
R

R
H

R
I

a

A
R
R
A
A

K
I
T
H
C
R
M
F
I

C

h
1

Opto-Electronics Review 27 (2019) 174–193

Contents lists available at ScienceDirect

Opto-Electronics  Review

j ou rn al hom epage : ht t p : / / w ww.journ als .e lsev ier .com/opto-e lec t ronics rev iew

eview

ecent  infrared  detector  technologies,  applications,  trends  and  development  of
gCdTe  based  cooled  infrared  focal  plane  arrays  and  their  characterization

.K.  Bhan ∗, V.  Dhar
nstitute of Defence Scientists and Technologists, CFEES Campus, Brig SK Mazumdar Road, Timarpur, Delhi, 110054, India

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 16 January 2019
eceived in revised form 1 April 2019
ccepted 26 April 2019
vailable online 12 June 2019

eywords:
nfrared detectors

a  b  s  t  r  a  c  t

Infrared  thermal  imaging,  using  cooled  and  uncooled  detectors,  is continuously  gaining  attention  because
of its wide  military  and civilian  applications.  Futuristic  requirements  of high  temperature  operation,  mul-
tispectral  imaging,  lower  cost,  higher  resolution  (using  pixels)  etc.  are  driving  continuous  developments
in  the  field.  Although  there  are  good  reviews  in the  literature  by  Rogalski  [1–4],  Martyniuk  et al.  [5] and
Rogalski  et al.  [6]  on various  types  of infrared  detectors  and  technologies,  this  paper  focuses  on some  of the
important recent  trends  and  diverse  applications  in this  field  and  discusses  some  important  fundamentals
of  these  detectors.

©  2019  Association  of  Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
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. Introduction

It is well known that infrared (IR) focal plane arrays (IRF-
As) are widely used in military applications like night vision,
econnaissance, surveillance, missile guidance, etc. whereas civil-
an applications include remote sensing, firefighting, security,
ollution-monitoring, leak-testing, etc. Further, these IRFPAs have
edical applications in thermography, cancer and tumor detection,

tc. Similarly for industrial applications they are used in nonde-
tructive testing, process monitoring, etc. Although there are good
eviews by Rogalski [1–4], Martyniuk et al.  [5] and Rogalski et al.
6] and other workers in the literature focused on various types of
nfrared detectors and the technologies, this paper reviews some
f the important recent trends and diverse applications along with
ssociated basic principles of these detectors. In particular, some
f the recent trends and new applications along with concepts that
e feel will dominate in the future are discussed.

IRFPAs using hybrid focal plane array technology is the most
referred approach. In this case, the detector array and the read-
ut integrated circuit (ROIC) are two separate entities hybridized
ogether using an advanced indium bump interconnection tech-
ology (Fig. 1). For example, the HgCdTe (MCT) detector array and
he ROIC are connected by an indium bump array, which provides
n electrical, mechanical and thermal connection between the two
rrays.
The hybrid architecture FPA is responsible for signal photon
etection, selecting and transmitting required optical wave band
or optical signals, and multiplexing of signal from parallel in to
erial out. In action, the focal plane is illuminated with infrared

ig. 1. The hybrid architecture of IRFPA consisting of HgCdTe based detector array
hat is bonded to Silicon CMOS ROIC using Indium bump technology.
background and signal; the optical input is filtered and then cap-
tured by the detectors for conversion to electrical signal which is
then joined to the multiplexer through the interconnect indium
bump technology. For utilizing the dynamic range (DR) of ROIC
effectively, background suppression of the signal is required. The
output video driver of the ROIC generates a serial video signal that
contains all the useful information within the field of view (FOV) of
the FPA that is a solid angle through which a detector sees the scene
or is sensitive to IR radiation. The advantage in this type of archi-
tecture is that after selecting the best detector and best ROIC, they
can be mated for hybridization process and similarly second best
detector can be mated to second best ROIC and so on. In addition,
in hybrid FPAs nearly all the incident photons are absorbed leading
to hundred percent fill factor. The real estate area on the ROIC chip
can be also best utilized in this configuration of IRFPAs compared
to monolithic approach. The detailed progress in the development
of hybrid IRFPAs including HgCdTe based detectors is given in a
focused review by Rogalski [1–4], Martyniuk et al. [5], Rogalski et al.
[6] and Kubiak et al. [7]. An excellent review on HOT infrared pho-
todetectors is given in Ref. [8] wherein authors discussed how the
limitations of slow responding thermal uncooled detectors can be
overcome by HOT detectors using new barrier structures such as
nBn, material. Martyniuk et al. [9,10] discussed the status of infrared
barrier detectors and pointed out that certain solutions from these
detectors have emerged as possible competitions to HgCdTe pho-
todetectors. Another strategy for HOT infrared photodetectors is to
include alternate materials such as type-II superlattices where dark
current reduction is achieved via a concept of a photon-trapping
detector [11]. Detailed analysis of the detector’s performance was
reported in Ref. 11. It was  shown that these detectors have emerged
as the competitors of HgCdTe photodetectors.

2. Review of recent trends, requirements and applications

2.1. Recent trends in detector

The recent major trends in Infrared are mainly happening in
following aspects of infrared sensors: a) smaller pixels and larger
FPAs, b) high operating temperature (HOT) devices–up to 120 K or
above with same noise equivalent temperature difference (NETD)
as at the canonical operating temperature of 80 K c) high dynamic
range (HDR) imaging d) higher frame rates e) multispectral (MSI)
/ hyper-spectral imaging (HSI) and image fusion, on-chip process-
ing (edge & motion detection, segmentation, etc.) – to reduce data
overload. In addition some developments are taking place in digital
FPAs, active pixels and foveas/region of interest (ROI), 3D range-
gated imaging and curved FPAs. Since IR has always been driven by
applications, further trends in IR will relate to artificial intelligence.

IR promises ‘any time, any place imaging’: day or night and
all weather – but the last does not really happen: cloud, fog,
rain, dust storms do affect the performance of these sensors. In
addition, IR is used in many places: land (mostly), air, marine,

outer space, even underground – everywhere except underwater.
Image fusion of different IR bands and other sensors will help in
improving the performance further. Furthermore, size, weight and
power consumption (SWaP) are the guiding force for the market
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Fig. 2. Calculated temperature needed for BLIP operation vs.  cutoff wavelength
with 30◦ FOV and 300 K scene temperature for HgCdTe, QWIP, Schottky barrier and
extrinsic silicon detectors (after Ref. 14).
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nd end users. As of now IR detector systems (barring uncooled
icrobolometers and InGaAs SWIR detectors) are bulky, heavy and

onsume a lot of power relative to visible cameras. There are three
ajor approaches to SWaP: a) go to high operating temperature

HOT) devices, saving on cooling requirements leading to reduced
ewar size and low power consumption, b) opt for curved flexi-
le FPAs which suffer less distortion and need fewer lenses, and
) use small pixels and oversampling technology. Further, emerg-
ng requirements include improved ranges in various atmospheric
onditions with recognition ranges >20 kms  for airborne platforms.

According to Rogalski [12] next generation IR photon detectors
ill have: larger numbers of pixels (large format arrays with low
on-uniformity), higher frame rates >250 Hz, better thermal reso-

ution (1̃ mK), multicolor detection (3–4 bands) with low crosstalk
both spatial and spectral), on-chip processing (edge and motion
etection, segmentation, etc.) – to reduce data overload, near room
emperature operation to reduce power consumption by getting
id of the dewar and cooler, to increase reliability and reduce com-
lexity but with lower specific detectivity, alternate substrates for
ffordable larger format IR FPAs. A further wish-list consists of a)
igh dynamic range (HDR) operation, b) polarization sensitivity, c)
uper-pixels, foveas or adaptive FPAs, and d) curved FPAs.

One of the fundamental figure of merit of infrared detectors is
bout the minimum infrared incident detectable power they can
etect that is called as noise equivalent power (NEP). It depends on
he energy distribution of the source; the amount of background
adiation or thermal background and the detector material prop-
rty and may  be design parameters.

The NEP expressing a particular set of measurement conditions
ay  be written as follows:

EP(500◦K, 800 Hz,  5 Hz) = PwA/(S/N). (1)

The parameters in brackets of Eq. (1) LHS are the blackbody tem-
erature, modulating frequency, and bandwidth, respectively; on
HS, S and N represent signal and noise, A the detector area, and
W the radiant power density which reaches the detector from the
lackbody. Smaller NEP signifies a better detector. Generally, as

 practice, generally big represents better, the reciprocal of NEP
alled the detectivity D is often used for making useful comparison
ith similar other detectors. Further, detectivity is often normal-

zed to an amplifier bandwidth of 1 Hz and a detector area of 1 cm2

nd leads to the parameter D* such that:

∗= (S/N)/PW(�f/A)1/2. (2)

The logic for normalization is that noise is proportional to square
oot of amplifier bandwidth and that D is inversely proportional to
he square root of detector area.

One of the limits to the performance of IR photon detectors
s given by the diffraction limit on pixel size. The spread of the
iffraction-limited point spread function (PSF) is approximated by
he diameter d of the first null of the airy disk and is given by:
/2 = 1.22�F# where � is the wavelength and F# is the f-number of
he optics. Further, the background-limited infrared photodetec-
or (BLIP) limit to detectivity D* - applicable at different operating
emperatures is given by Eq. (3) as follows:

�e2Q B>> 4 kT/(R0A).  (3)

Where A is the detector area, R0 is the resistance at zero bias
the product R0A is a detector figure of merit), � is the quantum
fficiency, T the temperature and QB the background photon flux.
he authors of Ref. 13 already demonstrated 80% of BLIP for an
20 × 256 HgCdTe (MCT) LWIR FPA for mean D*.
The BLIP temperature is one of the important figure of merit
or infrared researchers. For a given scene temperature and field of
iew, it is that operating temperature of the detector where dark
urrent equals the background photon current. Figure 2 shows the
Fig. 3. Ideal limit of specific detectivity D* as a function of temperature for long
wavelength photon and thermal detectors with cut-off wavelength at 14 �m for
background photon flux of zero and 1017 photons cm−2s-1 (after Ref. 16).

curves of estimated temperature required for BLIP operation vs.
cutoff wavelength with 30◦ FOV and 300 K scene temperature [14]
where Na or Nd are dopant carrier concentration and t is the detec-
tor thickness. The figure shows that this temperature for the case
of HgCdTe IR detectors is more than for the other types of photon
detectors. Further, one can see that HgCdTe detectors with BLIP
performance can operate with thermoelectric coolers at 5 �m,  but
8 �m–12 �m detectors need ≈ 100 K operation temperature. Addi-
tionally, HgCdTe detectors show a higher operating temperature
vis-à-vis extrinsic, Schottky barrier and QWIP detectors [15].

The ideal plot of D* vs.  temperature for background photon flux
of zero and 1017 photons cm−2s-1 for 14 �m cut-off wavelength for
different photon and thermal detectors is shown in Fig. 3 [16]. It can
be clearly seen from this figure that at all range of temperatures, D*
of HgCdTe detectors is higher than extrinsic and QWIP detectors.
Further, HgCdTe detectors with BLIP performance can work for T
near 80 K or lower whereas extrinsic detectors operate at 30 K or
lower and similarly QWIP requires 50 K or lower. It may  be noted

that D*th >D*ph for QB = 0 & Top > 50 K and for all temperatures when
QB = 1017 photons cm−2s-1.

Also it may  be seen from this figure that ideal D* for the ther-
mal  detectors is lesser temperature dependence compared to the
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hoton detectors. Also for QB = 0 and Top < 50 K, thermal detectors
ave lesser D* values compared to photon detectors whereas for
op>60 K, the limit favours the thermal detectors. At 300 K, the D*
erformance of thermal detectors is higher than photon detectors.
he above stated quantitative numbers will change with chang-
ng background, as is shown in Fig. 3 for a background of 1017

hotons/cm2s. It may  be stated that the ideal curves of D* for pho-
on and thermal detectors show comparable fundamental limits at
ow temperatures.

Further, it follows from Fig. 3 that HgCdTe detectors have
mproved performance vis-à-vis QWIPs detectors in 35 to 77 K
perating temperature but under 50 K HgCdTe detectors perfor-
ance is somewhat limited by trap-assisted tunneling. In contrast,

he QWIPs detectors have increases in the wider spectral range
below 14 �m)  below 50 K with added advantage of the maturity
f GaAs/AlGaAs technology that can yield high quality IRFPAs for
any applications. It may  be seen from this figure that the oper-

ting temperature for HgCdTe detectors is higher than QWIP and
xtrinsic detectors primarily because HgCdTe is characterized by
igh absorption coefficient and quantum efficiency and relatively

ow thermal generation rate compared to extrinsic detectors, sili-
ide Schottky barriers and GaAs/AlGaAs QWIPs.

These relations are guiding principles for IR detectors. They sug-
est that a high D* detector should convert the available photon flux
typically F#/2 optics) into a measurable signal without adding any
oise more than input noise of background photons, with minimum
ower consumption and high operating temperature.

Some important applications for different wavelengths bands
re listed below [17]:

a) SWIR (1–3 �m)  systems are used to detect the bright rocket
plumes of missiles in their boost phase.

) MWIR  (3–8 �m)  systems are used to detect objects in space
through booster burn-out against an Earth background.

c) LWIR (8–14 �m)  systems are used to detect above-the-horizon
objects against the background of cold space.

) VLWIR (18–30 �m)  systems are used to detect extremely cold
objects against a cold space background, for exo-atmospheric
conditions.

.2. Si readout (ROIC) requirements and trends

The typical basic ROIC design (Fig. 4) using simple single transis-
or switch (STS) has changed since the 1990′s to the extent that STS
as been replaced by some advances in per pixel signal condition-

ng circuitry like direct injection (DI), buffered direct injection (BDI),
apacitive transimpedance amplifier (CTIA), or source follower (SF).
lso reduction in pitch has been necessitated by matching ROIC
ver reducing detector pitch due to demands of higher resolution.
ue to advancement in CMOS technology, foundries offer technol-
gy nodes of around 10 nm at present. The function of the ROIC, as a
ultiplexer, is to capture light from IR sensor elements via indium

ump connections for each and every pixel. It consists of a matrix
f pixels, common buffer amplifiers, address registers and even an
n-chip ADC for modern ROICs.

The advantages of using CMOS ROICs include: high signal
andling capacity (SHC), high circuit density, small unit sizes
15 �m x 15 �m or less) desired in high density FPAs, low voltage,
ower number of clocks, more uniform electrical characteristics and
ower noise figures. These ROICs can tolerate lower R0A diodes as
ompared to charge-coupled devices (CCDs), used in the 1990′s.
he NMOS- and CMOS-switched readouts have been used for long

>1024 elements, linear), 15 �m element size linear and various
D arrays (e.g., 128 × 128, 256 × 256, 320 × 256 and 640 × 512).
hese ROICs can provide the electronic shutter (snapshot, rolling
hutter, non-destructive reads) and hence no mechanical shutter is
s Review 27 (2019) 174–193 177

required. In addition, they have low power consumption and can
be radiation-tolerant (both by process and by design).

The modern ROICs’ input signal conditioning (per pixel) circuits
can have as high as 100 transistors and have functionality such as
decoder based pixel addressing, windowing, sub-sampling and bin-
ning, digitally controlled bias, signal processing such as correlated
double sampling, settable gain, noise filter, ADC and other logic
functions (timing control, digital signal processing, etc.).

Further, CMOS ROICs use existing production oriented Si chip
foundries (down to 0.13 �m technology node) and hence are cost
affordable.

The important ROIC design Eq. is guided by Eqs. (4) and (5):

NETD = 4F#2/(2tI)
1/2

�A1/2D ∗ �opt
dPT

dTamb

, (4)

where F# is the f-number of the optics (f/D, f is the focal length and
D is diameter), tI is the integration time, A is the detector area, D*
is the detector specific detectivity, �opt is optics the transmission
coefficient and PT is the in-band power radiated by the target and
Tamb is the ambient target temperature.

The integration time tI is related to the SHC of the ROIC and the
total detector current consisting of dark component ID and Iph and
is given by:

tI= 0.5q(SHCroic)/(Iph+ID), (5)

where q is the electric charge. A high value of SHC is required to
achieve longer integration time and, thus lower NETD at a given
high frame rate.

Another way  of estimating NETD is by given by Eq. (6) below
[Ref. [2], Eq. (6)]:

NETD = 1/[C
√

N], (6)

where C = 1/P (dP/dT) = differential contrast, N = QBAtI (i.e. SHC). It
is obvious from this equation, that higher N leads to lower NETD.
However, achieving larger N for a given frame rate (dependent in
tI) requires more pixel area A. For example in LWIR FPAs with 5
�m pixels it is difficult to integrate sufficient charge in such a small
pixel knowing that state of- the-art storage density are of about
2.5 × 104 e− �m−2 only. Current ROIC design rules are just suffi-
cient for tactical MWIR  and LWIR ranges, for the pixel dimensions
of 12 �m. This generally limits NETD to above 30 mK. Generally, 107

e’s are required for reasonable SHC for a 5 �m unit cell. The vertical
stacking of capacitors are being explored to solve these problems.
Modern CMOS foundries carter to charge handling capacities of 2 fF
� m−2 in a 0.18 �m CMOS technology node. The use of CMOS man-
ufacturing with smaller feature sizes will enable higher dynamic
range for each pixel, as well as more advanced in-pixel processing
[6].

Ultimately ROIC designed for photon detectors need to enable
room temperature BLIP operation. This requires that the charge
gathered from all directions (from the scene/target) during the inte-
gration time be completely captured by the ROIC capacitor - even
while the pixel pitch shrinks to get better spatial resolution (since
the capacitor size shrinks correspondingly).

The trend is for achieving low noise (<200 �V, high charge han-
dling capacity (SHC)>108 e’s per pixel that are needed for LWIR
staring advantage to reach the NETD limit of 1 mK  for terrestrial
targets (Tamb 3̃00 K).

As regards the detector trends and requirements large signal lev-
els, high quantum efficiency (QE) across spectral band (>80%), high

response, low 1/f noise, better pixel uniformity, improved perfor-
mance during haze, dusk and dawn conditions are the demands of
the users. High responsivity such that signal » ROIC noise level, low
noise levels and fast response (t m̃sec), dark currents « 1 mA/cm2 for
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 ROIC depicting a 3 × 3 detector array size.
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Fig. 5. Decreasing pitch of pixels as a function of year for (a) HgCdTe detector arrays
Fig. 4. Block diagram of typical CMOS

–10 �m spectral (HgCdTe) [18] band and good linearity (>99.9%)
re other requirements.

.3. Detector requirements and trends

.3.1. Emerging small pixel trends
Pixel sizes of the order of 10 �m have been proven in hybrid sys-

ems. However, the practice of reducing pixel sizes may  continue in
uture. Since the diffraction-limited spot size is proportional to the
avelength (d = 2.44�F) [6]), it is easier to achieve small pixel sizes

n systems that operate at shorter �’s: with low f-numbers (like f/1)
 may  be  ̃ �  ̃ 10 �m (in the LWIR). Oversampling – making pixels
maller than the diffraction limit - may  deliver better resolution
or larger pixels, but the benefit saturates quickly for smaller pix-
ls (typical 4X oversampling is used in the MWIR). Reducing pixel
ize is essential for SWaP and cost reduction since the diameter of
he optics goes down, and the size and weight of the dewar follow
uit, and cooler power falls, but its lifetime and reliability improve.
he pitch of 15 �m is in production today at Sofradir (France) and
itches of 10 �m and less are expected within a few years [see
ig. 5(a)] [19]. There is a similar tendency to reduce the pixel size
f microbolometer arrays to achieve several potential benefits [see
ig. 5(b)] [20]. The details are given in Refs. [21–22].

Reducing pixel size also increases the detection and identifica-
ion range of IR imaging systems, as does increased FPA array format
see calculated ranges in Fig. 6(a) for 25, 17, and 12 um pitch pixel
f uncooled FPAs [21]. Choosing smaller pitch and larger format
etectors, the detection range of an imager, with a fixed optical
ntrance aperture D0, increases significantly. However, the detec-
ion range of many uncooled IR imaging systems is determined by
heir pixel resolution rather than by their sensitivity. In the inset of
he figure the word ‘CLEAR” refers to the use of ‘clear weather con-
itions’ in calculating atmospheric transmittance, which is needed
n the NVTherm IP program to estimate the range. Raytheon has a
eavy weapon thermal sight (HWTS) AN/PAS-13(V)3 s−13, which

s a VOx microbolometer FPA: [23]. DRS also are developing HWTS
24].
(after Ref. 19) and (b) amorphous silicon microbolometers (after Ref. 20) as a result
of  manufacturing advancements.

Figure 6(b) illustrates the growth in detector size over the span
of about fifty years [25]. Imaging FPAs formats have steadily become
larger, driven by the increasing ability of CMOS technology and
ROICs fabricated out of this technology to read and process array
signals. FPAs nominally have the same growth rate as dynamic ran-

dom access memories (DRAMs), with a doubling time of 1̃8 months
(as per Moore’s ‘law’), but lagging by 5–10 years. The graph inserted
in Fig. 6(b) shows n (where n is the number of pixels in MWIR  sen-
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Fig. 6. (a) Simulation result of range vs.  optics aperture for 25, 17, and 12 �m
pitch pixel. The points for various detector array formats have been shown. It is
that all the shown array sizes have 35 mK NETD (F#/1, 30 Hz) (after Ref. 21). (b)The
growth in number of pixels as or transistor count a function of year for infrared
imaging arrays vis-à-vis CMOS technology products such as transistors in visible
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MOS imagers/microprocessors/CCD/DRAM etc. The associated CMOS design rules
ave also been depicted from 1970 to 2018 at the bottom. Inset on the top shows
he  comparison with Moore’s law (After Ref [25].).

or) as a function of the year initially for astronomy applications.
harge coupled devices (CCDs) having about 2 giga pixels are the

argest available formats.
Array sizes still increase, but at a slower rate than expected from

xtrapolating Moore’s Law, since market demand for better reso-
ution is weak although the megapixel limit has been overcome.
ptoelectronic arrays match the size of photographic film, replac-

ng it for astronomy applications. Large format arrays improve the
ata rate for astronomy enormously; currently array sizes greater
han 100 megapixels are available for these applications, and the
argest arrays are being used for astronomy, not defense.

Further, the details of latest hybrid IRFPAs detector trends
ncluding array sizes and detector sizes of major manufacturers are
iven in Appendix ‘A’ following Ref. [25]. It may  be seen from the
able that highest array size of 4 K x 4 K with smallest pixel size of

0 × 10-�m have been demonstrated by Teledyne Imaging Sen-
ors.

Since the cost of Ge optics, the standard IR material depends
pproximately upon the square of the diameter, decreasing the
s Review 27 (2019) 174–193 179

pixel size (for a given array format) lowers the cost of the optics.
Alternatively, the reducing the pixel size allows more FPAs to be
fabricated per wafer, bringing down processing costs. But the NETD
is inversely proportional to the pixel area: reducing pixel size from
50 × 50-�m to 17 × 17-�m,  would increase NETD by 9X – unless
compensated for by improved electronics.

The important figures of merit that define the performance of
an infrared detector are the modulation transfer function (MTF)
and NETD. The MTF  measures the fidelity (amount of blurring) of
the imaging system in capturing spatial properties of the scene
in the image. It is defined as the modulation ratio of the image
and of the object as a function of the spatial frequency (cycles per
unit length, cy/mm)  of a sine-wave pattern of intensity. The system
MTF  is determined by the optics, detector, and display MTFs which
are cascaded to obtain the MTF  of the combination [26]: MTFsys =
MTFopt MTFdet MTFdis

Holst [27] showed that detector performance may  be described
in the spatial domain or in the (spatial) frequency domain. In the
spatial domain, the optical blur diameter dblur is compared with the
detector size ddet : the ratio dblur/ddet = 2.44�F/ddet. i.e. this ratio
is related to F�/d. Similarly, in the spatial frequency domain the
optics cutoff fopt is compared with the detector cutoff frequency
fdet. The detector cutoff frequency fdet is given by 1/(2ddet), and the
optics cutoff frequency is given by fopt = 1/(�F). So the ratio fdet/ fopt

= �F/ddet.
One can show that the range approximation may  be calculated

by Eq. (7) [20]:

Range = (D�x)/(M�)(F#�/d). (7)

For designers, modelling of NETD as a function of cutoff wave-
length and given optic F# number, utilizing its the dependence of
well capacity Nw, total current density (dark plus scene), photon
flux density, integration time and detector quantum efficiency, it is
useful to consider systems that are operating under the condition
F#�/d 2̃, NETD is given by Eq. (8) [28]:

NETD = 2
C�(��B 2�tI)

�F#�
d

�
, (8)

where D represents the optics aperture, M is minimum the pixel
count needed for target �x  identification, C is the scene contrast, �
is the detector quantum efficiency, �B is the background flux into a
2� FOV, and tI is the integration time. Equations (5) and (6) suggest
that the parameter space defined by F#� and d should be traded off
for proper design of any thermal imaging system.

Figure 7 shows the design plot of detector pitch d vs.F#�.  It
may  be seen from this fugure that when the ratio F#�/d � 0.41
the performance is limited by the detector and if F#�  /d � 2,
the performance is limited by the optics as shown in Fig. 7. The
implementation of design equation means F#�/d = 2 designer has
to accommodate 4.88 pixels inside the Rayleigh blur circle. To main-
tain the same NETD, with changing optics or pixel pitch, the design
values should lie on the lines having a constant F#� /d [see Eqs. (5)
and (6)]. In order to determine whether the detector or optics is
limiting the performance, Figure 7 suggests that F-number of the
optics has to be linked to pixel size or pitch.

The various types of detectors such as uncooled LWIR, cooled
MWIR, cooled LWIR and Lamda scale LWIR manufactured by DRS
Technologies have been evaluated experimentally and are shown
in Fig. 7.

To overcome low sensitivity of microbolometers compared to
photon detectors, bigger pixels sizes of more than 50 �m were
used in the years before 1995. Lately however, with lower detector

pitch, the optics continued to be ˜F#/1 and hence uncooled systems
moved from ‘detector-limited’ regimes to ‘optics-limited’ ones.

In summary, diffraction-limited optics having low F (e.g. F#/1)
could benefit from pixels with pitch d  ̃ � and oversampling may
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Fig. 7. F#�-d space for infrared system design. The design plots of detector pitch d
vs  F#� and experimental data points from DRS technologies uncooled LWIR, cooled
MWIR, cooled LWIR and Lamda scale LWIR manufactured by DRS Technologies (After
Ref. 26).
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variety of applications.
Fig. 8. Relative range as a function of F#� /d (After Ref. 29).

rovide additional resolution for smaller pixels but the benefits
aturate quickly as pixel size is decreased. Present MWIR  systems
ave pixel size of 10–12 �m corresponding to oversample of 4× and
WIR pixels are limited to 20 �m – but are shrunk further to use
he same readout as MWIR  FPAs. For F#/1 optics the smallest use-
ul pixel size is of 2 �m for MWIR  and 5 �m for LWIR, whereas for
#/1.2 optics the smallest useful pixel size is of 3 �m for MWIR  and

 �m for LWIR. Tradeoffs suggest that pixel size may  be reduced to
 �m for LWIR, both cooled and uncooled. For thermal detectors:
–10 �m (LWIR).

As far as the range detection is concerned, the design of IR optics
lays a crucial role and is very important. Holst and Driggers [29]
ave presented an important design curve of relative range (%) vs.
#� /d shown in Fig. 8. If the performance of the system is limited
y the detector, then reducing the detector size has a strong effect
n range. In contrast to this, if the system performance is limited
y optics, reducing the detector size has a little effect on range.
urther, the range is lowered if the atmospheric transmission and

he NETD are included.

Recent calculations by Vallone et al.  [30] on small-pitch HgCdTe
hotvoltiac detectors show that working on pixel pitches of smaller
s Review 27 (2019) 174–193

than cut-off wavelength will have many benefits in terms of lower
volume, weight or cost. To determine the limit of pitch scaling
in LWIR HgCdTe IRFPAs, 3D electrical and optical simulations for
3 �m,  5 �m,  and 10 �m pitch were done. Results suggest that first
neighbour cross talk was  very small only for pixels with a 3 �m size
and by using limited optical system.

Destefanis et al. [19] predict a 20% increase in detection range
for d: 15→ 10 �m (for f/4 optics, MWIR  MCT  detector). Nowadays
at Sofradir’s HgCdTe foundry a pitch of 10 �m is easily manufac-
tured with good yields, and pitches of <10 �m are scheduled in
the short term (see Fig. 3(a) of Ref. [19]). The uncooled a-Si based
microbolometers follow the same trend[(see Fig. 3(b)] [19].

Based on a 3D (optical and electrical combined) numerical sim-
ulation of LWIR MCT  (x = 0.226) diodes with pitch d: 3,5 & 10 �m,
crosstalk with first-neighbour pixels was  controlled to less than
10% with pixel sizes of 3 �m and a diffraction-limited optical sys-
tem, using a focused Gaussian beam on central pixel, as well as with
uniform illumination. The calculated quantum efficiency (QE) vs.
wavelength plots for p-on-n HgCdTe 3 × 3 pixel mini arrays showed
peaks assigned to reflections from the internal metal contact sur-
faces for � ∼= �c.

2.4. Size, weight and power consumption (SWaP) requirements
and trends

Near RT FPAs are needed to reduce power consumption, size and
cost associated with cryo-coolers, and to increase reliability and
life. Three approaches are being followed to reduce dark current
in photodiodes (all essentially by Auger suppression): a) Exclu-
sion/extraction in photodiodes using hetero-structures of HgCdTe
diodes works only in MWIR  and has troubles with 1/f noise that pre-
vent imaging applications for many types of scenes, b) quantum dot
infrared photodetectors (QDIPs) structures of GaAs/InGaAs using
self-assembly have issues for control of growth, c) strained-layer
superlattices (SLS) structures of InAs/GaInSb are still immature
(passivation & material problems). However, a-Si, Vox and Ti-
microbolometer FPAs provide RT operation, albeit with lower sen-
sitivity, low frame rates and low f/#.

HOT IR FPAs deliver SWaP [31].The nBn MWIR  FPA from Santa
Barbara focal plane operates at 145 −175 K, dependent on ratio of
scene to dark current demands. Their extended nBn design has a
14 �m cutoff and operates at 130–155 K with a performance equiv-
alent to InSb FPA at 80 K, MCT  FPA at 95 K, and epi-MCT at 115 K.
This e-nBn FPA requires significantly smaller 2 W Stirling coolers
instead of 6–12 W for a typical 640 × 512 format FPA. For a MWIR
nBn sensor, in a 1280 × 1024 format, the 12 �m pixel pitch detector
needs a 2.5 W cooler. The T2SLS Qmagiq 640 × 512 (20 �m pitch)
FPA has a broadband spectral response from 3 to 11 �m,  operates
at up to 475 frames/s and can deliver a NETD of 8 mK  for real-time
30 frame/s imagery. The wideband sensor enables a single ther-
mal  imager to satisfy the requirements of both MWIR  and LWIR
applications and promises to deliver on SWaP requirements.

Theoretical calculations indicate that parasitic and background
currents limit the operation, otherwise a background radiation-
limited LWIR HgCdTe detector with f/1 optics would yield a D* that
is within

√
2 of BLIP at 215 K [32]. If one can reduce the background

radiation by 66% by incorporating improved shielding methods,
cryogenic cooling to 77 K can be given up and a single-stage TEC
may  be able to operate these detectors. However, for RT opera-
tion, background radiation has to be reduced by 90%. Achieving
above increase in operating temperature may  provide a notewor-
thy reduction in SWaP and costs for HgCdTe IDCAs and cameras for
Recently, uncooled thermal infrared sensors are finding a lot
of applications with low range that demand low weight and size.
Resistive microbolometers fabricated using advanced Si MEMS
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ig. 9. Two-colour 320 × 256 MWIR/LWIR QWIP FPA: a individual dies as FPAs fabric
 SEM picture showing access and electrical connections for the common contact, d
old  (after Ref. 36).

tructures possess the highest sensitivity and the lowest pitch out
f all uncooled detector types. The most important and leading
wo materials are vanadium oxide (VOx) and amorphous sili-
on (a-Si) and many working IRFPAs have been demonstrated in
esearch and production [33]. The comparatively low D* of the
ncooled microbolometer arrays need low f-number optics˜F#/1.0
or majority of surveillance applications. These arrays become
ncompetitive in both size and cost compared to photon detec-
ors for the cases where focal length f > 200 mm is required. The
low frame rate and low sensitivity of these thermal detectors ren-
ers them less challenging to photon detectors. Presently most
icrobolometers operate upto 6̃0 Hz frame-rate applications.
The trend is towards smaller pixel size which improves MTF  and

ecreases response time and cost of the microbolometer FPA – but
educes FOV for given optics and may  increase system noise. As
egards pixel size and pitch, 10 �m seems to be the limit, particu-
arly in the LWIR.

.5. Multi-spectral IRFPAs, image fusion and trends

Multispectral IR provides target identification under conditions
here one wavelength is unable to identify the target. Multi-

pectral colour display helps in object recognition. Four colours
ay  be maximum number of bands that can be stacked in a

ingle pixel according to Norton [34]. However future trends

nd demands necessitate attempting almost all combinations of
ands in short wave (SW), mid  wave (MW)  and long wave (LW)
uch as MW MW,  MW LW,  LW LW,  MW MW LW,  MWLW-LW,
W LW LW,  SW MW LW,  etc.
n a 4-in. GaAs wafer, b isometric three dimensional outlook of the pixel crossection,
icture showing that pixel connections are routed to the top of each pixel using the

Latest image fusion techniques combine the best of both images
(e.g., high resolution of SW with temperature sensitivity of LW).
Fusion has also been done between IR and some non-IR range like
mm waves. Herve et al.  [35] state that two colours are enough to
simultaneously determine emissivity and temperature within 3%
error. These authors presented an approach for measurement of
the temperature and emissivity, by the use of infrared radiation.
Unlike previous approaches, their methodology does not need a
known surface emissivity. Their measurement involves measuring
emissivity and temperature at the same time by measurement of
changes in emitted radiation and surface related reflected infrared
radiation, at two  different spectral zones. This results in improved
accuracy of the measured temperature particularly for situations
where the surface optical properties vary while measuring it.
Many experiments were done to validate the theoretical founda-
tion, accuracy and limitations of the approach. The method has
many industrial applications wherein temperature control of the
mechanical parts is required such as in a lathe machine. The pro-
posed method is easy to implement with low cost infrared and
optical parts and reasonably accurate results are achieved.

Quantum well infrared photodetectors (QWIPs) are appropriate
for the fabrication of simultaneously readable two-colour IR FPAs
owing to their absorption in a very narrow spectral band because
absorption outside of that band is negligible and almost transpar-
ent [36]. Hence, QWIPs give almost zero spectral cross-talk for any

two spectral bands, if they are separated by a couple of microns in
a wavelength. The vertical piling of growth layers is used for fabri-
cating epitaxial QWIP layers. Such layers allow for a two-colour
detection. Independent bias voltages are applied to each QWIP
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ig. 10. a) Energy diagram of the LWIR (8–9 �m)  sensitive and VLWIR (14–15 �
ubband  absorption, b) 3-D view of pixel structure, c) the electrical access connec
pectral responsivity of vertically integrated LWIR and VLWIR dual band QWIP dete

imultaneously through contact layers. Figures 9a and 9b show the
ull fabricated 4 inch wafer and cross-sectional view of the struc-
ure of a two-colour stacked QWIP reported from JPL with pixels
ollocated and simultaneously readable [36]. As depicted in Fig. 9b,
he carriers emitted from each multi-quantum well (MQW)  region
re collected separately using three contacts where unmarked con-
act represents (see Fig. 9c) detector common contact. The electrical
onnections to the detector common and the LWIR connection are
rought to the top of each pixel using via connections (See Fig. 9d).

At JPL, they have demonstrated functionality of 1024 × 1024
WIP focal plane arrays (FPAs) on 4-inch GaAs wafers contain-

ng nine arrays using GaAs/AIGaAs based QWIP structures that
an cover a very broad infrared (3–25 �m)  region. They achieved

 NETD of 22 mK  and quantum efficiency of 2.5% in the wave-
ength range of 4.4–5.1 �m at a pixel pitch of 19.5 �m and operating
emperature of 80 K and similarly achieved a NETD of 16 mK  and
uantum efficiency of 3.0% in the wavelength range of 8–9 �m at a
ixel pitch of 19.5 �m and operating temperature of 72 K. As can be
een low quantum efficiency is the bottleneck in these detectors.

Gunapala et al. [37] reported prototype development of LWIR
nd VLWIR two-colour quantum well infrared photodetector
QWIP) device. The molecular beam epitaxy (MBE) growth was
arried out on a three inch semi-insulating GaAs substrate. The fab-
ication of many 640 × 486 arrays in 8–9 and 14–15 �m two-colour
or dual wavelength) QWIP FPAs configurations was carried out.

hose devices were then mated to matching 640 × 486 CMOS ROICs
sing flip chip indium bump technology. Followed by this, backside
f the integrated device was thinned and substrate removed. After-
ards, hybrid FPA was mounted on a cold finger of a liquid helium
nsitive two-colour infrared detector that utilizes the bound-to-continuum inter-
o pixel are brought to the top using the gold metal, d) simultaneously measured
e) a thermal image of the 8–9 and 14–15 �m two-color camera (After Ref. 37).

cooled dewar for electro-optical characterization and demonstra-
tion of simultaneous two-colour imagery. The 8–9 �m detectors
achieved BLIP performance at 70 K operating temperature for 300 K
background with F#/2 cold stop. The 14–15 �m detectors also
achieved BLIP at operating 40 K temperature under the same back-
ground conditions. Hence, these authors demonstrated dual band
QWIP FPA in terms of quantum efficiency, detectivity, noise equiv-
alent temperature difference (NETD), uniformity, and operability.
Figures 10a) to 10e) show their results.

In short, these structures simultaneously detect thermal radia-
tion at two wavelengths and can identify target by comparing two
images detected at different wavelengths.

Gunapala et al. [38] also demonstrated functional IRFPAs using
GaAs quantum dots (QDs). MBE  growth technique was used for
epitaxial growth of InAs–InGaAs– GaAsQDs. Growth by MBE  allows
to grow these large area layers with excellent uniformity and, hence
well suited development of large-format LWIR IRFPAs. Dot-in-a-
well (DWELL) structures do not suffer from normal absorption like
in QWIP, instead it was  demonstrated that it absorbs both 45◦ and
normal incident light. Further, a reflection grating structure was
added to enhance the quantum efficiency. The devices show peak
responsivity out to 8.1 �m,  with peak D* touching 1×1010 Jones at
77 K. These InAs–InGaAs– GaAs quantum dots layers were the first
of its kind and demonstrated a long-wavelength 640×512 pixel QDs
infrared photodetector imaging FPA, with very good images and

having noise equivalent temperature difference of 40 mK at 60-K
operating temperature. Figures 11a) to 11d) show the results.

In summary, the advantages of these QDs are normal incidence
detection, accurate control of quantum well width that is used for
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F ot-in-a-well (DWELL) infrared detector, b) the comparison of spectral responsivity for
n  using an f/2 AR coated germanium optics, d) NETD histogram of the 311 × 040 pixels of
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Fig. 12. Pictorial idea of MEMS-based tunable IR detector. The detector is placed
ig. 11. a) The band diagram showing the principle of InAs–InGaAs– GaAs QDs d
ormal  and 45 incidence, c) infrared image from a 640 × 512 pixels QDIP LWIR FPA
he  640 × 512 pixel QDIP FPA (After Ref. 38).

djustment of spectral wavelength. The highest quantum efficiency
btained in a QDIP is 20% of absorption QE. Further, dual band FPAs
an monitor both temperature and emissivity of the target. The
olarization state of the target can be estimated and on-chip algo-
ithms can extract information. These approaches can reduce size,
omplexity and cost of the FPAs.

.6. MEMS  tunable IR detector

Fabrication of compact integrated systems combining electron-
cs, MEMS  and photonics is a difficult task. All the three technologies
ave their limitations and boundaries within which they normally
perate and guarantee performance and yield. However, once inte-
rated, a lot of re-optimization process and re-design are needed
o avoid the impact of one technological process step on the other
echnological step. This dual band AFPA technology having many
dvantages allows for a simultaneous collection of high-resolution
WIR  infrared images, with spatially independent spectrally tuned

maging in the LWIR for improved target detection and classifica-
ion.

Recent research developments in the field of MEMS-based
unable IR detectors can pave the way for development for multi-
pectral IRFPAs based on voltage tuning. These technologies were

eveloped and demonstrated in the framework of the adaptive
ocus plane array (AFPA) funded by DARPA. Current MEMS tech-
ological advances will easily allow fabrication of these structures
nd may  be used for voltage based wavelength tuning.
under the bottom mirror (After Ref. 39).

Figure 12 depicts the idea of a MEMS  based tunable IR detector.
The MEMS  filters are electrostatically actuated Fabry–Pérot tunable
filters. Foundry fabrication of these MEMS  filters is done by simple
mounting process in such a way  that the filters are facing toward
the detector to minimize spectral cross-talk [39].

Using adaptive focal pane array in two  bands, the concept of
simultaneous spectral tuning (Fig. 13) in the LWIR region was
demonstrated in Ref. 39. The reflective and ARC properties of opti-
cal coating were used for controlling spectral band pass and tuning

range. The typical dimensions of MEMS  filter were in range of 100
and 200 �m.  However, using such a device requires a complex
ROIC’s per pixel circuitry for these improved functions.
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Fig. 13. Colour online dual band adaptive FPA (After Ref. 39).
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ig. 14. The effect of folded multiple capture for achieving high dynamic range. The
oving laser. Bottom right: simulated image using FMC  with disturbance tolerance

The MEMS  tunable filter array (with 8 × 24 filters, 1 ms  tun-
ng speed) is integrated with a 640 × 480, 20 �m dual-band focal
lane array: 8–11 and 3.5–5 �m.  The filter air gap varies between
.1–5.6 �m that allows Hyperspectral imaging (HSI) for an adaptive
PA that intelligently chooses wavelengths.

Krishna et al. [40] proposed FPAs that are spectrally tunable and
avelength agile. They invented a semiconductor detector with

unable spectral response. The detector structure includes an elec-

ronically tunable absorbing region that is based on inter-subband
ransitions of quantum states. Asymmetry in the absorbing region
auses asymmetry in the local potential seen by carriers. As a result,
he spectral response of the absorbing region can be tuned by
 images are as follows: Top: image of HDR scene. Bottom left: simulated image with
r Ref. 42).

changing a bias electric field in the region, typically achieved by
changing a bias voltage applied across the region.

In short, the realization of the AFPA concepts and detectors
with tunable spectral response offer the prospective for dramatic
enhancements in serious military missions involving reconnais-
sance, battlefield surveillance, and precision targeting.

2.7. High dynamic range (HDR) and high frame rates’

requirements and trends

In practical IRFPAs dynamic range (DR) is defined as the ratio
of the maximum nonsaturating photocurrent to the smallest
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Table  1
The emitted infrared radiation in terms of photon flux from scene temperature of
250 to 350 K in visible, MWIR and LWIR region along with corresponding contrast.

Spectral Band
(�m)

Scene Temp.(K) Contrast C
(at 300 K)

250 K 300 K 350 K

0.4-0.7 108-1017 0.2-8
3-5  1.8 × 1015 1.5 × 1016 7 × 1016 0.045/K
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M

8-12 2.4 × 1017 6.2 × 1017 1.3 × 1018 0.02/K

etectable photocurrent or noise current. By this definition, we
ave Imax = qQsat/tI and Imin = q�r/tI where Qsat is saturating well
apacity of ROIC in number of electrons per well and �r is number
f noise electrons in ROIC. Then, by this definition DR is defined as
R = Imax/Imin= Qmax/�r where Qmax is maximum number of elec-

rons that can be integrated without saturation.
Why  do we need high dynamic range (HDR)? Most natural

cenes (excluding fires, hot springs, volcanoes and man-made
bjects) lie in the temperature range of T: −50 ◦C to 50 ◦C and the
orresponding photon fluxes in ph/cm2/sec are given in Table 1
elow.

As can be seen, photon flux varies by two  orders of mag-
itude which demands and necessitates high dynamic range
HDR).

The effect and importance of requirement of high DR was  stud-
ed by Kavusi and Gamal [41,42]. They proposed four different
chemes viz. time-to-saturation, multiple-capture, asynchronous
elf-reset with multiple capture and synchronous self-reset with
esidue readout for achieving HDR. Further, they reported an
mproved scheme called folded multiple capture (FMC) by using
y combining features of multiple capture schemes and the syn-
hronous self-reset for achieving larger DR and high SNR at the
igh and low ends of the DR.

To demonstrate the effect and advantages of FMC, an image of
 high DR scene (Fig. 14 top) is compared with same scene with
n induced laser disturbance (Fig. 14 bottom left), as it would be
aptured by a conventional IRFPA. The third image (Fig. 14 bottom
ight) simulates the output after implementing FMC  with a distur-

ance detection and applying correction. It may  be clearly seen that
he presence of disturbance is completely gone other than minor
rtifacts around the person and monitor.

ig. 15. Variation of photon flux with changing scene temperature for LWIR and
WIR  range (After Ref. 43).
Fig. 16. Variation of typical IRFPA output as a function of input light or photon flux
for a large range of dynamic range of the scene temperature (After Ref. 44).

LWIR is better suited to HDR than MWIR  since a larger range of
temperatures corresponds to a lower range of photon fluxes. This
is depicted in Fig. 15 after Ref. 44. Such information is useful in
selecting a wave band for applications like engines (IC, gas turbine,
jet); rockets during launch and surveillance; or in thermal images
that are obscured by fires/thermal camouflage. It may  be mentioned
here that consumer visible CMOS cameras use typically 54 dB DR
whereas consumer CCD cameras use 66 dB DR.  However, high end
CCDs use DR > 78 dB. Smaller design rules of modern CMOS tech-
nology actually reduce SHC for smaller pixel sizes (due to lower
integrating capacitor area associated per pixel) and lower operat-
ing voltages, which will reduce the DR – unless the noise floor is
also decreased.

According to DARPA, modern defence applications require IR
FPAs with >120 dB dynamic range to handle large variations in
object radiance, sun reflections and laser jamming with 1000
frames/sec and 10 bit linearity.

Dynamic range (DR) is given by:

DR = 20log(Imax/Imin). (9)

To increase DR, we must either decrease Imin (i.e., noise floor) or
increase maximum detector Imax, or try both. Since Imax = qQsat/tI,
it increases as tI decreases for a given saturating signal handling
capacity or well capacity Qsat of ROIC. However, after including
detector dark current noise contributions, total noise current Imin
is given by Imin = [(qID/tI)2 + (q�r/tI)2]1/2 where ID is the detector
dark current in electrons and �r is the noise of ROIC in electrons
suggests that the dark current Imin decreases as tI increases. This
means that the integration time tI has to be spatially adapted, i.e.,
short tI for pixels that get high radiance, and long tI for low radiance
pixels.

In general, the output response of a typical IRFPA is not linear
over the entire dynamic range of input light flux as shown in Fig. 16
[44]. Note that the output response is not linear over large input
light or flux conditions and can be best approximated by two  or
three linear regions as depicted in this figure. The desired linear
response is also shown. Actual experimental output may  be best
described by a two- or even three-degree polynomial.
As is the practice in visible CMOS imagers, the response can be
tuned for either linear light response with approximately 55 dB of
dynamic range or for high dynamic range response with as much as
100 dB of dynamic range as shown qualitatively in Fig. 16 showing
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ig. 17. Helicopter IR image captured using 1024 × 1024 MWIR FPA with fovea at
enter 64 × 64 pixels, while the rest of the image is of 16 × 16 super-pixels at a frame
ate of 3̃00 Hz (After Ref. 46).

wo regions of linear responses. The same practice can be adopted
n IRFPAs to cater for high flux LWIR applications [44].

According to the Weber-Fechner law, the eye response to a stim-
lus is logarithmic, which is roughly valid for radiance >100 cd/m2.
his means that a logarithmic sensor with HDR is needed, which can
e obtained by logarithmic compression, using the sub-threshold
haracteristic of photodiodes given Eq. (10) by:

out= kln(Iph/Io). (10)

A few decades of radiance are compressed into less than a volt
 which means that subsequent circuits must be precise enough to
xtract the exact radiance (more bits needed).

Logarithmic sensors are ac-coupled so there is no offset as such;
urther the log means that the multiplicative gain term appears as
n offset: i.e. single-point non-uniformity compensation (NUC) is
ufficient to remove fixed pattern noise of a logarithmic sensor [38]
s. a 2-point NUC for a linear sensor.

There is always a tradeoff between high frame rate (HFR) IR
maging vs.  high integration time (HIT).

Massie et al. [45,46] experimented with 1024 × 1024 MWIR

mage of a helicopter with a hi-res fovea at center of 64 × 64 pixels,

hile the rest of the image is low res at 16 × 16 super pixels, at
 frame rate of 3̃00 Hz - which allows imaging rotor and exhaust
ynamics as shown in Fig. 17. Their experiments showed that

Fig. 18. Active laser illumination for range
s Review 27 (2019) 174–193

higher integration time gives higher SNR and lower NETD and HIT
may  be a better option for high speed applications.

Recently, Telops [47] has announced a 256 × 256 MWIR  InSb
camera FAST-IR with 2000 frames/s (full frame) and 90,000
frames/sec with sub-windowing in an application note, studying
muzzle flash (tank/artillery). The FAST-IR thermal imaging systems
allow high-speed thermal imaging with a very good temporal res-
olution. They are, therefore, ideal to capture high speed dynamic
events. These high performing thermal imaging cameras are also
enormously sensitive, thus allowing the detection of difficult tar-
gets. Key benefits include up to 2000 fps at full frame and 90,000
fps in sub window mode in a 4-position filter wheel.

The concept of range-gated active imaging (or 3D imaging)
is a well-known technique which was used for night vision
enhancement in scattering environments. Many research work-
ers demonstrated the performance enhancement of range gating.
Gated IR imaging uses an active SWIR laser illuminator to increase
the SNR as shown in Fig. 18. It can be used as a narrow field of
view (NFOV) laser range gated (LRG) along with a passive uncooled
wide field of view (WFOV) LWIR imager. This increases identifica-
tion range. The wave band needed is the short wave (SW) band at
1.5 �m,  1.8 �m or 2 �m.

Christnacher et al. [48] demonstrated a short-wave infrared
(SWIR) range-gated active imaging system that improved the pen-
etration depth by a factor of 6.9 dense smoke. In contrast to this,
combination of a short pulse with a short integration time gives
better contrasted images in dense scattering media.

In order to satisfy the demands of long range IR imaging, detec-
tors with response in nano sec range and having high SNR will be
required. Since flux is proportional to inverse of distance square,
there is requirement of gain for amplification of signal. The quest is
to operate the detector near ambient temperatures. To satisfy the
high resolution demands, large area detector arrays will be required
to achieve true 3D imaging.

2.8. Flexible and curved IRFPAs

IR sensor systems would always demand for larger array FPAs
with decreasing size and weight but it is tough to correct optical
aberrations with bigger size of detector arrays and wide FOVs. The
solution lies in flexible, spherical bio-inspired FPAs to correct opti-
cal aberrations and decrease use of many lenses in the optics of
thermal imaging system.

Thinned membranes can be conformed to substrates for flat or
curved focal planes to mimic the compound eye of the fly as shown

in Fig. 19a) [49]. Such a configuration allows for one to eliminate
optical elements, reduce mass and complexity as shown in Fig. 19b)
[50]. Robust curved structures can be made out of GaN and alloys of
thinned membranes. The curved focal plane array concept can be

-gated active imaging (After Ref. 47).
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Fig. 20. A functional 256 × 320 25 �m pitch (roughly 1cm2) uncooled FPA has been
thinned and curved (After Ref. 51).
ig. 19. a). Curved compound eye of the fly (After Ref. 49). b). Schematic of curved
ocal plane array (After Ref. [50]).

otentially made in III-N arrays; micron-size features in GaN have
een fabricated using photo-electrochemical etching.

For many infrared field applications such as enhanced night
ision, missile warning and telescopes the demand is reduce the
eigh and size. These demands can be satisfied by use of flexible
icroelectronics technologies of FPAs with spherical curvature that

an fix optical aberrations and decrease the use of multi lenses in
ameras. The approach is based on motivation from curved com-
ound eye of a fly. Tekaya et al. [51] demonstrated semicircular
owed cooled and microbolometers infrared detector arrays for
ompacted cameras.

An innovative process recipe was developed to be used for
icrobolometer detector arrays. An uncooled microbolometer

20 × 256 array with a 25 �m pitch was demonstrated having been
hinned and curved as shown in Fig. 20. Its functionality was  in tact
fter application of the innovative recipe on the FPA. The sensitiv-
ty of the FPA did not change much (<2.3% of mean response). On
omparison of curved and flat FPAs using same number of lenses,
TF  showed clear improvement in dispersion of optical rays.
Furthermore, another innovative process was developed for

ooled hybrid HgCdTe IRFPAs having a radius of 550 mm.  The cryo-
enic testing of this FPA at 80 K did not show in degradation in
ensitivity vis-à-vis usual flat IRFPA.

.9. Requirements for space and astronomy sensors
.9.1. Use of IR sensors in space
Space and astronomy-based applications require distant objects

>100 kms) to be detected along with high SNR for faint sources and
igh quality material with no variability for tracking single pixel
Fig. 21. Conceptual view of space based infrared (SBIRS) USA, which is nation’s
highest priority space program. (After Ref. 52).

objects. It is difficult to detect singe pixel objects. Further, space
objects have low background photon flux (109 ph/cm2/s). FPAs with
low noise, operating at deep cryogenic temperatures of 40 K and
low power consumption are required because power in space mis-
sions is limited. Added to this is low weight requirement for low
launch cost, and radiation-hard devices are required to survive a
flux of protons, gamma rays, etc.

Figure 21 shows the conceptual view of space based infrared
(SBIRS), USA being the nation’s highest priority space program [52].
SBIRS will provide technical intelligence to characterize infrared
(IR) event signatures, phenomenology, and threat performance
data, for strategic and operational combat commanders, the intelli-
gent community and others. The satellite is equipped with around
1000 lb of infrared sensors. Mission control station receives data
from all SBIRS sensors for further processing and manages the SBIRS
constellation.

The space based missions are mainly for cold objects in bands
VLWIR and beyond, electronically heated objects in MWIR  and
LWIR. Dim distant objects that require high efficiency detectors
with optical signal amplification, moving objects requiring detec-
tors with fast response time, large area detection/high resolution
by large format detectors are being demanded for space-based
applications. Additional capabilities require object identification
by multi-colour and polarization sensing. Further the systems

should be reconfigurable for use in multiple missions (space and
earth backgrounds as well as manmade/natural/near/far objects).
These types of applications require tunable detector response in
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ig. 22. Space-based infrared sensor systems (SBIRS) showing use of IR sensors in L
3).

V,Vis, IR, far IR, THz and radar. Further, advanced capabilities
equire small satellites, ultrafast processing, monolithic integra-
ion of detector / electronics / cooling, protection against harsh
nvironments and the ability to reconfigure after damage.

Zheng et al. [53] argued that Type II superlattice (T2SL) is emerg-
ng infrared detector material for infrared astronomical space
pplications. Advantages of T2SL based detectors are high quan-
um efficiency, responsivity, detectivity, High uniformity and yield,

ature III-V processing technology, large format arrays, multi-
olour operation, low Auger recombination rate, high temperature
peration, low tunneling current, use band engineering and can be
uned from 3 to 30 �m by changing the thickness of the layers.

Figure 22 shows several space-based infrared sensor systems
SBIRS) in a high end Defense Support Program-DSP for strategic
urveillance, Space Tracking and Surveillance System (STSS) posi-
ioned at different altitudes with variety of infrared sensors, each
esigned to observe a different target set. The STSS is an impor-
ant project under the Missile Defense Agency, is a constellation of
atellites in low-Earth orbits. It detects and tracks cold targets at

 far distance. It requires sensors with large field of view for wide
rea coverage.

.9.2. Use of IR sensors in astronomy
The IR is typically used to study objects which are cold (plan-

ts, Brown Dwarfs (BD): failed stars, 13–80 times Jupiter mass,
Jup), dust embedded (young stellar objects, YSOs such as proto-

r pre-Main Sequence stars) and behind dust (galactic center).

here is an IR spectral window for this dust. Good IR observing
ites are places that are dry, cold and high up (balloons, airplanes,
ountains/plateaus, space). Brown Dwarfs (BDs) (type M,L) with

emperatures T of the order of 3000-1500 K having �pk (̃1,2) �m
MLWIR, MWIR, SWIR spectral bands in addition to visible spectral band. (After Ref.

whereas coolest BD (type T) of 800 K and �pk 4̃ �m are studied
using IRFPAs. An ultra-cool BD with temperature of 600 K was
discovered by Wide-Field Infrared Survey Explorer (WISE). The
thermal infrared imager, a 2D microbolometer FPA has been used
for Hayabusa mission for imaging of near-Earth asteroid 162,173
Ryugu, for study of its surface thermal signatures. Further, Super-
hot exoplanet (WASP121b) (2700 K, 1.2 MJup) 900 light years away
was also studied.

Astronomical objects called brown dwarfs are celestial bodies
having intermediate size between a giant planet and a small star,
believed to emit mainly infrared radiation because they do not have
in built energy source and hence emit no visible light.

The spectrum of a brown dwarf (BD) peaks at longer wave-
lengths so it can be more easily seen at longer wavelengths [54] as
shown in Fig. 23. The first BDs to be discovered had temperatures of
1,000–2,000 K and could only be detected in the IR. They were not
hot enough to shine brightly in visible light. With more sensitive
detectors, we  are now able to detect brown dwarfs that are much
cooler, and learning about these ultra-cool stars has become very
important to understanding the formation of stars and planetary
systems. The IR flux emitted by these BDs reaching earth is very
small and can be detected only if it is within 100 light years.

The present and future largest format IR FPA for astronomy use
2 K x 2 K, 4 K x 4 K, 8 K x 8 K which are already under use or planned
[1–6]. Owing to low dark currents and low noise besides excel-
lent material uniformity, InSb photovoltaic detectors are preferred
choice for infrared astronomy and applications using infrared tele-

scopes. Lately, remarkable advancement has been made in the
performance of InSb based FPAs. Additionally, InGaAs detectors
have also been used for spectral bands between 0.9–1.7 �m and
a high operating temperature. The results show that InGaAs detec-
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Fig. 23. A series of images of a brown dwarf star indicated by the arrow, at increasing
wavelengths (After Ref. 54).
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ig. 24. A typical Z-plane 3D view of IRFPA proximity electronics (After Ref. 55).

or technology is comparable to that of state-of-the-art HgCdTe
magers.

The high resolution requirement is of prime importance in
stronomy applications. The detectors having 100 mega-pixels are
eing used currently for astronomy applications. High resolution

R detectors having better resolution than HDTV are available now.

.10. 3D Z-plane IR FPAs proximity electronics trends

The video signal output from the IRFPA’s dewar pin needs to
e very close camera proximity electronics so that the limited
rive capability of the video driver is not affected. This maintains
igh SNR besides inherent advantages in reducing system weight,
ower consumption and cost. The addition of more functions in
er pixel circuitry like DI, BDI, CTIA, etc. makes ROIC more com-
licated to design and fabricate. This reduces the yield besides
llowing less Silicon real estate per pixel resulting in low fill factor.
t may  stressed here CMOS designers cannot afford to put more cir-
uits in pixel because they cannot reduce the vias beyond allowed
esign rules. In view of these difficulties and challenges, the obvi-
us solution is to make the FPA a three dimensional unit and use
he real estate behind optical surface for the processing electron-
cs - analogous to the human (or the insect) eye. Figure 24 shows
ow Irvine sensors Corporation [48] implanted their three dimen-
ional FPA and associated camera proximity electronics. Most of the
lectronic boards are located behind FPA in a stack. This minimizes
ideo signal paths before it is digitized.
The Z-plane allows for a wide range of analogue process-
ng including preamp, non-uniformity compensation (NUC, gain
nd offset), time-delay integration (TDI), spatial/temporal filtering,
otion compensation, signal processing, etc. [55]. They (ISC) devel-
ly LWIR ranging from 1, 1.2, 1.6 and 2.2 um.  Brown dwarf images peak at longer

oped HYMOSS Z- plane 128 × 128 FPA buttable detector array with
DR of 104 weighing 6 gms that consumes less than a watt of power.
A 13 bit A/D requiring only 3 u W per channel at 1000 Hz was also
developed for this project.

Are z-plane and curved focal plane technologies compatible
(both together)? If not, which is more useful? This is the question
which future research may  ponder over.

2.11. Recognition based night surveillance

The preferred ability for any night vision surveillance and secu-
rity applications demand true identification objects or even human
faces. The mismatch between imagery from visible and infrared
spectral bands is huge and due to this actual true identification
of face is one of the difficult tasks and needs a lot of innovations
and efficient algorithms as an integral part of the infrared imaging
system.

The study of facial recognition by IR was done by Sarfraz and
Stiefehagen [56]. Their deep neural network matches visible and
IR images of a person with an accuracy rate of 80% assuming the
image data base gives access to many visible images of the same
person. The error or inaccuracy rate was as high as 45%, if only one
visible image was  used.

Facial recognition, being passive, can be used to identify a person
without his or her knowledge (privacy issues!). With the advanced
technological tools of today, no one can completely hide in dark-
ness, thanks to facial recognition technology. The technology is
based on study and analysis thermal signatures of human faces.
However, the question is it may  be just cheaper to just install a
light and an ordinary Vis camera. The cost effectiveness of this
technology may  play a role here.

The images of human faces constructed from reflected daylight
is appreciably different compared to infrared thermal signatures
which keep on changing depending on the temperature of the skin,
environment and even a person’s expression as shown in Fig. 25.
This makes it difficult to match infrared images with normal photos.
Also, IR images tend to be of lower resolution than Vis images, mak-
ing matching the two a challenge (the modality gap). It was found
that the temperature of face is independent of skin colour, level
of illumination or darkness. These infrared images are dependent
facial expressions and emotional states.

Ayan Seal, PhD candidate at Jadavpur University Calcutta India
has an algorithm for thermal signature of a face since the network
of capillaries in each person’s face is completely unique (although
major arteries are similar) [57]. However, Seal’s algorithm needs
multiple images and does not work on moving subjects (so far).

In summary, such approaches have not been able to improve the

modern advanced imaging systems by more than 10% in terms of
basic or first rank identification. However, work is being pursued
using artificial intelligence and pattern recognition methods in the
IR community.



190 R.K. Bhan, V. Dhar / Opto-Electronics Review 27 (2019) 174–193

 temp

2

u
r
g
i
t
a

i
u
w
n
y
T
7

o
W
i
m

i
i
b

2

e
t
s
u
t
q
b
o
f

2

t
i
s
i
e

u
d
w

Fig. 25. Human face thermal signatures depend infrared signal that is skin

.12. IR imaging and lie detection

Security agencies generally depend on finger prints and doc-
ments to establish the true identity of people. However, due to
ecent increased terrorist activities they are in need of technolo-
ies which use complementary and alternate techniques based on
nfrared imagery. Current research shows that by studying skin
emperatures using IR cameras, fake identities can be isolated with
cceptable level of errors.

In an experiment conducted by Warmelink et al.  [58] at an
nternational airport, skin temperature measurement was recorded
sing an IR imaging system while question about forthcoming trip
as being asked. It was found that in case of truth tellers, there was
o change in skin temperature compared to liars. Using this anal-
sis, 64% of truth-tellers and 69% of liars were classified correctly.
he actual results as per interviewers were 72% of truth tellers and
7% of liars.

The areas around the eye where the skin is thinner (the peri-
rbital) and the cheeks are highly sensitive to temperature rise.
hen a person is being deceitful, their amplified brain activity

s revealed in the face through unthinking facial expressions. The
odern cameras can easily measure 0.1 K temperature resolution.
Applications for the above research for the suitability of IR imag-

ng as a technique for lie detection at the airports may  be envisaged
n future. The problem, however, is that some truth-tellers may  just
e anxious, while habitual liars are not.

.13. Spatial and spectral filtering on IRFPAs

Recently, night vision technologies are being developed for
nhancing performance of IRFPAs by using spatial and spectral fil-
ers at the backside of hybrid detector arrays. Specially designed
pectral filter masks for pixles of the detector arrays are pasted
sing a special glue with high alignment accuracy which leads
o negligible cross talk between pixels and improved Nyquist fre-
uency. Experimental demonstration of such systems was  reported
y Karni et al. [59]. Thee improvements may  however be at the cost
f marginal loss in quantum efficiency due to less than 100% fill
actor.

.14. Low light level imaging

In contrast to MWIR  and LWIR, imaging in SWIR has distinc-
ive benefits because it utilizes high irradiance IR flux and reflective
maging compared to conventional infrared imaging based on emis-
ivity and less natural. The InGaAs/InP SWIR detector technology
s foremost due to its low currents, high quantum efficiency and
xceptional uniformity.
Harish et al. [60] reported SWIR images of a moonless night
sing low noise 640 × 512/15 �m InGaAs detector arrays and could
etect a person at a distance of 140 m.  They used a low cost, low
eight and low power TEC based packaging. Software algorithms
erature dependent, surroundings and expression of the face (After Ref. 56.

were designed for imaging from sub mlux to 100 Klux light lev-
els. Figure 26 demonstrates the capability of the SWIR Imager to
function as a vision enhancer in complete darkness on a moonless
night.

In summary, trends suggest that SWIR has some unique advan-
tages over Vis, NIR or thermal imaging. It benefits from relatively
high irradiance level and intuitive reflective imaging from LLL imag-
ing applications.

2.15. IR in strategic defence applications

J Ryu and S Kim [61] proposed a deep learning-based method
called irYOLO using advanced real-time target recognition of UAVs
by utilizing infrared images and field trainingand deep learning
methods (DLM). Modern computer vision and DLM have proved
to be very useful for detection of small drones. These authors
developed a DLM by altering initial infared YOLO images. Such
techniques will prove to be useful in preventing drone strikes.

The state-of-art, stealth plane needs the following functions in
order to diminish its radar signature and thermal detection [62]:

• Decreasing thermal radiation from thrust
• Decreasing radar detection by changing some general shape (like

introducing the split rudder)
• Decreasing recognition by radar when the aircraft opens its

weapons bay
• Decreasing infra-red and radar detection during hostile climate

environments.

Currently many modern US stealth warplanes have IR suppres-
sion. The B-2 bomber and F-22 /F-35 fighters use their internal fuel
as heat sinks to cool outside skins. The fuel sucks up excess heat and
improves the fuel efficiency. As you burn fuel during flight, you lose
the ability to absorb heat internally so more heat radiates out of the
tail pipe, where it is easily detected by an IRST (IR Search & Track).
Planes are designed so that hot engines are not visible to ground IR
systems – but the nose cone gets quite hot at high speeds allowing
detection by enemy planes, and requires heat to be redirected side-
ways using thermal management. Similar considerations apply to
tanks, whose engine heat must also be redirected sideways. Heat-
ing of the tank (�T) because of skin friction is small because the
tank speed is small compared to the speed of sound sound vs:

�T/Tamb= (	-1)M2/2, (11)

where the ratio of specific heats for air 	 = Cp/Cv ∼= 1.4, and M is the

speed in Mach (M = v/vs) [63,64].

In short, designers try to diminish the IR signature, but it is dif-
ficult to totally hide the heat signature of a sensor that is powered
by hot fuel burning and pushing out of these gasses.
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f  140 m (Right) (After Ref. 60).

.16. Augmented reality (AR) or artificial intelligence (AI) for IR
magery

There are some shortcomings and defects of IR images:

) Low resolution compared with Vis and the solution lies to shift
to SWIR band

) Spatial non-uniformity, despite 2-point or 3-point fixed pattern
noise (FPN) correction, it is worst in LWIR, better in MWIR, best
in SWIR again solution lies to shift to SWIR band

) IR imaging is non-intuitive and involves a strange combination
of emissivity and temperature given by Stefan’s law viz. P ∝ 
T4,
however dP/dT, i.e., signal S ∝ 
T3 assuming all wavelengths
from zero to infinity. In practice, according to Poropat [50] IR
radiation propagates only in various bands (due to atmospheric
absorption) leading to an increase in the exponent of the power
law, i.e., S ∝ 
Tn, where n>3 for bands. However, humans prefer
natural imagery in visible that is reflectivity-dominated.

So, for a human observer, IR is only good for augmented reality
AR)! Areas in a scene will be designated with their emissivity 
,
emperature T and range R (via range-gated IR or just a co-located IR
aser range-finder). Range-gated IR would mean truly 3D imaging.

Also, from emissivity as a function of wavelength 
(�), what
aterial the target is made of can be determined (in principle) but

n AI may  interpret MWIR, LWIR & VLWIR images better and faster
han a human, since it need not be biased the same way.

.17. Applications of next gen IRFPAs

The use for next generation of IRFPAs will include sensors
hat need no man  intervention, easy to carry sensors, very small
AVs, missile warning seeker systems, and surveillance in all

nfrared spectral bands. Furthermore large array format IRFPAS

rown by MBE  growth techniques (or maybe by metallo-organic
hemical vapour deposition, MOCVD) will include development of
dvanced large area IRFPAs for micro cameras with goals of : <4
ms  weight, on-FPA processing, 130–150 mW power consumption,

Manufacturer/Web site Size/Architecture Pixel size (mm) Dete

Sensors Unlimited

320 × 256 12.5 × 12.5 InGa
320  × 256 25 × 25 InGa
640  × 512 25 × 25 InGa
1280  × 1024 12.5 × 12.5 InGa

Raytheon Vision Systems 1024 × 1024 30 × 30 InSb
www.raytheon.com/ 2048 × 2048 (Orion II) 25 × 25 HgC
age registered while driving at 10 km/h (Left); person waving detected at a distance

etc. The systems developed will have mission capabilities such as:
battle/combat recce, metropolitan fighting, intelligence collecting,
Special target reconnaissance etc.

2.18. Conclusions

It may  be predicted that HOT HgCdTe technology will remain in
the game because of its established fabrication houses and favor-
able and tunable properties. Since its spectral wavelengths can be
tuned, this material will have its presence in almost all the spectral
bands from short to very long wavelength bands. The technology
will also keep on reducing the pitch of the detector arrays. In this
context, uncooled microbolometers are being developed down to
5 to 10 um pitch in LWIR.

For achieving more integration times, for the same pixel area,
signal or well capacity per unit area are required to be improved by
innovations in integrating capacitor designs or else in fabrication
technological capabilities.

The foundry houses which can provide low manufacturing costs
will continue to exist because of huge demand.

Application for next generation of IRFPAs will include man-
portable sensors, micro UAVs, ground/wall penetration, missile
warning, missile seekers, multispectral Ssrveillance will keep the
technology pushing to its limits.
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Appendix A. IRFPAs available from reputed vendors
showing array size, pixel size, material and operating
temperature (After Ref. [22])

ctor material Spectral range Oper. temp. D*(Jones) / NETD (mK)

As 0.7–1.7 300 12.9xE13

As 0.4-1.7 300 <5E12
As 0.7–1.7 300 4.2E13
As 0.4–1.7 300

 0.6–5.0 50 23
dTe 0.6–5.0 32

http://www.raytheon.com/
http://www.raytheon.com/
http://www.raytheon.com/
http://www.raytheon.com/
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HgCdTe 0.8–2.5 4–10
HgCdTe/Si 3.0–5.0 78
Si:As 5–28 6.7
Si:As 5–28

 15 HgCdTe 1.0–1.7 120
 15 HgCdTe 1.0–2.5 77
 15 HgCdTe 1.0–5.4 37

HgCdTe 1.0–1.7 120
HgCdTe 1.0–2.5 77
HgCdTe 1.0–5.4 37
InGaAs 0.9-1.7 300 <18
InSb 3.7-4.8 80 18
HgCdTe 3.7–4.8 77–110 <20
HgCdTe 3.4-4.9 110 ≤16
HgCdTe 1.5–5.1 <90 20
HgCdTe 3.7–4.8 110 31
QWIP 8.0-9.0 73 15–20
HgCdTe MW(dual) 77–80 20–25
HgCdTe MW/LW(dual) 77–80
HgCdTe APD 0.8-2.5 17
HgCdTe 3–5 up to 170
HgCdTe 3.7-5
HgCdTe 8–10 up to 90 32
HgCdTe MW/LW (dual) 80 24/26
HgCdTe 1–5 95-120 17
HgCdTe 8–9 67-80 30
HgCdTe MW/LW 80 18/25
Type II SL MW(dual) 80 20/25
InSb 3-5 20
InSb 3–5 77 20
InSb 1-5.4 <25
InAsSb nBn 3.6-4.2 150 20
InAs/GaSb T2SL �c = 9.5 80 15
InGaAs 0.9–1.7 300 1E10 ph/cm2̂ s (NEI)
InSb 3.4-5.2 80 <25
HgCdTe 3-5
HgCdTe 3-5 7.8 20
Si:As 5–28 7.8 25
Si:As 5–28 7.8
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businesses/ncs/rvs/ 2048 × 2048 (Virgo-2k) 20 × 20 

index.html 2048 × 2048 15 × 15 

1024  × 1024 25 × 25 

2048  × 1024 25 × 25 

Teledyne Imaging Sensors 4096 × 4096 (H4RG) 10 × 10 or 15 ×
http://teledynesi.com/imaging/ 4096 × 4096 (H4RG) 10 × 10 or 15 ×

4096  × 4096 (H4RG) 10 × 10 or 15 ×
2048  × 2048 (H2RG) 18 × 18 

2048  × 2048 (H2RG) 18 × 18 

2048  × 2048 (H2RG) 18 × 18 

Sofradir/ 640 × 512 15 × 15 

www.sofradir.com/ 640 × 512 15 × 15
1280 × 1024 (Jupiter) 15 × 15 

1280 × 720 (Daphnis) 10 × 10 

640  × 512 (Scorpio) 15 × 15 

640  × 512 (Leo) 15 × 15 

640  × 512 20 × 20 

640  × 512 24 × 24
640  × 512/ 24 × 24 

Selex  320 × 256 (Saphira) 24 × 24 

www.leonardocompany.com 640 × 512 (Hawk) 16 × 16 

1280 × 720 (Horizon) 12 × 12
640 × 512 (Hawk) 16 × 16 

640  × 512 (CondorII) 24 × 24 

IAM  640 × 512 15 × 15 

www.aim-ir.com 640 × 512 15 × 15 

640  × 512 20 × 20 

384  × 288 40 × 40 

SCD  640 × 512 15 × 15
www.scd.co.il 1280 × 1024 15 × 15 

1920 × 1536 10 × 10 

1280 × 1024 15 × 15 

640  × 512 15 × 15 

FLIR  Systems 640 × 512 15 × 15 

http://www.flir.com 640 × 512 15 × 15 

DRS  Technologies 1280 × 720 12 × 12
640 × 480 12 × 12 

2048 × 2048 18 × 18 

1024 × 1024 25 × 25 

2048  × 2048 18 × 18 
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