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Abstract: This work presents modelling and simulation of a readout integrated circuit (ROIC)
design considering pair-wise serial configuration along with thermal modeling of an uncooled
microbolometer array. A fully differential approach is used at the input stage in order to reduce
fixed pattern noise due to the process variation and self-heating-related issues. Each pair of
microbolometers is pulse-biased such that they both fall under the same self-heating point along the
self-heating trend line. A £10% process variation is considered. The proposed design is simulated
with a reference input image consisting of an array of 127x92 pixels. This configuration uses only
one unity gain differential amplifier along with a single 14-bit analog-to-digital converter in order

to minimize the dynamic range requirement of the ROIC
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1. Introduction

Infrared uncooled thermal imagers have been employed in
a wide range of civilian and military applications for
smartphone cameras, industrial process monitoring, driver
night vision enhancement, and military surveillance [1-3].
Micro-electro-mechanical system (MEMS) microbolometer
thermal detectors are the most widely used pixel element
detectors in today's infrared uncooled thermal imaging
cameras.

Microbolometer sensor arrays are fabricated using
MEMS technology, but they suffer from process variation,
which introduces fixed pattern noise (FPN) in detector
arrays [4]. At the early stage of sensor fabrication, a
sensor’s resistance discrepancy of £10% is expected [5]. A
microbolometer detector changes its resistance when
exposed to IR radiation due to its thermally sensitive layer.
If the target temperature differs from the ambient
temperature, i.e. ATscene, by 1K, it results in a tempera-
ture increase in the microbolometer membrane on the
order of 4mK [2].

These thermal detectors need to be electrically biased
during the readout in order to monitor the change in
resistance. Electrical biasing generates heat, which results
in self-heating of the microbolometer detector and causes a

change in resistance. Heat generated by self-heating cannot
be quickly dissipated through thermal conduction to the
substrate. It results in a change in temperature due to self-
heating much higher than a change in temperature due to
incident radiation [6, 7].

FPN and self-heating results in major degradation and
poor performance of the thermal imaging system, and
hence, imposes a strict requirement on ROIC for noise
compensation in order to detect the actual change due to
infrared radiation.

Readout topologies extensively discussed in the
literature are pixel-wise [8], column-wise [5] and serial
readout [9]. Pixel-wise readout improves noise performance
of the microbolometer by increasing the integration time
up to the frame rate [10]. Column-wise readout reduces the
number of amplifiers and integrators, which thus serves as
a good compromise between the silicon area and parallel
components [10, 11]. Serial readout architecture is read
pixel by pixel, and therefore, it requires only one amplifier
and integrator, resulting in low power consumption and a
compact layout [10].

This paper focuses on ROIC design considering the
impact of process variation and self-heating on performance.
Pair-wise, time-multiplexed, column-wise configuration is
used, in which one pair of microbolometers is selected at a
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time. Readout is performed differentially during the pulse
duration. The focal plane array (FPA) consists of 127x92
normal microbolometers and one row of blind micro-
bolometers to provide a reference for the ROIC. This paper
is organized as follows. Section 2 describes the literature
review. Section 3 covers thermal modelling of an uncooled
microbolometer. Section 4 explains the pair-wise serial
readout architecture in detail, along with an ROIC simula-
tor. Finally, we conclude this paper in the last section.

2. Literature Review

This section summarizes the studies conducted on
different aspects of thermal imaging systems. Some of the
important figures of merit are discussed, which are helpful
in evaluating the performance of infrared detectors. Some
of the commonly used thermal sensing materials that
influence the sensitivity of microbolometers are discussed.
The focal plane array and the readout integrated circuit are
two major building blocks of a thermal imaging system.

The operation of a thermal imaging system starts with
the absorption of the incident infrared radiation by the
uncooled microbolometer detector array. Each microbolo-
meter detector changes its resistance based on the absorbed
infrared radiation. It is important to establish criteria with
which different infrared thermal detectors are compared.
The most important figures of merit are the thermal time
constant (1), noise equivalent power (NEP), responsivity
(1), noise equivalent temperature difference (NETD) and
detectivity (D*) [2, 10, 12-14]. The performance of a
microbolometer is influenced by the thermal sensing
material. There are three types of material that are suitable
for the bolometer: metal, semiconductor and supercon-
ductor. Metal and semiconductor microbolometers operate
at room temperature, whereas superconductor microbolo-
meters require cryogenic coolers. Typical materials used
for microbolometers are titanium, vanadium oxide and
amorphous silicon.

Single input mode and differential input mode ROIC
designs are widely used at the reading stage of the ROIC in
order to detect the resistance value of a microbolometer
and to generate the voltage value. Differential input mode
assumes that the adjacent pixels are subjected to a small
radiation difference, and hence, results in a small
resistance change, causing a similar voltage change for
adjacent microbolometer cell resistances that can be read
and handled by a differential amplifier [15].

In addition, process variation creates resistance discre-
pancy among the sensors during the wafer process. A
differential input mode ROIC design attempts to cancel
these resistance differences among microbolometers using
the differentiation method. Thus, it suppresses the common
error and amplifies the differential signal. The conven-
tional single input mode, on the other hand, is known to be
inefficient at compensating for fixed pattern noise since it
has low immunity to process variation. A comparison
between single input mode ROIC and differential input
mode ROIC to decrease the error due to process variation
was presented [16].

Pixel-parallel, serial and column-wise readout archi-

tectures have mostly been discussed in the past. Parallel
readout increases power consumption and the complexity
of the readout, whereas serial readout reduces the speed of
a thermal imager due to its time-multiplexed nature. Pixel-
parallel readout, also known as frame-simultaneous readout,
is used for very-high-speed thermal imaging systems. Each
pixel in a cell array consists of detector, amplifier and
integrator. The pixel-wise readout architecture is suitable
for very-low-noise applications because it reduces Johnson
noise, one of the largest noise sources. The disadvantage of
the pixel-parallel architecture is the complex readout
resulting in a large pixel area and extensive power
dissipation. Conventional ROIC uses column-wise readout
because this architecture serves as a good compromise
between the speed and complexity of readout due to
parallel components. Finally, the last readout architecture
is serial readout. This approach uses only one amplifier
and one analog-to-digital converter (ADC) to perform the
readout due to the time-multiplexed nature of its readout.
Advantages with serial readout are compact layout and low
power consumption.

3. Thermal Modeling of a Microbolometer

Self-heating is an unavoidable phenomenon which
causes the temperature of a thermal detector to rise, even
though the bias duration is much smaller, compared to the
thermal time constant of the detector. The heat balance
equation of a microbolometer, including self-heating, can
be written as:

H dditT+GAT =Pgias + Pr 1)

where H is the thermal capacitance, G is the thermal
conductance of the microbolometer, Pgas is the bias power,
and P is the infrared power absorbed by the
microbolometer detector. For metallic microbolometer
materials, resistance Rp has linear dependence on
temperature, and can be expressed as:

Rg (tBIAS ) =R, (1 +aAT (tBIAS )) (@)

where a is the temperature coefficient of resistance (TCR)
of the detector, Ry is the nominal resistance, and AT(tgas)
is the temperature change due to self-heating during pulse
biasing, and is given by:

P t xt
AT (tB|AS ) =T _-I—O _ BIAS ( BCI;Ai) BIAS (3)

where 1 is the thermal time constant. Under normal
conditions, tgas << T and AT due to self-heating is
independent of thermal conductance. If Igjss is the constant
bias current applied to the microbolometer during the
readout, self-heating power can be expressed as:

Paias (tBIAS ) = IéIAS Rg (tBIAS ) 4

By solving the above equation using (2) and (3),
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When FPA is exposed to incident radiation, the
difference in radiant flux incoming to the microbolometer
can be estimated as

AT, dpP
Agg = % ﬁ) 300K, A2 (6)
where AT, is the difference in temperature between
target and ambient temperatures, and (dP/dT);pok . 1 the
change in power per unit area with respect to temperature
change radiated by a black body at an ambient temperature
in the wavelength interval 8um-14pum. The temperature
change due to the absorbed infrared power is given by

ATjg = AgIR (7

Resistance change of a microbolometer detector due to
change in scene temperature can be evaluated as

ARRr =Ry (a'ﬁ'¢Aﬂ,'gAﬂ,'ARIR) )]

where P is the fill factor of the microbolometer, ®,; is the
transmission of optics, and &, is the absorption of
microbolometer membrane in an infrared region. When
both incident and bias power are zero, the temperature of
the microbolometer cools down based on the equation
below:

—t

(—)
TeooL () =Tge 7 9

where Ty is the temperature of the microbolometer at the
end of pulse biasing. Infrared system parameters
mentioned in Table 1 are taken from [5].

4. Thermal Modeling of a Microbolometer

Fig. 1 demonstrates the flowchart of the ROIC simulator.
Temperature mapping of a thermal image is performed at
the beginning. For each pixel, AT .. is calculated based
on the target temperature and ambient temperature. An
infrared radiation model evaluates the difference in
incoming flux A®pg, the change in bolometer temperature
ATg, and the resistance change in the bolometer due to the
absorbed incident power ARg.

RroraL = Ry +Rpy + Ry (10)

where Rpy is resistance due to process variation and is a
+10% deviation from nominal resistance, and Ry is the
change in microbolometer resistance due to incident
radiation. Parameters mentioned in Table 1 and synchroni-
zation pulse sequence, as mentioned in Table 2, are

Table 1.Thermal Parameters of the Microbolometer.

Parameters Values

Nominal Resistance, Ry (k€2) 100
Pulse Duration, tgjas (1S) 6
Bias Current, Ipjas (LA) 20
Ambient Temperature, T, (K) 300
Thermal Time Constant, T (ms) 11.7
Temperature Coefficient of Resistance, o (%/K) -2.6
Thermal Conductance, G (W/K) 3.7e-8
Thermal Capacitance, H (J/K) 4.34e-10
Optics F/Number 1
Area of Microbolometer Pixel, Ap(m?) 6.25¢-10
Fill Factor of Microbolometer, 3 (%) 62
Transmission of Infrared Optics, @y, (%) 98
Absorption of microbolometer membrane, g, (%) 92
Temperature Contrast (dP/dT) 300k, ax (WK'lm'Z) 2.624
FPA Size 128 x 92
Frame Rate (frames per second) 10
‘Thermal Image
XxY pixel

Set Nominal Resistance of
Temperalure mapping of Each Pixel to Ro
each pixel i.e. Tpixel

Re=Ro +10% of Ro as

ATscene = Tpixel - To g Ambient Temperature To i
Process Variation

1. Evaluate incident IR flux
2. Evaluate AT of microbolometer due to IR
3. Evaluate AR of microbolometer due to IR

_— Ruwl=Re AR r

Synchornization pulse sequence based
on architecture

For each pixel
] 1. Evaluate SH power
| 2 Fvﬂ\llﬁlc AT due to Pulse h§\s
3. Evaluate AR due to Pulse bias
4. Evaluate AT during cooling of microbolometer

|

1. Differential amplification based on architecture
2. n-bit ADC, V+ = Vmax, V- = Vmin

|

Evaluate absolute values of each pixel

|

Display Output Image

1. Thermal parameter database
2. Bias current
3. Bias pulse duration

Fig. 1. ROIC Simulator Flowchart.

provided to the ROIC simulator. It evaluates self-heating
power, temperature drift and change in resistance due to
pulse biasing.

A 14-bit ADC is used to convert the signal to digital
representation. The blind microbolometer exhibits the
same thermal characteristics as that of a normal micro-
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Table 2. Pulse sequence for pair-wise serial ROIC
architecture, where BD is microbolometer detector.

Selected Microbolometer

ulse Detector (BD) Pair
Blind (1,i) and BD(2,i)
2 BD (3,i) and BD(4,i)
(X/2) BD (X-1,i) and BD (X, i) i=123,.Y,
X2)+1 BD (2,i)and BD (3,1)
(X-1) BD (X-2,i) and BD (X-1,i)

bolometer but remains unaffected by incident radiation,
and thus, serves as a reference point. Each microbolometer,
either blind or normal, is connected with a current source
through a p-channel metal-oxide-semiconductor (PMOS)
switch. The gate of the PMOS switch is controlled through
the digital circuitry that generates the pulse sequence based
on the serial readout topology. Absolute values of each
pixel are then calculated based on the reference blind
microbolometer after all values are converted to the digital
domain.

Fixed pattern noise correction is achieved by per-
forming the complete readout under the dark condition.
This measurement takes place when the focal plane array
is not exposed to any incident power, and it is considered
the reference value for each pixel. Later, every pixel
reading has to be adjusted based on the pixel’s reference
point taken during the dark condition.

5. Pair-wise Serial Readout Architecture

Pair-wise serial readout architecture selects and bias
one pair of microbolometers at a time, and the readout is
performed differentially. A pair of microbolometers is
biased twice during a frame rate, and the reading is
performed differentially. Once the readout of the selected
pair is finished, bias current source is switched to the next
pair of microbolometers. The recently biased detector pair
is left to cool off until the next pulse (for the next reading
within the same frame rate) is applied. A blind micro-
bolometer is biased once in a column with the first normal
microbolometer, and it exhibits the same temperature drift
due to self-heating as normal microbolometers, which can
also be drastically minimized using a differential approach.
The normal microbolometers are read twice with each
adjacent neighbor, except for the last normal microbolo-
meter. Table 2 shows the pulse sequence based on pair-
wise serial configuration, where X is the number of rows
and Y is the number of columns.

Consider a case for serial readout architecture where,

Twarr = 2ps, Tgias = 6us,

Teorumn = (Twarr + Teias) * (X - 1)

TCOLUMN = (2HS + 6HS) * (128 — l) = 1016ms
Trrave = TcoLumn * Y

Trrame = 10.16ms * 92 = 93.472ms

The serial architecture is time-multiplexed; thus, only
one pair of microbolometers is read during a single pulse
duration. Thus, the minimum time to perform the readout
of a single frame of a 127x92 pixel focal plane array is
approximately 100ms for a Tpias of 6us, and approxima-
tely 150ms for a Tpias of 10us. This constraint limits the
thermal imager to a maximum frame rate of 10 frames per
second and 6 frames per second, respectively.

The following are the calculations of the start time of
the pulse for the microbolometer in the tenth column
second row, i.e. microbolometer (2, 10):

Twarr = 2ps, Tgias = 6y,
TeoLumn = (Twarr + Taias) * (X —1)

where X is the number of rows. It means, in order to
perform the readout of a complete column, X-1 pulses are
required. For the first pulse for microbolometer (2, 10):

Trurser start = TeoLumn * 9 + Twarr
Trueser start = 9.146ms

TPULSE] END — TPULSEI START + TBIAS
TPULSE] END — 9.146ms + 6}15 =9.152ms

Similarly, the time of the second pulse for micro-
bolometer (2, 10) is calculated as follows:

TruLse2 start= Truser enp + ((X/2) — 1) Tgias

+ (X2)Twarr
TruLse2 start = 9.152ms + 63*Tyias + 64*Twarr
TpuLsez start = 9.658ms

TPULSE2 END — TPULSEZ START + TBIAS
TPULSEZ END — 9.658ms + 6}15 =9.664ms

Before the second pulse for the same microbolometer
arrives, the cooling time of a microbolometer is evaluated
as follows:

Tcoort = Teurse2 start - TruLsel END
TcoorLr =9.658ms - 9.152ms = 506us

After the second pulse, cooling time of the micro-
bolometer is evaluated as

TCOOLZ = TFRAME - TPULSE2 END

Tcoorz = 100ms — 9.658ms = 90.142ms

6. Simulation Results

Self-heating of a microbolometer causes the resistance
of the microbolometer to drop due to its negative TCR.
The resistance drop due to self-heating is of higher
magnitude than the resistance drop due to incident infrared
radiation, and thus imposes a strict requirement on the
dynamic range of the ROIC. In order to relax this
requirement, the microbolometers are pulse biased during
the readout time, and the voltage drop due to self-heating
is minimized.

Electrical biasing generates Joule heating and causes a
change in the resistance of the microbolometer detector.
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Fig. 2. Microbolometer self-heating for tgjas= 20us and
tB|As=10|.IS.

Even though the bias duration is much shorter than the
thermal time constant of the microbolometer detector, it
still results in a significant rise in the temperature of the
detector. This is due to the fact that applied bias power is
much higher, compared to infrared absorbed power. It
results in a much higher change in temperature due to self-
heating, compared to incident radiation. Heat generated by
self-heating cannot be quickly dissipated through thermal
conduction to the substrate. Readout circuits are required
to have complex circuit design and a high dynamic range,
if self-heating not compensated for. Thus, self-heating
must be compensated for in order to improve the
performance of readout circuit, and eventually, the thermal
imaging system.

In this work, microbolometers are pulse biased with a
nominal value of bias current. If the bias current is too
high, or biased for a long duration, it will result in
excessive heating and permanent damage to the thermal
detectors. Similarly, if the bias current is too low, it will
result in low responsivity in the microbolometers. If the
microbolometers are biased for a long duration, it will
result in high temperature drift in the microbolometers due
to self-heating.

Fig. 2 demonstrates the effect of self-heating by
measuring resistance versus bias current for a pulse
duration of 20us and 10us. For a pulse duration of 20us,
increasing the bias current from IpA to 25pA results in a
decrease in the nominal resistance of the microbolometer
by approximately 7000Q, which is equivalent to a
temperature rise of 2.5K. In order to minimize the impact
of self-heating, one way is to reduce the bias current to the
lowest practical value, as shown in Fig. 2.

The thermal time constant of the microbolometer,
along with time-multiplexed integration, limits the
maximum frame rate of the thermal imaging system. For
an FPA of 128x92 pixels, and by using the proposed pulse
sequence, each pair of microbolometers can be selected for
a pulse duration of 6ps with 10 frames per second. Fig. 3
shows the temperature variation of microbolometer pixel
(2, 1) due to self-heating when given two pulses, one at t =
2us and the second at t = 82us. From t = 8us to t = 82us
and from t = 88us to t = tframe, both incident and bias
power are zero, and hence, the bolometer cools down, as

— AT without IR]

2k —— AT with IR
Z
o 0.8
g
5
o
£
o
& o4

0 . .

0 100 200 300

Time (us)

Fig. 3. Variation in microbolometer temperature with
and without IR.
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and differential readout.
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Fig. 5. (a) Input thermal image 127 x 92, and (b) ROIC
output.

per (9), where tframe is the total time for the readout.

Fig 4 shows the voltage wvariation of reference
microbolometer (1, 1) and normal microbolometers (2, 1),
(3, 1) and (4, 1) during the readout. Few things can be
concluded from the figure. Only one pair of micro-
bolometers is biased at a time, and the voltage variation
during the readout period is different for each micro-
bolometer, even when there is no input power. This is due
to the fact that during fabrication, microbolometers suffer
from process variation due to process immaturity. Individual
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slopes of reference for microbolometer (1, 1) and normal
microbolometer (2, 1) are 5.348mV/ps and 4.2mV/s,
respectively. Both the microbolometers have different
slopes, because they have different nominal resistances
before the readout.

Fig. 5(a) shows the input thermal image to an ROIC
simulator [17], which is 320 x 240 but cropped to 127 x 92
for simulation purposes. Fig. 5(b) shows the output image
of the simulator using the proposed architecture, mapping
a temperature change of about 12°C. Fixed pattern noise
can be seen in the output image.

7. Conclusion

The ROIC model presented in this paper uses a pulse
bias current scheme to reduce the effect of self-heating.
Simulation results show that the temperature drift due to
self-heating is compensated for by using differential
readout, but it is not completely eliminated due to the
consideration of a very high resistance discrepancy of
+10% due to process variation. A pulse sequence to each
pair of microbolometers is provided, such that they both
fall under the same self-heating point along the self-
heating trend line, i.e. the pair picked is such that both are
biased the same number of times. The proposed architec-
ture for the ROIC requires one differential amplifier and
one 14-bit ADC in order to reduce the dynamic range
requirement, power dissipation and area at the expense of a
longer readout time for a large focal plane array.
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