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A Sub-µW Fully Tunable CMOS DPS
for Uncooled Infrared Fast Imaging
Josep Maria Margarit, Lluís Terés and Francisco Serra-Graells, Member, IEEE

Abstract—This paper presents a very low-power and fully
programmable CMOS digital active pixel sensor for uncooled
IR fast imaging. The proposed circuit topology includes self-
biasing, built-in input capacitance compensation, predictive A/D
conversion and a truly digital I/O interface, all at pixel level.
Furthermore, full FPN cancellation is also supplied by the
external digital tuning of both offset and gain for each individual
pixel at no speed costs. Two DPS circuit implementations for IR
PbSe sensors have been integrated in standard 0.35µm 2-polySi 4-
metal CMOS technology. Finally, exhaustive experimental results
from their electrical tests are reported to validate the proposed
DPS design techniques.

Index Terms—CMOS imager, active pixel sensor (APS), DPS,
low-power, infra-red, uncooled, PbSe.

I. INTRODUCTION

THE semiconductor market is experimenting an increasing
demand for infrared (IR) fast imaging in key application

fields like automotive, medical, scientific and strategic equip-
ments. These imagers are commonly based on focal plane
arrays (FPA) of active pixel sensors (APS). In this sense, the
pixel-by-pixel combination of PbSe detectors and CMOS read-
out circuits are a promising technology for low-cost, uncooled
and very fast (i.e. >100fps) IR imagers, like [1].

From the CMOS design viewpoint, circuit techniques for
pixel read-out are recently evolving from purely analog APS
cells in voltage [2]–[5] or current [6]–[9] domains to digital
pixel sensors (DPS) with built-in A/D converters (ADC). The
inclusion of the A/D conversion inside each DPS eliminates
the extra cost of a high-speed serial ADC at the output,
and also it improves signal integrity by narrowing the noise
bandwidth through the massive A/D conversion of all the pixel
cells working in parallel. On the other hand, the size and power
of the resulting DPS may be increased compared to the classic
APS implementation. In order to scale down the analog parts
of the DPS ADC, predictive architectures (e.g. integrating,
sigma-delta) are usually preferred at pixel level over direct
(e.g. flash) or algorithmic (e.g. successive approximations)
alternatives. Such predictive ADCs usually involve a pulse
modulator, in charge of quantifying in continuous-time the
amplitude of the sensor signal at 1bit, and a digital filter,
to cut off the high frequency components of the resulting
quantification noise and to complete the time discretization.
Basically, two different approaches can be found for the first
stage of the ADC: pulse width modulation (PWM) also known
as time-to-first-spike [10]–[13], and pulse density modulation
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(PDM) also called spike-counting [14]–[16], or even mixed
solutions like [17]. The advantage of spike-counting in our
context is its low switching activity during A/D conversion,
causing less digital noise injection in the FPA. Concerning
the digital filtering of the predictive ADC, this second stage
is usually implemented by simple binary counters.

In general, the DPS circuits reported in literature for vis-
ible applications do not take into account specific problems
associated with room temperature IR sensors, like high input
capacitance and dark current values. Also, most of them do not
consider any mechanism inside each pixel to fully compensate
for the fixed pattern noise (FPN) caused by mismatching
between DPS cells at sensor and circuit levels. Finally, all
of the proposed circuits make use of global analog biasing
schemes, which can easily cause pixel crosstalk within the
FPA.

This paper addresses all the previous issues by presenting
a novel CMOS DPS circuit with self-bias capability, input
capacitance compensation, fast ADC and individual digital
tuning of both offset and gain parameters against FPN, all
together with very low-power consumption. The target imager
for such a DPS proposal is illustrated in Figure 1, where a
digital input map is supplied to the FPA for the individual
offset and gain tuning of each pixel, and the FPN compensated
IR image is obtained as a digital output map.

Figure 1. General concept of the target digital IR imager.
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This work is based on a previous paper from the same au-
thors [18], presenting in this case more exhaustive experimen-
tal results and a detailed description of the circuits operation.
The paper is organized as follows: next section introduces
the general architecture of the proposed DPS cell; Section III
presents the input capacitance and offset compensation cir-
cuitry; the pixel built-in predictive ADC proposal is detailed
in Section IV, while Section V and VI explain the self-biasing
and gain tuning circuits, respectively; exhaustive experimental
results are reported in Section VII, and conclusions are finally
summarized in Section VIII.

II. DPS ARCHITECTURE

The functional model of the proposed DPS is shown in
Figure 2, where Vcom and Isens are the common voltage and
the individual output current of the IR sensor, respectively,
while Cpar stands for the total input parasitic capacitance
contributed by the sensor, the interconnection technology
(either monolithic or hybrid) and the CMOS read-out circuit
itself.

Figure 2. General functionality of the proposed DPS.

The DPS can be operated in two different modes: acquisition
or communication. In the first case, the input blocks compen-
sate Cpar and the DC dark current (Idark), so the effective
signal Ieff , ideally proportional to the incoming IR power,
can be codified by the spike-counting ADC and stored in the
digital I/O block. During the communication phase, the same
digital block is reconfigured to allow at the same time both,
the serial read-out of the IR sample through qout, and the
programming-in of Idark and the gain of the ADC through
qin at alternate frames without extra speed costs. In fact, the
individual programmability of offset and gain for each DPS
allows not only to fully cancel the pixel FPN, but also to apply
both dynamic (at each frame) and spatial (in different regions

of the FPA) automatic gain control (AGC) algorithms in order
to improve the dynamic range of the IR image.

III. INPUT CAPACITANCE AND OFFSET COMPENSATION

As any current-mode input system, the first stage of the
DPS must supply a low enough input impedance to minimize
the effects of the parasitic capacitance Cpar. For this purpose,
the CMOS circuit of Figure 3(bottom) is proposed. The DPS
input impedance is basically controlled by M5 together with
its active regulated control M1-M4, which tends to keep the
input potential to ground (i.e. biasing the sensor differentially
at Vcom). When operating all devices in weak inversion
saturation, the resulting input resistance according to [19] is:

rin '
gmd1,2 + gmd3,4

gmg5gmg1,2
=
nNnPU

2
t

Isens
(λN + λP ) (1)

where n, Ut and λ stand for the subthreshold slope, the
thermal potential and the channel length modulation factor,
respectively. In practice, resistance values below kΩ can
be easily obtained, allowing to increase the upper limit of
Cpar above several pF. The input stage is also in charge
of implementing the high-resolution subtraction of Idark,
which in turn must be digitally programmable. In this sense,
the CMOS circuit of Figure 3(top) is proposed. This block
includes a cascode current source M6-M9 controlled by the
switched-capacitor D/A converter (DAC) built around Cmem

and Csamp. According to the chronogram of Figure 3, for
Cdac

.= Csamp ≡ Cmem and Cdark
.= Cdarka ≡ Cdarkb,

the individual Idark tuning is performed in two steps. During
communication phase (count=0 and edac=1), the gate of M6
is precharged to half of the supply voltage, while the DAC
generates the programmable level:

Voff = VDD

N∑
i=1

pN−i

2i
(2)

where VDD stands for the supply voltage. Once in acquisi-
tion (count=1 and edac=1), charge redistribution causes:

VGB6 = VDD

[
Cdark

Cdark + Cdac

(
1
2

+
Cdac

Cdark

N∑
i=1

pN−i

2i

)
− 1

]
(3)

where p and N are the digital code and its bit-length
serially programmed through qin. The individual offset tun-
ing for each DPS is then retained by the analog memory
2Cdac + 2Cdark for the next two frames.

IV. A/D CONVERSION

As already explained in Section I, a PDM predictive ADC
approach is preferred for its relaxed analog requirements and
digital low-noise performance, like the general scheme of Fig-
ure 4(a). Basically, the PDM modulator is built around a high-
gain but band-limited stage, which amplifies the predictive
error, a quantizer and a feedback DAC to update the prediction.
As a result of this modulation, the quantification error in the
pulse stream (Vpdm) is pushed to higher frequencies. Hence,
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Figure 3. CMOS input stage proposal for both the parasitic capacitance
compensation (bottom) and the digital offset tuning (top) of the DPS of
Figure 2.

the low-pass digital filter can then easily cut these frequency
components and complete the discretization of the signal in
time to finally obtain the digital output word at qout. In the
context of circuit design for DPS cells, this predictive ADC
is simplified to Figure 4(b). Here, the high-gain and band-
limited stage is replaced by a first order integrator, which
amplifies the low-frequency components of Ieff into Vint.
The integrated signal is quantified at 1-bit by the comparator,
and the resulting Vpdm is fedback to the reset of the analog
integrator, so performing the same effect as a single bit DAC.
Concerning the low-pass digital output filter, this block is
implemented by a simple integrator (i.e. counter) whose losses
are controlled by the frame initialization signal (init).

For the analog integrator in the PDM modulator of Fig-
ure 4(b), the single-transistor capacitive trans-impedance am-
plifier (CTIA) M1-Ibias and Cint of Figure 5(a) is proposed. A
novel 3-switch reset scheme is presented here for the CTIA to
ensure fast reset times under low-power operation. Its principle
of operation is as follows: during reset phase (Vpdm = VDD),
M1 is configured as an active load following Figure 5(b) in
order to auto-bias its gate according to Ibias, the incoming
signal Ieff and any possible input voltage offset of M1
itself; once in integration phase (Vpdm = 0), the same device
is operated as an inverter amplifier following Figure 5(c),
resulting on the Vint waveform depicted in the same figure.
In fact, this analog integrator is operated in Class-AB, since
M1 can drive large Ieff values (typically up to µA), but Ibias

can still be optimized for low-power consumption (typically
below 100nA). Also, the proposed reset network implements
correlated double sampling (CDS) by copying the output noise
of M1 in Cint during the reset phase.

The preamplified signal Vint is then quantified at 1-bit by
the comparator M1-M10 of Figure 6 according to the given
threshold Vth. Due to the individual tuning of Vth, discussed
later on in Section VI, the topology of this comparator is
optimized for high input and output ranges, as well as for low-
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Figure 4. General scheme (a) and DPS adaption (b) of a PDM predictive
ADC.
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Figure 5. DPS CMOS analog integrator proposal (a) and operation in reset
(b) and acquisition (c) phases.

power consumption. In this sense, the proposed comparator
combines a static very low-current Ibias with the dynamic
high-current bias supplied by M7 due to the positive feed-
back of M8 during pulse transitions. As a result, low-power
operation together with fast reset times can be obtained in
practice. Once the pulse is generated, the feedback of Vpdm

to the CTIA of Figure 5(a) causes the comparator to return to
its previous state.

Hence, under constant Ieff and supposing ideal reset times,
the closed loop operation of the previous circuits generates a
spiking signal of frequency:

fspike =
1

CintVth
Ieff (4)

For the second stage of the PDM predictive ADC of
Figure 4(b), the reconfigurable logic of Figure 7 is proposed.
Since digital integration during acquisition is non overlapped
in time with I/O communication, a reusable circuit imple-
mentation is chosen, where count stands for the acquisition
enabling signal.
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Basically, two operation modes are configured: during ac-
quisition (count=1), the binary pulses Vpdm are digitally
integrated by a ripple counter made of T-type flip-flops;
during I/O communication (count=0), a scanning path is
implemented using a shift register of D-type flip-flops, which
in turn connects all the DPS cells along the row/column of
the FPA. Also, a simple logic is introduced in Figure 6 to
prevent from overloading the ripple counter during acquisition
by keeping the analog integrator reset for the rest of the
frame. As it can be seen, the proposed topology for this multi-
functional block exhibits a high modularity in order to fit
different dynamic range applications (i.e. selecting the number
of bits N ). For a given frame frequency fframe = 1/Tframe,
the value of the digital word in the register of Figure 7 at the
end of each frame is:

Q<N :0> =
fpdm

fframe
=
Tframe

CintVth
Ieff (5)

V. DPS SELF-BIASING

As discussed in Section I, local generation of all analog bias
levels inside each DPS is preferred in order to reduce crosstalk
between pixels and to relax connectivity requirements for the
CMOS technology (i.e. number of available metal layers).
For such a purpose, the compact CMOS circuit of Figure 8
is introduced. The core of this block is the proportional
to absolute Temperature (PTAT) voltage generator M1-M4,
together with the load transistor M5. Assuming weak inversion
saturation for the former and strong inversion conduction for
the later [19]:

Vref

Ibias

M4

M1 M2

M3 M7

P 1

M5

M6

Ibias

M9M8

Figure 8. DPS CMOS built-in bias generator proposal.

Vref = Ut ln(P ) (6)

Ibias ' β
(
W

L

)
5

(VDD − VTO)Vref (7)

where β and VTO stand for the unity current factor and the
threshold voltage, respectively. Thanks to the large overdrive
of M5, the absolute technology variation of Ibias is limited to
β.

The local generation of the biasing levels inside each
pixel strongly minimizes the problem of inter-DPS cross-talk.
However, it also introduces new design challenges related
with Ibias deviations between DPS cells caused by technol-
ogy mismatching. In modern CMOS technologies, transistor
mismatching is dominated by VTO over β for a wide range
of drain current levels, and its relative effect on drain current
is maximum in weak inversion. Thus, the relative technology
mismatching of Ibias is mainly dependent on:

σ

(
∆Ibias

Ibias

)
≡ σ

(
∆Vref

Vref

)
' Ut

Vref
σ

(
∆P
P

)
∆P � P

(8)
According to Pelgrom’s law [20], the standard deviation

of the P ratio in Figure 8 due to the threshold voltage
mismatching between M1 and M2 is:

σ

(
∆P
P

)
=

AV TO

nNUt

√
(WL)2

(9)

where AV TO is the VTO mismatching constant of the given
CMOS technology. Hence, bias matching between DPS cells
can be locally improved by increasing either M1-M2 unit
device area or their ratio factor P (so Vref ):

σ

(
∆Ibias

Ibias

)
' AV TO

nNVref

√
(WL)2

(10)

VI. INDIVIDUAL GAIN TUNING

Although pixel offset errors can be individually compen-
sated through the dark current digital programming method
proposed in Section III, some FPN may still remain under
uniform IR illumination due to gain variations between DPS
cells.

In order to fully compensate for such effects, an individual
and digital gain tuning circuit is proposed in Figure 9. Basi-
cally a switched DAC is introduced to individually adjust the
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gain in each pixel by controlling the threshold voltage Vth of
the ADC of Figure 4(b). Its principle of operation is exactly
the same as in Figure 3(top):

Vth = VDD

N∑
i=1

pN−i

2i
(11)

Since Idark and Vth digital tuning is performed in alternate
frames, more compact DPS implementations can be obtained
by sharing in time the two DAC blocks of Figures 3(top) and 9,
as demonstrated in Section VII.

Csamp

Vth

Cmem

clk clk

edac

shift
register
mode

edac

Vint Vpdm

count

qin

qout

digital read-out

digital program-in

DPS

Figure 9. CMOS switched-capacitor DAC for the individual gain tuning of
the DPS ADC of Figure 4(b).

VII. EXPERIMENTAL RESULTS

Taking all the proposed building blocks, two complete DPS
cells have been designed for uncooled and fast IR PbSe
sensors, like [1]. In both cases, the common design parameters
are as follows: Cint=500fF, N=10, P=12, Ibias=60nA and
Cmem≡Csamp=300fF. Also, both circuit realizations have
been integrated in standard 0.35µm 2-polySi 4-metal CMOS
technology from Austria Micro Systems (AMS). The particu-
larities of each circuit design and its experimental results are
reported in the following sections.

A. DPS for PbSe Post-Processing

The first DPS realization shown in Figure 10 is intended
for post-processing the PbSe sensor on top of the CMOS
circuit in order to obtain a monolithic IR imager. For such
a purpose, the top metal layer of the CMOS technology is
exclusively devoted here to define the two terminals of the
PbSe sensor, as illustrated in Figure 2: the grille common bias
Vcom, and the inverted U-shape individual terminal collecting
Isens. In this scenario, pixel pitch is limited by the loss of
the fourth metal level for the CMOS layout design, and by
the alignment tolerance of the sensor post-processing itself.
The two groups of quad poly-Si capacitors easily identified
in Figure 10 correspond to the dedicated Idark and Vth DAC
blocks.

Electrical tests without IR sensors have been performed
to the first DPS design through the specific experiments of
Figure 11. This integrated circuit includes an isolated active
pixel for the detailed characterization of the DPS cell, as well

50 m¹

Figure 10. Microscope photography of the DPS implementation for post-
processing the PbSe IR sensor on top of the CMOS circuit. Pixel bounding
box is 200µm×200µm.

as a tiny FPA of 3×16 pixels (with I/O serial access by row)
for crosstalk studies. It is important to note that the FPA is
seen as a truly digital I/O system, as the top analog pads of
Figure 11 are only included to control and monitor the IR
sensor emulation. The sensor emulators are made of NMOS
current sources, which are calibrated before the test of the
active pixels, and they are in charge of stimulating the desired
Isens level in each individual active pixel. Hence, the DPS
transfer curve in terms of output digital reading versus input
sensor current can be automatically obtained.

500 m¹

digital
program-in

digital
read-out

analog
test only( ( sensor

emulators

single DPS 3 16 FPA£

Figure 11. Microscope photography of the experiments for the DPS design
of Figure 10.

The experimental results obtained from these electrical
tests are reported in Figures 12 to 14 and summarized in
Table I. Firstly, the DPS transfer curve is measured under
different digital programming codes in order to study the active
pixel tuning capabilities. The family of curves presented in
Figure 12 exhibits a dark current tuning range of two octaves,
from 0.5µA to 2µA, and a wide enough threshold swing.
Secondly, the analog memory leakage for this offset (Idark)
and gain (Vth) programming is quantified in terms of digital
output error. In this case, the test protocol consists of an initial
tuning of Idark (or Vth), and the refreshment at each consec-
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utive frame of Vth (or Idark) only, instead of the alternate
method. The resulting error rates from Figure 13 validate the
alternate frame programming proposed in Section II. Finally,
statistical deviations caused by circuit technology mismatching
between 480 DPS cells (10 die samples) with the same digital
programming codes are shown in Figure 14. These offset
and gain dispersions due to circuit FPN demonstrate the
necessity of the individual digital programmability introduced
in Sections III and VI.
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Figure 12. Experimental transfer curve of the DPS cell of Figure 10 for
different individual offset (top) and gain (bottom) digital tuning codes.

B. DPS for Hybrid PbSe Imagers
The second DPS design of Figure 15 is oriented to build

hybrid IR imagers, where a PbSe sensor array is attached
pixel-to-pixel by bump-bonding to the CMOS imager. In
this case, pixel area is scaled down to about 40% of the
previous DPS cell by taking advantage of the top CMOS metal,
which is almost entirely devoted here to circuit design, apart
from the bump-pad structure. Also, offset and gain tuning is
implemented through a single DAC, by multiplexing Idark and
Vth programming between frames, as it can be easily seen in
the reduction of the number of poly-Si capacitors in Figure 15
compared to Figure 10.
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Figure 13. Experimental range of Idark (top) and Vth (bottom) memory
leakage rates inside the DPS of Figure 10 in terms of digital output error
when only the opposite parameter is refreshed.

The same electrical test setup of the previous section has
been applied to the second DPS design through the specific ex-
periments of Figure 16. This integrated circuit includes again
an isolated active pixel, for the detailed characterization of
the DPS cell, a tiny FPA of 3×5 pixels (with I/O serial access
by row) for crosstalk studies, together with the corresponding
NMOS sensor emulators.

The experimental results obtained in this case are reported in
Figures 17 to 19 and summarized in Table I. In this sense, the
programmability of the active pixel transfer curves has been
improved, enlarging the dark current range in more than one
decade compared to the previous results of Figure 12. This is
an important feature in order to cover all deviations in a large
FPA of PbSe sensors. On the other hand, gain tuning range is
almost preserved by design. The use of a shared DAC for the
tuning of the DPS has a slight negative effect on the analog
memory storage of the offset, but it increases the retention
time for the gain parameter. Concerning FPN, the statistical
analysis of 105 DPS cells (7 die samples) programmed with
the same tuning codes returns the results of Figure 19. The
improvement over the first distributions of Figure 14 may be
caused by both, a more optimized layout matching technique
and larger dark current levels, which tend to minimize the
effect of the threshold voltage mismatching.
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Figure 15. Microscope photography of the DPS implementation for bump-
bonding the PbSe IR sensor on top of the CMOS circuit. Pixel bounding box
is 130µm×130µm.
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Figure 16. Microscope photography of the experiments for the DPS design
of Figure 15.
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Table I
OVERALL PERFORMANCE OF THE DPS CELLS.

DPS DPS
Parameter Fig.10 Fig.15 Units
Pixel size 200×200 130×130 µm
Dark current range 0.5 to 2.0 0.1 to 5.5 µA
Max. input capacitance 15 pF
Typ. signal range 1 to 1000 nA
Typ. frame rate 1000 fps
Typ. output dynamic range 10 bit
Inter-pixel crosstalk <0.5 LSB
Typ. FPN before tuning (±σ) 15 10 %
FPN after tuning <0.1 %
Typ. offset leakage error 0.2 2.3 LSB/f
Typ. gain leakage error 0.3 0.1 LSB/f
Program-in/read-out speed 10 Mbps
Supply voltage 3.3 V
Static power consumption <1 µW
Bias deviations (±σ) 15 %

Inter-pixel crosstalk measurements have been performed in
the tiny FPAs of Figure 11 and Figure 16 by reading a DPS
cell with a null effective input current, but surrounded by a
group of active pixels stimulated at full-scale. In all cases, the
monitored active pixel did not show any output digital error.

Compared to other high-speed CMOS DPS designs
like [21], the proposed active pixel can also be operated at
frame rates as high as 10kfps just by changing the integration
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Figure 19. Experimental offset (top) and gain (bottom) devia-
tions between 105 DPS cells like Figure 15 for digital tuning codes
Idark=’1000000000’ and Vth=’1000000000’.

time (i.e. 100µs), since A/D conversion is performed at the
same time as frame exposure. However, and unlike the other
high-speed designs in literature, our DPS circuit already in-
cludes in-pixel cancellation not only of the offset FPN, but also
of the gain FPN. Furthermore, the analog biasing levels for the
active pixel are in our case generated locally inside each DPS.
Hence, crosstalk between pixels is easily minimized, while
the number of metal interconnectivity layers of the CMOS
process, so the integration costs, can be lower. Moreover, a
specific input capacitance compensation circuit is included
inside the DPS. Finally, all these pixel features are obtained
operating most of the transistors in weak inversion in order to
achieve very low-power consumption levels.

VIII. CONCLUSIONS

A low-power and fully programmable CMOS digital active
pixel sensor has been presented for low-cost uncooled IR
fast imaging. A complete set of very low-power circuits is
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proposed for input capacitance and dark current compen-
sation, predictive A/D conversion, digital I/O interface and
self-biasing, all inside the DPS cell. Furthermore, full FPN
compensation is supplied by adding independent digital tuning
of both offset and gain parameters for each individual active
pixel, while maintaining high-speed read-out operation. Two
physical DPS implementations are presented for IR PbSe
sensor post-processing and bump-bonding. Both active pixel
cells have been integrated in standard 0.35µm 2-polySi 4-metal
CMOS technology. Finally, exhaustive experimental data is
presented from the electrical measurements of specific tests for
both DPS realizations, which proof the validity of the proposed
circuit techniques.
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