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Abstract: An event-driven modeling technique in standard VHDL is presented in this paper for the 
high level simulation of a resistive bolometer operating in closed-loop mode and implementing smart 
functions. The closed-loop mode operation is achieved by the capacitively coupled electrical 
substitution technique. The event-driven VHDL modeling technique is successfully applied to 
behavioral modeling and simulation of such a multi-physics system involving optical, thermal and 
electronics mechanisms. The modeling technique allows the high level simulations for the 
development and validation of the smart functions algorithms of the future integrated smart-device. 
Copyright © 2012 IFSA. 
 
Keywords: Top simulation, Standard VHDL, Smart sensor, Bolometer. 
 
 
 
1. Introduction 
 
Smart sensors, defined according to the IEEE 1451.2 as sensors “that provide functions beyond those 
necessary for generating a correct representation of a sensed or controlled quantity” [1], are more and 
more common on the market. These devices integrate on a single chip or in a single package the 
sensor, its analogous conditioning electronics, some digital electronics for control and data 
transmission, feedback means, and possibly RF means [2]. The development of such devices 
combining analogous, digital electronics and physical transducers implies the availability of tools for 
the design and the validation. Especially, high-level simulation tools are required for the validation of 
the algorithms implementing the smart functions. Smart functions are for instance self-calibration, 
identification, or self-test. 
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From the sensor side, multi-physics design and simulation softwares exist that allow this type of 
simulation. From the electronics or algorithm side, modeling using VHDL-AMS, Verilog-AMS has 
been proposed [3]. As far as top validation is concerned, i.e. test of embedded algorithms in their 
operating context, these modeling techniques exhibit huge simulation times that are not compatible with 
the tuning and optimization of the algorithms and usually suffer from convergence issues. For complex 
mixed analogous-digital electronics circuits, some designers have an unusual use of the standard VHDL 
language combined with mathematical packages to model such mixed systems, and proceed to event-
driven simulation. Such simulations prevent the convergence issues and drastically reduce the 
simulation time [4, 5]. 
 
In this work, for the first time to our knowledge, we use the standard VHDL modeling and event-driven 
purely digital simulations during the design and development of a smart-bolometer for the validation of 
algorithms implementing smart functions. This work takes place at the beginning of the design and the 
development of integrated smart-bolometers. The smart-sensors considered consist in uncooled resistive 
bolometers and the implementation of the capacitively coupled electrical substitution [6, 7] that enables 
the closed loop operation of the bolometers and the implementation of smart functions. 
 
Uncooled resistive bolometers are one kind of infrared sensors. Among the thermal detectors, resistive 
bolometers are the most commonly met due to the simplicity of their fabrication process, compatible 
with the semiconductor industry. Uncooled bolometers represent more than 95% of the market of 
infrared imaging systems in 2010 and the sales volume is expected to triple by 2015 [8]. In that context, 
our work is to develop bolometers with self-test, self-calibration and identification function, i.e. smart-
bolometers. 
 
The paper is organized as follows. The first section describes the detection principle of a resistive 
bolometer and the capacitively coupled electrical substitution for the feedback. The second section 
presents the standard VHDL modeling of the system. The results section exhibits some simulation 
results that illustrate the potential of the standard VHDL modeling technique to validate the functional 
behavior of multi-domain systems. The results also show that this modeling technique answers the need 
for high level simulation tools to validate the algorithms implementing smart functions. The purpose of 
such simulations is to validate the functionality of the device not the performances; that is why neither 
noise nor linearity have been modeled in this work but both could be added if necessary in the future. 
 
 
2. Description of the System 
 
The device is a closed-loop system composed of a resistive bolometer, its conditioning electronics and 
the capacitively coupled electrical substitution feedback part. 
 
 
2.1. Uncooled Resistive Bolometer 
 
The operating principle of an uncooled resistive bolometer is illustrated in Fig. 1. An uncooled 
resistive bolometer converts absorbed infrared (IR) radiation into heat, which in turn changes the 
resistance of a sensing resistor. The sensing resistor is current biased. A bolometer can be modeled as 
an IR-sensitive element of thermal mass Cth linked via a thermal conductance Gth to a substrate acting 
as a heat sink. The performance of the bolometer is characterized by figures of merit such as the 
temperature coefficient of resistance (TCR or α) of the temperature sensing resistor, its responsivity 
(R), its specific detectivity (D*) and its effective time constant (τeff=Cth/Geff, where Geff is the effective 
thermal conductance which depends on Gth) [9]. The responsivity describes the variations of the output 
voltage signal (vTbolometer) depending on the IR input radiation (pradiation()) and it is expressed by the 
transfer function of the bolometer as follows: 
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where η is the absorption coefficient of the absorption layer of the device, IBIAS is the bias current, RB 
is the bolometer resistance (sensing resistor). The design of a resistive bolometer results from a 
tradeoff between responsivity and time constant, under fabrication constraints. Improved responsivity 
is obtained with small thermal conductance, but this negatively impacts the time constant (τeff).  
 
 

 
 

Fig. 1. Schematic of a resistive bolometer. The incident IR power is absorbed and converted into heat.  
The heat rises the temperature of the sensing resistor which is thermally coupled to a heat sink at T0.  

The resistance change of the sensing resistor is measured. 
 
 
2.2. Feedback Technique 
 
A way to overcome this trade-off is to operate the bolometer in closed-loop mode. In that case, usually 
Joule heat is used as feedback means and technique is referred to as electrical substitution [10, 11]. 
 
Three techniques of implementation exist for the closed-loop operation: 
 
(i) Direct feedback [12, 13] suffering from stability issues, 
(ii) Feedback using an extra heating source [10, 11], 
(iii) Capacitively coupled feedback on the sensing resistor [6, 7] that combines the advantages of the 

two previous solutions. The digital implementation of the capacitively coupled feedback 
technique, used in this work, is illustrated in Fig. 2 and described in details in [6, 7]. 

 
The principle is to dissociate the electrical and thermal working points according to a frequency basis. 
It consists in the use of a high frequency modulated signal for the heat feedback voltage applied to the 
sensing resistor. This implementation can be applied to any kind of uncooled resistive bolometer. The 
digital implementation, involving pulse width modulation (PWM) or Sigma-Delta modulation, enables 
the linearization of the feedback path as well as a direct digital output power reading [7].  
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Fig. 2. Digital implementation of the capacitively coupled electrical substitution feedback. RB represents  
the sensing resistor. The feedback is a PWM signal of duty cycle a, translated at high frequency. 

 
 
2.3. Smart Functions 
 
In addition to the benefits of the operation in closed-loop mode (e.g. reduction of the time constant, 
operation at a defined working point, improvement of the measurement dynamics), the feedback path 
enables smart functions. This has been extensively studied for in the case of accelerometer or pressure 
sensor [14]. The basic smart functions of a smart sensor are self-test, self-calibration or autorange. 
Identification in open and closed-loop is another smart function that enables the monitoring of the 
aging of the sensor. It consequently allows the update of the feedback controller. Those smart 
functions correspond to algorithms implemented in the digital part of the smart sensor. The main 
objective of the standard VHDL modeling is to dynamically test and validate algorithms in their 
operating context, i.e. the mixed analogous-digital and multi-domain high level context. 
 
 
3. Modeling Technique 
 
3.1. Principle and Advantages of the Modeling Technique with Standard VHDL 
 
In such a mixed analogous/digital and multi-domain context new challenges are faced to simulate the 
whole device and commonly used design approaches are no more suitable. The modeling technique 
presented in this paper consists in the modeling of analogous blocks in such a way that simulations are 
performed in a fully digital environment. This event-driven analog modeling technique enables: 
 
(i) To considerably reduce the simulation time compared to time-driven simulations using for 

instance Spice, Cadence Analog Design Environment (ADE) or Matlab-Simulink [15]; 
(ii) To get rid of convergence issues usually observed with other techniques by the use of existing 

digital simulation software (ModelSim, NCSim,…). 
 
This approach is useful: 
 
(i) During the design phase, to develop and to validate algorithms at top level. In this way, algorithms 

are dynamically validated in their context, i.e. with interactions between digital and analog parts. 
Moreover, this approach enables implicit connectivity check between the blocks. 

(ii) To check the functionality of the device, i.e. the chip and its environment. The purpose of this 
approach is to provide functional chip, as functional failures may tend to result in failed chips that 
are show stoppers. 
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(iii) To develop and debug the software in advance, before receiving the samples, which enables to 
save time during the evaluation phase. Moreover, during this phase, this approach would help to 
better understand and solve the possible bugs as the same programming sequence as the one used 
in the laboratory may be simulated. 

 
Several reasons have led to choose the VHDL language to modeling analogous parts. Contrary to the 
view of people not familiar with this language, VHDL can be used for the simulation of analog blocks. 
Moreover, VHDL offers a lot of advantages compare to other languages, such as Verilog: 
 
(1) it enables the use of record types. This kind of type provides, for a single signal, different fields, 

i.e. different characteristics attached to this signal. For instance, an electronic signal may be 
described by the frequency, the phase, the amplitude, … 

(2) it includes, in the IEEE Standard Packages, mathematical packages which enable calculation in 
real and complex domains (math_real and math_complex respectively). 

(3) it enables to create and handle user defined types. This is particularly useful for connectivity 
checks as two connected signals must have the same type. If it is not the case a compilation error 
will be generated. For instance, it may be used for supply, if blocks are connected to different 
supply domains, for signals to be sure that phases are correctly connected, … 

(4) if the electronic part is designed under Cadence Environment, an automatically generated VHDL 
netlist can be obtained from a schematic view as Cadence include a VHDL netlister (vhdlNet 
command). This enables, for both analog and mixed/verification engineers, to work on the same 
schematic and to be sure that VHDL netlist is an exact translation of the schematic. In this paper, 
this possibility was not yet implemented and the netlist of the complete testbench presented in  
Fig. 3 was manually written. This should be done in the near future. 

(5) note also that the VHDL language used for behavioral modeling uses the same syntax as the one 
used in digital design. However this “behavioral VHDL” is not synthesizable meaning that it 
cannot be converted into logic gates network. 

 
As already mentioned, the basic principle of this modeling technique consists in the modeling of the 
analogous parts of the design. Keep in mind that the simulation time of the whole device must be as 
short as possible. As the simulation is event driven, it means that, according to their frequency, 
phenomena will be considered either as event or as data, leading for each analogous block to an 
appropriate modeling. 
 
It is the case in this work involving low frequency thermal phenomena (< kHz), and high frequency 
electronics signals due to the modulated feedback signal of the capacitively coupled electrical 
substitution (MHz range). Those frequency ranges are represented in Fig. 4. In the model developed, 
the phenomena are treated differently depending on their frequency range. Low frequency phenomena 
such as power/temperature variations or voltage variations due to the temperature changes are 
considered as signals or events. On the contrary, high frequency phenomena, essentially the modulated 
feedback voltage, are not treated as signals but as data, meaning that no events at those high 
frequencies are generated. The model only takes into account the effective feedback power generated 
by this high frequency modulated signal, which in case of PWM modulation is proportional to the duty 
cycle [7]. The effective feedback power applied to the sensing resistor varies in the low frequency 
range related to the thermal phenomena (system bandwidth in Fig. 4). This modeling enables drastic 
simulation time reduction. In practice the simulation time step corresponds to the digital sampling 
period of the system (TS=1/fS). This sampling period is chosen as a tenth of the closed-loop time 
constant. Consequently, it allows a one-thousand reduction of the simulation time compared to a 
simulation that would take into account the high frequency feedback signal. 
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Fig. 3. Block diagram of the complete testbench. The filled box with dotted border represents the smart-bolometer to be integrated, i.e.: the sensor itself, the 
conditioning electronics, the heat feedback and here, as an example of smart function, an open-loop identification function. The circle marked arrows indicate the 
signals observed in the simulations 1, 2, 3, 4, 5 & 6 presented in the figures Fig. 5, 6, 7, 8, 9 & 10 respectively. All the boxes correspond to standard VHDL files. 

Sclock is the sampling signal at frequency fS. 
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Fig. 4. Frequency domains. 
 
 
3.2. Modeling of the Smart Bolometer 
 
All the elements of the system are modeled using standard VHDL. Those elements are schematically 
presented in the figure Fig. 3 corresponding to the testbench. The testbench also includes the optical 
power stimuli, the stimuli process and some analysis tools. 
 
The model of the bolometer corresponds to the VHDL transcription of the discretization of the 
transfer function (2). 
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The discretization is achieved using the bilinear transformation and leads to difference equation (3), 
where Ts is the sampling period of the system that is transcribed to VHDL language. 
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Part of the code of the VHDL model of the bolometer is presented in Table 1. The conversion process 
is divided into two consecutive steps: (i) the thermal process dealing with power inputs and 
temperature (PT of (2)), (ii) the electrical process corresponding to the temperature measurement 
(TV of (2)). This structure would enable to take into account the electrothermal feedback 
phenomenon [9] of the bolometer itself if needed in the simulation. At the present time, this 
phenomenon is taken into account through the use of the effective thermal conductance (Geff) rather 
than the physical thermal conduction (Gth). 
 
The model of the amplifier block only consists in a gain since the bolometer voltage output signal is in 
the bandpass of the filter located before the amplifier. 
 
The model of the controller implements the equations of a digital proportional integral (PI) controller. 
The op_mode input enables to choose the operation mode of the controller (open/closed loop). The 
controller block also sets the thermal operating point either in open or closed-loop mode with the VPbias 
input. 
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The model of the feedback shaping block consists in a gain and saturations corresponding to the 
PWM modulation. As mentioned earlier, the high frequency carrier that translates the feedback 
bandwidth is not taken into account. Only the feedback duty cycle is considered. 
 
The identification block implements a least-mean-square adaptative fitting algorithm which role is to 
extract parameters in order to optimize the feedback controller and/or to monitor the aging of the 
device. 
 
The optical source generates stimuli with parameterized frequency, amplitude and shape. 
 
The analyze blocks simulate instrument tools that monitor and extract properties of the temporal 
signals such as pick-to-pick values. Such blocks are used for the determination of the transfer 
functions. 
 

Table 1. Bolometer code (part of bolometer.vhdl). 
 

ARCHITECTURE behaviour_bolometer OF bolometer IS 
             SIGNAL  T_bol   : REAL := 0.0;  
             SIGNAL  V_bol   : REAL := 0.0; 
BEGIN 
   thermal_process : PROCESS 
VARIABLE var_power_previous  : REAL := 0.0; 
VARIABLE var_power                    : REAL := 0.0; 
VARIABLE var_temp_previous    : REAL := 0.0; 
VARIABLE var_temp     : REAL := 0.0; 
VARIABLE tau_thermal : REAL := 10.0; 
VARIABLE K   : REAL := 0.0; 
VARIABLE Freqs    : REAL := 1.0e6; 
BEGIN 
tau_thermal := Cth / Geff ; 
K := 1.0 / Geff; 
Freqs := 1.0*Freq_system; 
WAIT ON Sclock.dig; 
var_power := Popt.ampl+Pfb.ampl; 
var_temp:=1.0/(1.0+2.0*tau_thermal*Freqs)*var_power+K*var_power_previous‐
(1.0‐2.0*tau_thermal*Freqs)*var_temp_previous); 

var_temp_previous := var_temp; 
var_power_previous := var_power; 
T_bol <= var_temp; 
Psink.ampl <= var_power;  
END PROCESS thermal_process;  
   electrical_process : PROCESS 
BEGIN 
   WAIT ON T_bol; 
   V_bol <= Ibias*R0*TCR*T_bol ; 
   END PROCESS electrical_process;  
    Vtemp.ampl <= V_bol; 
    Tbolometer <= T_bol; 
END behaviour_bolometer; 
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4. Examples of Simulation Results 
 
This section illustrates the type of simulations that can be done with this modeling technique. The 
simulations were performed using ModelSim Altera 6.3 Quartus II 8.1 software. Parameters for the 
sensor and the electronics were taken from [7] and correspond to a macro-scale device so as to enable 
comparison between simulation and experiments. The simulation parameters explain the large time 
constant and large time scale used in the simulations. Performance of integrated bolometers in terms of 
time constant would be qualitatively the same and quantitatively scaled down by a factor one-thousand 
approximately; typically 10 ms time constant for integrated bolometer compared to 10 s for the 
macroscale bolometer considered here. 
 
Each simulation graph is accompanied by a schematic illustrating the configuration of the testbench, 
especially highlighting the input and output. 
 
 
4.1. Simulation of the Bolometer 
 
The Fig. 5 corresponds to open and closed-loop simulation of the system. The results are in good 
agreement with experimental results previously obtained [7]. 
 
In open-loop simulation (Fig. 5 (a)), the output corresponds to the temperature of the bolometer, 
Tbolometer, and evolves according to the square optical stimuli, Popt, at the input. When the optical 
stimulus is ON (Popt high) the bolometer heats up and therefore Tbolometer rises, whereas when the 
optical stimulus is OFF (Popt low) the bolometer cools down and Tbolometer decreases. 
 
On the contrary, during closed-loop simulation (Fig. 5 (b)), the temperature of the bolometer remains 
constant as the feedback power output, Pfb, compensates for the variations on the applied optical 
stimuli. When the optical stimulus is ON, the feedback power is low, whereas when the optical 
stimulus is OFF, the feedback power is high. The total amount of power, optical power added to Joule 
power, is kept constant. 
 
The simulations in either open or closed-loop are performed without convergence issues within a few 
seconds. This enables fast parameter optimization for the control through series of simulations. The PI 
controller is calculated so as to speed-up the closed-loop response 10 times and to guaranty adequate 
stability margins. The time response reduction is clearly visible through the shapes of the outputs in 
each case, triangular shape for Tbolometer in open-loop and square shape of Pfb in closed-loop. 
 
 
4.2. Simulation of Smart-functions 
 
The smart functions of the smart bolometer simulated here are of two kinds: diagnostic functions and 
correction functions. Among the diagnostic functions, the first one is self-test. The self-test feature 
allows the verification of the thermal and electrical integrity of the bolometer at any time during its 
operating life. It provides the user with a qualitative result that informs whether the bolometer is 
working or not. The second diagnostic function is self-identification. The self-identification feature is a 
bit more complex than self-test. The self-identification allows the characterization of the sensor and its 
associated electrical circuitry. This feature can be used at any time for monitoring the aging of the 
device and deciding if a calibration is required. This feature is useful, if closed-loop mode operation of 
the bolometer is considered, in order to extract the forward path parameters (bolometer and its 
conditioning electronics) for the evaluation of the parameters of the controller that would drive the 
feedback path. Among the correction functions, the function simulated in this work is range selection. 
This function enables choosing the measurement dynamic of the bolometer operated in closed-loop 
mode. Moreover, it enables to work around a user-defined operating point. 
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(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 5. Open/closed-loop simulation. The simulation begins in open-loop (configuration (a)). The square applied 
optical stimuli (Popt) induces temperature changes in the bolometer (Tbolometer) which is the open-loop ouput. 
In closed-loop mode (configuration (b)), the temperature is regulated as the feedback power (Pfb) compensates 
the incoming optical power. The closed-loop operation of the bolometer enables a direct power reading of the 
incoming power through the variations of Pfb. 
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4.2.1. Self-test 
 
Although this function is rather basic, self-test may be useful for the user as a basic diagnostic. This 
feature requires the existence of a built-in stimuli input. The signal VPbias , that sets the thermal 
working point of the system, is used for this built-in stimulation. Typically, self-test is activated by the 
user with a logic high level on the self-test input pin. During the logic high level, a Joule heating is 
applied onto the sensing resistor of the bolometer equivalent to approximately 20 % of full-scale 
optical input power, and thus a proportional voltage change appears on the output signal, either open-
loop or closed-loop output depending on the configuration test. When activated, the self-test feature 
exercises both the entire thermal structure and the electrical circuitry, and in addition in closed-loop 
mode the feedback path. The results presented in the Fig. 6 and Fig. 7 illustrate this functionality in 
open and closed-loop mode respectively. In open-loop mode (Fig. 6), the pulsed stimuli on the VPbias 
input result in pulsed response at the output, VT, indicating that the bolometer is working properly. 
 
 

 
 

 
 

Fig. 6. Self-test response in open-loop. Pulses on the VPbias input generate Joule heating onto the resistance of 
the bolometer through the feedback shaping electronics so as to stimulate a response from the device. Presence 

or absence of pulses at the output, VT, indicates that the device is working properly or not. 
 
 
In closed-loop mode (Fig. 7), the pulsed stimuli on the VPbias input result in pulse response at the 
closed-loop output, VPmes, while the feedback signal, Pfb, is maintained constant so as to keep the 
thermal working point constant. The different response times in each case illustrate the time constant 
reduction in closed-loop mode compared to open-loop mode. 
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Fig. 7. Self-test response in closed-loop. Pulses on the VPbias input generate Joule heating onto the resistance of 
the bolometer through the feedback shaping electronics so as to stimulate a response from the device. Presence 

or absence of pulses at the output, VPmes, indicates that the device is working properly or not. 
 
 
4.2.2. Self-identification 
 
Fig. 8 corresponds to simulation of the self-identification of the system. An adaptative least-mean-
square algorithm is implemented using standard VHDL to extract the characteristic parameters of the 
bolometer while stimuli are applied. This simulation underlines the ability of the modeling technique 
to validate algorithm supporting smart functions in their operating context using top simulation. 
 
Adaptative algorithms are interesting in that they run in real-time and do not require huge memory 
means since a few parameters and a few coefficients are stored. The identification principle is to 
iteratively adjust the parameters of the model to make the predicted output of the model (y_predicted) 
converge towards the output of the forward path (VT). The adjustment is performed according to the 
stimulation input signal and the modeling error between the predicted output of the model and the 
current output. This convergence enables the extraction of estimated parameters representing the 
device, especially the time constant, the DC responsivity and the thermal characteristics of the 
bolometer. 
 
The formulas below describe the adaptative identification algorithm implemented. 
 

)(ˆ t represents the estimated model (^ indicates estimation), 
 

  )](ˆ),(ˆ),(ˆ[ˆ tctbtat T   
)(t is the observation vector, 

 

   )1(),(),(  tttt T VPbiasVPbiasVT  
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Fig. 8. Open-loop identification process. A least-mean square adaptative algorithm is implemented for the 
extraction of parameters in order to identify the bolometer characteristics. The predicted output (y_predicted) is 
evaluated with the estimated parameters and the electrical stimuli (VPbias) converted into power stimuli by the 
feedback path. The prediction error corresponds to the difference between this predicted ouput and the open-
loop ouput signal (VT). According to the error, the estimated parameters are adjusted. The reduction of the error 
goes with the convergence of the extracted parameters toward their final value. The stimulus is a pseudo random 
binary sequence (PRBS) in order to optimize the identification process. 
 
 
A predictive output can be derived with those two vectors, 

 

)()(ˆ)( ttt T dy_predicte  
 
The error between the real output and the estimated output is calculated, 
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in order to adjust the parameters of the model 
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where F is a diagonal matrix of positive coefficients. 
 
Self-identification refers to identification using a built-in stimulus. The same type of identification 
algorithms can be used for calibration, in that case external optical stimuli are used and identification 
results are used to derive coefficients stored in a calibration table. 
 
 
4.2.3. Range Selection 
 
After diagnostic functions, the developed smart bolometer implements a correction function that is 
range selection. Range selection enables to adapt measurement range of the smart-bolometer to the 
range of optical signal measured. Open-loop and closed-loop operation modes should be distinguished. 
In open-loop operation mode, the input range can be modified by changes of the gain of the 
conditioning electronics or more rarely through the current bias of the sensing resistor of the 
bolometer. In closed-loop mode, the input range is selected by the gain of the feedback. The closed-
loop mode, in addition, allows input range selection around a user defined operating point. 
 
Considering lines or matrices of pixels, the identification smart function associated to closed-loop 
operation is a way of compensating for the spatial noise caused by the bolometer resistance dispersion 
due to fabrication process. Bolometer pixels individually operating in closed-loop mode would be able 
to compensate for this spatial noise after external calibration or built-in calibration thanks to built-in 
input stimuli. 
 
In open-loop the measured signal, VT, is a function of the input optical power, responsivity of the 
bolometer and the gain of the forward path amplifier. Therefore, the transfer function can be adapted to 
various incoming power ranges by modification of the gain of the amplifier. The modification of the 
responsivity through the bias current is not relevant because the signal-to-noise ratio is negatively 
impacted if the responsivity is decreased. The responsivity has to be as high as possible according to 
the fabrication technology. 
 
An example of transfer function of the bolometer in open-loop is depicted if Fig. 9. The transfer 
function represents the voltage at the output of the amplifier as a function of the power of the optical 
stimuli. Saturation occurs here at 10 V because of the amplifier power supply limitation considered for 
the macroscale simulations. 
 
 

 
 

Fig. 9. Transfer function in open-loop of the bolometer and its associated amplification electronics. 
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In closed-loop mode, the output signal is a function of the input power and the feedback shaping gain. 
The overall measurement range is then given by the pulse coded modulation range, the ADC range and 
the feedback gain. Therefore the measurement range of the device may be easily modified to measure 
lower power or higher power optical stimuli by increasing or decreasing the feedback shaping scale 
factor respectively. The feedback shaping gain involves the carrier voltage amplitude, the voltage 
amplitude of the pulse coded modulation and the filtering amplification gain. The feedback shaping 
block is the interface block between the electrical domain and the power domain (Fig. 3). The 
feedback shaping gain specifies the voltage change of the output per power unit of applied optical 
power. A large feedback gain means that small variation at the output of the controller results in large 
feedback power; the measurement range is then large. On the contrary, small feedback shaping gain 
means that large variations at the output of the controller are needed to produce change in the feedback 
power; the measurement range is the small. 
 
The selection of the operating point achievable in closed-loop mode also enables to move the operating 
point of the transfer function of the bolometer around a user-defined operating point, in order for 
example, to measure optical power variations in an input optical signal of given mean power value. 
 
These possibilities in closed-loop mode are illustrated in the graph in Fig. 10. Measured output power 
is represented as percentage of full scale in each case. The full scale is modified through the gain of the 
feedback block. Two transfer slopes resulting in two different measurement ranges are shown. A 
smaller feedback shaping gain in the case of curve (2) compared to the feedback shaping gain of curve 
(1) leads to a smaller measurement range, i.e. a 400 µW measurement range compared to 1.5 mW. 
In addition the transfer curve (3) of Fig. 10 shows the transfer of the system to optical power variations 
around an optical power mean value of 1.5 mW. The slope of curve (3) is the same as the one of curve 
(2) because the same feedback shaping gain is used in both cases. 
 
The dynamic output is limited in the cases presented here by the digital controller output considered to 
be in the [0 V; 5 V] range. 
 
Such control of the measurement range shall allow the implementation of algorithm that dynamically 
adjusts the scale to prevent saturation and optimize the resolution. 
 
 

  

 
Fig. 10. Transfer functions in closed-loop. 
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4.3. Conclusion on Simulation Results 
 
All the simulation results presented in this section are in good agreement with experimental results on 
macroscale bolometers published in [7] and [16]. The simulation results demonstrate the ability to 
simulate mixed electrical circuits and multi-physics system using a purely digital environment and an 
adequate VHDL modeling of all the parts of the system. Various configurations and various algorithms 
can be validated in their operating context using this modeling technique. 
 
The simulation are fast and don’t suffer from the convergence issues often observed with analog 
simulators. Such fast and robust simulation enables the validation of advanced features for multi-
physics systems, here the smart functions of a smart bolometer. 
 
 
5. Conclusion 
 
An event-driven modeling technique in standard VHDL is presented for the high level simulation of a 
resistive bolometer operating in closed-loop mode and implementing smart functions. This behavioral 
modeling technique is successfully applied to the simulation of such a multi-domain system. It enables 
fast simulations without any convergence issues. The modeling technique allows the test and 
validation of algorithms supporting smart functions. It is therefore a useful tool for the development of 
integrated smart sensors. 
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