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Research on the response model of microbolometer∗
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There are certain limitations in the application of uncooled focal plane array (FPA) detector due to the lack of

an effective response model which reliably transforms the target temperature to analog output voltage. This paper

establishes the response model of microbolometer through researching the detection theory of microbolometer and the

heat balance equation under the condition of the pulsed voltage bias. In the establishing process, we simplified the heat

balance equation to acquire a simple answer. The experimental data show that, in the temperature dynamic range of

30 K, the biggest tolerance between the model data and the experiment data is 0.2 K; while in the temperature dynamic

range of 100 K, it is 1 K. This model can reflect the real response of the microbolometer with only small differences

which are acceptable in engineering applications.
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1. Introduction

In recent decades, microbolometer has played an

important role in many fields, such as, (i) in the na-

tional security equipments; (ii) in the high-tech local

wars; and (iii) in the civil systems.[1,2] Despite the

wide applications listed above, however, the employ-

ment of microbolometer is hampered by the lack of

a model which transforms the targets temperature to

the analog output of FPA. In the large-scale applica-

tions, microbolometer is largely working as a compo-

nent implemented in a system, thus a mathematical

model which can be used to calculate the relationship

between the input and output signals is due to ap-

pearing in order to make easier the assessment of the

system resources as well as the system design. Accord-

ingly, the model of microbolometer has received much

attention. For example, noise equivalent power model

of the microbolometer was put forward in Ref. [3],

R–T model of the microbolometer was proposed in

Ref. [4], response rate model of microbolometer was

proposed in Ref. [5], and the relation model of tar-

get irradiation power and thermistor temperature was

proposed in Ref. [6]. However, there are so many

parameters involved in the model of microbolometer,

such as the integration time, TCR (temperature co-

efficient of resistance), integration capacitance, and

frame time, and so on, it is hard to calculate the whole

mathematical model precisely, which means that the

models mentioned above are incomprehensive and can

only offer limited help.

In the engineering applications, the establishment

of any model has to be based on the theory of the de-

vice being concentrated; meanwhile, the complete pre-

cise mathematical solution is not seriously required.

A reasonable approximation is very effective in the

acceptable tolerance range.[7] This paper deeply re-

searches the imaging theory of the resistance-type mi-

crobolometer and introduces a complete model of it,

and verifies its practicality to microbolometer accord-

ing to the experimental data.

2. Detection theory of microbolo-

meter

The sensitive element of the resistance-type mi-

crobolometer consists of thermistors. The basic prin-

ciple is: when the outside IR radiation injects on

the thermistors, the temperature of these thermistors

starts to change, the resistance value is also changed

with the temperature, so that the change of the resis-
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tance value can be transformed to the change of the

output voltage by proper readout circuit, which can

achieve the aim of detecting the IR radiation.[8−11]

Figure 1(a) is the typical structure schematic diagram

of the resistance-type microbolometer which is placed

in the vacuum device in order to prevent the effect of

thermal convection on the sensitive element from the

surrounding environment. The IR sensitive elements

are fixed above the substrate by the supporting foot

bridge; this bridge plays roles of mechanical support

and the path of the thermal conduction and the elec-

tronics conduction, so the only two ways of exchanging

heat between the surrounding environment and the

pixel are the thermal conduction through the bridge

and the radiation. The output signal generated by

the pixel of microbolometer must depend on the bias

voltage, that is to say, by supplying certain voltage

on the pixel of the microbolometer, the bias current

can be generated to measure the radiation tempera-

ture. Once the bias voltage has been applied to the

pixel, the electro-thermal effect is bond to happen.

The electro-thermal power generated by the bias volt-

age is much bigger than the IR radiation power re-

ceived by the sensitive element, the fast growing heat

in microbolometer can greatly increase the tempera-

ture of the sensitive element, and which may probably

update the temperature dynamic range of the signal

into an unacceptable level. Meanwhile, the noise of

the microbolometer is due to increase under the high

bias voltage. So, the microbolometers in the market

usually use the pulsed voltage bias to ensure either

the readout of the valid signal or the pixel temper-

ature at a low level. The main thermal exchanging

way of microbolometer is shown in Fig. 1(b), so the

heat balance equation of the microbolometer during

the bias period of the pixel is:

C
dT

dt
=

V 2
b

R(T )
+ εePt + εePs − (2A)εeσT

4

−Gleg(T − Ts), (1)

where C represents the heat capacitance of the sen-

sitive element; T represents the temperature of the

sensitive element; G represents the thermal conduc-

tivity of the supporting bridge; Ts represents the sub-

strate temperature; εe represents the emissivity; Pt

represents the IR radiation power which injects on the

sensitive element through the IR optical system; Ps

represents the IR power that radiates to the sensitive

element from the substrate, of which the detailed ex-

pression is: Ps = AsσT
4
s ; As represents the area of the

substrate; A represents the surface area of the pixel of

microbolometer; σ represents the Stefan–Boltzmann

constant. The sensitive element of microbolometer is a

thin lamella of which the radiation area is almost dou-

ble the upper surface of the pixel, and that in Eq. (1),

the IR power radiated from the pixel of microbolome-

ter is approximately described as (2A)εeσT
4 without

causing any error; Vb represents the bias voltage ap-

plied to the pixel of microbolometer; R(T ) represents

the resistance of the sensitive element of microbolome-

ter.

Fig. 1. Schematic diagram of microbolometer. (a) Structure scheme of the pixel and (b) heat exchange diagram

of the pixel. The numbers 1–6 mean that 1: represents the radiation from substrate to sensitive element; 2: the

radiation from sensitive element to substrate, 3: the radiation from the targets to sensitive element, 4: radiation

from sensitive element to surrounding environment, 5: the electro-thermal power generated by the bias voltage, 6:

the thermal conduction power from sensitive element to substrate though bridge legs.
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3. Response mode of microbolo-

meter

3.1. Simplification of electro-thermal

power equation

The electro-thermal power equation of mi-

crobolometer is:[12,13]

Pv(T ) = V 2
b /R(T )

= V 2
b /{R(Ts)exp[α(T − Ts)]}, (2)

where R(Ts) is the value of the thermistor at tem-

perature Ts. Considering a calculation example, the

parameters are shown in Table 1. According to the

parameters, the pixel temperature of microbolometer

is growing fast during the pulsed voltage bias period,

however, the 50-µs biasing time limits the increasing of

the temperature, figure 2 shows the thermal response

curve in one pulse of bias period. In the period of

(0, tint), the pixel temperature curve increases almost

as a straight line, so the electro-thermal power can

be considered as a straight line during the integration

time, the gain can be defined as:

Pv(T )
′|T=Ts = −(V 2

b /R(Ts))α exp[α(T − Ts)]|T=Ts

= −αV 2
b /R(Ts). (3)

Table 1. Calculating parameters of microbolometer.

parameter value parameter value

R(Ts) 20/kΩ Ts 300/K

Vb 1/V C 4× 10−9/J ·K−1

tint 50/µs Gleg 10−7/W ·K−1

tf 30/ms α −0.025

Fig. 2. Pixels temperature response during the working

time of pulse bias voltage.

Fig. 3. Curve contrast of electro-thermal power of mi-

crobolometer sensitive element along with its temperature.

The approximate curve is:

Pv(T ) = kpvT + bpv , (4)

where

kpv = −[V 2
b /R(Ts)]α. (5)

When T = Ts, combining Eqs. (2), (4) and (5) we can

obtain

bpv = [V 2
b /R(Ts)](1 + αTs). (6)

Employing the parameters in Table 1, the curves ex-

pressed in Eqs. (2) and (4) are shown in Fig. 3. From

Ref. [14], we know that if the parameters are chosen

as: the pitch of the pixel is 45 µm, the emissivity

of the pixel is 0.8, the F# of the optical system is

0.8, the imaging wave length of the microbolometer

is 8–12 µm, then when the temperature of the sensi-

tive element has a change of 10 mK, the correspond-

ing IR target has a change of 1 K in temperature.

Thus, if the temperature dynamic range is 100 K, the

biggest temperature raise of the pixel is 1 K; accord-

ing to Fig. 3, when the horizontal axis is at the coor-

dinate of 301 K, the two curves are almost the same.

The data in Table 2 show that the power difference is

0.002(×10−5) W when the temperature of the sensi-

tive element is 301.2 K, which means that the temper-

ature difference of the sensitive element is 0.0016 K;

if the temperature dynamic range reaches 100 K, the

estimated temperature tolerance of IR target is only

1.6 K, so it is reasonable that equation (2) is replaced

by Eq. (4).
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Table 2. The data comparison of the electro-thermal power of the sensitive element of microbolometer with

the change in temperatures.

temperature/K 300 300.4 300.8 301.2

function value of Eq. (2)/W 5(×10−5) 5.05(×10−5) 5.1(×10−5) 5.15(×10−5)

function value of Eq. (4)/W 5(×10−5) 5.05(×10−5) 5.101(×10−5) 5.152(×10−5)

value of Eqs. (2)–(4)/W 0(×10−5) 0(×10−5) −0.1(×10−7) 0.2(×10−7)

3.2. Simplification of thermal conductivity

In Eq. (1), let

Prad(T ) = (2A)εeσT
4. (7)

Then the radiation heat conduction Grad(T ) of microbolometer is:

Grad(T ) =
dPrad(T )

dT
=

d((2A)εeσT
4)

dT
= 8AεeσT

3, (8)

which is a monotonically increasing function.

Equation (7) can also be equivalent to a straight line by the same method as the analysis of electro-thermal

power. Its slope G′
rad(T ) equals the value when Grad(T ) is at T = Ts · Prad(T ) can be equivalent to:

Prad(T ) = 8AεeσT
3
s (T − Ts) + (2A)εeσT

4
s . (9)

Supposing that the pitch of the microbolometer is 50 µm, the value of Gleg is 2× 10−7 W/K, εe = 0.8, the

fill factor is 0.8, then the part of the data of Eq. (7) and Eq. (9) are shown in Table 3.

Table 3. The data comparison of the IR radiation power emitted by the sensitive element of microbolometer with

the change in temperatures.

temperature/K 300 301 302 303

function value of Eq. (7)/W 1.470(×10−6) 1.493(×10−6) 1.509(×10−6) 1.540(×10−6)

curve Eq. (9)/W 1.470(×10−6) 1.493(×10−6) 1.509(×10−6) 1.542(×10−6)

curve Eqs. (7)–(9)/W 0 0 0 −0.2(×10−8)

As shown in Table 3, with the temperature rise

of the sensitive element, the data difference is getting

bigger and bigger, however, the value in Table 3 is

one order of magnitude less than that in Table 2, so

that the measurement tolerance of IR target can be to-

tally ignored when equation (7) is replaced by Eq. (9).

Meanwhile, according to Eq. (1), Pv(T ) = V 2
b /R(T )

and Prad(T ) = (2A)εeσT
4 are subject to minus cal-

culation, since the values in the equivalent Eqs. (4)

and (9) are all less than the original ones, thus in the

heat balance formula, the replacement will not cause

additional increase in the tolerances.

3.3.The Process of establishing the

model

Combining Eqs. (1), (4) and (9), the heat balance

equation during the pulse bias period can be formed

as:

C
dT

dt
= kpvT + bpv + Pcons + εePt −G(T − Ts), (10)

where Pcons = εePs − (2A)εeσT
4
s , Pcons is a constant

for the same microbolometer; Pt = P0 exp(iwt), P0 is

the modulated IR radiation power; w is the modula-

tion frequency; G = Gleg +Grad(Ts).

Thus, the complete heat balance equation of mi-

crobolometer is:

C
dT

dt
= Pcons + εeP0 exp(iwt)−G(T − Ts),

(11a)

C
dT

dt
= kpvT + bpv + Pcons + εeP0 exp(iwt)

−G(T − Ts), (11b)

where the first formula is the heat balance equation

without the pulse bias voltage, the second is the one

with the pulse bias voltage. The general solution of
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Eq. (11) is:

T (t) =
Pcons +GTs

G
+

εeP0

Ciw +G
exp(iwt)

+ c1exp
(
−G

C
t
)
, (12a)

T (t) =
Pcons +GTs + bpv

G− kpv

+
εeP0

Ciw +G− kpv

exp(iwt)

+ c′1exp
(
−G− kpv

C
t
)
, (12b)

where c1 and c′1 represent the general coefficients

which will be solved in the next section.

Fig. 4. Heat response curve of one sensitive element of the

microbolometer under the continuous pulse bias voltage.

The heat response curve of a single sensitive ele-

ment of microbolometer under the continuous pulsed

bias voltage is shown in Fig. 4. Once the voltage is

applied to the microbolometer, in the first pulse time,

microbolometer is heated rapidly and the temperature

of the sensitive element grows very fast; in the subse-

quent time of the frame, the temperature of the sen-

sitive element goes down gradually until the second

pulse bias comes, and then, the temperature of the

pixel starts rising again on the basis of the first frame

time, and decreasing when the pulse is over. Repeat-

edly, when the heat absorbed by the sensitive element

is equal to the heat radiated from it, the tempera-

ture of the pixel will vibrate in a small interval, which

means that the sensitive element reaches the thermal

equilibrium. When the temperature of the sensitive el-

ement is stable, the heat response curve in one frame

time can be acquired by translating other curves in

other frame time along with the t axis. Supposing

that the original time of using pulsed bias voltage is 0

during the temperature-stable period of the pixel, the

change of the temperature range of the pixel with the

time is shown in Fig. 5, where tint is the time of the

pulse voltage bias; tf is the frame time. Curve a is the

Fig. 5. Heat response curve of the pixel of microbolome-

ter in quasi-steady-state.

response curve without thepulse bias voltage; b is the

one with the pulse bias voltage; c is the one without

the pulse bias voltage in the next frame. According

to Eq. (12), three equations of these curves can be

formulated as:

Curve a: Ta(t) =
Pcons +GTs

G
+

εeP0

Ciw +G
exp(iwt) + c1exp

(
−G

C
t
)
, (13)

Curve b: Tb(t) =
Pcons +GTs + bpv

G− kpv

+
εeP0

Ciw +G− kpv

exp(iwt) + c′1exp
(
−G− kpv

C
t
)
, (14)

Curve c: Tc(t) =
Pcons +GTs

G
+

εeP0

Ciw +G
exp[iw

(
t− tf

)
] + c1exp

[
− G

C
(t− tf)

]
. (15)

It can be found in Fig. 5 that, at t = 0, the values of curves a and b are the same; at t = tint, the values of curves

b and c are the same; since there is no modulation device in microbolometers, thus when w = 0, combining

Eqs. (13), (14) and (15), we have:

Tb(0) =
Pcons +GTs + bpv

G− kpv

+
εeP0

G− kpv

+ c′1 = Ta(0) =
Pcons +GTs

G
+

εeP0

G
+ c1, (16a)

Tb(tint) =
Pcons +GTs + bpv

G− kpv

+
εeP0

G− kpv

+ c′1exp
(
−G− kpv

C
tint

)
=

Pcons +GTs

G
+

εeP0

G
+ c1exp

[
− G

C
(tint − tf)

]
. (16b)
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The solution is:

c1 =

[(Pcons +GTs

G
− Pcons +GTs + bpv

G− kpv

)
+
(εeP0

G
− εeP0

G− kpv

)][
exp

(
− G− kpv

C
tint

)
− 1

]
exp

[
− G

C
(tint − tf)

]
− exp

(
− G− kpv

C
tint

) ,

c′1 =

[(Pcons +GTs

G
− Pcons +GTs + bpv

G− kpv

)
+
(εeP0

G
− εeP0

G− kpv

)]{
exp

[
− G

C
(tint − tf)

]
− 1

}
exp

[
− G

C
(tint − tf)

]
− exp

(
− G− kpv

C
tint

) . (17)

Put c1 into Eq. (16a):

T (0) = Ta(0) = Tb(0) = KT (0) × P0 + Tcons, (18)

where

KT (0) = εe ×
exp

[
− G

C
(tint − tf)

]
− G

G− kpv

exp
(
− G− kpv

C
tint

)
+

kpv

G− kpv

G×
{
exp

[
− G

C
(tint − tf)

]
− exp

(
− G− kpv

C
tint

)} , (19)

Tcons =
Pcons +GTs

G
+

(Pcons +GTs

G
− Pcons +GTs + bpv

G− kpv

)[
exp

(
− G− kpv

C
tint

)
− 1

]
exp

[
− G

C
(tint − tf)

]
− exp

(
− G− kpv

C
tint

) . (20)

The readout circuit of microbolometer generally

performs the integration during the pulse bias period,

so in the following we focus on the solution of the

curve b.

When w = 0, the derivative of curve b is:

T ′
b(t) = c′1

kpv −G

C
exp

(
−G− kpv

C
t
)
, (21)

which is a monotonous function.

According to the calculating parameters in Ta-

ble 1:

T ′
b(0) = c′1

kpv −G

C
, (22)

T ′
b(tint) = T ′

b(5× 10−5) = 1.0092c′1
kpv −G

C
. (23)

Comparing Eqs. (22) and (23), during the heated

time of the pixel, the difference of the derivative of

T ′
b(0) and T ′

b(tint) is less than 1%, while T ′
b(tint) is a

monotonous function, so in the whole pulse bias pe-

riod, the biggest change in the derivative of Eq. (21)

will not exceed 1%, which means it can be estimated

as a straight line:

Tb(t) = KT (0) × P0+Tcons + c′1
kpv −G

C
t

(0 ≤ t ≤ tint). (24)

The typical expression of R(T ) in Ref. [15] is R(T ) =

R(Ts)exp[α(T −Ts)], then, the mathematical model of

the resistance of the pixel is:

R(t) = R(T s)exp
{
α
[(

KT (0)P0 + Tcons

+ c′1
kpv −G

C
t
)
− Ts

]}
(0 ≤ t ≤ tint). (25)

Figure 6 is the structure of the readout circuit of

the French-made ULIS 320 × 240 uncooled FPA de-

tector which adopts the CTIA input circuit structure

and pulsed voltage bias mode. The bias resistance

shares the same material with the sensitive element

resistance. Rb does not absorb the outside IR radi-

ation; the current into the integration capacitance is

the difference between the currents through Rb and

through the sensitive element. During the integra-

tion time, the pixel switch Kp is closed, the currents

through the pixel ip(t) and through Rb are:

ip(t) = (VFID − VTH FID)/R(t), (26)

ib = (VEBASAGE − VTH EBASAGE)/Rb, (27)

where VFID represents the FET gate voltage; VTH FID,

VTH EBASAGE represent FET threshold voltages;

(VFID − VTH FID) is the voltage applied to the pixel;

VEBASAGE is the bias voltage applied to one side of Rb;

R(t) is the value of the pixel resistance. The current

directions of ip(t) and ib are shown in Fig. 6.

Thus, the current into the integration capacitance

(iint(t)) is:
[16]
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iint(t) = ib − ip(t) = (VEBASAGE − VTH EBASAGE)/Rb− (VFID − VTH FID)t/R(t). (28)

The sampling voltage (Vsamp) acquired by the sampling capacitance after the integration time is:

Vsamp = Vcons −
(
1/Cint

) ∫ tint

0

[
(VEBASAGE − VTH EBASAGE)/Rb− (VFID − VTH FID)/R(t)

]
dt, (29)

where Vcons is the voltage on the positive side of the reverse amplifier in the CTIA input circuit; tint is the

integration time.

Fig. 6. Schematic structure of the readout circuit of the 320× 240 uncooled FPA detector made by ULIS.

According to Ref. [17]:

E = (1/4)KσT 4 × (2a/f ′)2, (30)

P0 = E ×As. (31)

Combining Eqs. (25), (29), (30), and (31):

Vsamp = Vcons −
1

Cint

{[
(VEBASAGE − VTH EBASAGE)tint/Rb

]
+

(VFID − VTH FID)C

R(Ts)α(kpv −G)c′1

×
{
exp

[
− α

(
KT (0)P0 + Tcons − Ts + c′1

kpv −G

C
tint

)]
− exp

[
− α(KT (0)P0 + Tcons − Ts)

]}}
,

(32)

where P0 = (1/4)AsKσT 4 × (2a/f ′)2 × β2
p/(βp − β)2.
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If the temperature T of the IR target is used as the variable, the mathematical response model of the

uncooled IRFPA detector is:

Vsamp(T ) = Vcons −
1

Cint

{
lP01 +mp01 ×

exp(n′
p01T

4 + n′
p02)− exp(np01T

4 + np02)

c2 + c′2T
4

}
, (33)

where

lp01 = (VEBASAGE − VTH EBASAGE)× tint/Rb, mp01 = (VFID − VTH FID)C/R(Ts)α(kpv −G),

np01 = −(1/4)αKT (0)AsKσ × (2a/f ′)2 × β2
p/(βp − β)2, np02 = −α(Tcons − Ts),

n′
p01 = −(1/4)αKT (0)AsKσ × (2a/f ′)2 × β2

p/(βp − β)2 − αc′2
kpv

−G

C
tint,

n′
p02 = −α(Tcons − Ts)− αc2

kpv −G

C
tint.

4. Model verification

The mathematical response model of the uncooled IRFPA detector is conducted on the basis of the ULIS

made 320×240 microbolometer, so the model established in Section 3 will still be verified by analysing this

detector. The 7-MHz and 9-MHz master clocks (MC) are used separately to drive this detector, and then we

calculate the unknown parameters in Eq. (33), which does a great help to complete the whole model. Table

4 is the comparison table between the sampling voltage values calculated by the model and the tested values.

The test condition is: F# of infrared lens: 1.0; f of infrared lens: 50 mm; integration time of IRFPA: 35.56 µs;

VFID of IRFPA: 1.4661 V; VEBASAGE of IRFPA: 3.028 V; frame time: 40 ms; temperature surrounding IRFPA:

27 ◦C.

Table 4. The comparison table of the theoretical sampling voltage value and the tested value.

target tempreture/K
9-MHz MC 7-MHz MC

theoretical value/V tested value/V theoretical value/V tested value/V

300 1.249 1.249 0.671 0.671

302 1.262 1.262 0.687 0.687

304 1.275 1.275 0.704 0.704

306 1.288 1.288 0.721 0.721

308 1.301 1.302 0.739 0.740

310 1.315 1.316 0.756 0.757

312 1.329 1.330 0.774 0.775

314 1.344 1.345 0.793 0.794

316 1.359 1.360 0.812 0.813

318 1.373 1.374 0.831 0.832

320 1.389 1.390 0.851 0.852

322 1.404 1.405 0.871 0.872

324 1.420 1.421 0.891 0.893

326 1.436 1.438 0.912 0.914

328 1.453 1.455 0.934 0.936

330 1.470 1.472 0.955 0.957

332 1.487 1.489 0.978 0.980

334 1.504 1.506 1.000 1.003

336 1.522 1.525 1.023 1.026

338 1.541 1.543 1.047 1.050

340 1.559 1.562 1.071 1.074

342 1.578 1.581 1.095 1.098

344 1.598 1.601 1.120 1.123
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Table 4. (continued)

target tempreture/K
9-MHz MC 7-MHz MC

theoretical value/V tested value/V theoretical value/V tested value/V

346 1.617 1.621 1.146 1.150

348 1.637 1.641 1.172 1.176

350 1.658 1.662 1.198 1.202

352 1.678 1.682 1.225 1.229

354 1.700 1.704 1.252 1.257

356 1.721 1.726 1.280 1.285

358 1.743 1.748 1.308 1.313

360 1.766 1.771 1.337 1.343

362 1.789 1.794 1.367 1.373

364 1.812 1.817 1.397 1.403

366 1.836 1.841 1.428 1.434

368 1.860 1.865 1.458 1.465

370 1.885 1.890 1.491 1.498

372 1.910 1.916 1.523 1.530

374 1.935 1.942 1.556 1.564

376 1.961 1.968 1.589 1.597

378 1.987 1.994 1.623 1.632

380 2.014 2.021 1.658 1.667

382 2.042 2.050 1.694 1.703

384 2.070 2.078 1.730 1.740

386 2.098 2.106 1.766 1.776

388 2.127 2.136 1.804 1.814

389 2.142 2.151 1.823 1.833

From the table, it can be concluded that, when the target temperature is in the range of 300 K to 389 K, the

maximum difference between the tested data and the theoretical values is less than 10 mV, so in the dynamic

range of 90 K, the difference between the target temperature and the tested temperature calculated by the

model is 1 K. For the commonly used dynamic range of 30 K, the difference is less than 2 mV using this model,

the biggest temperature difference is 0.2 K. Thus, in the common use of IRFPA detector, this model can perform

well to describe the actual detector response.

5. Conclusion

In this paper, we researched the theory of microbolometer, and formulated the heat balance equation under

the pulsed voltage bias condition, and finally established the mathematical response model of microbolometer.

The experimental data show that this model gives a maximum difference of 0.2 K between the tested data and

the model data in the temperature dynamic range of 30 K, and 1 K in the temperature dynamic range of 100 K,

which proves that this model reflects the real response of microbolometer effectively.
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