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______________________________________________________________________________ 

Abstract 

This report presents an analytical model for noise in a bolometer readout circuit, followed by its 

comparison with the noise measured in a sapphire bolometer setup consisting of an indigenously 

developed neutron transmutation doped Ge temperature sensor. A detailed noise characterization 

with the help of the analytical model and the measured data has been carried out over a 

temperature range of 10 – 40 mK. These measurements were performed in two different dilution 

refrigerators, a dry dilution refrigerator CFDR-1200 and a conventional wet MicroKelvin 

dilution refrigerator DRS-1000. The effect of variation in sensor resistance on the noise baseline 

of a bolometer readout circuit has been studied and presented in this report. 
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 1. Introduction 

A cryogenic bolometer detector with neutron transmutation doped (NTD) Ge thermistor 

offers an excellent energy resolution and high sensitivity which makes it an ideal choice to be 

used in several rare decay experiments such as neutrinoless double beta decay (NDBD) and dark 

matter searches [1, 2]. Ideally the performance of a bolometer detector is expected to be superior 

due to good intrinsic resolution [3]. However, in practice, resolution is limited by the noise 

contributed from the external sources. One of the major external factor is the noise contributed  
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due to the electrical and electronic components in the bolometer readout circuit. The readout 

circuit consists of a sensor biasing circuitry with a high bias resistor, a front-end preamplifier and 

higher stage amplification, cable capacitance and the NTD Ge sensor at mK temperature. In 

order to understand the effect of noise from different components and to predict the baseline 

noise for a bolometer, an analytical model for noise in the readout circuit needs to be derived. 

A tin cryogenic bolometer detector (TIN.TIN–The INdia-based TIN detector) [4] is being 

developed to search for NDBD process in 124Sn in the upcoming India-based Neutrino 

Observatory (INO). At Tata Institute of Fundamental Research, Mumbai, a prototype bolometer 

test setup with a sapphire absorber and indigenously fabricated NTD Ge sensor [5] is developed 

for initial testing in a cryogen-free dilution refrigerator CFDR-1200 (Leiden Cryogenics) [6]. 

The detailed noise measurement of an NTD Ge sensor and the effect of external noise pickups on 

the performance of the bolometer is already reported in Ref. [7]. In this report, an analytical 

model for noise in a bolometer readout circuit is presented. Noise measurement in a sapphire 

bolometer with NTD Ge sensor is taken at different temperatures (10 – 40 mK) in a dry dilution 

refrigerator (CFDR-1200) as well as in a wet MicroKelvin dilution refrigerator DRS-1000 

(Leiden Cryogenics) [8]. The measured noise data for the sapphire bolometer setup and its 

comparison with the analytical model is presented. 

2. Analytical model for bolometer noise 

The bolometer readout circuit and its equivalent noise model is shown in Figure 1. Here, we 

have not considered the noise from the sensor bias voltage VS as its thermal noise voltage 

(~ 50 nV/√Hz) is negligible as compared to the thermal noise of bias resistor RL (~ 20 GΩ, 

equivalent to a thermal noise voltage of 18.2 µV/√Hz) at room temperature. The thermal noise 

for bias resistor RL and sensor resistor RS is defined as 

                                                      LLRLn BRkTe 4,                 (1) 

                                                     SSRsn BRkTe 4,                 (2) 

where, TL and TS are temperature of bias resistor and sensor resistor in Kelvin, respectively, B is 

bandwidth in Hz and k is Boltzmann constant. The contribution of noise at amplifier’s input from 

each sources can be calculated separately by switching off all the other noise sources. 

(a) Noise contribution (eL) at amplifier’s input due to bias resistor RL: 
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Eq. 3 depicts the behavior of a low pass filter (LPF). It can be seen from Eq. 3 that only a 

small fraction   LSS RRR   of thermal noise from RL (en,RL) reaches to the amplifier’s input at 

0 . For RL = 20 GΩ at 300 K (en,RL = 18.2 µV/√Hz) and RS = 500 MΩ (typical resistance of 
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Figure 1: (a) Bolometer readout circuit (b) its equivalent noise model. Here, RL: Bias resistor, RS: NTD 

Ge resistor, CL: Cable capacitance, VS: Sensor bias voltage, en,RL: Thermal noise of RL, en,RS: Thermal 

noise of RS, in,a: Input current noise density of amplifier, en,a: Input voltage noise density of amplifier. 

NTD Ge sensor, which cools to around TS = 40 mK in our case), the contribution of thermal 

noise from RL at the amplifier’s input is eL = 0.44 µV/√Hz, which is still a large value. The noise 

contribution eL further reduces as the frequency is increased for a finite cable capacitance CL.   

(b) Noise contribution (eS) at amplifier’s input due to sensor resistor RS: 
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Eq. 4 also depicts the behavior of an LPF. It can be seen from Eq. 4 that almost unity fraction 

  LSL RRR   of thermal noise from RS (en,Rs) reaches to the amplifier’s input at 0 . For 

RL = 20 GΩ at 300 K and RS = 500 MΩ at TS = 40 mK (en,Rs = 33.23 nV/√Hz), the contribution 

of thermal noise from RS at the amplifier’s input is eS = 32.42 nV/√Hz. The noise contribution eS 

further reduces as the frequency is increased for a finite cable capacitance CL.  

(c) Noise contribution (en,i) at amplifier’s input due to input current noise density in,a: 
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where, LSeq RRR // . Eq. 5 also shows a behavior of an LPF. At 0 , en,i = 0.78 µV/√Hz for 

in,a = 1.6 fA/√Hz. 

(d) Noise contribution (en,a) at amplifier’s input due to input voltage noise density: 

The input voltage noise density of an amplifier (en,a) is due to two factors: the first one is a 

white noise (a frequency independent noise) whereas the other contribution is flicker noise 

(inversely proportional to frequency). The input voltage noise density (en,a) can then be written 

as, 
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where, Aawhite BRkTe 4 , Ta is temperature of amplifier in Kelvin, RA is equivalent noise 

resistor of amplifier and fc is flicker corner frequency. Eq. 6 is a frequency dependent term due to 

flicker noise. There is strong frequency dependence for f<fc. For higher frequency (f>fc), en,a 

coincides with the thermal noise floor (ewhite). 

Therefore, the total input voltage noise density, en,in, (referred to input of the amplifier) and 

the total output voltage noise density, en,o, (referred to output of the amplifier) can be written as, 
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where A is voltage gain of amplifier in V/V. 

Let us consider a practical situation with a load capacitance, CL = 200 pF and RL = 20 GΩ. 

The sensor resistance is assumed to be 500 MΩ at TS = 40 mK. The amplifier (Femto DLPVA-

100-F differential amplifier) has a typical noise characteristics of ewhite = 6.9 nV/√Hz, 

in,a = 1.6 fA/√Hz, fc = 80 Hz and it is set to a voltage gain of 60 dB (A = 1000). Assuming 

n = 1.5, the magnitude of noise contributions from different sources as well as the total input 

voltage noise density at different frequencies are calculated from the analytical model and are 

given in Table 1. In the low frequency region below 100 Hz, input voltage noise density (en,in) is 

high, whereas in the high frequency region above 100 Hz, en,in is mainly due to amplifier’s   

Table 1: Magnitude of noise voltages from different sources in a bolometer readout circuit. 

Frequency 

(Hz) 

eL 

(nV/√Hz) 

eS 

(nV/√Hz) 

en,i 

(nV/√Hz) 

en,a 

(nV/√Hz) 

en,in 

(nV/√Hz) 

0.1 443.04 32.36 779.03 347.12 961.62 

1 378.49 27.64 665.51 62.1 768.62 

10 71.50 5.22 125.72 12.96 145.31 

100 7.24 0.53 12.74 7.17 16.32 

1000 0.72 0.05 1.27 6.91 7.06 
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voltage noise (en,a) and therefore is independent of frequency and sensor temperature/resistance. 

It is also observed from the analytical model that the magnitude of noise in the low frequency 

region increases with higher sensor resistance (or lower sensor temperature). 

3. Measurement and results 

A sapphire bolometer test setup with indigenously NTD Ge sensor is developed as shown in 

Figure 2. More detailed description of the setup is described in Ref. [7]. Resistance and noise 

measurements for DB27 sensor were taken both in CFDR-1200 and MicroKelvin refrigerator 

(DRS-1000) and are described in the following sub-sections. 

3.1. Resistance measurements of DB27 

Resistance measurements for DB27 sensor were taken in CFDR-1200 and MicroKelvin 

refrigerator for a temperature range of 10 – 450 mK. The resistance, RS, is measured by applying 

an excitation current signal and measuring the voltage signal across the sensor as described in 

Ref. [7]. For resistance measurement in NI-DAQ card, a square wave excitation VS is applied to 

the sensor through a high bias resistor (RL = 20 GΩ) and sensor resistance RS is evaluated from 

the measured output waveform Vo (See Figure 1a). For measurement of resistance below 2 MΩ, 

AVS-47B resistance bridge is used. The measured resistance as a function of mixing chamber 

(MC) temperature (TMC) is plotted in Figure 3. The measured resistance is fitted with standard 

Mott behaviour as given by the following equation.  

 

Figure 2: Schematic view of the sapphire bolometer setup. 
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Figure 3: Measured resistance of DB27 as a function of TMC along with fitted Mott-curve. 
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For the measured data in CFDR, resistance data in the temperature range of 100 – 400 mK is 

used for fitting and the fitted coefficients comes out to be R0 = 10.2 Ω and T0 = 12.2 K. Whereas 

for MicroKelvin refrigerator, resistance data in the temperature range of 100 – 450 mK is used 

for fitting and the fitted coefficients comes out to be R0 = 62.4 Ω and T0 = 12.1 K. The fitted 

Mott-curve is also extended below 100 mK for comparison with the measured resistance data. 

The values of T0 obtained in both the measurements are found to be within 10% as compared to 

the earlier measurements for DB27 sensor. However, the values of R0 is quite different for these 

two runs. It should be noted that the value of R0 for NTD Ge sensor also depends on the contact 

resistance as well as contact positions among other factors. As the bolometer test setup was 

reassembled after the first measurement in CFDR-1200, the variation in contact fabrication could 

be responsible for the observed differences in R0.  

It can be seen from the measured plot given in Figure 3 that resistance of DB27 gets 

saturated at lower temperature below 50 mK in both the cases (CFDR and MicroKelvin 

refrigerator). Assuming that the DB27 sensor follows Mott-behavior over the entire temperature 

range, the actual sensor temperature TS is calculated from the measured resistance value of DB27 

and the fitted Mott-parameter and it is given in Table 2. It can be seen from Table 2 that DB27 

cools to slightly lower temperature (~ 32 mK) in MicroKelvin refrigerator as compared to 38 mK 

in CFDR-1200. The corresponding plot for MC temperature (TMC) Vs actual sensor temperature 

(TS) for CFDR and MicroKelvin refrigerator is shown in Figure 4. The cable capacitance CL in 

CFDR and MicroKelvin refrigerator is also roughly estimated from the RC time constant of the 

measured output square waveform. For CFDR, cable capacitance CL comes out to be in the range  
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Table 2: Resistance of DB27 at different temperatures in CFDR and MicroKelvin refrigerator. TS is 

derived from the fitted Mott-curve. [Text in Italic represents data taken on AVS resistance bridge whereas 

non-Italic text represents data taken on a NI-DAQ card]. 

CFDR measurements MicroKelvin refrigerator measurements 

RS (MΩ) TMC (mK) TS (mK) RS (MΩ) TMC (mK) TS (mK) 

594.2 10 38.3 16360 11 32.1 

587 15 38.3 9260 22 34.1 

442.7 20 39.6 4000 32 37.3 

270.5 30 41.9 1500 40 41.8 

99.37 40 47.3 488 50 47.9 

35.48 50 54.0 50 70 65.3 

5 70 71.3 4.6 100 96.1 

0.63 100 100.6 1.2 119 124.0 

0.203 125 124.9 0.3655 170 160.4 

0.0873 150 149.3 0.083 200 233.3 

0.02606 200 198.8 0.0863 240 230.8 

0.00811 275 274.4 0.0335 315 305.5 

0.00249 400 404.8 0.0118 450 439.2 

 

 

Figure 4: TMC Vs TS for CFDR and MicroKelvin refrigerator. 

of 800 –1300 pF over the temperature range of 10 –30 mK. Whereas for MicroKelvin 

refrigerator, CL comes out to be in the range of 1200 – 1800 pF over the temperature range of 

10 – 70 mK. More accurate measurement of CL will be carried out in near future. Here we have 

chosen a mean cable capacitance for further analysis, i.e., 1050 pF for CFDR and 1500 pF for 

MicroKelvin refrigerator. 
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3.2. Noise measurement of DB27 

Noise measurements were taken for DB27 sensor using NI-DAQ card in the frequency range 

of 0.5 – 25000 Hz with a sampling rate of 50 kHz and number of sample as 200 kSample, which 

gives a resolution bandwidth (RBW) of 0.25 Hz. Since NI-DAQ doesn’t provide an absolute 

noise measurement, the measured noise data is calibrated against a known noise source. It can be 

seen from analytical model as well as from Table 1, en,in is strongly dependent on the sensor 

resistance RS in the low frequency region. However in the high frequency region, en,in is 

determined by the white noise of the amplifier ewhite, which is 6.9 nV/√Hz for Femto amplifier. 

The low frequency behavior of en,in from the measured data as well as from the analytical model 

has been plotted for 10 – 40 mK upto a frequency of 20 Hz for CFDR and MicroKelvin 

refrigerator and it is shown in Figure 5 and Figure 6. Although, noise derived from the model is 

plotted from 0.1 – 20 Hz, reliable measured noise data was available from a frequency of 0.5 Hz. 

It can be seen from Figure 5 for CFDR noise measurement, the model matches very well with the 

measured noise data. If we look at the noise data derived from the model, noise in the very low 

frequency region below 1 Hz is higher for lower TMC (higher sensor resistance RS). In the 

measured data also, the low frequency noise below 1 Hz is higher for lower TMC (higher sensor 

resistance RS) except for measured noise data at TMC = 20 mK where we get a higher noise as 

compared to other temperatures. It is also observed that magnitude of noise becomes independent 

of sensor resistance above 3 Hz for measured data in CFDR. 

In case of MicroKelvin refrigerator also, the model predicts higher noise for higher RS or for 

lower TMC. However, there is a little offset between the measured and predicted data. The reason 

for this may be an under estimation of load capacitance ‘CL’ while deriving the noise from the  

 

Figure 5: DB27 noise data with zero bias in CFDR at 10 – 40 mK. 
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Figure 6: DB27 noise data with zero bias in MicroKelvin refrigerator at 11 – 40 mK. 

analytical model. If we compare the noise data for CFDR and MicroKelvin refrigerator in 

Figure 5 and Figure 6, the slope with which magnitude of noise is falling at low frequency is 

much steeper in case of MicroKelvin refrigerator (due to very high resistance) as compared to 

CFDR. It is also observed that magnitude of noise becomes independent of sensor resistance 

above 0.5 Hz (as compared to 3 Hz for CFDR) for measured data in MicroKelvin refrigerator. 

Noise data in the higher frequency region for CFDR at TMC = 10 mK and MicroKelvin 

refrigerator at TMC = 11 mK is shown in Figure 7 and Figure 8. In both the cases (Figure 7 and 

Figure 8), noise in the high frequency region is independent of frequency and it is dominated by 

the white noise (ewhite = 6.9 nV/√Hz for Femto amplifier) of the amplifier. There are several high 

frequency pickups due to 50 Hz line supply, vacuum pumps and gauges and other units of the 

system. For example, a noise pickup of 36.28 nV at 827.5 Hz is found to be originated from one 

of the vacuum pump in CFDR system. There are noise pickups originated from line supply 

(50 Hz and its harmonics) in case of MicroKelvin refrigerator, which may be arising due to some 

ground loops in the system. 

We have also taken noise measurement of DB27 sensor by applying a very high DC bias 

voltage (VS = 10 V) and it is shown in Figure 9 and Figure 10 for CFDR and MicroKelvin 

refrigerator respectively. Since the sensor will heat up with such a high DC bias voltage and 

resistance will not remain same, it is difficult to predict the noise data from analytical model 

unless resistance measurement with 10 V sensor bias is carried out. In both the figures (Figure 9 

and Figure 10), the rate with which magnitude of noise is falling with frequency is small as 

compared to the noise data with zero bias. 
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Figure 7: DB27 noise data with zero bias in CFDR at TMC=10 mK (TS = 38.3 mK). 

 

Figure 8: DB27 noise data with zero bias in MicroKelvin refrigerator at TMC=11 mK (TS = 32.1 mK). 
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Figure 9: DB27 noise data with 10 V bias in CFDR at TMC=10 mK (TS = 38.3 mK). 

 

Figure 10: DB27 noise data with 10 V bias in MicroKelvin refrigerator at TMC=11 mK (TS = 32.1 mK). 

4. Conclusion 

In this report, noise in a bolometer readout circuit has been modelled and an analytical 

equation has been derived to understand the effect of noise from different circuit components. 

Noise measurement on a test sapphire bolometer with NTD Ge thermistor is taken over a 
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temperature range of 10 – 40 mK in a dry dilution refrigerator (CFDR-1200) and a wet 

MicroKelvin dilution refrigerator (DRS-1000). We showed that the prediction of noise with 

analytical model is well in agreement with the measured noise data. It is observed that the input 

voltage noise density (referred to the input of the amplifier) in the very low frequency region 

(below 10 Hz) is mainly contributed by the thermal noise from the bias resistor and the input 

current noise density of the amplifier, which is flowing through the high sensor resistance. In the 

high frequency region, overall noise in the readout circuit is decided by the amplifier’s voltage 

noise density ewhite (ewhite = 6.9 nV/√Hz for Femto amplifier). Further improvements in the 

baseline noise will be achieved by using a cryogenic preamplifier coupled to a high gain 

differential amplifier with lower noise characteristics in near future.      
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