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Abstract: This paper presents the design of a sigma-delta interface for a heat balanced bolometer. The sigma-
delta interface acts both as digital readout circuit and as a mean of heat feedback. The heat balancing is based on 
the Electrical Substitution principle and implementation through capacitive coupling. The design from the 
functional block down to the layout is presented. Expected performance of the realized chip is evaluated through 
transistor level circuit simulation and top-simulations. The circuit is designed for a realization in AMS CMOS 
0.35 µm technology operating at 3.3 V. Copyright © 2013 IFSA. 
 
Keywords: Bolometer, Heat balanced, Electrical substitution, Sigma-delta modulator. 
 

 
 
1. Introduction 
 
Uncooled resistive bolometers are part of the thermal 
infrared detector category. In 2010, uncooled 
resistive bolometers represented 95 % of the market 
of infrared imaging system [1]. Their operating 
principle is based on the measurement of temperature 
variations due to the incident optical power. In 
parallel to research work trying to improve the 
performance of the bolometers through material or 
geometry optimization, other research works have 
focused on the development of feedback techniques to 
operate the bolometers in closed-loop mode as 
constant temperature bolometric detectors [2, 3]. All 

the proposed techniques are based on the Electrical 
Substitution principle that assumes that optical power 
can be substituted by electrically produced power. For 
integration and simplicity reasons, heat feedback is 
produced by Joule effect, considering that heat 
electrically produced can be used to equivalently 
stimulate the sensing resistor of the bolometer. This 
assumption is the basis of the Electrical Substitution 
(ES) principle also called Electric Equivalence 
principle [3, 4]. The advantages of closed-loop 
operation are numerous, including improvement of 
bandwidth and reduction of spatial noise. In 2009, a 
new configuration has been proposed for the closed-
loop operation of resistive bolometers [5]. The so-

http://www.sensorsportal.com
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called Capacitively Coupled Electrical Substitution 
(CCES) configuration exhibits the advantages of 
previous configurations without their limitations in 
terms of additional material required or stability 
issues. Proofs of principle of the CCES configuration 
have been demonstrated through successive 
analogous and digital implementations with discrete 
components [5, 6]. Digital implementation, besides 
the implicit digital measurement output, exhibits 
extra performance compared to analogous 
implementation because of linearization of the 
system [4, 5]. Recently, smart-functions using a 
digital implementation of the CCES configuration 
with a microcontroller have been experimentally 
demonstrated [7]. 

In this work, we aim at integrating the electronic 
circuitry of the CCES configuration for closed-loop 
operation of resistive bolometers and for smart-
functions implementation. With a view toward 
integration of lines or matrixes of pixels, digital 
solution using a sigma-delta core is preferred to 
solution using a microcontroller. Consequently, for 
the first time to our knowledge, an integrated sigma-
delta interface for a bolometer is developed. The 
sigma-delta modulation is attractive because it 
provides a digital output, linearizes the heat feedback 
path and can be easily implemented in high-density 
CMOS technology. Such device will inherit the 
advantages and performance of the previous discrete 
realizations and will be the first step toward fully 
integrated smart infrared imaging systems. 

The paper is organized as follows. The second 
section describes the principle of the digital closed-
loop operation of resistive bolometers. The third 
section presents the design of the sigma-delta 
interface associated with the bolometer. Finally, the 
result section exhibits simulation results that illustrate 
the expected behavior and performance. 

 
 

2. Description of the System 
 
The complete system is a heat balanced bolometer 

using heat feedback through electrical substitution 
means. It is composed of a resistive bolometer, its 
readout conditioning electronics and a sigma-delta 
modulator with a feedback shaping block for the 
implementation of the CCES configuration.  

 
 

2.1. Uncooled Resistive Bolometers 
 
Resistive bolometers are composed of a sensing 

resistor on a surface thermally insulated from the 
substrate by suspension legs, as illustrated in Fig. 1.  

The operating principle is the following: the 
optical infrared (IR) power absorbed onto the surface 
of the bolometer rises the temperature of the sensing 
resistor (P/T conversion). If the sensing resistor (RB) 
is current biased (IB), then the voltage across the 
resistor (VB) measures the temperature variations 

(T/V conversion). The material of the sensing resistor 
is chosen for its high Temperature Coefficient of 
Resistance (TCR). 

 
 

 
 

Fig. 1. Top view of a bolometer pixel and equivalent 
electrical model. 

 
 
The responsivity of a bolometer characterizes the 

variations of the output voltage signal (VB) depending 
on the infrared input optical power (Popt) [8]. It is 
expressed by 

 

 effeff
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where  is the TCR of the sensing resistor,  is the 
absorption coefficient of the absorbing surface, Geff 
and eff are the effective thermal conductance and the 
effective thermal constant respectively [8]. The eff 
depends on the heat capacity Cth of the bolometer as 
follows: eff=Cth/Geff. The equation (1) indicates that 
the more the bolometer is thermally insulated, i.e. Geff 
small, the higher the responsivity. However, the more 
the bolometer is thermally insulated, the higher the 
time constant, i.e. the slower the bolometer. This is 
the traditional tradeoff between responsitivity and 
time constant of resistive bolometers. Usually, the 
thermal conductance is designed to match the time 
constants required for imaging applications and 
therefore the responsivity is not optimized. Such 
tradeoff can be released by operation in closed-loop 
mode. 

 
 

2.2. Closed Loop Operation of Uncooled 
Resistive Bolometers 

 
Like for every sensor and generally speaking 

system, closed-loop configuration has advantages 
over open-loop configuration, including reduced time 
response and linearization. Closed-loop operation of 
resistive bolometers enables other interesting 
characteristics such as operation around a user 
defined operating point and simple selection of the 
measurement range. In the case of matrixes of 
bolometer pixels, since the closed-loop response is 
quite independent from the nominal resistance value 
of the sensing resistor, the spatial noise due to 
process discrepancies is intrinsically cancelled. 

Since the physical quantity at the input of the 
bolometer is power, i.e. a fraction of the optical 
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incoming power ηPopt, therefore the quantity applied 
for the feedback path in closed-loop operation is also 
power. For the feedback path, this power is Joule 
power, PJ, under the assumption of Electrical 
Substitution (ES) principle. Fig. 2 illustrates the 
closed-loop configuration of a resistive bolometer. 

 
 

 
 

Fig. 2. Schematic of electrical substitution feedback loop. 
 
 
The system is controlled in temperature to a set 

point defined by a bias voltage VBias. G is the gain of 
the conditioning electronics and VT the amplified 
voltage. The absorbed incoming optical power, Popt, 
is considered as a perturbation compensated by the 
Joule power PJ. The closed-loop system maintains 
the temperature of the bolometer constant by keeping 
the total amount of power constant. This amount 
corresponds to the Joule power initially applied (prior 
to exposure to optical power) in order to elevate the 
temperature of the bolometer. This initial power sets 
the static thermal working point. Fig. 3 illustrates the 
open and closed-loop mode operation of the 
bolometer [9]. A controller C(s) is inserted in the 
loop to adjust the performance of the closed-loop 
system (bandwidth, robustness, noise rejection, …). 
As usually R(s).G is large, a simple controller C(s)=1 
can be used in a first try. 

 
 

 
 

Fig. 3. Operation in open-loop and closed-loop mode, 
examples of simulated curves. (a) in open-loop mode, the 
temperature of the sensing resistor evolves with the 
variations of the absorbed incoming optical power. (b) in 
closed-loop mode, the temperature of the sensing resistor is 
kept constant by the power feedback compensation. A 
measure of the incoming optical power can be derived from 
the feedback power. 

 
 
Bolometers operating in closed-loop mode have 

been developed either with analog or digital feedback 
implementations. Digital implementation is 
interesting in that the feedback path is linearized in a 

simple way if pulsed modulated signals are used  
[4, 5] and in that the output signal is directly digital. 
The digital pulsed signals can be modulated in width 
(PWM, Pulsed Width Modulation) or in density 
(sigma-delta modulation). The major drawback of 
previously proposed digital implementation [6] is the 
need for a microcontroller with an ADC for the 
digital feedback path. We propose here to use a 
sigma-delta modulator both for the digital conversion 
and for the feedback signal generation. This approach 
is somehow comparable to that of micro-
accelerometers operating in closed-loop mode with 
sigma-delta modulators. In the case of lines or 
matrixes of bolometer pixels, this approach should 
lead to a solution better suited for integration. 

The schematic of the sigma-delta feedback loop 
for the bolometer is illustrated in Fig. 4, with a 
controller C(s)=1. 

 
 

 
 

Fig. 4. Schematic of sigma-delta feedback loop for the 
bolometer. 

 
 
The output bitstream corresponding to the 

measurement at the output of the sigma-delta 
modulator would have to be digitally filtered by 
decimators so as to get the output signal with the 
format resolution allowed by the oversampling rate. 

The feedback shaping is here to implement the 
capacitively coupled electrical substitution (CCES) 
that enables easy setting of the system [5, 6]. In the 
case of the CCES implementation, the pulsed 
modulated signal is shifted to high frequencies by 
modulation with a carrier and then capacitively 
coupled onto the sensing resistor of the bolometer. 
The objective is to dissociate the electrical and 
thermal working points according to a frequency 
basis. This implementation can be applied to any kind 
of uncooled resistive bolometer. Considering here the 
sampling frequency of the sigma-delta modulator of 
the interface, the frequency domains of the circuits 
can be represented as shown in Fig. 5. 
The sigma-delta interface for heat balanced 
bolometer using CCES configuration requires three 
main functional blocks, as illustrated in Fig. 6:  
 

(1) A sigma-delta modulator; 
(2) A feedback shaping block; 
(3) A decimator filter.  
 

The rest of the paper describes the design of those 
blocks and their integration into a CMOS chip. 
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Fig. 5. Spectral domains of the heat balanced bolometer 
with the sigma-delta interface. The target bandwidth of the 
system is 10 kHz, the sampling frequency of the sigma-
delta modulator is between 1 and 5 MHz and the heat 
feedback modulates a carrier which frequency is between 
70 MHz and 800 MHz. 
 
 

 
 

Fig. 6. Schematic of the bolometer with the sigma-delta 
interface. The integrated circuit realized is highlighted 

by the dashed box. 
 
 
3. Design of the Circuit 

 
The design was made using austriamicrosystems 

AMS 0.35 µm CMOS technology (C35B4C3) with 
nominal 3.3 V supply voltage. 

Considering the area of the die for this first 
realization, two interfaces were designed in order to 
achieve two output resolutions: 8-bit and 16-bit, for a 
system bandwidth in closed-loop mode of 10 kHz. 
Those characteristics drove the choice of the 
topology of the sigma-delta modulator as detailed in 
the section 3.1.1. 

Mainly because of its simpler realization 
compared to continuous design, discrete time design 
has been chosen for the sigma-delta modulator core 
of the interface; such design type is also more robust 
towards clock phase jitter. This simplicity and this 
robustness come at the cost of higher power 
consumption. But power consumption is not actually 
a main concern in this first integration realization. In 
the same way, higher performance in terms of high 
input frequency range or intrinsic anti-aliasing 
filtering of the continuous time design are not 
required for this sigma-delta interface. Indeed, 
targeted closed-loop system bandwidth is 10 kHz, far 
from frequencies requiring continuous design, 
furthermore the conditioning electronics of the 
bolometer already acts as anti-aliasing filter. All 
these considerations reinforce the choice of discrete 
time design and consequently the choice of switched 

capacitor architectures. 
The overall circuit is fully differential. This 

choice is motivated by the advantages of differential 
structures compared to single-ended ones. Fully 
differential implementation enhances the signal-to-
noise ratio by 3 dB since the swing of the signal is 
doubled. Moreover, differential implementation 
eliminates common-mode perturbations and 
improves power-supply rejection. Especially, the 
fully differential implementation rejects noise from 
the substrate as well as parasitic effects such as clock 
feed-through, i.e. the coupling via parasitic 
capacitance of the switch transistor between clock 
signal and the analog signal passing through the 
switch, but also charge injection, i.e. electrical 
charges present into the channel of the MOS 
transistor when turned on and discharged at the input 
and the output of the switch when turned off leading 
to a change in the amount of electrical charges stored 
in the capacitor.. Those characteristics are possible at 
the cost of a bit more complex electronics for the 
control of the common-mode voltage. 

 
 

3.1. Sigma-delta Modulator 
 
3.1.1. Structure 
 

The issue results from the resolution requirements. 
The peak signal-to-noise ratio (SNR) of an ideal nth 
order sigma-delta modulator with an oversampling 
ratio (OSR) and a B-bit DAC in the feedback loop can 
be expressed as [10]: 

 
    

76.102.6
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dB
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(2) 

 
where Neq is the equivalent number of bits, i.e. the 
resolution. 

Although this formula reveals that increasing 
either B, the OSR or n can lead to the desired 
resolution, those various parameters don’t impact the 
stability and the linearity of the structure in the same 
manner.  

A single bit DAC in the feedback loop leads to the 
best linearity [11, 12]. Besides, single loop 1st and 2nd 
order topologies are intrinsically stable. Given those 
considerations and the fact that the required system 
bandwidth is low (about 10 kHz) therefore allowing 
high values for the oversampling ratio, the chosen 
topologies are illustrated in Fig. 7. For the 8-bit and 
16-bit resolutions, respectively a 1st order structure 
with OSR of 64 and a 2nd order structure with OSR of 
256 were chosen.  

In both cases, the structure is composed of 
integrator(s), a comparator and a 1-bit DAC. The 2nd 
order is composed of two integrators with gains a and 
b respectively -0.5 and -2.0 to avoid saturation and to 
control the voltage swing. 
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(a) 
 

 
 

(b) 
 

Fig. 7. Block diagrams of the single loop 1-bit  
modulators. (a) 1st order topology, one feedback, 8.1-bit 
equivalent resolution with an OSR of 64. (b) 2nd order 
topology, two integrators and two feedbacks, 17.8-bit 
equivalent with an OSR of 256. 

 
 
Compared to classical architectures, in the case of 

this application dealing with the interface of a heat 
balanced bolometer, an extra input on the first 
integrator is used to add a component to the signal. 
This extra input is a bias input (VPbias) that sets the 
static thermal working point, i.e. the Joule power 
applied in absence of incoming optical signal.  

 
 
As mentioned earlier, switched capacitor circuitry 

was chosen leading to the classical fully-differential 
structure illustrated in Fig. 8 (only the 2nd order 
structure is represented). 

The OTA with the two capacitors, Csam and Cint, 
respectively the sampling capacitor and the 
integration capacitor, forms an integrator. The gain of 
the integrator is given by the ratio -Csam/Cint. The 
sampling capacitor is determined by noise 
requirements due to the kT/C noise of the switches. 
The kT/C noise stands for the thermal noise of the 
switches charging a capacitance C. Csam is 
determined so as to reduce the kT/C noise beneath the 
quantization noise of the converter, Pe. This 
condition is met according to the following equation 

 
 

e

B

POSR

Tk
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with Pe defined accordingly to the quantization step 
q, here 3.3 V, by 
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The noise floor of the converter is mainly 

determined by the sampling capacitor of the first 
integrator. From eqs. (3&4), it can be calculated that 
a 500 fF sampling capacitor matches the 
requirements for the 8-bit and 16-bit equivalent 
resolutions of the 1st and 2nd order structures 
respectively. 

 

 

 
 

Fig. 8. Schematic of the single-loop, 1-bit DAC, 2nd order sigma-delta modulator. 
 
 
The sigma-delta modulator is clocked at 

1.25 MHz and 5 MHz respectively for 1st and 2nd 
order structures to match the input bandwidth of 
10 kHz and the required OSR. Two-phase non-
overlapping clock signals with delayed outputs are 
used (clk1, clk1’, clk2, clk2’). The delayed clock 
signals enable the so-called bottom plate sampling 
configuration. In this configuration, the switches 
clocked by clk1 and clk2 are opened and closed 
slightly ahead of switches clocked by clk1’ and clk2’ 

respectively to reduce signal-dependant charge 
injection onto sampling capacitors. Also double 
sampling correlation (DSC) is implemented to reduce 
the flicker noise and to eliminate the offset 
contributions of the OTA [13]. For that purpose, 
additional capacitors, Csto, are placed at the input of 
the OTA. Let us consider the first integrator stage, 
during the first phase of the clock signal, clk1, also 
called sampling phase, the inputs (in+ and in-) are 
sampled across Csam1 while the amplifier offset is 
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sampled and stored on Csto1. During the second clock 
phase, clk2, integration phase, the input signal is 
integrated while the offset is subtracted. 

The common-mode voltages of the first 
integrator, Vcm1+ and Vcm1-, are used to set the static 
thermal working point; they correspond to the VPbias 
signal of Fig. 6. They enable to add a component to 
the signal as illustrated by the eq. (5), where Ts is the 
sampling period of the sigma-delta modulator. 

These inputs can also be used as built-in stimuli 
useful for self-test, self-calibration or self-
identification as illustrated in [7, 9], i.e. useful to 
upgrade the bolometer into a smart-bolometer. The 
common-mode voltage of the second integrator, Vcm2, 
is unique and is set at half the supply voltage. 
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3.1.2. Implementation 
 

The integrators are built around folded-cascode 
OTA with gain above 60 dB to ensure the chosen 
resolution [14]. Folded-cascode OTA was chosen for 
stability reasons and for its high gain-bandwidth 
product, here over 100 MHz. The high gain of this 
single stage OTA stems from the high output 
impedance of the circuit taking advantage of the 
cascode technique. Unlike for the two-stage OTA, the 
stability compensation is directly achieved by the 
output load capacitance provided this load capacitance 

is much larger than any parasitic capacitance. This is 
the case here with sampling and integration 
capacitance of the order of 500 fF. The common-
mode feedback circuitry mandatory for fully 
differential structures is a switched-capacitor 
common-mode feedback (CMFB) circuitry. Hence it 
is adapted to high output swing, low power and does 
not exhibit stability issues.  

 
 

3.1.2.1. Folded-cascode OTA 
 
The choice of the folded-cascode OTA structure 

is motivated by its high gain, its high gain-bandwidth 
product and the fact that it does not exhibit stability 
issues. Its performance makes the folded-cascode 
structure widely used for the realization of sigma-
delta modulators [12].  

The requirements for the folded-cascode OTA 
are: 
(1) A gain over 60 dB, to ensure the right operation 
of the sigma-delta modulator [14], 80 dB taking into 
account a parasitic margin in [12]; 
(2) A phase margin around 60°, i.e. a good 
compromise between stability and step-response; 
(3) A minimum slew-rate of 33 V/µs, to ensure a rail-
to-rail voltage swing within half of period.  

The folded-cascode OTA, shown in Fig. 9, is 
fully differential and requires a common-mode 
feedback circuit for the control of common-mode 
output voltage at Vdd/2. This circuit is shown in 
Fig. 10.  

 

 

 
 

Fig. 9. Schematic of folded-cascode OTA. The load capacitor corresponds for the simulation to the capacitance charge of the 
folded-cascode OTA, i.e. the integration capacitor, the sampling capacitor and the common-mode feedback capacitor. The 
differential amplifier pair (M21/22) is biased by a high swing cascode current mirror (M1-M5). The folded-cascode wide-
swing structure (M13-M16) is biased by currents sources (M17-M20). 
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Fig. 10. Switched capacitor common-mode feedback 
circuit.  

 
The sizing of the transistor gives a theoretical 

gain of 84 dB. The gain is oversized to compensate 
for the effects of parasitic resistors and capacitors 
once the circuit is realized. The practical sizing of the 
transistors of the folded-cascode OTA can be found 
in [15]. 

The CMFB circuit controls the common-mode 
voltage of the output at Vdd/2 [16, 17]. An external 
voltage, VCMREF, sets the reference voltage of the 
common-mode feedback at Vdd/2. This voltage 
enables the common-mode feedback circuit to control 
in closed-loop the common-mode voltage of the 
output.  

The sizing of the capacitors of the switched 
capacitor CMFB circuit results from a compromise 
between two opposite considerations. First, 
capacitors should be large enough to make parasitic 
phenomena negligible close to the switches, charge 
injection and clock feed-through for example. But 
large capacitors negatively impact the occupied area 
and increase the load of the OTA. Consequently, C2 
and C1 were chosen 0.5 pF and 0.1 pF respectively. 

Switched are transmission gates because they 
exhibit acceptable Ron variations over full signal 
swing and eliminate in 1st order the clock feed-
through, i.e. the coupling between the clock signal 
controlling the switch and the signal passing through 
the switch. Once the common-mode voltage is 
defined at the output nodes after startup, the 
common-mode is controlled by the negative feedback 
action of the common-mode feedback circuit [16]. 
For example, let us consider an increase of the 
common-mode at the outputs (Vout+, Vout-). Then the 
common-mode feedback voltage VCMFB rises and 
increases the current in both M19 and M20, 
consequently decreasing the output common-mode 
voltage, thus stabilizing it. 

Schematic simulations and post-layout 
simulations from extracted view confirm the 
expected performance of the OTA, see Fig. 11. 
Schematic and post-layout simulations match. 
Characteristic data of the amplifier obtained from 
simulation are: gain 68 dB (Fig. 11 (a)), phase margin 
57°, gain-bandwidth product 107 MHz, slew-rate 
53 V/µs (Fig. 11 (b)) and power consumption 
4.4 mW. Fig. 11 (c) illustrates the proper functioning 
of the CMFB circuit. The convergence of the output 
common mode around 1.65 V, i.e. Vdd/2, can be 
observed within the first microseconds of the 
simulation.  
 

 
 

(a) 
 

 
 

(b) 
 

 
 
Fig. 11. Simulation results from schematic and post-layout 
extracted circuit. (a) Frequency analysis of the designed 
folded-cascode OTA (PSS+PAC simulation with Cadence 
Spectre). Gain is over 60 dB and bandwidth is around  
50 kHz. Phase margin not shown here is around 60°.  
(b) Slew-rate of the differential outputs of the designed 
folded-cascode OTA, schematic and post-layout.  
(c) Transient simulation illustrating the convergence of the 
common-mode around Vdd/2 (1.65 V) during the 2.5 µs at 
the beginning of the graph; differential input signal (top), 
differential output signal (bottom). 
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3.1.2.2. Comparator 
 
The comparator is made of a dynamic-latch 

structure – Lewis-Gray type – shown in Fig. 12(a). 
Despites its poor performance in terms of 
comparison’s speed and offset, this structure is 
simple to realize and fits the requirements of the 
sigma-delta interface working at a relatively low 
frequency (1.2 to 5 MHz). A high positive feedback 
speeds up the decision and a SR-latch at the output 
prevents the output of the comparator from toggling 
back during the reset phase of the comparator. The 
output swings from 0 V to Vdd. 

In order to reduce the kick-back noise 
phenomenon, i.e. the coupling of the high swing 
output variations to the input of the comparator 
through parasitic capacitance of the input transistors, 

the Lewis-Gray stage is preceded by an OTA pre-
amplifier shown in Fig. 12(b). Characteristics 
extracted from simulation for the pre-amplifier are a 
gain of 20 dB in a bandwidth over 50 MHz in typical 
conditions. 

 
 

3.1.2.3. Clock Driver 
 
The switched-capacitor integrators require a two-

phase non-overlapping clock signal, and since 
switches are made of transmission gates, the 
complementary clock signals are also generated. The 
clock driver is realized with logic gates and delay 
cells as depicted in Fig. 12(c). 
 

 
 

 

 
(a) 
 

 
(b) 

 

 
(c) 

 
(d) 

 
Fig. 12. Schematic of fundamental elements of the sigma-delta interface. (a) Lewis-Gray structure of the comparator for the 
sigma-delta modulator. The SR-latch prevents the output of the comparator of toggling back during the reset phase.  
(b) OTA pre-amplifier for the comparator of the sigma-delta modulator. (c) Clock driver generating the four non-
overlapping clock signals. (d) Voltage Controlled Oscillator (VCO), made of a chain of inverters.  
The output frequency is tuned by the voltage, Vctrl, controlling the transition time of the inverters. 
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3.2. Feedback Shaping Block 
 

The role of the feedback shaping block is to 
translate the pulse-density modulated bitstream of the 
sigma-delta modulator output to the high frequency 
domain. The feedback shaping block involves a 
Voltage Controlled Oscillator (VCO), a mixer and a 
programmable attenuator as illustrated in Fig. 13.  
 
 

 
 

Fig. 13. Feedback shaping. 
 

 
The VCO is a chain of inverters forming a ring 

topology whose frequency can be tuned between 
70 MHz and 800 MHz. The mixer consists in a 
transmission gate controlled by the pulse-density 
modulated bitstream signal from the sigma-delta 
modulator. The programmable attenuator is a ladder 
of cascaded transmission gates with different ON 
resistances. The selected gain, GFB, defines the 
measurement range of the closed-loop system. An  
8-bit selection word allows changing the 
measurement range over more than two orders of 
magnitude. Taking advantage of the two distinct 
working phase of the sigma-delta modulator, the 
sampling phase and the integration phase, the 
feedback is only applied during the integration phase 
(clk2) not to disturb the sampling phase (clk1). 

 
 

3.3. Decimator 
 

A decimator filter is designed for the 1st order 
sigma-delta modulator. Generally speaking, a k-order 
decimator is a Cascaded Integrator Comb filter, or 
CIC filter. It consists in k cascaded integrator stages 
clocked at the sampling frequency, fs, followed by a 
rate change by a factor L, followed by k cascaded 
comb stages running at fs/L. The order of the 
decimator, k, depends on the order of the sigma-delta 
modulator, L, and must verify the relation  

 
1 Lk  (6) 

 
For the 1st order sigma-delta modulator, a 2nd 

order decimator is chosen with a structure shown in 
Fig. 14.  

The size of the registers and operators, for a kth 
order decimator with Ni bit wide bitstream input, is 
given by: 

  OSRkNN iINC log  (7) 

 
For the 1st order sigma-delta modulator with 1-bit 

DAC and 64 OSR, the size is therefore 13 bits. 
 
 

 
 

Fig. 14. Structure of the 2nd order decimator for the 1st 
order sigma-delta modulator. 

 
 

The first bloc of the decimator is a data size 
converter bringing the 1-bit wide bitstream into a  
13-bit wide signal. Two’s complement coding is used 
and the size of the registers evaluated by formula (7) 
prevents overflow and loss of data. The blocs of the 
decimator are realized with the standard cells of the 
foundry library, i.e. full adders and latches. A 6-bit 
counter generates the divided by 64 clock signal, fs/L, 
for the down-sampling register and comb stages. 
 

 
3.4. Complete Sigma-delta Interface 
 
3.4.1. Overall Functioning 
 

A complete view of the sigma-delta interface in 
the case of the 2nd order sigma-delta modulator is 
shown in Fig. 15. The sigma-delta interface is 
inserted into the complete heat balanced system 
comprising the bolometer and its conditioning 
electronics. The input of the system is the incoming 
optical power onto the bolometer. The incoming 
optical power induces variations of the resistance of 
the bolometer sensing resistor. This variation is 
converted into a differential voltage signal by the 
current biasing IB2 and IB1 of the sensing resistor and 
reference resistor. This differential voltage is 
amplified and comes at the input of the sigma-delta 
modulator (in+, in-). 

One of the outputs of the sigma-delta modulator, 
out-, provides a pulsed density coded measure signal 
while the other output, out+, is used for the heat 
feedback. The bitstream from out+ is combined with 
the integration phase clock signal (clk2) to ensure 
that the feedback is not applied during the sampling 
phase (clk1). 

The resulting digital signal modulates a carrier 
generated by the tunable VCO. A programmable gain 
enables to adapt the scale of the feedback signal to 
the bolometer, depending on its resistance. Finally, 
the heat feedback signal is applied back to the 
bolometer through the coupling capacitor. 
 

 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 33-46 

 42 

 
 
Fig. 15. Complete architecture of the heat balanced bolometer with sigma-delta interface. The structures in the grey boxes 
are the one implemented in the realized chip. The shapes of the signal are represented at the different stages of the system. 
The signal at the input of the system varies in baseband in a 10 kHz bandwidth. The signal is amplified and converted into a 
bitstream sampled at 5 MHz (case of the 2nd order sigma-delta structure) which mean value evolves according to the input 
signal. The feedback shaping block translates this signal up to higher frequencies (several tens of MHz) and couples it back 
to the sensing resistor of the bolometer. Since the bolometer is a low bandwidth system, it acts as a filter towards this high 
frequency signal and only reacts to the root-mean square value of the modulated signal, i.e. to the Joule power of this signal. 
 
 
 
3.4.2. Setting Elements 
 
The system operation is controlled by three signals. 
Firstly, the electrical bias point, VBias, is determined 
by the currents IB1 and IB2 flowing through the 
resistor of the bolometer and in the reference resistor.  
Secondly, the thermal working point is determined by 
the differential voltage (Vcm1+-Vcm1-) added at the first 
integrator stage. This differential voltage generates 
heat feedback in absence of incoming optical power 
so as to elevate the temperature of the bolometer 
above the ambient temperature and allow the proper 
functioning of the closed-loop system.  
Thirdly, the programmable gain stage enables tuning 
of the gain of the system and so selecting the 
measurement range of the system. 
 
 
4. Layout of the Circuit 

 
The circuit is implemented in a 0.35 µm CMOS 

technology, in a 2.3 mm×2.3 mm die area. The 
resulting layout is depicted in Fig. 16. 

A particular attention was paid to the differential 
input pairs of the folded-cascode OTA and the pre-
amplifiers. Those pairs were laid out using common 
centroid geometry to minimize the effects of process 
gradients causing unwanted effects such as offset.  

The overall circuit operates in discrete-time and 
uses switched capacitor circuitry. Hence a particular 
attention was paid to the design of the capacitors. 
Capacitors are divided into elementary capacitor units 
of 125 fF. The capacitors of the circuit are realized as 

arrays of those elementary units surrounded by 
dummy elementary units. The upper electrode plate of 
the capacitors is connected to high-impedance node 
because they usually exhibit less parasitic 
perturbations than the lower electrode plate [18]. 

 
 

 
 

Fig. 16. Layout of the sigma-delta interface for the 
heat balanced bolometer. Inset, picture of the realized 
chip. The chip includes two sigma-delta modulators, 
one 1st order modulator and one 2nd order modulator, a 
2nd order decimator filter realized for the 1st order 
modulator and a feedback shaping block. The realized 
chip is 2.3 mm×2.3 mm, and holds 47 pads. 
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5. Simulation Results, Expected 
Performance 

 
Simulations performed to verify that the design 

fulfills the requirements are time consuming. 
Therefore, once the performance validated, the 
blocks are modeled to carry out top-level simulations. 
The top-level simulations of the complete system are 
performed using Simulink®. 

 
 

5.1. Sigma-Delta Simulation 
 

The electrical simulation results confirm the 
expected performances of the 2nd order sigma-delta 
modulator. The density of the pulses of the bitstream 
varies linearly according to the input signal (Fig. 17).  

Since the voltage to power conversion (V/P) is 
linear with this type of modulation, the feedback path 
is entirely linear. 
 
 

 
 

Fig. 17. Transient simulation of the 2nd order sigma-
delta modulator. Inset, duty cycle versus DC input from 

transient simulations. 
 
 
5.2. Complete System 
 
5.2.1. Schematic Validation 
 

Simulations of the complete system were 
undergone to validate the circuit before fabrication. 
Especially post-layout simulations with extracted 
parameters were performed. An example of those 
complete system simulation is shown in Fig. 18. In 
that case, the 1st order structure with the feedback 
shaping block is simulated. The appropriate behavior 
of the system is obtained: (1) when no optical 
incoming power is applied, the feedback shaping 
block produces a Joule power that sets the thermal 
operating point, (2) when optical power is applied, 
the feedback Joule power diminishes in order to 
exactly compensate the incoming power so as to keep 

the total amount of power constant. This type of 
simulation at the transistor level is time consuming 
because of the various frequency ranges of the 
signals involved in the simulation. Indeed, the input 
signals are in baseband up to 10 kHz while the 
sigma-delta clock is 5 MHz and the feedback carrier 
up to 800 MHz. The simulation step adapts to the 
fastest signal resulting in huge simulation times. The 
simulation illustrated in Fig. 18 took several hours. 
This motivates the use of behavioral top-model for 
top-simulation. Such models enable to rapidly 
simulate the behavior of the complete system and to 
validate algorithms such as those implementing smart 
functions. The validation of algorithms at transistor 
level is unthinkable. A modeling technique for the 
top-simulation of a smart bolometer has been 
proposed in [9]. Top simulations can also give access 
to the expected performance of the complete system. 
This is the case in the next paragraph showing 
expected results obtained with Simulink® modeling 
of the complete system. Therefore, once the post-
layout circuit simulations are performed, models are 
built in order to perform top simulations.  

 
 

5.2.2. Expected Performance 
 

The top-level simulations illustrate the expected 
behavior of the system and its expected noise 
performance. The models developed in [19] are used 
for the integrators of the sigma-delta modulator and 
for the noise considerations. The modeled structure is 
presented in Fig. 19 illustrating the case of a 2nd order 
sigma-delta modulator. Typical characteristics taken 
from [20] are used for the bolometer (7 ms time 
constant and 510-8 W/K thermal conductance). 
Fig. 20 illustrates the step response of both the 
bolometer in open-loop (in that case the output is VT) 
and in closed-loop mode when the bolometer is heat-
balanced with the sigma-delta interface directly 
looped (in that case, the output signal is the bitstream 
after filtering). The input step is 1 µW. The closed-
loop operation is interesting in that the output is 
directly proportional to the incoming power and the 
time response is much faster, i.e. response time (5 % 
final value) below 1 ms.  

Fig. 21 illustrates the expected performances in 
terms of noise taking into account the noise sources 
of sigma-delta interface (quantization noise, kT/C 
noise, clock jitter noise, and OTA noise). The noise 
floor is 100 dB below the 50 µW reference signal, 
meaning that the sigma-delta interface does not 
negatively impact the noise performance of the 
system, i.e. the noise performance will still be limited 
by the noise of the bolometer. 
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Fig. 18. Transient simulation of the sigma-delta interface (1st order). From 0 µs to 5 µs, the input differential signal is zero, 
in+ and in- are equal to Vdd/2 (1.65 V); and from 5 µs to 10 µs, a positive differential input signal is applied. When, the input 
signal is zero, the duty cycle of the measure signal is 50 % which corresponds to a zero input  
(value = Vdd.(Thigh-Tlow)/(Thigh+Tlow)). When the input signal is increased after 5 µs, simulating an optical power incoming 
onto the bolometer, the measure signal increases (Thigh>Tlow) and the modulated feedback signal decreases (less high 
frequency pulsed signal). 
 
 

 
 

Fig. 19. Block diagram of the Simulink® schematic used for simulation. According to [19], integrators are modelled  
using closed-loop delay cells. Data for the bolometer are typical data from literature for micro-bolometers  

(τ=7 ms, Geff=510-8 W/K). Sampling period is set at 0.4 µs for the simulations. 
 
 

 
 

Fig. 20. Step response of the bolometer in open-loop  
and in closed-loop when heat balanced with the 2nd order  

sigma-delta interface. In closed-loop, the output  
signal corresponds to the bitstream after filtering. 

 
Fig. 21. Expected noise performance of the 2nd order 

sigma-delta interface, with a 50 µW input reference  
signal at 100 Hz. 
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5.3. Discussion 
 
The simulation results presented here and top-

simulation involving smart-function presented in [9] 
enable to consider the expected performance and 
behavior of a micro-bolometer associated to the 
integrated sigma-delta interface. 

The two essentials points are: 
(1) The operation in closed-loop mode that 

enables increasing both bandwidth and measurement 
range. New design approach might be considered for 
the micro-bolometers because of the release in the 
time constant-responsivity tradeoff introduced by the 
closed-loop mode operation; 

(2) The introduction of smart-function such as 
self-test, self-calibration, measurement range 
selection and self-identification. 

Fig. 22 illustrates achievable performance of a 
micro-bolometer associated to the sigma-delta 
interface. The main points are the introduction of 
smart function and the increase of the bandwidth. 
Now taking advantage of the tradeoff constraint 
release allowed by the closed-loop operation, new 
structures for the bolometer pixel can be investigated. 
Especially, in [7] a 3D structure is proposed 
improving the detectivity of the bolometer (i.e. the 
ratio of the responsivity by the noise).  

 
 

 
 

Fig. 22. Performance of micro-bolometer associated with 
the sigma-delta interface. 

 
 
Such 3D pixel will be part of the future work after 

the complete validation and concrete tests of the 
realized sigma-delta interface. 

 
 

6. Conclusions 
 

In this paper, the design of a sigma-delta interface 
for a heat balanced bolometer is presented. This 
interface enables an integrated implementation of the 
capacitively coupled electrical substitution 

configuration for uncooled resistive bolometers. By 
enclosing the bolometer in a one-bit feedback loop, 
simultaneous heat feedback and analog-to-digital 
conversion is achieved. The feedback path enables 
built-in stimulus to be applied and the resulting device 
is a pulsed digital output infrared detector part of so-
called frequency sensors, with configuration 
capabilities upgrading it into a smart bolometer. 
Future work will involve the characterization and test 
of the realized prototypes and next development will 
focus on the integration of lines and matrixes of 
pixels.  
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