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Abstract – In this paper we propose a feedback measurement 
system, with thermoresistive sensor, based on sigma-delta 
modulation. The system uses a one-bit sigma-delta modulator for 
which a considerable part of the conversion functions is performed 
by a thermoresistive sensor. The sensor is modelled using the power 
balance principle and the constant temperature measurement 
method is employed. This transducer architecture is able to realize 
digital measurement of physical quantities that interacts with the 
sensor: temperature, thermal radiation and fluid velocity. This 
paper presents simulations and validates the structure of the sigma-
delta converter as an anemometer. The advantage to directly 
convert physical quantities to digital, with the sensor as part of the 
A to D converter, makes possible the implementation of this 
measurement system in an integrated circuit. Another advantage of 
the IC implementation of this structure is the possibility to reduce 
noise interference due to discrete component connections in a 
printed circuit board. 
 
Keywords – Thermoresistive sensor, Anemometer, Sigma–delta 
modulation, Constant temperature architecture, Microsensors. 

I. INTRODUCTION 

Negative feedback system configurations with 
thermoresistive sensor using the power balance principle 
have been employed in the measurement of thermal radiation 
[1-3], fluid velocity [4,5], and temperature [6]. In the most 
used method, called constant temperature, the sensor is 
heated by Joule effect to a chosen operating temperature and 
the thermal radiation, fluid velocity, or temperature variation 
is compensated by a change in electrical heating due to the 
employed negative feedback, and the sensor is kept at an 
almost constant temperature. 

The Wheatstone bridge, with the sensor in one of its arms, 
is the most used configuration to implement the measurement 
system with a sensor heated to a constant temperature, either 
with continuous or pulsed signal (PWM) feedback. Another 
attractive possibility is the use of a sigma–delta 
configuration, with the sensor as part of the sigma-delta 
feedback loop [8]. 

The 1-bit sigma–delta modulator is a feedback analog to 
digital configuration where the output signal is an 
oversampled digital version of the analog input signal [9]. 
Sigma–delta modulator has been employed, in signal 

processing, to convert analog signals to digital using simple 
analog circuitry and with relatively complex digital circuits. 
These sigma–delta converters are recognized to be robust, 
simple architecture and high performance A/D converters. 

This work presents an anemometer configuration 
composed of a 1-bit sigma–delta modulator where some of its 
constituting blocks are substituted by the thermoresistive 
microsensor. Simulation results are presented for two 
structures of sigma-delta converters using standard input 
signals (step and sine wave). The first simulated structure has 
only the functional characteristics of the physical system, 
which is used for studying the system behaviour, but it cannot 
be implemented on an integrated circuit. The second 
simulated structure is similar to the first one but can be 
implemented on an integrated circuit. 

II. PROBLEM DEFINITION 

The dynamic heat equation for a thermoresistive sensor is 
expressed by [3, 4]: 

( )
dt

dTmcTThSHSP s
fse +−=+ α  (1) 

In (1), αSH is the incident thermal radiation absorbed by 
the sensor, Pe = I2

sRs is the electrical power delivered to the 
sensor, h is the heat transfer coefficient referred to the sensor 
surface area S, Ts is the sensor temperature, Tf is the 
surrounding fluid temperature, m is the sensor mass, c is the 
sensor specific heat. The sensor temperature, Ts, can be given 
by: 

( )dtTThSRIHS
mc

T
t

fssss ∫ ∞−
−−+= 21 α  (2) 

 
Figure 1. Block diagram of a first order sigma-delta modulator. 
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Figure 1 shows the block diagram of a first-order sigma-

delta modulator. The summing and integrating blocks are in 
evidence, and show a similarity with (2). 

The idea of including the microsensor into a 1-bit first-
order sigma–delta loop comes from the mentioned similarity 
and from the fact that the sensor temperature response curve 
leads to an almost exponential function in response to a 
squared current step, for small amplitudes. Thus, considering 
that the sampling frequency, fs, is much greater than the 
sensor linear transfer function pole, this exponential can be 
approximated by an integration function in which the gain is 
the exponential function initial slope [3]. Considering that the 
step responses for an ideal integrator and for the exponential 
function are almost coincident up to 10% of the exponential 
time constant, some studies were carried out analyzing the 
small signals model for the sigma–delta converters employed 
for the measurement of thermal radiation and environment 
temperature. Based on these studies and assuming that H is 
equal to zero, we propose a structure based on sigma–delta 
modulation for estimating the fluid velocity, ϑ. Hence, Ts, 
can be expressed by: 

( )dtTThSRI
mc

T
t

fssss ∫ ∞−
−−= 21 . (3) 

The thermoresistor microsensor used has a positive 
temperature coefficient, PTC. The thermal behavior 
mathematical model of the PTC is given by [4]: 

( )1s o s fR R T T = + β − 
 (4) 

where Ro is the sensor resistance at 0 oC and β is the thermal 
coefficient, which depends on the sensor material.  

The heat transfer coefficient, h, can be given by: [10] 
nbah ϑ+= , (5) 

where a, b and n are constants to be determined 
experimentally for a given microsensor  specific operating 
conditions [11] and ϑ  is a fluid velocity.[12]. 

Combining (3) and (5), considering the substitutions: I2
s 

for Ys, assuming the condition of static thermal balance and 

that the sensor temperature is kept almost constant, one can 
write: 
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Figure 2 shows the thermoresistive microsensor 
behavioural model, given by (3), used as a component in the 
continuous current model of the proposed anemometer. From 
Figure 2, it can be observed that ϑ and the sensor squared 
current, I2

s, are the input signals whereas the sensor 
temperature, Ts, is the output signal. 

A. Continuous current modulator Σ−∆ model 

The block diagram of the continuous current (CC) Σ−∆ 
modulator model is shown in Figure 3, for which Ts(t) is the 
sensor temperature and ϑ(t) is the measurand. Tso and Yso are 
the sensor temperature and the sensor squared current, 
respectively, in thermal equilibrium. The current gain is 
obtained from (5) with ϑamax and ϑamin being, respectively, the 
upper and lower limit of the fluid speed range. The Current 
gain can be expressed by: 

( ) max min

2

n n
a a

so s f
so

SbY T T
R

  ϑ − ϑ
∆ = −  

   
. (7) 

As shown in Figure 3, there are two inputs at proposed 
model that makes its implementation unpractical: a) the first 
one is the sensor model squared current input; b) the second 
one is a non-electrical quantity (Ts) at the quantizer input. 
Therefore, this continuous current model works for validating 
the sigma-delta anemometer behavior and for the comparison 
with the model to be implemented. 

B. Pulsed current modulator Σ−∆ model. 

Figure 4 shows the pulsed current (PC) Σ−∆ modulator 
model, a modified version of the continuous current model 

 
Figure 2. Block diagram of the PTC sensor model. 

 

Figure 3. Block diagram of the continuous current Σ−∆ modulator model. 



 
including a pulse width modulator (PWM), and a sample and 
hold block for the voltage during current pulse. To obtain this 
model, we firstly substitute sensor squared current for a pulse 
width modulated current (I2

sef), which is given by: 

PWM
msef T

II δ∆= 22  (8) 

where Im, TPWM and ∆δ are the pulse amplitude, period and 
pulse width proportional to the PWM input, respectively. 
Secondly, we substitute the sensor model output, Ts(t), for the 
sensor voltage, Vs(t). 

In the pulsed current model, the PWM generated current 
substitutes the model input Is

2 with a pulsed current (Figure 
4), which is proportional to ∆δ and Isef

2. The PWM generates 
only two pulse widths, for the quantizer outputs +1 and -1. In 
thermal equilibrium, the pulse width has a theoretical value 
equal to 50% of TPWM. The information of current gain is now 
in the pulse width, which has a nonlinear relationship with 
the air velocity, given by: 

( )max min
2

1 ( )
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a a

S f
PWM m so

b
S T T a

T I R
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δ
ϑ ϑ  (9) 

The Figure 4 shows the pulsed current Σ-∆ modulator 
model, a modified version of continuous current transducer 
model including a PWM, and a sample & hold (Zero order 
Hold) for the voltage during PWM current pulse. The Delay 
block (transport delay) is included, only in simulation, to 
guarantee the sampling during PWM current pulse. The 
sampled voltage between sensor terminals, in thermal 
equilibrium condition, is given by. 

somso RI=V  (10) 

If Vso is kept constant by the feedback loop, Rs is also 
constant and therefore, the sensor temperature too. 

III. SIMULATION RESULTS 

The PTC sensor parameters used to test both systems 

were: β = 0.000784°C-1, Ro =102 Ω, mc=292.56 10-12 J °C-1, 
S = 4x10-9 m2 [11]. Also, for both system: Tso = 80 °C, ϑamin = 
0 m/s, ϑamax = 20 m/s, Tfo = 30 °C, p = 1.17x106 rad/s, OSR 
(Over Sampling Rate) = 256. 

The continuous current (CC) model characteristics were: 
Yso = 4.61 10-4 A2, ∆Yso = 2.95 10-4 A2. The pulsed current 
(PC) model characteristics were: Im = 0.03 A, TPWM=0.0125. 

A fluid velocity step degree from 5 m/s to 10 m/s was 
applied to the input of continuous current system and to the 
input of the pulsed current system. The output sensor 
temperature, Ts, and the estimated fluid velocity, ϑ[n], were 
observed in both systems. Figure 5 and Figure 6 show that 
sensor temperature quickly gets to around 80 °C and remains 
around this temperature value. 

The detail, in Figure 7 and Figure 8, shows that this 

 

Figure 4. Block diagram of the Pulsed current Σ−∆ modulator model. 

 
Figure 5. Continuous current model: Sensor temperature response to a step of 

fluid velocity. 

 
Figure 6. Pulsed current model: Sensor temperature response to a step of 

fluid velocity. 



 
variation remains between 79.991 °C and 80.004 °C for the 
continuous current system and between 79.986 °C and 
80.009 °C for the pulsed current system. This variation 
depends on input fluid velocity amplitude and system 
resolution. Also, it can be observed that the sensor 
temperature signal pattern is similar to the integrator output 
signal pattern of the Σ-∆ modulator, 

Figure 9 and Figure 10 show the estimated fluid velocity 
for the continuous current system and for the pulsed current 
system, respectively. The average value of fluid velocity 
begins at 5 m/s and moves to nearly 10 m/s after the step 
time. 

From Figure 11, the estimated fluid velocity response to a 
step input can be detailed observed. The value of the 
estimated fluid velocity for the CC model is around 10 m/s 
and for the PC model, it varies between 9.98 and 10.02 m/s. 

The PC model estimation error is due to the system dynamic 
response to the pulsed input current. This error could be 
reduced applying a shorter pulse period in the PWM, 
although, the minimum time period is limited by the chosen 
technology to be employed. 

A sine wave signal (representing the fluid velocity) given 
by ϑ(t)=[10+10sin (πt/105)] m/s was applied to the continuos 
and pulsed current system input and the estimated fluid 
velocities, ϑ[n], were observed as shown in Figure 12 and 
Figure 13, respectively. 

Figure 14 shows a detail of the estimated fluid velocity 
response to a sine wave input for both CC and PC models. 
The PC model response shows a considerable loss of 
dynamic resolution near to the positive upper limit of the 
measurement range, when compared to the CC response. This 
is due to an approximation where the temperature is 

 
Figure 7. CC model: Sensor temperature response detail to a step of velocity. 

 
Figure 8. PC model: Sensor temperature response detail to a step of velocity. 

 
Figure 9. CC model: Estimated velocity, response to a sine wave velocity. 

 
Figure 10. PC model: Estimated velocity, response to a sine wave of 

velocity. 



 
considered to be constant, in the fluid velocity estimation. In 
practice, the temperature is not constant but varies around a 
value, which is, in this case, 80 º C. Hence, it can be observed 
that the continuous current model presents a better resolution 
than the pulsed one 

IV. CONCLUSION 

The pulsed current fluid velocity architecture, as an 
equivalent system to the continuous current architecture, 
realized the expected A/D conversion with good resolution 
when compared to the CC architecture. 

The simulation results obtained for the PC model were 
satisfactory, either for the sensor temperature variation as for 
the fluid speed estimation. The PC architecture does not need 

to employ a 1-bit D/A converter, since this function is carried 
out by the PWM block. As the CC architecture is not a 
feasible one, the PC architecture has shown to be acceptable 
for conceiving an integrated circuit anemometer, integrating 
both circuits and sensor in a single chip, which directly 
converts the physical quantity to a digital signal.  
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Figure 11.PC and CC systems estimated fluid velocity response to a step 

input, after output stabilization. 

 
Figure 12. Estimated fluid velocity corresponding to a sinusoidal input 

applied to the continuos current model. 

 
Figure 13. Estimated fluid velocity corresponding to a sinusoidal input 

applied to the pulsed current model. 

 
Figure 14. Detail of both system estimated fluid velocity response to a 

sinusoidal input. 
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