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Abstract: Mid-wavelength infrared (MWIR) detection and long-wavelength infrared (LWIR) detection constitute the key 
technologies for space-based Earth observation and astronomical detection. The advanced ability of infrared (IR) detection 
technology to penetrate the atmosphere and identify the camouflaged targets makes it excellent for space-based remote sensing. 
Thus, such detectors play an essential role in detecting and tracking low-temperature and far-distance moving targets. However, due 
to the diverse scenarios in which space-based IR detection systems are built, the key parameters of IR technologies are 
subject to unique demands. We review the developments and features of MWIR and LWIR detectors with a particular focus on 
their applications in space-based detection. We conduct a comprehensive analysis of key performance indicators for IR detection 
systems, including the ground sampling distance (GSD), operation range, and noise equivalent temperature difference (NETD) among 
others, and their interconnections with IR detector parameters. Additionally, the influences of pixel distance, focal plane array size, 
and operation temperature of space-based IR remote sensing are evaluated. The development requirements and technical 
challenges of MWIR and LWIR detection systems are also identified to achieve high-quality space-based observation platforms.
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1  Introduction

By leveraging the advantages of space platforms 
such as wide coverage, global observation, and reduced 
interference, infrared (IR) detection systems play an 
important role in Earth observation and universe 
exploration. Space-based IR Earth observation offers 
diverse applications, including marine observation, 
meteorology, surveying and mapping, agriculture, for‐
estry, environment monitoring, disaster detection, and 

national defense (Saraf et al., 2008; Gao et al., 2016; 
Sobrino et al., 2016; Khanal et al., 2017; Karthikeyan 
et al., 2020; Yang CH, 2020; Li JD, 2021). It offers 
strong anti-interference capabilities and the ability 
to identify disguised targets effectively (Karim and 
Andersson, 2013; Bhan and Dhar, 2019). Furthermore, 
space-based IR detection holds particular significance 
for missile early warning and military reconnais‐
sance, prompting its development by countries such 
as the US, Russia, and France (Watson and Zondervan, 
2008; Zheng et al., 2008; Bhan and Dhar, 2019). The 
Defense Support Program (DSP), Space-Based Infra‐
red System (SBIRS), Mid-Course Space Experiment 
(MSX), Near-Field Infrared Experiment (NFIRE), 
Space Tracking and Surveillance System (STSS), and 
the Next-Generation Overhead Persistent Infrared 
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(NG-OPIR) are some of the world-renowned satellite 
systems developed by the US for defense purposes 
(Bartschi et al., 1996; Paxton et al., 1996; Price et al., 
1998). To enable the rapid identification and track‐
ing of mid-course missiles and hypersonic aircrafts 
in the future, mid-wavelength IR (MWIR) and long-
wavelength IR (LWIR) detectors with high detectivity 
and sensitivity are among the leading technologies 
requiring development (Robbins, 2019). Additionally, 
the detection capabilities of LWIR and far IR (FIR) are 
indispensable for observing far, faint, and cold objects 
in the cosmos, including planets, stars, and galaxies, and 
for investigating the origins of the universe (Sanders, 
2004; Schwalm et al., 2005; Hirabayashi et al., 2008; 
Nakagawa et al., 2012; Bhan and Dhar, 2019; Park 
S et al., 2019; Rogalski, 2019; Ma et al., 2023). The 
US, Japan, and Europe have launched several astro‐
nomical exploration telescopes equipped with IR de‐
tection devices, including the latest ones, James Webb 
Space Telescope (JWST) and Space Infrared Telescope 
for Cosmology and Astrophysics (SPICA) (Ishihara 
et al., 2003; Ressler et al., 2008; Onaka et al., 2010; 
Nakagawa et al., 2012; Laureijs et al., 2014; Rieke 
et al., 2015; Wright et al., 2015). However, as astronom‐
ical observations extend to increasingly remote celes‐
tial objects, both the target signals and background 
radiation become exceedingly faint, thereby imposing 
more stringent demands on the fabrication of IR detec‐
tors. These demands encompass the need for higher 
resolution, heightened sensitivity, enhanced detectivity, 
and the production of large-format focal plane arrays 
(FPAs) (Rieke, 2007; Farrah et al., 2019).

IR detectors have evolved from unit detectors, 
line arrays, single-color FPAs, and double-color FPAs 
to the current multi-color FPA (Martyniuk et al., 
2014). Currently, the detector array formats of Ray‐
theon Vision Systems (RVS) have transitioned from 
1 k×1 k to 8 k×8 k (Starr et al., 2016) to multi-color 
and hyperspectral detection, while the detection band 
has expanded to a very-long-wavelength band. To 
meet the increasing demands for high-performance IR 
detectors for space IR detection systems (Rogalski, 
2002, 2005; Nakagawa et al., 2012; Long MS et al., 
2019), researchers have been developing and improving 
high-performance cryogenic MWIR and LWIR detec‐
tors, such as HgCdTe, Si:As, and type-II superlattice 
(T2SL). Notably, HgCdTe and Si:As FPAs can perform 

with low dark current, small noise, and high detectivity 
under a cryogenic environment and have been widely 
applied in space-based Earth observation and astro‐
nomical exploration. However, HgCdTe FPA detec‐
tors face significant manufacturing difficulties in a large 
format and at a long wavelength (Lyu et al., 2022). 
Although T2SL detectors are considered the most prom‐
ising alternative to large format HgCdTe detectors for 
MWIR and LWIR, they have low quantum efficiency 
and immature development, and have not yet been 
used in space applications (Alshahrani et al., 2022). 
Quantum well infrared photodetectors (QWIPs) have 
been tested in space and applied in Landsat 8/9 sat‐
ellites, which were launched by the US (Hickey et al., 
2018; Jhabvala et al., 2020), but they have not been 
extensively used.

Reducing the operation temperature is an impor‐
tant approach to reducing the dark current noise and the 
background scatter radiation noise and improving the 
sensitivity, detectivity, and operation range of IR de‐
tectors (Blazejewski et al., 1994; Kinch, 2000; Rogalski, 
2003b). Consequently, the leading space observation 
systems for Earth observation, military reconnais‐
sance, meteorology, and astronomy, developed by the 
US, Japan, Europe, and China, have established cryo‐
genic optical systems (Abbott et al., 2000; Rogalski, 
2002; Roberts and Roush, 2007; Martyniuk et al., 
2014; Starr et al., 2016; Long MS et al., 2019; Wu YN 
et al., 2019; Jiang et al., 2021). The operation tempera‐
ture of these high-performance detectors ranges from 
the ultra-cryogenic temperature of about 100 mK to a 
cryogenic temperature of about 80 K. However, main‐
taining a low-temperature operating environment to 
ensure the performance of IR detectors poses challenges 
for the miniaturization, longevity, and cost-effective 
applications of the system.

Since the concept of developing small-size, light-
weight, low-energy-consumption, low-price, and high-
performance (SWaP3) IR detectors was proposed in 
2010 (Ge et al., 2022; Guo JX et al., 2022), the lead‐
ing trend of next-generation IR detectors has evolved 
towards incorporating large format size, miniaturiza‐
tion, double-color/multi-color capabilities, and enhanced 
intelligence. To reduce high cost caused by cryogenic 
systems, researchers have been developing high oper‐
ation temperature (HOT) IR detectors that can work 
up to 150 K, such as p-on-n HgCdTe, P+-ν-N+ HgCdTe, 
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XBn barrier blocking InAsSb, and InAs/InAsSb (Qin 
et al., 2021; Zhang KJ, 2021; Chen ZC et al., 2022; Hao 
et al., 2022; Song et al., 2022; Chen J et al., 2023; Ting 
et al., 2023). There are also several new types of IR 
detectors that aim to operate at room temperature, includ‐
ing plasma-enhanced IR detectors (PEIDs), quantum 
cascade IR detectors based on energy band engineering 
(QCIDs-EBE), interband cascade detectors (ICDs), 
and low-dimensional material IR detectors. Addition‐
ally, some detectors have been developed to enhance 
the response in a wider band; one such example is the 
photon-trapping structure IR detector based on artifi‐
cial photon microstructure control (IRAPMC). How‐
ever, the detectivity and overall performance of such 
detectors still need to be improved and their fabrica‐
tion challenges need to be addressed (Gendron et al., 
2004; Giorgetta et al., 2009; Rogalski, 2011; Hu et al., 
2019). The development of cutting-edge manufactur‐
ing technologies, such as artificial microstructure and 
artificial intelligence, is expected to lead to innova‐
tions in the fabrication of IR detectors, as well as 
on-chip intelligence and chip-level integration.

In the literature, a multitude of reviews have 
focused on the development of existing IR detector 
technologies (Sclar, 1984; Rogalski, 2003a, 2008, 2009, 
2010, 2011, 2012, 2017, 2019; Martyniuk et al., 2014; 
Rogalski et al., 2016, 2019a, 2019b, 2020; Bhan and 
Dhar, 2019; Ye et al., 2022). However, as the demands 
for advanced and efficient space-based remote sens‐
ing systems continue to grow, the requirements for IR 
detection systems have evolved towards higher spa‐
tial resolution, greater temporal resolution, enhanced 
spectral resolution, and improved radiometric resolu‐
tion. This presents new challenges for MWIR and 
LWIR detectors due to the requirements of larger 
format size, increased detectivity, higher level of inte‐
gration, and smaller pixel size. Thus, it is crucial to 
provide a more comprehensive exposition of the appli‐
cations, developments, requirements, and challenges 
of IR detection technologies. We specifically focus 
on the development of MWIR and LWIR detectors 
and their applications in space-based remote sens‐
ing, Earth observation, and astronomical observation. 
Furthermore, in light of the forthcoming demands of 
space-based observations, the technical challenges 
and development trends of MWIR and LWIR detectors 
are analyzed and summarized.

2  Development of IR detectors

2.1  Basics of IR detection

Any object with a temperature above absolute 
zero (0 K) radiates electromagnetic waves. Accord‐
ing to Planck’s law, the thermal emission of an ideal 
black body is a function of wavelength and tempera‐
ture. For general objects, the emission at a given wave‐
length is determined by their surface temperature as 
well as their thermal physical properties (Bergman 
et al., 2011). As indicated in Wien’s displacement law 
(Eq. (1)) (Bergman et al., 2011; Rogalski, 2011), the 
wavelength with the maximum electromagnetic radi‐
ation intensity of an object is inversely proportional 
to its temperature. In essence, the radiation spectrum 
of objects with a lower temperature is centered in a 
longer spectral band, and vice versa (Fig. 1).

λmaxTobj=2898 µm·K. (1)

According to the literature, there are several dif‐
ferent sub-division schemes of the IR spectrum (Miller, 
1994, 2004). A commonly used definition is provided 
as follows: the near-IR (NIR) spectral region ranges 
from 0.75 to 1.4 µm; the short-wavelength IR (SWIR) 
region ranges from 1.4 to 3.0 µm; the MWIR region 
ranges from 3 to 8 µm; the IR LWIR region ranges from 
8 to 15 µm; the very-long-wavelength IR (VLWIR) 
region ranges from 15 to 30 μm; the FIR region ex‐
tends from 15 to 1000 μm, according to the encyclo‐
pedia of laser physics and technology (Paschotta, 
2008). In the context of remote sensing applications, 
the MWIR band of 3‒5 µm and the LWIR band of 8‒
14 µm are mainly used.

Fig. 1  Relationship between wavelength and spectral radiant 
exitance based on Planck’s law
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2.2  Types and features of MWIR and LWIR 
detectors

Electromagnetic waves can be detected and trans‐
formed into visible image signals by sensors to iden‐
tify, position, and track targets. IR detectors are specif‐
ically used to sense the electromagnetic wave emitted 
by the target in the IR range, and semi-conductive 
photon detectors serve predominantly in IR detection 
systems (Tidrow and Dyer, 2001; Wu BH et al., 2002; 
Huang et al., 2018; Teng et al., 2019). When IR pho‐
tons with different energies are absorbed by the semi‐
conductor material of an IR detector, electron‒cavity 
pairs are excited inside it, thus changing the carrier 
distribution. As the carriers are collected by the elec‐
trode under an electric field, the photo-generated volt‐
age signal variation would reflect the energy distri‐
bution of the detected target (Rogalski et al., 2009). 
The closer the response wavelength of the IR detector is 
to the peak radiation wavelength of the target, the 
stronger the detector response will be (Fig. 2). If the 
target radiant wavelength exceeds the cut-off wave‐
length of the detector, no significant response will 
be produced. According to Wien’s displacement law 
and Planck’s law, the detection of lower-temperature 
targets, characterized by longer peak radiation wave‐
lengths, necessitates the use of IR detectors with longer 
cut-off wavelengths being needed.

The material of popular MWIR and LWIR detec‐
tors has several types, including HgCdTe (Kinch, 2000; 
Rogalski, 2003a), InSb, InAs/GaSb T2SL (Rogalski, 
2003a), GaAs/AlGaAs quantum well (QW), quantum 

dot (QD), arsenic-doped silicon-blocked impurity band 
(Si:As BIB), VOx, a-Si, and superconductor (Kruse, 
2001; Hoffman et al., 2004; Schneider and Liu, 2007; 
Gunapala et al., 2011; Rogalski, 2011; Migdall et al., 
2013; Rogalski et al., 2017; Liu JK et al., 2019). The 
response wavelength of some IR detector materials is 
displayed in Fig. 3. Additionally, studies have indi‐
cated that a cut-off wavelength of 30 µm has been 
achieved for HgCdTe and QWIP materials, 32 µm 
for T2SL material (Wei et al., 2002), and 19 µm for 
HgCdTe FPA (Gravrand et al., 2017).

2.3  Classification of IR detectors by operation 
temperature

IR detectors can be classified into two catego‐
ries according to their different operation temperatures: 
cooled and uncooled. Cooled IR detectors refer to 
detectors that require cooling mechanisms, such as 
cooling with cryogenic coolers, to maintain a very low 
operation temperature to enhance their sensitivity 
and reduce noise levels (Bhan and Dhar, 2019). Cryo‐
genic cooling enables the detectors to detect faint IR 
signals and achieve higher image resolution, sensitiv‐
ity, detectivity, responsiveness, and detection range. 
Therefore, cooled IR detectors are typically used in 
space detection and military night vision. On the other 
hand, uncooled IR detectors use materials or technol‐
ogies that can be functional without the need for ex‐
treme cooling, and can operate at temperatures close 
to room temperature. Uncooled detectors are often 
more power-efficient and cost-effective compared to 
cooled ones. However, their detectivity, sensitivity, and 
responsiveness may be relatively low, and they are 

Fig. 2  Relative spectral response for photon and thermal 
detector (constant incident radiant power) (Rogalski, 2019)

Fig. 3  Potential materials working at different infrared 
wavelengths
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more susceptible to noise and thermal variations. As a 
result, uncooled IR detectors are used mainly in civilian 
areas where high-volume application requirements take 
priority over imaging quality.

At higher operation temperatures, the background 
radiation noise caused by stray light can seriously 
affect the imaging quality of long-wave IR detec‐
tors. Thus, for the best detectivity, MWIR and LWIR 
detectors should operate at cryogenic temperatures 
(Fig. 4) (Piotrowski and Gawron, 1997; Rogalski, 
2019). In astronomy- and space-based early warning, 
IR detectors with higher detectivity and lower opera‐
tion temperatures are necessary for obtaining a signif‐
icant response to the distant and faint targets. For 
example, charge-sensitive infrared photo-transistor 
(CSIP) and QD detectors can achieve a detectivity of 
1015 cm·Hz1/2·W−1 (at 4.2 K) and 1018 cm·Hz1/2·W−1 
(at 100 mK) under ultralow temperatures (Fig. 4) 
(Rogalski, 2019).

2.4  Developments of high-performance MWIR and 
LWIR detectors

2.4.1  Evolution and role of IR detectors in space 
remote sensing

IR detectors have evolved from unit detectors, 
line arrays, single-color FPAs, and double-color FPAs 
to the current 4th generation, which features multi-color 
FPAs (Fig. 5) (Tidrow and Dyer, 2001; Rogalski, 
2019; Rogalski et al., 2020; Zhang S et al., 2020; 

Chang et al., 2021; Pan et al., 2023). From the advent 
of the 2nd generation FPA IR onwards, the number of 
pixels has significantly increased, which also enabled 
staring imaging. The forthcoming evolution of the 4th 
generation IR detectors will emphasize heightened sensi‐
tivity, improved resolution, very long wavelength, and 
multi-color capabilities (Tidrow and Dyer, 2001; Wu 
BH et al., 2002; Rogalski, 2009, 2017, 2019; Rogalski 
et al., 2016, 2019a, 2019b, 2020; Bhan and Dhar, 2019; 
Zhang S et al., 2020; Chang et al., 2021; Pan et al., 
2023). In recent years, progress in this field has been 
accelerated by on-chip intelligence and chip-level inte‐
gration technologies, along with the growth of artificial 
microstructure and artificial intelligence (Ye et al., 2022; 
Zhu et al., 2022).

Taking advantage of imaging in different bands, 
the detection sensitivity of double-color/multi-color 
detectors has been increased, and the photoelectric 
confrontation abilities of anti-decoy and anti-stealth 
characteristics have thus been improved, which re‐
duces the probability of misidentifying targets and 
minimizes false alarms (Sweeney et al., 2020). High-
performance IR detectors have been widely applied in 
the aerospace remote sensing and weaponry fields in 
Europe and the US since the end of the 20th century. 
Line array and unit IR detectors can be used in space 
applications for imaging by way of push-broom scan‐
ning, swing scanning, and circular scanning methods. 
They have a large imaging swath and can be applied 
for reconnaissance purposes. While FPA IR detectors 
can use only push-broom scanning for imaging in space 
applications, they have a narrower imaging swath com‐
pared to scan-to-image detectors, and thus they pos‐
sess higher sensitivity and can be used for early warn‐
ing and reconnaissance purposes.

In the future, satellite remote sensing is expected 
to achieve enhanced spatial resolution, temporal reso‐
lution, spectral resolution, and radiometric resolution 
by make comprehensive use of high-resolution visible 
light, SWIR, MWIR, and LWIR. This necessitates con‐
tinuous improvements in the performance of IR de‐
tectors, such as low dark current, high sensitivity, 
and exceptional resolution. Moreover, the detection 
wavelength needs to be extended to the FIR range, 
enabling multi-wavelength and hyperspectral detec‐
tion (Saraf et al., 2008; Sobrino et al., 2016; Khanal 
et al., 2017; Bhan and Dhar, 2019; Karthikeyan et al., 

Fig. 4  Detectivity of various infrared detectors (Rogalski, 
2019)
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2020; Yang CH, 2020; Li JD, 2021). The subsequent 
discussion focuses on the ongoing developments in IR 
detectors with these advanced features.

1. The main approach to achieving ultra-high 
spatial resolution in IR detection systems is through 
the use of large-scale FPA and high-density pixel pitch. 
Reducing the pixel size effectively reduces the chip size, 
as well as the size and power requirements of cooling 
components (Shi WH et al., 2019). In recent years, IR 
detector arrays with 2 k×2 k (with response wave‐
lengths of  2.3 and 5.2 μm), 3 k×3 k (with response wave‐
lengths of 5.3 and 14.5 μm), and 4 k×4 k (SWIR with 
10 and 15 μm pitch) formats have been successfully 
applied in the aerospace and military fields in the US 
and France (James, 2019; Ma et al., 2023; Pan et al., 
2023; Swindells et al., 2023). With the commercial 
product, H4RG, the RVS Company has achieved a 
size of 4096×4096 (1‒3 and 3‒5 μm spectral ranges, 
10/15 μm pixel size) (Fig. 6), and the Lynred Company 
of France has achieved a size of 1280×1024 (8‒14 μm 
spectral range, 12 µm pixel size) with their commercial 
product. The double-color IR FPA of the Raytheon 

Company in the US has a format size of 1280×720 
with the center of pixels of 20 µm (King et al., 2006). 
A large number of products with a pixel distance of 
10 µm have also been released by Lynred, ATTOLLO, 
Teledyne, and other companies (Reibel et al., 2014; 
Joshi et al., 2021). Fig. 6 illustrates the timeline and pro‐
gression of increasing array format and size with the 
corresponding reduction in pixel size.

2. Avalanche photodiodes (APDs) are the main 
type of IR detectors capable of achieving high tem‐
poral resolution. Notably, the detection sensitivity of 
HgCdTe APD detectors from the DRS Corporation has 
reached the single photon level.

3. Hyperspectral is defined as the imaging or sens‐
ing of objects or scenes in numerous narrow, contiguous 
spectral bands. Hyperspectral detectors could identify 
the object’s spectral band continuously and reflect the 
fingerprint characteristics of targets. As a result, the 
detection efficiency of hyperspectral detectors is higher 
than that of panchromatic or multispectral detectors. The 
spectral resolution of current advanced hyperspectral 
detectors in the visible light‒SWIR band has reached 

Fig. 5  Evolution and space-based applications of infrared detectors
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4‒10 nm (Lockwood et al., 2006). The Huanjing-1A 
satellite, Gaofen-5 satellite, Tiangong-2, lunar probe, 
and Zhuhai-1 satellite launched by China applied hyper‐
spectral IR detectors, and the spectral resolution of 
Gaofen-5 reached 10 nm in a 1.0‒2.5 μm range (Chen 
JS et al., 2003; Zhao X et al., 2010; Lv et al., 2015; 
Liu YN et al., 2019).

4. Very-long-wavelength devices with high radio‐
metric resolution have been achieved, e.g., the noise 
equivalent temperature difference (NETD) of 20 mK, 
and detectors with a cut-off wavelength of 15‒17 µm 
have been successfully developed. France has devel‐
oped 384×288 format-sized detectors with a cut-off 
wavelength of 15.1 µm, and the US has developed IR 
detectors with a cut-off wavelength of 17 µm (at 80 K). 
Additionally, the graphene-HgCdTe bilayer-structured 
detector proposed by Bansal et al. (2018) was able to 
achieve a cut-off wavelength of 20.6 µm at 77 K.

2.4.2  Progress in emerging MWIR and LWIR 
technologies

The requirements of cryogenic cooling systems 
for cooled IR detectors inevitably result in higher 
operation costs (Li LM et al., 2021). To make IR detec‐
tors more economically viable, increasing the working 

temperature of cryogenic IR detectors is a direction 
of effort for many detector researchers (Wu YN et al., 
2019). Teledyne has achieved a working temperature 
of up to 220 K in HgCdTe mid-wavelength devices, 
and the working temperature of long-wavelength 
devices has been increased to 160 K (Watson and 
Zondervan, 2008). In recent years, researchers have 
developed a series of new detectors to expand their 
detection wavelength range and improve their work‐
ing temperature. These include mainly light trap struc‐
ture IRAPMC, PEIDs, QCIDs-EBE, ICDs, and low-
dimensional material IR detectors (Rogalski, 2011). 
Among them, IRAPMC and QCIDs-EBE have the char‐
acteristics of long-wavelength and room-temperature 
operation. The QCIDs-EBE, invented by Hofstetter in 
2002 (Gendron et al., 2004), have low dark current 
and can work at high temperatures, but have low detec‐
tivity and quantum efficiency (Hu et al., 2019; Rogalski 
et al., 2019b). ICDs, invented by Yang RQ et al. (2010), 
have a cut-off wavelength of over 7 µm at 320 K, but 
the detectivity is about 1/100 that of BLIP and needs 
further improvement.

Theoretical calculations suggest that a barrier 
blocking nBn structure can effectively reduce the 

Fig. 6  Focal plane array size progression (Reprinted from Starr et al. (2016), Copyright 2016, with permission from SPIE)
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dark current and enable HgCdTe, InSb, and T2SL 
detectors to work at higher temperatures, but its fabri‐
cation remains challenging (Rogalski, 2011; Shi Q 
et al., 2022). Lao et al. (2014) proposed a new concept 
for a detector that uses a thermal carrier for IR detec‐
tion, the detection wavelength of which can exceed 
50 µm, breaking the limitation of the detection wave‐
length of semiconductor detectors imposed by the 
semiconductor bandgap (Perera et al., 2016). In 2018, 
researchers from Georgia State University extended 
the detection wavelength of semiconductor detectors 
to 68 μm based on this concept (Chauhan et al., 2018), 
but such detectors still need to operate at deep cryo‐
genic temperatures. Recently, emerging technologies, 
such as neuromorphic vision IR chips, flexible IR pho‐
todetectors, curved IR photodetectors, and on-chip 3D 
integrated IR photodetectors, are expected to bring 
tremendous innovations in the development of IR 
detectors (Ye et al., 2022). These aim to provide so‐
lutions to challenges such as reducing the size and 
weight of detectors, improving their sensitivity and 
resolution, and the integration, storage, and process‐
ing capabilities on a single chip. These innovations are 
expected to have a major impact on the space indus‐
try and beyond.

3  Developments of space-based IR detection 

platforms and the applications of IR detectors

IR technology exhibits superior detection capa‐
bilities and target identification at night and in adverse 
weather conditions. This is due to the reduced absorp‐
tion and scattering of IR light by the atmosphere, com‐
pared to the visible spectrum. Consequently, IR detec‐
tion finds extensive applications in various domains, 
including medical imaging, meteorology, ocean observa‐
tion, terrestrial remote sensing, astronomy, and national 
defense. IR detection sensors on space platforms, such 
as satellites and telescopes, play an irreplaceable role 
in capturing thermal radiation information from tar‐
gets that cannot be achieved by visible light or syn‐
thetic aperture radar (SAR) remote sensing techniques 
(Li JD, 2021).

In land remote sensing applications, IR detection 
technology finds extensive use in surveying, agricul‐
ture, forestry, irrigation, environmental protection, 

national land and resources census, and national defense 
(Saraf et al., 2008; Sobrino et al., 2016; Khanal et al., 
2017; Karthikeyan et al., 2020; Yang CH, 2020). Space-
based NIR IR remote sensing has been reported to 
assess the crop area and health of the plantation 
(Ranganath et al., 2004; Ali et al., 2018; Singh et al., 
2020). Specifically, IR detection in the 3.6‒12.0 µm 
range can be used to detect forest fires and analyze the 
resulting damage (Barducci et al., 2002; Szpakowski 
and Jensen, 2019; Pérez-Cabello et al., 2021). Further‐
more, according to the different absorption and reflec‐
tion properties of toxic gas, pollution, methane, and 
water vapor, IR detection serves as an effective ap‐
proach to meteorological observations and monitoring 
greenhouse gas emissions and diffusion (Beil et al., 
1998; Weeks et al., 2002; Ayasse et al., 2019; Goddijn-
Murphy and Williamson, 2019).

In defense applications, space-based platforms 
help mitigate the limitations posed by the Earth cur‐
vature, addressing the blind spots in monitoring and 
tracking high-speed flying targets, providing a valu‐
able complement to ground radar systems (Fig. 7) 
(Hirabayashi et al., 2008). Thus, a space-based IR 
system could be used to track ballistic missiles, hyper‐
sonic vehicles, and subsonic vehicles, thereby playing 
a crucial role in missile early warning systems and 
military reconnaissance in national defense systems 
(Smith, 2006; Karim and Andersson, 2013; Wójtowicz 
et al., 2016; Bhan and Dhar, 2019).

3.1  Space-based IR detection platforms for civilian 
applications

The role of space-based remote sensing satellites 
in Earth resource surveying, meteorology, and envi‐
ronmental monitoring has become increasingly prom‐
inent with increasing economic development, and IR 
sensing technologies have greatly promoted the detec‐
tion abilities in these areas. As a result, many organiza‐
tions have developed remote sensing satellites that have 
operated in the IR spectral range since the 1970s, such 
as Landsat and WorldView satellites form the US, 
Meteosat from the European Space Agency (ESA), 
Radarsat from Canada, OKo from Russia, GMS from 
Japan, and Fengyun (FY) and Gaofen (GF) developed 
in China. Table 1 presents relevant information, includ‐
ing the IR wavelength bands of selected satellites. In 
1996, the Chengdu Institute of Optics and Electronics 
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of the Chinese Academy of Sciences (CAS) success‐
fully pioneered the development of China’s first cooled 
IR optical system. The optical system was cooled by 
a liquid nitrogen Dewar and operated at about 100 K 
to maintain the performances of IR detectors in re‐
sponse to 8‒14 μm wavelength (Shen et al., 1996). Sub‐
sequently, IR detection capabilities were integrated into 
China’s FY satellite series, the China‒Pakistan Earth 
Resources Satellites of the land observation system, 
the Tianzhou-9B satellite, and the Gaofen-4 satellite 
(Wu YN et al., 2019; Jiang et al., 2021).

Satellites equipped with IR instruments have been 
extensively used in various fields, including land and 
water resource detection, mapping, plantation index 
analysis, disaster monitoring, desertion monitoring, sea 
level monitoring, and fishing (Guo HD et al., 2020). 
A great example is the cooled optical system used for 
the US Earth observation satellite, Aura launched in 
2004, which detects the chemical composition of the 
Earth atmosphere, including a reflective telescope 
(operating at 180 K) and filters and relay optics (oper‐
ating at 65 K), covering the spectral range of 3.2 to 

Fig. 7  Comparison of hypersonic strike weapon flight profiles (Robbins, 2019)

Table 1  Parameters of the remote sensing satellites (Barsi et al., 2014; Montanaro et al., 2018)

Mission

Landsat 8

Landsat 9

GeoEye-2 
(WorldView-4)

WorldView-3

GMS-5

FY-2C

Meteosat 11

Country/
Region

US

US

US

US

Japan

China

Europe

Launch 
time

2013.02

2021.09

2016.11

2014.08

1995.03

2004.12

2015.07

Orbit/Altitude 
(km)

705

705

617

612×615, 97.98°, 
Sun-synchronous

GEO, 140°E

GEO

GEO

Infrared wavelength (μm)

1.566‒1.651, 2.107‒2.294, 
10.60‒11.19, 11.50‒12.51

10.0‒11.8, 11‒12

0.78‒0.92

1.195‒1.225, 1.550‒1.590, 
2.145‒2.185, 2.185‒2.225, 
2.235‒2.285, 2.295‒2.365

10.5‒11.5, 11.5‒12.5, 6.5‒7.0

10.3‒11.3, 11.5‒12.5, 
6.3‒6.7, 3.5‒4.0

10.5‒11.5, 11.5‒12.5

Other property

GaAs QWIP detector at 43 K (Reuter 
et al., 2015), spatial resolution 30 m 
(Seenipandi et al., 2021)

640×512 GaAs QWIP detector at 43 K 
(Hair et al., 2018), spatial resolution 
30 m (Mill et al., 1994)

Spatial resolution 0.25 m

SWIR resolution 3.7 m (Park H and 
Choi, 2021)

HgCdTe FPA×3, nadir spatial sampling 
resolution 5.0 km×5.0 km

Spatial resolution 5.0 km, HgCdTe, 
NEDT=0.50‒0.65 K at 300 K

HgCdTe at 85‒95 K, resolution 3 km
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15.4 μm (Abbott et al., 2000). The Fengyun-4 satellite, 
launched in December 2016, integrates a multi-channel 
visible and IR scanning imaging instrument, as well 
as an IR hyperspectral detection instrument, provid‐
ing remote sensing data sources for the World Mete‐
orological Organization.

3.2  Space-based IR detection platforms for military 
applications

3.2.1  Developments of Earth observation platforms

Space-based IR detection can be used for high-
resolution Earth observation to gather information, and 
for detecting high-speed targets such as hypersonic 
vehicles, stealth planes, and ballistic missiles. Many 
countries have developed high-resolution IR detec‐
tion systems to enhance their capabilities for Earth 
observation. Landsat, WorldView, and Keyhole (KH) 
satellites developed by the US and Helios satellites 
developed by France are all equipped with high reso‐
lution IR systems (Table 2). Moreover, the US, Russia, 
France, India, Japan, and Israel have established 
national defense systems based on IR detection for the 
early identification of high-speed space vehicles, to 

enable rapid information analysis, decision-making, 
and responses (Table 3) (Watson and Zondervan, 2008).

Ballistic missiles have different temperatures and 
radiation wavelengths at different stages of their flight. 
As they are boosting through the atmosphere, the center 
and edge of the flame reach temperature of 1500‒2000 K 
and 600‒1000 K are with a peak radiation wavelength 
in the 2.7‒6.3 µm range, respectively (Ding et al., 2014) 
and radiation power of about 104‒106 W/Sr (Zhang 
X et al., 2010). During the middle flight course, the bal‐
listic missiles are flying in the vacuum of space with 
the engine turned off, the temperature drops to 200‒

300 K, the peak radiation wavelength shifts to the 8‒

15 µm LWIR band, and the radiation power drops to 
approximately tens of W/Sr (Stair, 1996). When the 

Table 2  Typical infrared sensor parameters of high-resolution 
optical satellites

Mission

KH-12

Helios-2A

Helios-2B

Country

US

France

France

Lunch time

1989

2004

2009

Orbit 
(km)

250‒1000

680

680

Resolution 
(m)

LWIR, 1.0

LWIR, 5.0

LWIR, 2.5

Table 3  Comparison of the US early warning systems

System

DSP

MSX

SBIRS

STSS

NFIRE

OPIR

Year

1970‒2007

1996

2006‒

2011‒

1995‒

2007

2022

2026 
(planned)

2028 
(planned)

Orbit/Altitude (km)

565×78 970 (DSP-1)
700×39 000 (DSP-2)

897×906, 99.16°, 
Sun-synchronous

HEO satellite×4

GEO satellite×6

LEO satellite×(20‒30)

255×465, 48.2°

GEO

GEO, satellite×2

Polar, satellite×2

Wavelength (μm)

SW (2.7 μm)/MW (4.3 μm), 
double-color

4.2‒26 μm, Si:As FPA×5 at 
11‒12 K, 8×192 pixels, solid 
hydrogen cryostat

SWIR (2.7 μm)/MWIR (4.3 μm) (Ni 
et al., 2006)

Triple-color (SWIR, MWIR, HgCdTe) 
(Chatters and Eberhardt, 2003)

Visible light, SWIR, MWIR, LWIR, 
HgCdTe at 40 K (Zhang J et al., 
2021)

LIR HgCdTe (MCT) hybrid, 
MIR/SIR InSb

LWIR, MWIR, 4 k×4 k focal plane

LWIR, MWIR

LWIR, MWIR

Performance

Missile active tail flame detection, with 
HgCdTe being applied on DSP-12-23

1×3° FoV, 90 μrad resolution, mid-course 
missile warhead discrimination and 
tracking, missile plume observation, 
spacecraft acquisition and tracking

Missile active tail flame global detection

Missile early warning and tracking (Rieke 
et al., 2015)

Globally tracking the launch of ballistic 
missiles, low temperature reentry and 
bait vehicle

Missile phenomenology data collection, 
test of the laser communication system 
for missile defense applications

Wide FoV

Developed by Lockheed Martin

Developed by Northrop Grumman
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missiles reenter the atmosphere or boost, the elevated 
temperature and the large amount of radiant energy 
generated by the intense friction will be detected by 
the geostationary orbit (GEO) and the highly elliptical 
orbit (HEO) early warning satellite using 2 ‒ 3 µm 
band IR detectors. However, the boosting and reentry 
stages last only about 3%‒5% of the total flight time 
(Lewis and Postol, 1997), so LWIR detection could 
significantly improve the middle course ballistic mis‐
sile tracking capability. Therefore, the US developed 
the DSP (1970‒) (Ressler et al., 2008), SBIRS (1992‒) 
(Rieke et al., 2015), STSS (1995‒) (Laureijs et al., 
2014) (Fig. 7), NFIRE, MSX (Bartschi et al., 1996; 
Price et al., 1998; Rogalski, 2019), and OPIR systems 
to enhance the abilities of early warning and tracking 
of high-speed vehicles. Some of the parameters are 
shown in Table 3 (Zheng et al., 2008; Bhan and Dhar, 
2019). Moreover, Russia developed two generations of 
IR warning satellites called “Eye” and “Prediction,” and 
the European Aeronautic Defense and Space (EADS) 
Company Astrium of France developed two IR warn‐
ing satellites, called SPIRALE A and B.

DSP and SBIRS can track missiles in the boosting 
stage effectively, but there is a high risk of missing the 
target due to the short flight time. Though the mission 
was ended in 2022, STSS was designed to be the 
most advanced missile warning and tracking system. It 

consists of 20‒30 GEO satellites with SWIR, MWIR, 
and LWIR bands. This enables STSS to detect low 
temperature targets, capture and track missiles in any 
stage, classify the boosters, identify the decoys, and 
evaluate the damage effect (Smith, 2006). STSS pro‐
vides a 15‒30 min early warning time for ballistic mis‐
siles and intercontinental ballistic missiles (ICBMs) 
from anywhere across the globe. Furthermore, if 
SBIRS works together with STSS, ballistic missiles 
at any flight stage can be detected and tracked with 
high accuracy (Fig. 8). Recently, the US Air Force 
began building a new system called NG-OPIR, which 
plans to launch the first GEO satellite in 2025 and is 
designed to replace the SBIRS-GEO satellites and 
SBIRS-HEO payloads.

3.2.2  Applications of MWIR and LWIR detectors in 
Earth observation platforms

One of the most challenging applications of IR 
technology is the monitoring and warning of high-speed 
moving targets from space. Ballistic missiles, for 
example, have a surface temperature of around 300 K 
during the day; the surface temperature decreases to 
180 K at night (Sessler et al., 2000). To ensure the signal-
to-noise ratio (SNR) and detectivity, the detection 
bands for midcourse targets are concentrated in the 
MWIR and LWIR bands (Hoffman et al., 2004; Watson 

Fig. 8  US DSP, SBIRS, and STSS missile warning programs
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and Zondervan, 2008). The US MSX satellite (1996), 
operating at 35 K, reduced the pixel nonlinearity dis‐
tortion caused by temperature changes and covered 
the wavelength band from 0.11 to 28 µm. A wealth of 
data for the radiant performances of cold and faint 
targets were obtained by MSX, which provided a basis 
for the detection band selection of STSS (Mill et al., 
1994; Guilmain, 1996). In addition, detectors, such 
as HgCdTe, were reported to be applied in STSS and 
N-FIRE satellites, and QWIP was used in the LEO 
warning satellites of STSS, with an operation tempera‐
ture of about 40 K. HgCdTe, QWIP, and T2SL are con‐
sidered the three popular candidates for high-quality 
MWIR and LWIR detectors for use in space-based 
Earth observation, the main performances and applica‐
tions of which are displayed in Table 4. More details 
are discussed as follows:

1. HgCdTe is characterized by a high quantum 
efficiency (⩾80%), good responsiveness, and multi-
spectral detection. The cut-off wavelength of HgxCdyTe 
can be tuned by adjusting the components to cover 
1‒20 µm (Rogalski, 2009). Thus, HgCdTe is popularly 
used in remote sensing, astronomy, and healthcare; 

the development trend is multi-color and large array. 
Although the fabrication technology of the HgCdTe 
detector has gradually matured in recent years, it comes 
with high technical barriers. There are only a few 
companies capable of developing and producing high-
performance HgCdTe FPAs globally. HgCdTe FPAs 
have format sizes that have developed from 1 k×1 k to 
4 k×4 k pixels at 2.3, 5.0, and 14.5 μm bands to as large 
as 8 k×8 k with pixel size ranging from 8 to 27 μm 
(Hall et al., 2004; Figer et al., 2018; James, 2019; Li 
JD et al., 2021; Swindells et al., 2023), while the max‐
imum FPA size HgCdTe detector, at the 19 μm band, is 
only 320×256 (at 50 K) due to fabrication difficulties.

2. QWIP detectors exhibit good uniformity, radi‐
ation resistance, high sensitivity, and excellent large 
array consistency, but relatively low quantum effi‐
ciency. Therefore, QWIPs are suitable for medical imag‐
ing, astronomy observation, ballistic missile monitoring, 
and reconnaissance (Tidrow and Dyer, 2001). QWIPs 
need to operate at low temperatures to achieve the op‐
timal detectivity at 77 K for the IR band and at 35 K 
for the FIR and terahertz bands. Fig. 9 shows images of 
rocket launch captured by LWIR QWIP FPA detectors 

Table 4  Detectors and performances (Abbott et al., 2000; Rogalski, 2009, 2019)

Item

Type

Spectral response

Quantum efficiency 
(QE)

D* (10 μm, FoV=0)

Advantage

Maximum array 
size and peak 
wavelength

Disadvantage

Space application

HgCdTe

Photovoltaic

Wideband adjustable

⩾80%

3×1012 cm·Hz1/2·W−1

High efficiency and D*, 
multi-spectral

8 k×8 k (Figer et al., 2018), 4 k×4 k, 
5 μm (Tan and Mohseni, 2018), 
320×256, 19 μm at 50 K (Joshi 
et al., 2021)

Cryogenic needed for FIR, poor 
uniformity

2009, US, STSS, 40 K;
2007, N-FIRE, 40 K;
SBIRS, 43 K;
1995, GMS-5;
2004, FY-2C;
2015, Meteosat-11, 85‒95 K

QWIP

Photoconductive

Narrowband

⩽10%

1010 cm·Hz1/2·W−1

High uniformity

128×128, 14.9 μm 
(Rogalski, 2009)

Low efficiency and 
D*, cryogenic 
needed

2013, Landsat-8;
2021, Landsat-9

InAs/GaSb type-II 
SL

Photovoltaic

Wideband adjustable

50%‒60%

1×1012 cm·Hz1/2·W−1

High operation temperature and uniformity, 
low dark current

1280×1024, 12 μm (Dehzangi et al., 2019)

Lower QE than HgCdTe

FPA for space applications developed by Jet 
Propulsion Laboratory (JPL), Sweden, etc.

InAs/InAsSb type-II 
SL

Photovoltaic

40%

4×1011 cm·Hz1/2·W−1
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(Goldberg, 2003; Rogalski, 2003b). Additionally, it 
was reported that QWIP has been employed by the 
famous Landsat-8/9 satellites developed by the US 
(Hickey et al., 2018; Jhabvala et al., 2020).

3. T2SL material can provide double-color and 
multi-color detection capabilities in the 3‒30 µm wave‐
length range by adjusting the band structure and band 
gap. Studies have shown that the T2SL detector has 
advantages of high quantum efficiency, high sensitivity, 
and low dark current, and can operate at higher tem‐
peratures (Manurkar et al., 2010; Zheng et al., 2010; 
Ivanov et al., 2019). Thus, T2SL is considered the 
most promising alternative to HgCdTe materials in 
the future (Alshahrani et al., 2022). Currently, the 
maximum size of the T2SL FPA is 1280×720, and 
the wavelength of 12.5 μm has been achieved for the 
FPA device. However, most of the current applica‐
tions focus on the high temperature range. In Japan, 
a 4 k×4 k (at 2.5 μm) T2SL FPA has been developed 
as a substitute for the HgCdTe detector operating at 
210 K. In the US, a 14.3 μm (at 77 K) T2SL FPA 
achieved a detectivity of 4×1010 J and a quantum effi‐
ciency of 37%, which are comparable to those of the 
most advanced HgCdTe operating under the same 
conditions. Recently, the T2SL FPA with a wave‐
length of 14.5 ‒ 16.5 μm with the aim of providing 
weather forecasts and atmospheric warnings is under 
development by IRnova in Sweden (Höglund, 2017; 
Pipher et al., 2021). Chinese research institutions, 
such as the Institute of Semiconductors of the CAS, 
have developed LWIR detectors of 640×512 based on 
T2SL, with cut-off wavelengths of 10 and 16 μm (Han 

et al., 2018). The Shanghai Institute of Technical Phys‐
ics of the CAS has developed InAs/GaSb T2SL IR 
detectors with a wavelength of 12.5 μm (Shang et al., 
2021). However, the cooled T2SL detector has not been 
applied in space and suborbital vehicles yet (Pipher 
et al., 2021).

3.3  Space-based IR detection platforms for 
astronomy applications

3.3.1  Developments of IR astronomy observation 
platforms

IR detection is crucial for studying the origin of 
planets, stars, galaxies, and the universe. These targets 
are extremely far away, and their radiation is exces‐
sively weak. Thus, high sensitivity and resolution IR 
detectors are essential for their detection. For instance, 
the first detected brown dwarf had a temperature of 
about 1000‒2000 K, which can be detected using only 
IR methods (Bhan and Dhar, 2019). The temperature 
of M/L type brown dwarfs is about 1500‒3000 K, with 
a radiation wavelength of around 1.2 μm. The T-type 
brown dwarf has a temperature of about 800 K, with a 
radiation wavelength of about 4 μm, while the radia‐
tion wavelength for some galaxies and stardust is about 
60 µm (Young, 2002). In general, space-based astro‐
nomical observations can cover the IR detection wave‐
length range of 20 to 800 μm (Rieke, 2007; Farrah 
et al., 2019). To meet the demands of detecting these 
faint and distant objects, several scientific satellites 
and telescopes with IR bands have been developed 
by the US, Europe, and Japan (Rogalski, 2019), as 
displayed in Table 5. Most of these telescopes oper‐
ate in the liquid helium or liquid neon temperature 
ranges, and the single aperture FIR (SAFIR) equip‐
ment designed for the Calisto telescope achieved a 
detection wavelength of up to 1000 µm.

The US launched its first IR astronomical satel‐
lite, the Infrared Astronomical Satellite (IRAS), in 
the 1980s, followed by the Hubble Space Telescope 
(HST), Wide-Field Infrared Survey Explorer (WISE), 
and Space Infrared Telescope Facility (SIRTF). In 2021, 
JWST was launched, equipped with an IR band that 
covers 0.6 ‒ 28 μm and several advanced instruments 
including an NIR camera, an NIR spectrometer, a mid-
infrared camera, and a fine guidance sensor (Ressler 
et al., 2015; Rieke et al., 2015).

Fig. 9  Images of rocket launch captured by QWIP detectors: 
(a) image of a Delta-II launch vehicle taken with the LW 
QWIP radiance during the launch (Rogalski, 2003b); (b) raw 
LWIR image showing Atlas 5 vehicle during the launch 
(Goldberg, 2003)
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ESA launched the second IR astronomical satel‐
lite in the world, the Infrared Space Observatory (ISO), 
in 1995. It covered a wavelength range of 24‒240 µm 
and aimed to detect gas molecules and dust clouds with 
temperatures below 10 K (Kessler, 1989, 1993; Singer 
et al., 1991). Subsequently, the ESA developed the 
Herschel Space Telescope (Herschel) and the Euclid 
Space Telescope with IR instruments (Laureijs et al., 
2014). Japan has also made significant contributions to 

advanced IR astronomical satellites, including IRTS, 
ASTRO-F, AKARI, and the latest SPICA (Ishihara 
et al., 2003; Onaka et al., 2010; Nakagawa et al., 2012).

3.3.2  Applications of MWIR and LWIR detectors in 
space-based astronomy observations

The IR detection instruments of telescopes, includ‐
ing radiant meters, imaging ends, and spectral meters, 
typically use cooled IR detectors to accomplish their 

Table 5  Selected space telescopes and instruments

Mission

IRAS

IR Space Observatory (ISO)

Hubble Near-Infrared Camera 
and Multi-Object 
Spectrometer (NICMOS) 
(Zhao W et al., 2020)

Spitzer Space Telescope

SOFIA

Akari

Hubble Wide Field Camera 3 
(WFC3)

Herschel Space Observatory

Single Aperture Far-Infrared 
(SAFIR); Cryogenic 
Aperture Large Infrared 
Space Telescope 
Observatory (CALISTO)

WISE

JWST (Gáspár et al., 2021)

SPICA (Roelfsema et al., 
2018; Shinozaki et al., 
2020)

Origins Space Telescope 
(Roellig et al., 2020; 
Wiedner et al., 2021)

Year

1983

1995

1997

2003

2005

2006

2009

2009

2015

2009

2021

2032 
(planned)

2032 
(planned)

Wavelength 
(μm)

8‒120

2.5‒240

0.8‒2.4

3‒180

1‒655

5.7‒7.8

0.2‒1.7

55‒672

5‒1000

2.8‒26

0.6‒28.5

12‒36 (SMI)
35‒230 (SAFRI)

100, 200, 350 (B-BOP) 
35‒430 (BLISS)

2.8‒20.0 (MISC-T)

Aperture 
(m)

0.57

0.60

2.4

0.85

2.5

0.67

2.4

3.5

5‒10

0.4

6.5 (Si:As),
37 (HgCdTe)

2.5

15

Cooling

Superfluid helium

Helium

Nitrogen, later 
cryocooler

Helium

He3/He4, ADR

Liquid helium, 
stirling-cycle 
mechanical 
refrigerator

Passive and 
thermo-electric 

(Laureijs et al., 2014)

Helium

Passive cooling, 
helium cooler

Two-stage solid 
hydrogen (8.3‒17.0 K)

Passive cooling, 
cryocooler

Stirling, J-T, ADR, 
sorption

Active, multi-stage 
cryocoolers needed

IR detector material

Si:As, Si:Sb, 
Ge:Ga, Si:Ga

Si:As (1×12)

HgCdTe (256×256)

Si:As (128×128)
Si:As (256×256)
Ge:Ga (32×32)

Si:As (128×128)
Ge:Ga (16×25)

Si:As (256×256)
Ge:Ga (3×20)

HgCdTe (1024×1024)

Ge:Ga (16×25)

HgCdTe (256×256)

Si:As (1024×1024)
HgCdTe (1024×1024)

Si:As (1024×1024)
HgCdTe (2048×2048)

Si:Sb (1 k×1 k)
Si:As (1 k×1 k)
Ge:Ga (64×64) 

(planned)

HgCdTe (2 k×2 k) 
Si:As (2 k×2 k) 

(needed)
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objectives (Yin et al., 2013). McNutt established the 
first cryogenic IR optical system in 1996 for telescopes 
using Insb and Au:Ge detectors, which were cooled to 
80 K by liquid nitrogen (N2) (Harwit et al., 1966). The 
cryogenic IR instrument IRAS, onboard the first opti‐
cal astronomy satellite jointly designed by the US, 
UK, and the Netherlands in 1983, operated at 4 K 
and covered the 8‒12 µm wavelength range (Harland, 
2021). In the high-performance IR astronomy observa‐
tion telescopes established by the US, Europe, and 
Japan, non-intrinsic high sensitivity Si detectors oper‐
ated at temperatures ranging from 0.3 to 60 K, covering 
the detection range from SIR to FIR. These telescopes 
are outlined in Fig. 10.

In astronomical applications, HgCdTe, Si:As, 
and Ge:Ga are the most popular IR detector materials 

(Fig. 11). Built on the heritage of the detectors used in 
the Spitzer instruments such as WISE, MSX, and 
Akari, the Si:As IBC detector arrays for MIRI in JWST 
have a larger 1024×1024 format, covering the 5‒28 μm 
band, with good quantum efficiency and low dark 
current, while operating at about 7 K (Rieke et al., 
2015). In addition, Si:As detectors have been used 
for ISO, WISE, SOFIA, and MIMIZUKU, with an 
operation temperature of around 10 K. The detection 
wavelength of Ge:Ga is 40‒120 μm, which makes it 
suitable for Herschel, SPITZER, SOFIA, AKARI, 
and SPICA. Moreover, Olsen (1997) and Hanaoka 
(2016) verified that Ge:Sb has a larger cut-off wave‐
length compared with Ge:Ga (Pipher et al., 2021). In 
astronomy applications, HgCdTe detectors are used 
for mid- and short-wavelength detection. For instance, 

Fig. 10  Development of cooled infrared systems onboard space telescopes

Fig. 11  Large IR FPAs: (a) Hawaii-4RG-10 (4096×4096, 10-mm pitch), used for astronomy observations (Rogalski, 2010); 
(b) 16 2048×2048 HgCdTe arrays assembled for the VISTA telescope (Rogalski, 2017); (c) IR detectors applied on JWST 
(Ressler et al., 2015); (d) HgCdTe long-wavelength detector (λ>10 μm) used in NEOSM (Roellig et al., 2020)
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JWST used HgCdTe to cover 0.6‒5.0 μm and 0.6‒

2.5 μm wavelength bands (Rieke, 2007).

3.4  Summary of the requirements of IR detectors in 
space-based applications

The overall development trajectory of IR detec‐
tors can be categorized into four stages as outlined in 
Fig. 5. The first-generation IR detectors comprise unit 
detectors and line arrays with a lower pixel count, 
and are primarily employed in optical‒mechanical 
scanning. Moving on to the 2nd generation, IR FPA 
detectors were developed and have been used in 
push-scan applications. The 3rd generation IR PFAs 
come with a larger format size, enabling their use in 
staring type applications. These have evolved from 
small format sizes to 1000×1000, 2048×2048, and 
4096×4096, with the largest now being 8192×8192. 
Additionally, the pixel sizes have decreased from 15, 
10, and 8 μm to the current 5 μm, while the frame 
rate has increased from 1 to 10 kHz (Ye et al., 2022; 
Pan et al., 2023). Presently, the 4th generation IR detec‐
tors are under development and are aiming for multi-
dimensional detection, chip integration, and intelligent 
applications.

Furthermore, as we gather insights from the pre‐
ceding discussions, it becomes evident that the require‐
ments for IR detectors used in civilian satellite remote 
sensing, military satellite remote sensing, and space-
based astronomy platforms differ according to the 
intended applications and mission-specific technical 
needs. In summary, the general characteristics of IR 
detectors used in these different application domains 
are outlined as follows:

1. For civilian applications of space-based IR 
detection, the development of IR detectors prioritizes 
high spatial resolution, broad spectral range, high sen‐
sitivity, and low noise. The detectors should be sensi‐
tive to a broad range of IR wavelengths, ranging from 
NIR to LWIR, to provide a comprehensive understand‐
ing of Earth’s different objects and phenomena. The 
detectors should also be able to provide high-quality 
images with high spatial resolution, which requires a 
high level of sensitivity and low noise.

2. For military applications of space-based IR 
detection, devices with long-range detection capabili‐
ties and high sensitivity are preferred for surveillance, 
early warning, and defense purposes. The detectors 

should be able to detect specific features or various 
objects of interest from long distances and through 
various atmospheric conditions. A cryogenic environ‐
ment is typically required to ensure high sensitivity 
and high performance.

3. For astronomy applications of space-based IR 
detection, IR detectors are required to have high sen‐
sitivity, broad spectral range, and low noise, to detect 
very faint IR radiation over a broad range of wave‐
lengths emitted by celestial objects. Additionally, many 
space-based astronomy platforms require cryogenic 
cooling systems to reduce thermal noise and improve 
the sensitivity of the detectors, which poses additional 
technical challenges for detector design and thermal 
management.

In general, the development requirements for IR 
detectors for space use vary widely based on the in‐
tended applications and the technical design of the 
specific mission. However, high sensitivity, low noise, 
and long operation range are common requirements 
for IR detectors used for civilian and military remote 
sensing and space-based astronomy platforms.

4  Requirements of the MWIR and LWIR 

detectors to enhance future space-based IR 

detection

4.1  Key performance indicators and their 
interconnections of the space-based IR detection 
system

A typical configuration for a space-based infra‐
red detection system includes several key components: 
an optical system, IR FPA detectors, an opto-mechanical 
system, electric circuits, and a thermal control sys‐
tem. These components collaborate to guarantee the 
proper functioning of not only the IR detectors and 
the optical system but also the entire IR detection sys‐
tem, enabling remote target detection from space 
platforms.

The primary performance indicators used to eval‐
uate a space-based IR detection system include param‐
eters such as the modulation transfer function (MTF), 
swath, ground sample distance (GSD), operation range, 
NETD, SNR, and the spectral characteristics. These 
indicators serve as the fundamental requirements for 
designing an effective IR detection system.
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Based on these performance indicators, one can 
determine the specific requirements for IR detectors 
and obtain the design parameters for the optical system 
and its supportive systems. The main design parame‐
ters for the optical system include field of view (FoV), 
focal length, optical aperture, and F number (which 
is determined by the focal length and optical aperture). 
The supportive systems should take into account fac‐
tors such as the optical system MTF, operational noise, 
operation temperature, and the spectrum characteris‐
tics. The selection of IR detectors should consider fac‐
tors including detector MTF, detectivity, noise, detector 
spectral response, format size, and pixel size. The rela‐
tionships between these key performance indicators 
in designing a space-based IR detection system are 
summarized and illustrated in Fig. 12. Referring to 
Fig. 12, we can discern how an IR detector character‐
istic impacts the performance indicators of the IR de‐
tection system and determine the design parameters 
required to meet the IR detection system specifications.

4.2  Comprehensive evaluation of the performances 
of MWIR and LWIR detectors for space application

As discussed in Section 4.1 and illustrated in 
Fig. 12, the key performance indicators for a compre‐
hensive evaluation of space-based IR detection sys‐
tems include GSD, operational range, NETD, SNR, 
and spectral characteristics (Li JD, 2021).

SNR plays a crucial role in characterizing the ra‐
diation features of a remote sensing satellite and is in‐
fluenced by various factors within the optical system, 

including detector and electrical circuit noise. On the 
other hand, dynamic range, which is not included in 
Fig. 12, pertains to the maximum and minimum input 
signal ranges that remote sensing satellites can effec‐
tively handle, and it is impacted by detector perfor‐
mance, noise, and other factors. To detect targets with 
varying radiation intensity, detectors with a high dy‐
namic range are required.

GSD is a measure of the spatial resolution of an 
imaging system and is defined as the distance on the 
ground represented by each pixel in the image, which is 
influenced mainly by the orbital altitude, focal length, 
and pixel size.

GSD=
S

cos θ
·

p
f

, (2)

where p is the pixel distance, f is the focal length, 
and S is the detection distance between the detector 
and targets, depending on the orbital altitude of the 
Earth orbital spacecraft.

In general, a higher altitude allows an IR imag‐
ing system to cover a larger area, but at the expense 
of reduced spatial resolution. Therefore, detectors with 
a larger operation range are helpful in improving the 
imaging quality. The operation range is defined as the 
maximum distance at which the IR imaging system 
can detect and identify a target, as described in Eq. (3) 
(Hudson, 1969):

R2=
I tτoptητair

AdΔf

Aopt D
*

SNRmin

, (3)

Fig. 12  Interconnections between the performance indicators of infrared detectors and detection systems
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where D* is the specific detectivity, Ad is the format size 
of the detector, Δf is the noise equivalent bandwidth, 
Aopt is the entrance area of the camera, τair and τopt are 
the transmittances of the atmosphere and optics respec‐
tively, It is the radiation intensity of the target, η is the 
system efficiency, and SNRmin is the minimum SNR of 
the optical system.

Eq. (3) reveals that the square of R is proportional 
to D*, whereas the research results from Sclar (1984) 
and Rogalski (2011) indicate that D* and cut-off wave‐
length could be greatly improved by reducing the oper‐
ation temperature of the detector, thus leading to an 
increase in the detection distance accordingly. For 
example, cooling an HgCdTe detector from 80 to 40 K 
can increase the detection distance by up to six times, 
which in turn can help reduce the required diameter 
of the IR optical camera and the number of satellites 
needed to cover the same observation area.

Another benefit of reducing the operation tem‐
perature of a detector is to enhance the thermal sensi‐
tivity, which can decrease the NETD. NETD is a mea‐
sure of the minimum temperature difference that can 
be detected. The improvement in thermal sensitivity 
can enable more precise measurements and observa‐
tions of the target objects, making it an essential factor 
in the design and operation of IR detectors (Rogalski, 
2019; Li JD et al., 2021).

NETD=
4 AdΔf

dM
dT

ΩD2
0τ0 D*δ

, (4)

where Ω is the instantaneous stereo FoV, D0 is the 
aperture of the optical system, τ0 is the efficiency of 
the optical system, and δ is the process factor. Eq. (4) 
reveals that NETD is proportional to the detector format 
size and is inversely proportional to D*.

Eqs. (3) and (4) indicate that for the IR system of 
an Earth orbit remote sensing satellite, a larger detector 
format size will improve D* and NETD, while a smaller 
pixel distance will reduce GSD at a specific orbit. 
These factors suggest the existence of an optimal reso‐
lution for the optical system. By considering these 
trade-offs, designers can achieve a balance between the 
detector format size, pixel distance, and GSD, result‐
ing in a system that provides the best possible perfor‐
mance for its intended application.

Observing targets from space platforms requires 
IR detectors with high sensitivity, high responsivity, 
and low NETD to detect low-temperature objects with 
high resolution and achieve hyperspectral capabili‐
ties. This necessitates the use of long-wavelength and 
very-long-wavelength IR detectors with higher radio‐
metric resolution. Additionally, it is essential to mini‐
mize dark current noise and background stray light 
radiance when operating the IR system in a cryogenic 
environment (Sanders, 2004; Schwalm et al., 2005; 
Hirabayashi et al., 2008; Rodriguez, 2017; Park S 
et al., 2019). Researchers have proposed Eq. (5) as an 
approximate way to evaluate the operation tempera‐
ture of an IR detector (Long D, 1977), which indicates 
that the operation temperature should be decreased as 
the cut-off wavelength increases.

Tmax=300/λc, (5)

where λc is the cut-off wavelength (in μm).
For instance, mid-wavelength HgCdTe (Rogalski, 

2005), Ga/Sb/InAs (Grein et al., 1995; Bartschi et al., 
1996; Lin et al., 2000; Zheng et al., 2008; Rogalski, 
2019), and InSb (Kimukin et al., 2004) detectors require 
an operation temperature of 77 K, while long-wavelength 
Si:As BIB arrays (Keller et al., 2000) should operate 
at 4.2 K to achieve D* values of 1010‒1011 J (Rodriguez, 
2017). A popular study showed that D* of HgCdTe 
and the T2SL can be theoretically increased by up to 
three orders of magnitude (Bajaj et al., 2007; Rogalski, 
2009). The research conducted by the US Air Force 
has revealed that the detectivity and detectable wave‐
length range of QWIP detectors can be significantly 
improved by lowering the operation temperature from 
65 to 40 K, while the detectivity of HgCdTe detectors 
can also be improved by reducing the operation tem‐
perature from 80 to 40 K (Roberts and Roush, 2007). 
We investigated the relationship between D*, pixel dis‐
tance, and the maximum detection distance based on 
Eqs. (3) and (4). The IR system parameters used for 
calculation are listed in Table 6, and the values of D* of 
HgCdTe detectors are referenced from the literature 
(Roberts and Roush, 2007). The results shown in Fig. 13 
indicate that reducing the operation temperature can sig‐
nificantly increase the detectivity. Moreover, a smaller 
pixel size and a lower NETD can significantly extend 
the maximum detection distance (operation range).

1048



Wang et al. / Front Inform Technol Electron Eng   2024 25(8):1031-1056

The use of smaller pixels can increase the func‐
tionality of imaging systems (Kopytko and Rogalski, 
2022), but it is worth noting that a smaller pixel size 
does not necessarily guarantee a better performance. 
The pixel size in an imaging system affects the MTF 
and the ability to resolve fine details in the image. If 
the pixel size is too small, the captured image may 
contain excessive noise induced by minority carrier 
diffusion, or be limited by the diffraction effects, 
as defined by the Nyquist–Shannon sampling theorem 
(pixel size=λf/2). When the pixel size is too large 
compared to the diffraction limit, MTF of the detector 
is affected, leading to a reduced spatial resolution. To 
strike a balance, the pixel size should be chosen to 
ensure that it adequately samples the optical system, 
allowing for high-resolution imaging while considering 
the diffraction limit and other factors that can affect the 
MTF of the system. For example, the wavelength dif‐
fraction limit is approximately 3 μm for mid-wavelength 

IR and approximately 8 μm for long-wavelength IR. 
A smaller pixel size in an imaging system does not 
necessarily guarantee a better performance.

4.3  Future development requirements of MWIR 
and LWIR detectors for high-resolution Earth 
observation

Considering the ongoing developments in IR 
detection technology and the evolving demands from 
space-based Earth observation, the imaging resolu‐
tion and target recognition capabilities of space-based 
Earth remote sensing will continue to increase. Con‐
sequently, the performance standards for IR detectors 
are expected to rise. However, it is worth noting that the 
current IR detector technologies in the short-wave band 
are relatively mature, whereas the development of IR 
detectors in the mid- and long-wavelength bands faces 
challenges in realizing large array sizes, high detec‐
tivity, effective blind cell rate control, and high-density 

Table 6  Values of the IR system parameters we used to calculate the maximum detection distance

Symbol

D0

D*

It

f

SNR

Δf

τair

τopt

Description

Aperture of the optical system

Specific detectivity of HgCdTe at 80 K, 40 K

Radiation intensity of the target

Focal length

Signal-to-noise ratio

Noise equivalent bandwidth

Transmittance of the atmosphere

Transmittance of optics

Value

1

1011‒1012, 1013‒1014

500

5

10

15.7

0.8

0.8

Unit

m

cm·Hz1/2·W−1

W/Sr

m

s−1

Fig. 13  Relationship between D*, pixel distance, temperature, wavelength, and the maximum detection distance of an 
infrared system
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integration. These challenges pose several obstacles 
to the developments of advanced IR Earth observa‐
tion platforms:

1. There is an urgent demand for IR detectors 
with larger format size, smaller pixel size, low noise, 
high sensitivity, and a wide dynamic range to enable 
the development of high-performance optical remote 
sensing systems in space. However, currently the 
manufacturing of high-quality large format MWIR and 
LWIR FPAs remains a significant challenge. Only a 
few manufacturers worldwide are capable of providing 
highly qualified IR FPAs, particularly for operations 
in the MWIR and LWIR bands.

2. To maintain the performance of these high-
quality IR FPAs, cryogenic cooling is necessary. How‐
ever, cryogenic cooling technology operating below 
35 K faces several challenges, including low efficiency, 
difficulties in maintaining a compact form for multi-
stage cryocoolers, and increased sensitivity to impuri‐
ties in the working fluid.

3. Although there are new types of IR materials 
with potential suitability for MWIR and LWIR FPAs, 
the manufacturing presents challenges in terms of 
meeting the needs of various applications.

As a result, future studies of IR detectors for space 
applications should prioritize the following areas:

1. IR detectors with extremely large array sizes 
and small pixel sizes should be developed to improve 
the integration of high-density IR detection arrays, 
reduce the detector size and power of the refrigeration 
system, and enhance the spatial resolution of the imag‐
ing system, image quality, and target recognition ability.

2. The spectrum of future IR detectors should 
be expanded to mid-wavelength, long wavelength, and 
very long wavelength with a high temperature reso‐
lution of mK and high sensitivity, to improve the radio‐
metric resolution and space detection capabilities of 
low temperature moving targets and distant astronomi‐
cal targets.

3. Further advancements in IR detectors can be 
achieved by reducing the dark current and noise to 
enhance sensitivity and detectivity and increase the 
detection distance and spectral resolution, while achiev‐
ing higher detection efficiency and target recognition 
ability at the same orbital height.

4. High frame rate detectors and high dynamic 
range (HDR) detectors with fast response capabilities 

are necessary to improve the temporal resolution of 
the detection system.

5. Innovative technologies should be applied to 
develop the next generation IR detectors. These include 
multi-dimensional information fusion imaging, on-chip 
intelligence, on-chip sensing, storage, and processing 
ability, to facilitate the intelligent development of space 
remote sensing and its high-efficiency applications.

5  Conclusions

We reviewed the features, development, and appli‐
cations of MWIR and LWIR detection technologies 
for Earth observation, national defense, and astronomy 
observations. The importance of MWIR and LWIR 
detection in these areas is analyzed with a special 
emphasis placed on space-based Earth observation. 
Future space-based observation applications, such as 
the IR detection of supersonic vehicles and missiles 
and astronomy observations, require higher spatial, 
temporal, radiometric, and spectral resolution from 
satellite remote sensing systems, which in turn neces‐
sitates high-performance IR detectors. This poses new 
challenges and development trends for mid- and long-
wavelength IR detectors. Therefore, efforts should 
focus on studying high-performance MWIR and LWIR 
detectors to have space detection capability and the 
ability to explore the margins of space, which will 
support future space resource exploration and space 
policy formulation as well.

To achieve this, future IR detectors must have a 
detection spectrum that expands to mid-wavelength 
and long or very long wavelength, with a large inte‐
grated format size and a smaller pixel size. Moreover, 
to reduce the dark current, achieve background-limited 
performance, and improve the sensitivity and detec‐
tivity of the detectors, a cryogenic temperature environ‐
ment remains the main approach to ensuring these high 
performances, although the advancement of HOT detec‐
tors, artificial intelligence, and artificial microstructure 
technologies has promoted the development of IR detec‐
tors. In the context of weak target detection and low 
background conditions, HOT IR detectors cannot replace 
high-performance cooled MWIR and LWIR detectors 
due to the considerable background radiation they gen‐
erate. Thus, HgCdTe, QWIPs, and T2SL detectors are 

1050



Wang et al. / Front Inform Technol Electron Eng   2024 25(8):1031-1056

still the representatives of high-performance mid- and 
long-wavelength IR detectors suitable for space applica‐
tions. Nonetheless, it is expected that in the future, a 
new generation of IR detectors with multi-dimensional 
information fusion imaging, on-chip intelligence, and 
on-chip sensing-storage-processing features will fur‐
ther enhance IR detector technologies.
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