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The modulation transfer function (MTF) of thermal imaging monocular (TIM) was investigated in this
article. TIM consists of a lens, a microbolometric matrix (MBM), an electronic system of video signal
amplification and processing, a micro display and an eyepiece. The monocular is considered as a linear
invariant incoherent system. It’s MTF is equal to the product of the modulation transfer functions of the
components. For the convenience of practical application, it is proposed that all MTFs are considered as a
function of the angular spatial frequency in the space of objects. An example of TIM MTF calculation with
given characteristics was considered. The study of the MTF showed that the spatial impact of the MBM,
which is determined by matrix structure, has the greatest influence on the deterioration of this function.
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Introduction

Thermal imaging systems are widely used in various
fields of human activity, including security systems,
medical thermal diagnostics, aeronautical and space
systems, remote sensing of the Earth’s surface, mili-
tary affairs, etc. [1-5]. In many cases, such systems are
small-dimensional thermal imaging monoculars (TIM)
in which the heat-contrast image of an object is
observed by the operator on the display screen with the
help of an eyepiece. The main characteristics of TIM
are the spatial and temperature resolution, the maxi-
mum detection and recognition distances. They depend
on the modulation transfer function (MTF) of the
monocular [6-8]. Significant amount of scientific papers
[9-15] are devoted to investigation of the thermal
imagers MTF, the main components of which are the
lens and the radiation detector. At the same time, there
is a lack scientific and technical information about the
development of methods for determining the MTF of a
TIM, which consists of objective lens, microbolometric
matrix (MBM), electronic system, display and eyepi-
ece. Therefore, the development of such methods for
determining the generalized MTF of thermal imaging
monocular is an important task.

1 Problem formulation

The purpose of the article is to develop a method
for determining the modulation transfer function of a
thermal imaging monocular, which includes lens, mi-
crobolometer matrix, electronic system, display and an

eyepiece that will optimize the characteristics of the
monocular to solve a particular observation problem.

2 Physic-mathematical model of
thermal imaging monocular

The functional scheme of the TIM is shown in
Fig. 1. Infrared (IR) radiation from the object of
observation is absorbed in the atmosphere and enters
the entrance pupil of the lens. IR lens forms an image of
the object and background on MBM sensitive surface.
The electric video signal from the MBM is processed
by the electronic system and enters the micro display,
which forms the image of the object on the screen. The
operator observes this image with an eyepiece.
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Fig. 1. Functional scheme of TIM

The mathematical model of TIM will be considered
in the frequency domain (spatial and temporal) consi-
dering that the monocular is a linear invariant system.
It is supposed that he object and background emit
incoherently and each element of TIM has its own
MTF.
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3 Modulation transfer function
of thermal imaging monocular

Modulation transfer function of TIM is determi-
ned by the product of its separate components MTFs:
lens, MBM, electronic unit, display and eyepiece. For
a one-dimensional case we have

MS(VZ) = MO(VI)MDS(VJ?)MDt(t)

. MEl(t)Md(Vz)Mep(Vz)v (1)

where M,(vy), Mps(vs), Mpi(t), Mgi(t), Ma(v,) and
Mep(vy) are the MTFs of the lens, MBM, electronic
unit, display and eyepiece respectively.

High-quality lenses without central screening and
with the entrance pupil diameter D), canbe considered
as diffraction limited. Their MTF is determined by the
function [7]
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To simplify mathematical transformations, we
approximate the complex function (2) by linear functi-
on
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Fig. 2 illustrates the MTF of diffraction-limited lens
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Fig. 2. The MTF of diffraction-limited lens — 1 and its
linear approximation — 2

One-dimensional spatial MTF of a MBM can be
approximated by function [9]

(4)
where Wp is a period of the matrix structure and wp
is a size of sensitive pixel area.

The temporal MTF of the MBM is a spatial low
pass filter, which is approximated by the function [7]

Mps(vy) = sine(Wpr,) sinc(wpvy ),

1

V1 +4r2t 2

Mp; = (5)

where tp is a constant time of the microbolometer.
The MTF of the electronic block Mg (t) is modeled
by n-order Butterworth filters [7]. Modern electronic
blocks have Mg (f) ~ 1 [6].
The MTF of the matrix display is approximated by
a function similar to the MBM MTTF, i.e.

(6)

The eyepiece MTF is approximated by a function
similar to lens MTF, i.e.

Ma(vy) = sine(Wyv,) sinc(wavy).

1-1,2182, if 0<z<0,821:
M,,(C) = { ; /

ifz>o0s80, (7
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f;p and D, are the focal length
and the exit pupil diameter of the eyepiece, respecti-
vely.

As Fig. 1 shows, the MTFs of the lens and the MBM
are defined in the lens back focal plane. The display and
the eyepiece MTFs are defined in the display screen
plane. It should also be noted that in most cases the
spatial frequency v, is determined in objects space and
is measured in mrad—'. The temporal MBM MTF and
electronic unit MTF depend on the time frequency f.

The relationship between the spatial v, and
temporal f frequencies is determined as [7]

f= a—DVM, Hz, (8)
to
where ap is angular pixel matrix size and t, is one
pixel generation time.

The relationship between the angular spatial
frequencies in the observation space I/;a and the space
of objects v, can be established with use of fig. 3. Let
the Foucault test (four-bar target) with a linear period
Vip be located in the plane of objects at a distance
R. Then the angular period and spatial frequency are
determined as

Vi 1 R
s T
tp tp

(9)

The lens forms an image of Foucault test with linear
period V;, and angular spatial frequency

. f, R

= = = Vza-
Vip

1% =
xa V.
t

, (10)
P

The MBM forms on the screen Foucault’s test
image with the period Vt:) It is observed by the
operator through an eyepiece with a focal length f;p.
The angular period of this image and the angular
spatial frequency are determined as

1"
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Fig. 3. The relationship between the angular spatial frequencies in the observation space V;a and the space of
objects v q

Taking into account (10) and (11), we get the
relationship

V;:a = fe/Z/) - -{‘ep - J/(.Ep Vga, (12)
‘/tp V:fpﬂel foﬂel
where S = Vt;/Vt/p is an electronic magnification of

TIM.
The angular magnification of the “TIM-operator”
system is defined as (Fig. 3)

" ’ ’
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Therefore, (12) can be presented in the form
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Let put the MTFs of individual TIM components as
functions that depend on the angular spatial frequency
in the object space (Fig. 3).

The lens MTF is determined by (3), where z

)\B“;‘lo. Then
Mo(”a:a) =
=128 K, i 0 < vy < 082152 (15)
0, if Ve > 0.821 222,

The spatial MTF of MBM is defined from (4), which
we represent in the form

Mps(Vyq) = sinc (‘J/;I/jl/m> sinc (1}?%“> . (16)

The temporal MTF of MBM is determined from (5)
taking into account (8). So, we have

A
1+ 4n2 (f) (Jj?) Via] . (17)

The MTF of the display is determined by (6) taking
into account (12)

My(vzq) = sinc <&V““> sinc (fzg)dym) . (18)

MDt(Va:a)

The MTF of the eyepiece can be expressed by (7)
which, similarly to the lens MTF (15) and taking into
account (12) will be

Mez)(Vza) =

(1— 1218\, if 0 < vy, < 0.821 2550

ep

if Vg > 0.821 2eclpBer

0, Al

(19)

4 Analysis of the TIM MTF

Let consider an example of TIM MTF calculation.
TIM has following characteristics

e Lens: the focal length f; = 70 mm, the entrance
pupildiameter D,, = 70 mm;

e MBM: the pixel size is Vp = 17 um, the size of
the sensitive areais wp = 14um, the size of the
matrix is Xp = 6.8 mm, the time constantis tp =
10 ms and the frame frequency is fy = 50 Hz;

e Display: the pixel size is V; = 17um, the size of
pixel color groupis vp = 15um, the screen size is
Xqg=9.6 mm;

e Eyepiece: the focal length is f;p = 25 mm, the
entrance pupil diameter is D,, = 4 mm.

Fig. 4 shows the MTF of the TIM separate
components and its resulting MTF (1).
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Fig. 4. The modulation transfer functions. 1 — MTF of

lens, 2 — spatial MTF of MBM, 3 — temporal MTF of

MBM, 4 — MTF of display, 5 — MTF of eyepiece, 6 —
resulting TIM MTF

Analysis of (1), (15) — (19) and their graphs showed
that
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1. The MTF of TIM components as a rule are
defined in different locations. The lens and
the MBM MTFs are defined in the lens focal
plane; display and eyepiece MTFs are defined
in the display screen plane. The temporal MTF
depends on the time frequency. When determin-
ing the resulting TIM MTF, it is necessary that
all the components MTFs are considered in a
same location. For the convenience of practical
application, it is proposed that all MTF sare
considered as a function of the angular spatial
frequency in the space of objects.

2. The greatest impact on the deterioration of the
resulting TIM MTF M,(v,,) has spatial MTF of
the MBM Mp(vzq), which is determined by the
pixel size. The smallest influence on the TIM
MTF have electronic system and the eyepiece.

3. At the Nyquist frequency vy = 2 mm~! the
contrast decreases due to MBM to 50%, the di-
ffraction limited lens to 71%, a display to 62%,
an eyepiece to 71%. Under these conditions, the
resulting MTF of TIM M;(vy) = 0,095.

4. The resulting MTF of TIM is well approximated
by a Gaussian function [6]

Ms,ap(’/xa) = exp(—27'r27“2 V2)7 (20)

sa”x

where 74, is an angular radius of the point
source image which operator observes through
the ocular on the display screen.

From the last expression it follows that the point
spread function (PSF) of TIM has the form

hs(wg) =

:/ Ms, ap)(Vea) €Xp (2TWeVea)dVza =

X

1 2
= — — 21
V27T sq P ( 2’/“3&) ’ ( )

where w, is a variable angle of field of view, mrad.

The radius 74, is determined by the angle
between the center of the PSF hs(w, = 0) and its
value hg(wy = 7sq) = 0.606. In some cases, (20)
is used only within 0 < v,, < vy limits.

Conclusions

A method for determining the modulation transfer
function of a thermal imaging monocular has been
developed. The monocular consists of a lens, a mi-
crobolometric matrix, an electronic system, a display
and an eyepiece. It was proposed to consider the MTF
of the monocular in the space of “object — TIM”,
which allows us to calculate the angular resolution
of the contrast limited TIM. The obtained analytical

expressions for the MTFs of individual components
allow one to optimize the characteristics of the
monocular for solving a specific observation problem.
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Mogynganifina mnepemaBajgbHa QYHKIIA
TENJIOBi3iiTHOr0 MOHOKYJIApa

Konobpodos B. I

B pmamiit crarTi OOCHIIKYETHCS MOIYJIATIHA Tepe-
nasambaa dyskis (MIID) TemsoBi3iffHOrO MOHOKYIISIPA
(TIIM), mo ckmamy SKOTO BXOAATH 00’€KTHB, MiKp00O0JIO-
verprana marpunga (MBM), enekrponna cucrema mincu-
JieHHsT 1 0OpOOKYM BiEOCUTHAILY, MIKPOAWCILIEH 1 OKYJIsIp.
MII® Bu3Ha9ae IPOCTOPOBE PO3IiIEHHA MOHOKYIAPA, AKe
BILIMBAE Ha #AKICTh TEILIOBI3iHOr0 300paKeHHA 1 MaKCH-
MaJbHy AJBHICTh BUSIBJIEHHSI 1 pO3Mi3HABAHHS 00'€KTIB
crioctepexkerts. Po3pobiiena (izuko-MaTeMaTUIHa MOIED
TIIM, B #kiii MOHOKYIApP PO3IVIANAETHCA AK JHIAHA 1H-
BapiaHTHa HeEKOrepeHTHa cuctema, MII® gxkoro mopiBHIOE
J00yTKY MOAYIAMIMHMX IIepeJaBaIbHuX (PYHKIHH OKpeMux
kommnonenTiB Takoro TTIM. 3anpornonoBani anaiTu4Hi BU-
pa3u gna MII® cywsacamx kommomentiB TIIM, a came:
00’€KTHBA, MATPUIHOrO MpUIMada BUIIPOMIHIOBAHHS, eJie-
KTPOHHOI CUCTeMH, IUCILIed 1 oKysisapa. s 3pyarocTi mpa-
KTUIHOTO 3acTocyBanas MII® 3ampomoHOBaHO PO3T/IAIATH
MII® ycix KOMIOHEHTIB B IIpOCTOPi "00’€KT CIIOCTEpEXKEeH-
asg — TTIM”, uro mo3Bosisie pO3paxyBaTH KyTOBY PO3ILIbHY
3/IaTHICTH KOHTPAcTHO oOMmesxkeHoro TIIM. Bcramorieno
3B’S130K MIiXK IIPOCTOPOBHMHM YaCTOTAMH B IIPOCTOPI CIO-
crepexkennsi i mpocropi npeameris. Orpumano dopmyiy
IS pO3PaxyHKy KyToBoro 30iabmrenust cucremu ” TTIK —
omneparop ”. Po3risinyTo npukiazn po3paxyuky MII® TIIM
3 33JaHUMH XaPAaKTEPUCTUKAMHU KOMIIOHEHTIB MOHOKYJIs-
pa. Hocnimxenns MIID Takoro MOHOKYJIApa TOKA3aJIo0,
o Haibiabmuil BIiMB HA noripmenHs el GyHkmii Mae
npocropoBa MII® MBM, ska BusdHadaeTbCst 11 MATPUIHOIO
crpykryporo. Hampukmaz, ma wacrori Haiiksicra 2 mm !
BiIOyBa€ThCs 3HMKEHHsT KOHTPACTy 3a paxyHok MBM mo

28%, madpaxkmiiino obmexkenoro o6’ektmBa mo 71%, mmc-
mress 10 62%, oxymaspa o 71%. 3a mux ymos MIT® TIIK
nopisaioe 0,094. Pesynpryioua MII® TIIK mobpe ampokcu-
MYETHCs TayCOBOIO (DYHKIEIO.

Karowosi caosa: TeNITOBI3IMHNI MOHOKYIAP; MO AT N-
Ha IepesaBaibHa (DYHKI[S; KyTOBA IIPOCTOPOBA YaCTOTA

MopynsamuorHaa mnepenarodyHada QyH-
KNS TEMJIOBU3NOHHOTO MOHOKYJISPa

Konobpodos B. I

B nammoil craThe mMCCIEAyeTCss MOMYISNUOHHAS IIepe-
narounaa Gynakmmsa (MII®) TenI0BM3MOHHOrO MOHOKYIAPA
(TTIM), B cocTaB KOTOPOTO BXOAST OOBEKTUB, MUKPOOOJIO-
merpraecknx marpuna (MBM), snekTpornas cucrema ycu-
JeHus u 00pabOTKU BUAEOCUTHAJA, MUKDPOIUCILIEH U OKY-
nstp. MOHOKyJISIp pacCMaTpPUBAETCS KAaK JIMHEHHAS HHBA-
puaHTHag HeKorepeHTHad cucreMa, MII® koroporo pasBHa
TPOU3BEIEHUIO MOY/ISANNOHHBIX IT€PEIATOIHBIX (OYHKIHIL
oTIeIbHBIX KoMToHeHTOB Takoro TIIM. /Iixa ymobcTBa mpa-
KTrmdeckoro mpuMmenenmsa MII® mpemmoxkeno paccMaTph-
Barh MII® Bcex KOMIIOHEHTOB B IIPOCTPAHCTBE ~0OBEKT
uabmonerus - TIIM”, 94T0o 03BOJIsIET PACCUUTATH YTIIOBOE
paspemrerne KoHTpacTHO orpanmdenunoro TIIM. Paccwmo-
Tpen npumep pacuera MII® TIIM ¢ 3amaHHBIME Xapa-
kTepuctukamu. Vccaemoanne MIID Takoro MOHOKyJspa
TOKAa3a710, 9TO0 HAMOOJbIee BANSHUE HA yXYIAINIEHHE STOM
dbyukmun numeer npocrpauncreennas MII® MBM, koropas
OIpeIeIaeTCda €e MATPUIHON CTPYKTYPOM.

Karouesvie cr06a: TENIOBU3UOHHBIN MOHOKYJ/ISAD; MOY-
JISIIMOHHAS TIepeaaTOYHast (YHKINS; YIJIOBAsI IIPOCTPAHC-
TBEHHAS YACTOTA
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