h was 
0.008 ppb.  At our knowledge, it is the first time that such 
scanning method successfully used in the experiment sys-
tem. And this mixed method can be widely used in other 
fields to improve the measurement uncertainty. 
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