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Active phased array antenna (APAA) is a representative of complex electronic equipment, and it plays signifcant roles in
scenarios such as battlefeld situation perception, aviation guidance, and communication. It has become the core equipment in
land, navigation, and aeronautical applications. With the continuous improvement of technical changes and military re-
quirements, the working frequency band, pointing accuracy, gain, and low sidelobe level of APAA increase, and the multi-
disciplinary design contradiction between antenna electrical performance and structure and temperature becomes increasingly
prominent. As a result, the electrical performance of APAA in service is prone to be afected by the external complex envi-
ronments. Te structural-electromagnetic-thermal (SET) coupling problem has become a key problem restricting the devel-
opment of APAA. Tis paper has summarized the structural features and environmental loads of advanced APAA on diferent
platforms and provided design basis and principle for antenna designer. And then the SET coupling theory of APAA has been
introduced, which can be applied in both the design and manufacturing stage, as well as the performance control technology in
service environment of APAA. Tis theory helps to analyze the impact of environmental factors, such as antenna structure
deformation, radome high-temperature ablation, and feed errors, on the antenna’s performance. For 128× 768 spaceborne array
antenna, in the range of 25∼85°C, the gain of antenna decreases with the increase of operating temperature and decreases by
0.015 dB with each increase of 1°C. Te key design parameters in the felds of antenna manufacturing accuracy, efcient heat
dissipation, and lightweight design are also analysed; for 32× 32 rectangular planar phased array antenna, the gain of antenna
decreases by 2.715 dB when the random error of installation position in x, y, and z direction reaches 1/10 of the wavelength. In
addition, condition monitoring, displacement feld reconstruction, and electrical performance compensation of APAA have also
been touched to help engineers maintain and guarantee the antenna performance throughout its life cycle. Finally, the future
research direction of SET technology of APAA has been discussed, and SET technology is extended to more felds such as antenna
parameter uncertainty, high-frequency circuit electronics manufacturing, and electronic equipment performance guarantee.
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1. Introduction

Since 1960s, the emergence of phased array technology has
led to signifcant military changes and quickly become the
mainstream form of modern radar [1–3]. Active phased
array radar (APAR), with the advantages of fast scanning
speed, multi-function, multi-target tracking, high reliability,
and strong anti-jamming ability, has become the core
equipment in the felds of warplane early warning, fre
control, missile guidance, satellite imaging, strategic missile
early warning, and other national defense felds [4–7].
However, the unpredictable battleground condition will
seriously afect the overall performance of APAR. Mean-
while, with the development of APAA towards high per-
formance, high frequency band, and high integration, it
turns out to be a closer coupling relationship between
structure design, device thermal power consumption, and
electromagnetic performance. Multi-feld structural-elec-
tromagnetic-thermal coupling has become one of the key
problems restricting the development of APAR [8–12].

As shown in Figure 1, APAA in service will undergo
various environmental loads such as wind, rain and snow,
solar radiation, and random vibration. Tese loads will
directly afect the displacement feld and temperature feld of
antenna structure. Deformation of the array structure will
cause the element to ofset from its ideal position and deviate
from the normal direction of antenna array at certain angle
direction.Te change of temperature feld will cause thermal
deformation of structure on the one hand and temperature
drift of electronic device performance on the other hand.
Changes in temperature and displacement felds directly or
indirectly afect the electrical performance of the antenna.
APAA design parameters, such as the rigidity of the array
structure, will be limited by the load-bearing capacity and
array antenna lightweight requirements. Array antenna heat
dissipation design will be afected by the space of heat
dissipation, density of the powerful component, and the
form of heat dissipation. Te results of these diferent design
parameters also afect the displacement feld, temperature
feld, and electromagnetic feld of the array antenna. Te
structural displacement feld, electromagnetic feld, and
temperature feld of APAA have mutual infuence, which
will be afected by service environment and also restrict the
main design parameter selection of APAA. In APAA, the
interaction and infuence of the electromagnetic feld,
structural displacement feld, and temperature feld are
common issues.①Te structural design parameters, such as
antenna bearing frame and radio frequency components,
afect the structural displacement feld and electromagnetic
feld. ② Te service environment will change the antenna
displacement feld and temperature feld, thus restricting the
design optimization of the antenna structure such as
lightweight and heat dissipation. ③ Te change of tem-
perature feld directly afects the performance of electronic
devices such as T/R module and antenna electromagnetic
feld. ④ Te high thermal power consumed by tens of
thousands of T/R components will change the temperature
feld, which will afect the displacement feld of the antenna
structure and then the electromagnetic feld. ⑤ As

a boundary condition, displacement feld directly afects
temperature feld and electromagnetic feld.⑥ High-power
electromagnetic felds will afect the temperature feld and
signal transmission performance through electromagnetic
induction. Te abovementioned coupling relationships will
afect the service performance of APAA. Military applica-
tions have an increasingly higher detection power of APAA,
so it is necessary to study the SET coupling. Numerous
research studies have been devoted to the performance
assurance of APAA on various platforms under a certain
service loading [13–18]. Meanwhile, relevant experimental
verifcation has been conducted and remarkable results have
been achieved. In order to improve the performance of
APAA, some researchers [19, 20] have summarized many
signifcant advantages of metamaterial (MTM) and meta-
surface (MTS), which play an important role in upgrading
the next generation of wireless communication systems.
Other researchers [21, 22] have summarized the application
of metamaterial (MTM), metasurface (MTS), and substrate
integrated waveguide (SIW) in millimeter-wave (mmWave)
and terahertz (THz) high-performance on-chip antenna. In
addition, it is also an efective method to improve the
performance of the array antenna by changing the shape of
the radiation element [23, 24]. At the same time, circular
polarized antennas are well suited for long-distance trans-
mission attainment. Some studies have made good sum-
maries on the research progress of APAA on diferent
platforms. However, the application felds of diferent
military electronic equipment are quite diferent, and dif-
ferent requirements are put forward for APAA. It is urgent
to conduct a comparative analysis on the characteristics of
APAA of diferent platforms [25–29]. Terefore, this paper
frst describes the main performance indexes and technical
characteristics of advanced APAA on diferent carrier
platforms, then analyses the characteristics and impacts of
service environment loads on diferent platforms, introduces
the theory of SET coupling and its application in the design,
manufacture, and service performance regulation of APAA,
and fnally discusses the development trend of APAA and
the future research directions of the SET coupling
technology.

2. Development Trends of APAA

Phased array technology frst appeared in the late 1930s, and
the United States pioneered the study. In the 1960s, the
United States and the former Soviet Union have developed
and equipped several phased array radars, mostly for ballistic
missile defense systems. In the 1970s, phased array radar
developed rapidly. In addition to the United States and the
Soviet Union, many countries started to develop and equip
phased array radar, such as China, Britain, France, Japan,
Italy, Germany, and Sweden. In this period, APAA has the
characteristics of high mobility, miniaturization of antenna,
diversifcation of antenna scanning system, and wide ap-
plication range. In the 1980s, the application scope of phased
array radar was further extended because of its unique
advantages. Meanwhile, the multi-functional phased array
radar was widely used in the new generation of medium and
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long-range air defense missile weapon systems. Tis is an
important symbol of the third generation of medium and
long-range air defense missile weapon systems, and the
operational performance of the weapon system was greatly
improved. Since the 1990s, countries all over the world have
continuously furthered the research of APAA and have
developed APAA for the fghter, warship, missile, satellite,
and other platforms, meeting the requirements of modern
war for the weapon system. As shown in Figure 2, an ad-
vanced APAA plays a signifcant role in the fve-dimensional
modern war of land, sea, air, space, and information.
Nowadays, countries all over the world are constantly de-
veloping new technologies to improve the detection power
of radar [13].

As shown in Figure 2, modern warfare has completed the
transformation from the plane mode connected by land and
sea to the three-dimensional mode of land, sea, and air. Te
fve-dimensional integrated new multi-dimensional combat
mode of land, sea, air, and space has fundamentally changed
the traditional three-dimensional battlefeld space. Te co-
ordinated detection of diferent radar networks on land, sea,
air, and space and the fusion of multi-source information in
the battlefeld can achieve high-quality information acqui-
sition and then guide weapons and equipment to implement
three-dimensional air superiority and interception opera-
tions. Te main manifestations are as follows. Te devel-
opment of high-performance radar and long-range strike
weapons has greatly expanded the combat space, and the
plane dimension of the battlefeld can spread to any corner
of the Earth. A variety of detection capabilities, strike power,
combat forms, and destruction methods can be applied and
imposed almost simultaneously in a small combat space. In
this way, various types of weapons and equipment dis-
tributed in a wide space can form an instantaneous huge and
devastating blow in a specifc space. At the same time, the
new space has introduced high-tech confrontation. Elec-
tronic warfare competes in the electromagnetic space.

Electronic countermeasure reconnaissance, electronic in-
terference, and electronic defense are playing an increasingly
important role in the modern battlefeld.

2.1. Ground-Based. As an important part of the anti-missile
system, ground-based strategic early-warning radar is an
advanced equipment for the country. Figure 3 shows the
world’s advanced ground-based radar (GBR) and vehicle-
mounted anti-stealth radar.

AN/FPS-85 [3] is the world’s frst large phased array
radar, and it works in UHF band, and the radar consists of
5,134 transmitters and 4,660 receivers, with a total output
power of 32MW. It is reported that it is the only phased
array radar having the capability of tracking deep-space
orbiting satellites. Te antenna array is 97m long and
43.5m high and covers an area of 23,225.76m2. Te weight
of the steel structure is up to 1,250 tons. AN/FPS-108,
“Cobra Dane” [3], has a large fxed phased array with
a diameter of about 30m and working band of L band. It
consists of 34,768 elements, of which 15,360 are active ra-
diating elements with a peak power of up to 920 kW. Te
AN/FPS-115 “Pave Paws” [3] is used in the detection and
warning of submarine-launched ballistic missiles and sat-
ellite tracking systems. Its work frequency ranges from 420
to 450MHz, and the detection distance can reach 4,800 km.
It consists of a pair of circular planar phased arrays with
a diameter of about 30m, which are mounted on adjacent
sides of building with array dip angle of 20° and a height of
about 32m. Each side of the radar uses 1,792 T/R modules,
the synthesized beam coverage of the two arrays covers
a pitch angle of 85° and an azimuth angle of 240°, and the
peak power of each array is 580 kW.Te AN/TPY-2 radar as
the “Eye of THAAD” is a key part of the terminal high
altitude area defense (THAAD) system [30]. Te APAA area
of AN/TPY-2 is 9.2m2, the number of T/R modules is
25,334, the peak power of the elements can reach 16W, and
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the average power of APAA is about 60 kW∼80 kW. Te
detection distance of the radar is up to 2,300 km, and the
target detection distance of the 1m2 radar cross section
(RCS) is 1,700 km. Dunay-3U [31] was built in 1978 and
works in the UHF band. Tis antenna has 30 waveguides,
each of which has been excited by a separate 100 kW
transmitter. Te area of the receiving antenna is 5,000m2.
Voronezh-DM [31], Russia’s latest generation of early
warning radar, provides long-distance watching of airspace
to prevent ballistic missile attacks and aircraft surveillance
and was put into operation in 2009. Designed by NPK
NIIDAR and working in the UHF band, it has a detection
range of 10,000 km and can track 500 targets at the same
time. In 2017, China frst publicly demonstrated a P-band
long range early-warning phased-array radar with a de-
tection distance of 500 km. Since the electromagnetic band
absorbed by stealth coating used by the stealth aircraft is
mostly in the range of 0.3GHz∼29GHz, the working fre-
quency of the meter-wave radar just avoids the stealth band
of the stealth aircraft, so the meter-wave radar “naturally”

has the specialty of discovering the stealth aircraft. In 2018, A
large X-band multi-target measurement APAR was frst
exposed in China, which can achieve full space coverage
detection by rotation of the antenna over 360° in azimuth.
Rotating phased array radar has electronically scanning
capability both in pitch and azimuth, which makes it more
fexible to allocate resources compared with traditional
mechanical scanning radar. Rotating phased array radar has
lower manufacturing costs and energy consumption than
fxed radar, which used three or four arrays to cover the
entire detection area. Te radar has a detection range of
about 4,000 km for a target of 10m2. Japanese J/FPS-5 [32] is
manufactured by Mitsubishi Electric, used to detect and
track aircraft, cruise missiles, and ballistic missiles. Te
system is installed on a hexagonal structure that stands at
a total height of 34 meters.Tree of the hexagonal structure’s
large sides are equipped with antennae, each ranging in
diameter from 12m to 18m. Te largest of APAA works in
S-band. Te remaining two-sided APAR is about 12m in
diameter and works in the L-band. Te structure can rotate

AN/FPS-85 AN/FPS-108 AN/FPS-115 AN/TPY-2

Dunay-3U Voronezh-DM Radar A P-Band Radar A X-Band Radar

J/FPS-5 EL/M-2080 JY-27 YLC-8b AN/TPS-77

Figure 3: Typical GBR and vehicle-mounted anti-stealth radar in the world.

Datalink Attack path Radar beam

Figure 2: Five-dimensional modern war of sea, land, air, sky, and information.
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on a circular rail in order to track continuously in whole area
without blind zone, as necessary to point the radar in
a highly threatening direction. EL/M-2080 “Green Pine” [33]
is an Israeli ground-based missile defense radar produced by
Elta. It works in UHF band, with 2,000∼2,300 T/R modules,
and weighs about 60 tons. It can work in search, detection,
tracking, and missile guidance modes simultaneously, detect
targets with a range of about 500 km, and track more than 30
targets at a speed of 3,000m/s, and the missile can be guided
within 4m of the target.

In order to satisfy the multi-task and multi-function
requirements of the new generation of 3D radars, a phased
array antenna capable of fexible scanning in azimuth and
pitch is required. Tis 2D electronically scanning phased
array antenna is mounted on a rotating antenna pedestal and
rotates mechanically over a range of 360 degrees in azimuth.
Terefore, in any azimuth position, the antenna beam can
perform high-speed phased scanning in certain azimuth and
pitch ranges. More fexibility is provided to achieve energy
management of radar signals. YLC-8B [34] mobile APAR is
the fourth-generation air defense early warning detection
radar developed by China. YLC-8B works in UHF band,
which is given due attention to the stealth aircraft threat in the
modern warfare in its development process. JY-27 APAR is
China’s VHF-band stand-of surveillance, capable of dis-
covering U.S. stealth aircraft with a detection air target dis-
tance of 500 km. AN/FPS-77 [35] is a 3D air search APAR
produced by Lockheed Martin in 1980.Te APAA consists of
1,156 solid-state T/R modules and uses gallium nitride (GaN)
technology with improved performance, while prolonging the
operational life and reduced life cycle costs. Te APAA works
in L-band, with a detection range of 370∼460 km, and a large
number of pencil beams are generated when working. Table 1
summarizes the comparison of the main parameters of typical
ground-based radars in the world.

2.2. Shipborne. In modern naval warfare, the main threat
faced by warships is the attack from all kinds of weapons in
the air. In order to efectively solve the threat of multi-
directional, multi-batch saturated attack from air and sea to
surface feet under complex electromagnetic interference
environment, the APAR has been developed successively by
navies around the world.

Nimitz Class and USS America under the U.S. Navy are
equipped with AN/SPS-48E [36], which is a large, long-
range, and three-coordinate air defense radar with strong air
search and tracking capabilities to deal with possible air
threats. Te radar is manufactured by ITT Exelis, working in
S or E/F band, peak power is 2.4MW, and the maximum
detection distance is 426 km. Antenna array size is
5.48× 5.33m2; the APAA is arranged from 95 linear array
elements and weighs about 2578 kg and can operate in
extremely harsh environment. U.S. Navy Aegis system is one
of the world’s most advanced ship-board combat systems.
Te heart of the Aegis system is its powerful radar system:
AN/SPY-1 [37]. AN/SPY-1 works in S-band and consists of
four antenna arrays, each of which is covering 90° and about

3.65× 3.65m2 in size, and has a total transmission power of
4MW∼6MW, and the detection airspace range is
320 km∼480 km. Sejong the Great-class destroyer developed
in South Korea, Atago class under the Japanese Maritime
Self-Defense Force, and Hobart class destroyer of the Royal
Australian Navy are all equipped with the Aegis Shield
system. Te AN/SPY-3 designed by Raytheon Corporation
in the United States is the frst shipborne multi-functional
APAR of the U.S. Navy [38]. AN/SPY-3 is an advanced X-
band APAR with three APAAs, each with an antenna size of
2.72× 2.08m2, a thickness of 0.635m, and a total weight of
2.5 tons. Each antenna array consists of 5000 T/R modules
and 8 T/R modules form a fast-dismantling transmit-receive
integrated multi-channel module (TRIMM) with a maxi-
mum search distance reaching up to 320 km. DDG1000 is
a guided-missile destroyer of the United States Navy,
equipped with AN/SPY-3 APAR. Te AN/SPY-4 [39] is
another APAR designed by Raytheon, which consists of
three APAAs with an array antenna size of 4.06× 3.86m2

and thickness of 0.76m, the total weight of three antennas is
10.215 tons, and it has an efective detection distance of more
than 463 km. Gerald R Ford Class was equipped with AN/
SPY-3 and AN/SPY-4 APAR to improve its ocean survival
and strike capabilities. Like AN/SPY-3/AN/SPY-4, AN/SPY-
6 [40] has a radar modular assembly (RMA) consisting of
multiple T/R modules. AN/SPY-6, equipped with Arleigh
Burke class, works in S-band with four-sided APAA, each
consisting of 37 RMA and more than 5,000 T/R modules.
With GaN materials, the power of each T/R module can be
greatly increased. Admiral Kuznetsov is a conventionally
powered aircraft carrier of the Russian Navy. Te main radar
is a 4-sided “Sky Watch” multi-functional APAR [41], and it
has 5,100T/R modules per plane. Its working frequency band
is 0.2GHz∼4GHz, ranging from UHF band to S-band. At
present, the long-range searching radar equipped on the
major European frigate is SMART-L [42] APAR. Te APAA
is installed in a large 8m long frame with 24 antenna arrays
working in L band and 132 kW peak power, capable of fully
automatic detection, tracking up to 1000 targets over a 400 km
range. Te latest large aircraft carrier of the Royal Navy,
Queen Elizabeth-class, the French large destroyer Horizon
class, and the British Type-45 Daring class all carry SMART-L
radar. Liaoning is China’s frst serving aircraft carrier, car-
rying 346 type “Sea Star” radar [43], which is a highly digitized
and multi-functional APAR, working in S-band. Te radar
has 5,000T/R modules on each side and a detection distance
of more than 450 km and can detect and track 100 targets.Te
052C destroyer is the frst domestic vessel in the Chinese
Navy equipped with four-sided APAR and 346 type APAR.
346A uses a more efcient liquid cooling method, which
greatly enhances the detection distance, anti-jamming, and
power of the radar. Currently, 346A is mainly installed on
China’s most important warship 052D. 346B is an enlarged
version of 346A, mostly installed on the latest serviced 055
destroyer. After carrying this type of radar, the detection
distance jumped to more than 40 km, and the integrated
operation ability rose to a new level. Te main parameters of
typical shipborne radars in the world are compared in Table 2.
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2.3. Airborne. Advanced fghters are of great signifcance to
a country’s national defense and national science technol-
ogy, especially in the territorial air defense and the expulsion
of intrusion aircraft. Its strategic signifcance cannot be
replaced by other military equipment [44]. Airborne APAA
is one of the most advanced fre control radars in the world.
Tis paper lists the 10 most advanced fghters in active
service in the world and their advanced APAR, as shown in
Figure 4.

Te F-35 Lightning II [45] is a single-seat, single-engine,
all-weather stealth multi-role combat fghter designed and
manufactured by Lockheed Martin, equipped with an AN/
APG-81 APAA. Te F-35 is mainly used for front-line
support, target bombing, air defense interception, and
other tasks. It belongs to the ffth-generation fghter and has
a high stealth design, advanced electronic system, and su-
personic cruise capability. Te F-22 Raptor [45], jointly
developed by Lockheed Martin and Boeing, is a single-seat,
twin-engine, ffth-generation, extremely advanced tactical
fghter equipped with AN/APG-77 APAA. Te combination
of stealth, sensitivity, accuracy, and situation awareness
makes the F-22 the world’s best comprehensive performance
fghter today. F/A-18 E/F Super Hornet is a single-seat,
single-engine, supersonic versatile fghter developed by
Boeing for the U.S. Navy and equipped with AN/APG-79
APAR. It is mainly used for maritime air defense and also for

ground attack. McDonnell Douglas F-15E Strike Eagle [45]
is a two-seat, twin-engine, supersonic fghter with ground
attack as its main mission. It is equipped with AN/APG-
63(V3) APAA and has the ability of ground attack and air
superiority. It is called a dual mission fghter.

Eurofghter Typhoon [46] is a versatile fourth-
generation fghter with twin engines, delta wing, canard
confguration, and high maneuverability designed by
Eurofghter GmbH. Equipped with Captor-E APAA, the
combination of electronic beam scanning and fexible radar
resource management can provide excellent detection per-
formance and ensure multi-target tracking, missile guid-
ance, and situational awareness at the same time. Rafale [46]
is the fourth-generation fghter with twin engines, delta
wing, high maneuverability, and versatility in France.
Equipped with RBE-2 APAA, it can track 8 targets at the
same time and can automatically evaluate the threat degree
of targets and set priorities. Te Su-57 is a single-seat, twin-
engine, stealth, and versatile heavy-duty fghter of the
Russian air force. Te avionic equipment of the Su-57 [47]
fghter has been qualitatively improved and is no longer the
“weakness” of the Russian fghter. Su-57 is equipped with
N036 Byelka APAR, which has 5 APAAs. Combined with 2
airborne computers, the system can fnd targets 400 km
away, track 30 air targets and attack 8 of them at the same
time. Te Su-35 [47] is a fourth-generation aircraft using the

Table 2: Main parameters of diferent shipborne radar.

Country/region Radar Frequency band Quantity of
T/R modules

Detection distance
(km) Peak power

USA

AN/SPS-48E E and F bands NR 460 35 kW
AN/SPY-1 S 4,736 370 6MW
AN/SPY-3 X NR 320 NR
AN/SPY-4 S NR 463 NR
AN/SPY-6 S NR 324 NR

Russia Sky Watch UHF∼S 5,100 324.1 NR
Europe SMART-L L NR 400 132 kW
China Type 346 S 5,000 450 125 kW
NR: not reported.

Table 1: Main parameters of diferent GBR.

Country Radar Frequency band Quantity of
T/R modules

Detection distance
(km) Peak power

USA

AN/FPS-85 UHF 5,134 transmitters 40,744 32MW4,660 receivers
AN/FPS-108 L 15,360 46,000 920 kW
AN/FPS-115 UHF 1,792×2 4,800 580× 2 kW
AN/TPY-2 X 25,334 2,300 60∼80 kW

Russia Dunay-3U VHF 30 waveguides 300∼4500 500 kW
Voronezh-DM UHF NR 8000 0.7MW

China

P-band radar P NR 500 NR
X-band radar X NR 4000 NR

JY-27 VHF 512 500 NR
YLC-8b UHF 1650 700 NR

Japan J/FPS-5 S NR 460 NR
Israel EL/M-2080 L NR 500 NR
NR: not reported.
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ffth-generation technology. Equipped with Irbis-E PEAA, it
can detect air targets up to 400 km away, track 30 air targets,
and engage eight of them at the same time. In addition, the
multi-function radar can provide high-resolution ground
images using synthetic aperture mode.

Chengdu J-20 [48] is the ffth-generation single-seat,
twin-engine, stealth fghter manufactured by Chengdu
Aircraft Industry Co., Ltd. It is equipped with advanced
APAR, with high stealth, high situation awareness, high
maneuverability, and other capabilities. FC-31 [48] is the
ffth-generation single-seat, twin-engine, stealth fghter de-
veloped by Shenyang Aircraft Corporation. Te aircraft has
high survivability: low RCS, low infrared radiation char-
acteristics, and excellent electronic countermeasure per-
formance; multi-task capability: strong target detection
capability, excellent situation awareness, over-the-horizon
multi-target attack, and adaptability to complex weather
conditions. Table 3 shows a comparison of the main pa-
rameters of typical airborne radar in the world.

2.4. Missile-Borne. Active radar is the mainstream of
modern tactical missile radar seeker. Te missile does not
need to rely on external guidance signals while fying. It uses
energy in the most efective route to achieve a longer range
or has a higher mobility before hitting the target. Since the
end of last century, engineering research on APAA inmissile
has been carried out all over the world. Table 4 lists the main
parameters of diferent missile-borne radars. Te AAM-4B
[49], developed by Mitsubishi Electric Co. Ltd. of Japan, is
the world’s frst air-to-air missile equipped with an AESA
radar seeker. Its detection ability and anti-electromagnetic
interference ability are greatly improved compared with the
traditional mechanical scanning radar. Te seeker antenna
works in Ka-band with a detection distance of 120 km. Based

on its phased array electronic scanning feature, it detects and
scans predefned space quickly and has a higher target re-
fresh rate. It is especially suitable for targets with high
dynamics. Te accuracy of parameters such as the electronic
tracking angle is also relatively high. In addition, with the
development of digital beamforming technology, it can form
a variety of beams to deal with multiple targets.

Te new K-77M [50] air-to-air missile developed by
Russia for Su-57 is guided by a 64-element AESA antenna
instead of the traditional planar slot antenna, which can be
scanned both electronically and mechanically. Tis avoids
the search range degradation performance of large scan
angle for active electronically scanned array radar.

Te PL-15 is an active radar-guided long range air-to-air
missile developed by the China GuidedMissile Institute.Te
missile features an active electronically scanned array radar
seeker and has an alleged range exceeding 200 km. It is 4
meters long and incorporates a dual-thrust solid-fuel rocket
motor, capable of a speed of Mach 4.

In addition, the AIM-120 is the advanced medium-range
air-to-air missile which is one of the most modern, powerful,
and widely used air-to-air missiles in the entire world. Its
variant AIM-120D [51] also used AESA instead of me-
chanical scanning seeker, which provides greater range
(about 160 km), better guidance, and a higher kill proba-
bility. Italian navy said the new Teseo Mk2/E anti-ship
missile will have a new generation AESA (active electron-
ically scanned array)-based seeker as part of the terminal
guidance dual mode head section also including an electro-
optical sensor for high-precision sea and land target en-
gagements. Te Defence Research and Development Or-
ganisation of India has incorporated an advanced
electronically scanned array (AESA) radar into the nose of
the Astra Mk1 missile. Tis modifcation enhances the
missile’s ability to detect targets, as it now has a lock-on

Antenna type: AESA

Antenna type: AESA

Antenna type: AESA

Antenna type: AESA

Antenna type: AESA
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Antenna size: 1,676 element array
Antenna module: GaAs T/R
Frequency band: 8-12.5 GHz
Detection range: 150 km
Peck power: 16 kW

Antenna size: 1,100 element array
Antenna module: GaAs T/R
Frequency band: X-Band
Detection range: 150 km
Peck power: 17.6 kW

Antenna size: 1,500 element array
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Frequency band: X-Band
Detection range: 180 km
Peck power: 12 kW

Antenna size: >1,000 element array
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Detection range: >200 km
Peck power: NR
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Peck power: NR
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Detection range: 460 km
Peck power: 20 kW
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Frequency band: X-Band
Detection range: 200 km
Peck power: NR
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Antenna module: GaAs T/R
Frequency band: X-Band
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Peck power: NR
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Peck power: 20 kW
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Figure 4: Top 10 most advanced fghters in the world and their APAA.
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range of 13 km for a 5m2 RCS target and is capable of live
target detection and tracking. Additionally, the missile
features a narrow target acquisition beam and a strong
electronic counter-countermeasures capability, which im-
proves its ability to launch in lock-on after launch (LOAL)
mode. Tis development represents a signifcant improve-
ment in the missile’s overall performance and efectiveness.
Te main parameters of typical missile-borne APAA are
compared as follows.

2.5. Spaceborne. Spaceborne radar has the capability of all-
weather, all-time Earth observation. Moreover, the space-
borne APAA has a very large surveillance area, observing
a wide variety of military targets. It can carry out a wide-
range and high-resolution surveillance and reconnaissance
on the ground and sea battlefelds from the air and space and
can be used to support the air-to-ground and air-to-sea
accurate identifcation and aiming of fghters. Terefore, it
plays an important role in modern warfare. APAA has been
successfully applied in synthetic aperture radar (SAR) due to
its excellent performance. SAR was frst used in the late
1950s on RB-47A and RB-57D strategic reconnaissance
aircraft. After nearly 60 years of development, SAR tech-
nology has been relatively mature. As shown in Figure 5,
each country has established its own development plan for
SAR. Various new systems of SAR have emerged and play an
important role in civil and military felds.

In 1978, NASA launched the world’s frst SAR satellite,
Seasat-A [53], marking the beginning of the era of SAR Earth
observation. Since then, NASA has launched SIR-A, SIR-B,
and SIR-C imaging radars into space using space shuttles in
1981, 1984, and 1994, respectively. SAR has gradually de-
veloped from the original HH single-polarization and L-

band SAR satellites to the radar system with four polari-
zation modes (HH, HV, VV, and VH) and multi-band (L, C,
and X). In 1991, Russia launched the Almaz-1 [53] satellite
for radar imaging for geophysical, agricultural, geological,
and environmental applications. Te main sensor is an S-
band APAA with a resolution of 10m∼15m. In terms of
radar imaging reconnaissance satellites, Russia launched the
new SAR satellite Kondor-E [53] in 2013 with a spotlight
resolution of 1m and a width of 10∼20 km; the strip map
mode is 1m∼3m and the width is 10 km∼20 km, and the
scan mode is 5m∼30m and the width is 20 km∼150 km, and
it has 3D observation and interferometry capabilities. In
1991 and 1995, ESA launched the European Remote Sensing
Satellite (ERS) series of civil radar imaging satellites, ERS-1
and ERS-2 [53], which work in C-band and VV polarization
and are mainly used for imaging land, ocean, glacier,
coastline, and others. High-quality images with a spatial
resolution of 30m and an observation bandwidth of 100 km
can be obtained. Envisat [53], one of the ESA Earth Ob-
servation Satellites, was launched in 2002. Te satellite is
Europe’s largest environmental satellite ever built and the
largest equipment on board is the advanced SAR, which
generates high-quality, high-resolution images of oceans,
coasts, polar ice caps, and land. Envisat-1 is mainly used to
monitor the environment and make continuous observa-
tions of the Earth’s surface and atmosphere for mapping,
resource exploration, meteorology, and disaster judgment.
Launched in 2014, the Sentinel-1 [54] Earth monitoring
satellite carries a 12mC-band SAR capable of scanning up to
400 km. RadarSat-1 [54] is Canada’s frst commercial Earth
Observation Satellite, which monitors changes in the Earth’s
environment and natural resources. Working in C-band, it
uses HH polarization mode and has 7 beam modes and 25
imaging modes. RadarSat-2 [54] is a new generation of

Table 3: Main parameters of diferent airborne radar.

Country/region Radar Frequency band Quantity of
T/R modules

Detection distance
(km) Peak power

USA

AN/APG-81 X 1,676 150 16 kW
AN/APG-77 X 1,956 460 20 kW
AN/APG-79 X 1,100 150 17.6 kW

AN/APG-63 (V3) X 1,500 180 12 kW

Europe Captor-E X >1000 >200 NR
RBE-2 X >1000 200 NR

Russia N036 Byelka X 1,514 400 NR
Irbis-E X NR 350 20 kW

China J-20’s radar X >1000 >135 NR
FC-31’s radar X >1000 >100 NR

NR: not reported.

Table 4: Main parameters of diferent missile-borne radar.

Country Missile Frequency band Operational range Maximum speed
Japan AAM-4B Ka 120 km Mach 4∼5
Russia K-77M NR 400 km Mach 5
China PL-15 NR 200∼300 km Mach 4.5
USA AIM-120D NR >160 km Mach 4
NR: not reported.
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commercial SAR satellite in Canada after RadarSat-1. It
inherits all working modes of RadarSat-1 and adds multi-
polarization imaging and 3m resolution imaging to the
original one. JERS-1 [54] satellite was launched at Tane-
gashima Space Center in 1992 and is mainly used for
geological research, agricultural and forestry applications,
marine observation, geographic mapping, environmental
disaster monitoring, etc. Te satellite carries active SAR with
fxed incident angle and single polarization (HH), works in
L-band (center frequency 1.275GHz), and has a resolution
of 18m. ALOS [54] was sent into sun synchronic and re-
gressive orbit in 2006. ALOS uses high resolution and mi-
crowave scanning, mainly for terrestrial mapping, regional
observation, disaster monitoring, resource investigation, etc.
Te satellite carries a L-band SAR. Te satellite has the
characteristics of multiple incident angles, multi-
polarization, multi-mode of operation, and multi-
resolution, with the highest resolution of 7m. OSMO-
SkyMed [55] satellite is the second satellite of COSMO-
SkyMed high-resolution radar satellite constellation jointly
developed by the Italian Space Agency and the Italian
Ministry of Defense. Te COSMO-SkyMed satellite has
a resolution of 1m and a scanning bandwidth of 10 km and
has the capability of terrain interferometry. Te COSMO-
SkyMed system is a dual-purpose Earth observation system
serving civilian, public, military, and commercial purposes.
TerraSAR-X [55] radar satellite is the frst satellite in Ger-
many, and it works in the X-band with a center frequency of
9.6 GHZ. TerraSAR-X can circle the Earth in an orbit 514 km
high and collect radar data all-time using an APAA with
a resolution of 1m, independent of cloud cover. Te HJ-1C

[56] satellite is a radar imaging satellite in the constellation of
small satellites for environment and disaster monitoring and
forecasting. It was launched in 2008 and is the frst S-band
synthetic aperture radar (SAR) satellite in China with a mass
of 890 kg. It will form the frst stage satellite constellation
with the launched HJ-1A and HJ-1B satellites. In 2016,
Gaofen-3 was successfully launched with the LongMarch 4C
carrier rocket at the Taiyuan Satellite Launch Center.
Gaofen-3 is a remote sensing satellite of China’s high-
resolution special project, a 1m resolution radar remote
sensing satellite, and the frst C-band multi-polarization
SAR imaging satellite in China with a resolution of 1m.
With 12 modes of working, Gaofen-3 is the world’s most
diverse SAR satellite. It can not only conduct a large-scale
scanning but also conduct an accurate observation of
a particular target and measure them accurately. It has all-
weather, all-time, and all-round working ability. In 2020,
China launched Haisi-1, the frst internationally leading
remote sensing satellite, with a C-band APAA, weighing less
than 185 kg, with 1m resolution, which can penetrate the
cloud and acquire all-time, all-weather, and two-
dimensional high-resolution radar data, regardless of time
and adverse conditions.

2.6. Comparison ofMainCharacteristics of APAAonDiferent
Platforms. Te main characteristics of APAA on each
platform are summarized in Figure 6.

Temain characteristics of APAA on each platform have
been compared and analysed in this section. GBR is a long-
range target search radar. Ultra-high transmission power

1970 1978 1981 1984 1990 1991

2002 1996 1995 1994 1992

2006 2007 2008

2020 2016 2014 2013

Figure 5: Typical SARs in world.
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over several MW and large aperture electric scanning an-
tenna arrays are generally used, and the working distance
can reach several thousand kilometers. Tis type of radar is
usually attached to tall buildings with a large number of
elements and strong front stifness. Also, it has a special-
purpose temperature control system, is less tendency of
deformation by load, and has the strongest environmental
adaptability and stable detection performance. But its
structure is cumbersome and its weight can reach over 1000
tons, and its detection power is afected by seismic load, ice
and snow load, and non-uniform solar radiation. Te
vehicle-mounted subgrade APAR is another common form
of radar, with long detection distance, lightweight, and
strong maneuverability, which is mainly used for remote
warning and recognition of stealth targets. Te biggest
problem it faces is the insufcient rigidity of the array
structure due to its lightweight design. It is often deployed
along the coast or in the Gobi region with a maximum wind
speed of 30m/s. Strong and time-varying wind loads can
cause large deformations of the array structure, which se-
verely restricts its detection performance.

Shipboard APAA has a smaller antenna size than GBR. It
is installed on the “ship island” of the warship. Generally, it
consists of four fxed arrays, each of which scans 90°. Te
radar has strong performance and can track dozens of targets
at the same time for a maximum detection distance of several
hundred kilometers, thus efectively intercepting high-
altitude targets. It has more antenna elements and tighter
arrangement than subgrade APAR, with strong rigidity of
array structure. It has more antenna elements and tighter
arrangement than subgrade APAR, but with strong rigidity
of array structure, equipped with a better liquid-cooled heat
dissipation device and a protective cover, which has strong
environmental adaptability. It faces the problems of
moisture-proof, mold-proof, and salt-mist-proof.

Airborne APAA is the most comprehensive radar in the
world, with a detection distance of several hundred kilo-
meters, multi-target tracking, and high resolution. Te main
loads it faces are high thermal power and random vibration.
Because of the aerodynamic requirements of the fghter, the
size of the airborne radar is limited by the size of the nose

cone at the front. High power, large quantity, and tightly
arranged T/R modules will generate a lot of thermal energy.
Due to the lightweight design requirements, the heat dis-
sipation capacity of the radar is limited. High temperature
will cause slight distortion of the antenna array and degrade
the performance of electronic components and ultimately
afect the detection performance of the radar. At the same
time, random vibration will lead to gain loss and pointing
error of radar antenna when afected by factors such as
aircraft engine and air convection, which will reduce the
ability of radar to track targets.

Te volume and quality of missile-borne APAA are
limited by the aerodynamic requirements of the missile, the
antenna diameter is small, the number of T/R components is
large and arranged closely, and the heat dissipation capacity
is insufcient. High-temperature ablation is the main reason
that restricts the radiation performance of APAA on mis-
siles. During the high-speed fight, the air around the an-
tenna is intensely compressed by the bow shock wave. Tis
causes strong friction with the surface of the radome and
makes the surface temperature of the radome rise sharply to
several thousand degrees Celsius. Te ultra-high tempera-
ture will result in severe changes in material properties and
thickness of the cover. Due to thermal radiation and heat
conduction, the high temperature on the surface of the
radome conducts to the interior and the antenna itself
generates continuously a lot of heat, which eventually leads
to distortion of the antenna structure. In this case, the ra-
diation performance of the antenna will be seriously de-
graded, resulting in a signifcant decrease in guidance
accuracy.

In order to reduce the weight of satellite, spaceborne
APAA generally adopts lightweight design. With large radar
antenna array area and insufcient structural rigidity, it is
susceptible to the infuence of complex thermal environment
in space. Te spaceborne APAA is mainly afected by the
complex thermal environment in space. When entering and
leaving the shaded area of the Earth, there will be a large
temperature gradient on the antenna array, which will cause
thermal dither of the structure of the antenna and thus
severe dynamic structural deformation. Meanwhile, the
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Figure 6: Characteristics of APAAs for each platform.
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radiation performance of the spaceborne APAA will be
reduced, resulting in a serious impact on the resolution and
imaging accuracy of the APAA.

2.7. Structural-Electromagnetic-Termal Teory of APAA.
As a highly integrated electronic equipment, APAA has
a complex mechanical structure and feeder network, and
there are many errors sources in structure, heat, electro-
magnetic, and other aspects. Before discussing the conno-
tation of SETcoupling of APAA, this survey classifes various
errors into two types. ① Feed errors and structural errors
can be classifed according to the source of the errors. Feed
errors include radiation element failure, excitation current
amplitude and phase error, device performance temperature
drift, radiation element coupling, and digital phase shifter
phase quantization error. Structural errors include two as-
pects: the errors in the manufacture and installation process
of the antenna, and the structural distortion caused by the
environmental load and temperature distribution in the
antenna service. Note that in practical applications, struc-
tural errors may also cause feeding errors, such as changes in
feeder impedance and inconsistent polarization direction.②
Te errors can also be divided into random errors and
system errors. Random errors cannot be predicted in ad-
vance, such as the amplitude and phase random errors of the
exciting current, the failure rate of antenna elements, the
errors caused by antenna fabrication, and the position errors
in the installation of elements. By contrast, system errors can
be predicted in advance and strictly controlled, such as
radiation element coupling, digital phase shifter phase
quantization error, and antenna array structure distortion
under load. Te error classifcation is presented in Table 5.

2.8. Efect of Antenna Array Structure Error. In APAA ser-
vice, the environmental load and the temperature distri-
bution of the antenna will lead to the distortion of the
antenna surface. Also, random errors will occur during the
manufacture and assembly of the antenna, which will afect
the position of the antenna elements, generate a new phase
diference distribution on the antenna aperture surface, and
even cause the maximum radiation direction of the elements
(e.g., the oscillator unit and printed dipole) to be ofset with
the distortion of the refector plate. In this case, there is no
longer a regular parallel arrangement, resulting in the
mutual coupling of the elements and changes in the pattern.
Tese factors will directly afect the antenna’s electrical
performance. Terefore, it is necessary to establish SET
coupling to quickly determine the impact of antenna per-
formance to support subsequent performance compensa-
tion, as shown in Figure 7.

Te infuence of antenna array structure errors on APAA
can be divided into three categories: antenna array position
ofset, mutual coupling efect of antenna elements, and local
deformation of antenna elements.

(1) Analysis of the position ofset of the array antenna on
the electric performance: Arnold et al. [57] analysed

the efect of the structure bending deformation
caused by airfow load on the detection performance
of the array antenna mounted on the wing during
fight. Takahshi et al. [58] pointed out that tem-
perature changes in the space environment will cause
thermal distortion of the spaceborne phased array
antenna and seriously afect its radiation perfor-
mance. Te above studies show that service envi-
ronmental loads can lead to antenna structure
distortion and deteriorate antenna radiation per-
formance, including gain, pointing accuracy, and
sidelobe electrical equality. Besides, Wang [59] as-
sumed two typical forms of deformation, i.e., bowl-
shaped deformation and bending deformation, to
investigate the infuence of structural deformation
on antenna radiation performance. Te results show
that the average side lobe level of −10 dBi can be
obtained only when the structure error of the front is
controlled within 1% of the wavelength range.
Ossowska et al. [60] analysed the efects of random
deformation, symmetric deformation, and asym-
metric deformation on the radiation performance of
the SAR antenna.

(2) Analysis of mutual coupling efect of antenna ele-
ments: Te diference in the mutual coupling be-
tween APAA elements and the amplitude-phase
error of the exciting current indicates that the mutual
coupling efect cannot be reduced freely but can be
compensated by some method. When the number of
elements is reduced or the required side lobe level is
low, especially in the case of beam scanning, the
mutual coupling greatly afects the array antenna and
must be compensated. Alibakhshikenari et al. have
done a tremendous amount of very creative work to
solve the problem of mutual coupling, and the re-
search results are very valuable [61–69]. Tey have
done a whole range of interesting research on the
SIW technology, the metamaterial photonic bandgap
(MTM-PBG), and metasurface, which efectively
reduce the mutual coupling between adjacent radi-
ation elements. Meanwhile, they have also used the
MTM electromagnetic bandgap (EMBG) structure,
the metamaterial decoupling slab (MTM-DS), the
electromagnetic-bandgap (EMBG) structure, and
a novel 2D metasurface wall to increase the isolation
between radiation elements. Althuwayb proposed
a simple method based on the metasurface concept
to suppress the mutual coupling between the radi-
ation parts of array antenna [70]. Tese works not
only have very good research signifcance but also
have very high engineering application value.
Ossowska et al. [60] considered that only the spatial
phase diferences between the units need to be
considered when estimating the electrical perfor-
mance of the distorted array antenna and took the
linear array antenna with λ � 3.11mm, element
spacing of 16.7mm, and element number of 60 as an
example to analyse the efects of symmetrical,
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unsymmetrical, and random mechanical distortion
on the radiation performance of the SAR antenna.
Te simulation results show that the gain of antenna
decreases gradually with increasing deformation
from 0 to 10mm under symmetrical deformation, up
to 1.73 dB, the 3 dB beam width of the antenna in-
creases gradually, up to 0.21°, and the PSLR decreases
gradually, up to 6.52 dB, without afecting the po-
sition of the main lobe. Te asymmetric bending of
the array plane has little infuence on the antenna
gain and 3 dB beam width, but the side lobes are
asymmetric in that one side enlarges and the other
side decreases. Farahani et al. [71] used a microstrip
technology to construct electromagnetic bandgap
(EBG) structures to mitigate the mutual coupling
problem. A novel uniplanar compact electromag-
netic bandgap (UC-EBG) structure is placed at the
top of the antenna layer to reduce the mutual
coupling between element separation and the patch
antennas, to increase the increases antenna di-
rectivity. By adding two rows of UC-EBG to the
designed antenna, 11 dB reduction in mutual cou-
pling and 1.3 dB increase in directivity are achieved
as compared to the array without EBG. Te efect of
the three rows of the UC-EBG superstrate on the
mutual coupling has also been investigated. In this
case, the mutual coupling is reduced about 14 dB
compared to the array without EBG. Vendik et al. [72]
used the impedance matrix Z to represent the mutual
coupling relationship between antenna elements. Te
coupling current is expressed as the complex am-
plitude of the current distribution, the applied voltage,
the impedance matrix, and the admittance. Te
coupling current distribution is calculated based on
the complex amplitude of the current distribution,
and the transfer coefcient and phase are calculated.
Te amplitude and phase of the exciting current are
corrected by controlling the amplifers/attenuators
and phase shifters. Considering the mutual coupling
of array elements, Zhang and Zhang deduced the
relationship between the random error of amplitude
and the phase of excitation current of the linear array
and the average power direction diagram. Meanwhile,
the infuence of error on diferent array elements and
diferent amplitude weightings was analysed [73].

(3) Analysis of the efect of local deformation of
antenna element on electric performance: De-
formation of the antenna structure will not only
cause the position of the antenna element to
ofset, but also cause a signifcant change in the
shape of the element, which will have a major
impact on its performance. Mohammadi Shirko-
laei et al. made an interesting research using the
fexibility of microstrip antennas and designed
an array antenna for medical purposes that can
be mounted on the thighs, lumbar, or head of
a human body [74]. First, a high gain stacked
circular microstrip patch antenna with 2.45 GHz
frequency is designed according to the maximum-
gain theorem, and then a 1 × 4 array antenna is
designed for mounting on the human thigh,
and each antenna element covers 120°. Tis work
is very important to promote the application of
smart antenna in medical feld. Bai et al. studied
the infuence of the bending deformation of the
microstrip antenna in diferent directions on
the radiation pattern [75]. Geng et al. took the
microstrip antenna with defective ground struc-
ture as the research object and analysed the in-
fuence of the bending degree of the antenna
element on the performance of the microstrip
antenna. Te result shows that the deformed
antenna can work normally at each frequency
band by changing the structure parameters,
which provides ideas for the multi-band design of
the microstrip antenna [76]. Wu and Ehrenberg
studied the non-planar microstrip array antenna
and pointed out that the design of the non-planar
structure signifcantly afects the electric perfor-
mance of the microstrip antenna, but the electric
performance of the antenna can be improved
by adjusting the excitation amplitude and phase
[77]. Han studied the bending deformation of
microstrip element of spaceborne array antenna
under environmental load and proposed the
equivalent size model to mathematically charac-
terize the deformation element. Te simulation
experiments verifed that the method achieves
a good accuracy under certain deformation
degrees [78].

ELement position ofset Point defection

Original array antenna Deformation antenna array
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Mutual coupling
efect changed
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Figure 7: Structural-electromagnetic-thermal coupling relationship of APAA.
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Te Key Laboratory of Electronic Equipment Structural
Design of the Ministry of Education has been studying the
coupling efect between antenna structure displacement
feld, temperature feld, and electromagnetic feld since the
1990s. Te infuence of structural deformation caused by
mechanical vibration, wind load, and solar radiation on
antenna electrical performance has been analysed. Kang
focused on APAA. Te SET coupling of the antenna is
studied in-depth, and a structural-electromagnetic-thermal
three-feld coupling model is established, which can be used
to quantitatively analyse the infuence of structure de-
formation and temperature change on the electric perfor-
mance of APAA [79–81].

2.9. Infuence of Radome Structure and Physical Property
Parameters. Te radome is located at the front end of the
APAA in missile, which is the main structural component of
the APAA and a fundamental part of the radar guidance
system. It ensures reliable operations of the APAA in su-
personic and hypersonic fight. To achieve accurate guid-
ance, the high electric performance of the APAA is
demanded [16]. However, during high-speed fight, due to
friction blockage, the aerodynamic heating between the
surface of the radome and the airfow causes a dramatic
increase in the surface temperature of the cover. Tis results
in a huge temperature diference on the surface of the cover
and the normal thickness, which ultimately leads to high-
temperature ablation of the radome. Tis phenomenon
becomes even more serious with the increase of fight speed,
as shown in Figure 8.

Te efects of high-temperature ablation on the antenna
in a missile mainly include the following. ① Material
parameters of the radome at high temperatures change,
such as relative dielectric constant and loss angle tangent.
② High temperature causes ablation of radome surface,
which changes the cover thickness. ③ Te high tempera-
ture of the antenna radome will increase the antenna
temperature in the radome through radiation and trans-
mission, which will cause feed errors of the elements and
fnally deteriorate the electric performance of the ballistic
antenna. Under the infuence of high-temperature ablation,
the material parameters and radome thickness will change.
Qin and He [82] proposed that the ablation layer produced
by the radome in high-speed fight would seriously afect
the antenna electrical performance. However, the study
only assumed that the ablation layer has fxed thickness and
material parameters, and the surface morphology of the
radome under actual ablation was not analysed. Weckesser
[83] studied the material parameter changes caused by the
surface temperature changes of an aircraft radome at
a certain time during the automatic searching phase and its
infuence on the radome pointing error during scanning.
Taking the radome cover as an example and based on the
change of material parameters of the normal temperature
gradient between 25°C and 1200°C, Parul and Jha [84]
studied the changes of the phase shift, transmission co-
efcient, and refection coefcient of the radome insertion
using the non-uniform plane layer model. Based on the test

data of the physical parameters of the antenna cover
changing with temperature, Nair and Jha [85] analysed the
variation of the transmission coefcient, pointing error,
and cross-polarization level of the antenna cover during the
scanning process. When considering both the temperature
change and the ablation efect of the radome, only the
radiation performance change of the radome under the
infuence of fxed ablation thickness and material param-
eters was studied.

2.10. Efect of Element Feed Error

2.10.1. T/R Module Performance Temperature Drift. Te
more T/R modules and the higher the frequency of APAA,
the tighter the arrangement of components and the higher
the thermal power density of the entire antenna array. Te
high temperature will change the amplitude and phase of
excitation current and then afect the antenna’s electrical
performance. At present, the infuence of temperature
change on the feed current of the T/R module is mainly
studied from two aspects: a thermal-electromagnetic anal-
ysis based on the circuit model and an experimental test.
Zhong et al. [86] studied the infuence of temperature on the
T/R module of radar, established a simplifed circuit model
of the T/R module, and investigated the change of circuit
performance with temperature. Yang [87] established the
circuit model of the S-band phase shifter and simulated and
analysed the amplitude and phase change of the exciting
current output by the circuit model at diferent tempera-
tures. Te above studies provide a theoretical basis for
studying the efect of heat on the performance of T/R
modules. However, the internal circuits of the T/R modules
are complex and interconnected, and further research is
required to obtain accurate temperature efects. Te mag-
nitude and phase errors of the excitation current output by
the T/R module under temperature infuence are in-
vestigated by experimental test and engineering experience
[81]. It is also a common method at present. Mohammadi
Shirkolaei and Ghalibafan made a series of benefcial ex-
plorations on the components in the fuzzy array radar. Tey
made great contribution to the future development of APAA
by using novel component structures to improve the an-
tenna performance. Tey proposed a novel magnetically
scannable LWA based on the slotted ferrite-flled rectangular
waveguide, which utilizes the balanced CRLH response of
the proposed structure, achieves the continuous beam
scanning from negative to positive angles, and enhances the
gain of LW antenna through the position and number of
slots on the broad wall of waveguide [88]. A novel leaky wave
antenna is presented based on the substrate integrated
waveguide structure. Trough the combination of rectan-
gular and H-shaped slots at the top of the antenna, the leaky
wave antenna is capable of scanning the beam continuously
from 2.3 to 87° by sweeping the frequency from 10 to
12.2 GHz [89]. It is meaningful to simulate uniaxial an-
isotropy by stacking three diferent layers of uniaxial an-
isotropic media, which enhance the bandwidth and gain
while reducing the size of the antenna structure. A multi-
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stack anisotropic cylindrical dielectric resonator antenna
with high gain and wide bandwidth is reported [90]. Tis
antenna is designed with three diferent stacks, and each
stack consists of a multi-layer dielectric structure, which is
the main reason for the wide bandwidth and high gain. Te
research results are very meaningful. A very interesting
compensation matching method is also proposed for the
design of the stable low-noise broadband microwave am-
plifer [91]. A hybrid optimization algorithm based on the
combination of the genetic algorithm and conjugate gra-
dients method is used to obtain low-noise fgure, gain
fatness, stability, and loss factor correlated with each re-
active element and matching network accomplishment in-
cluded together. An 8∼16GHz broadband microwave
amplifer is designed to verify its application [92]. In order to
solve the matching problem of the directional coupler, a very
good method for mode matching of directional coupler in
mode analysis is proposed and verifed on directional
coupler of X-band rectangular waveguide ports. Te S-
parameters obtained by this method can be used as the
element value for calculating the equivalent circuit model. A
very innovative W-band monopulse antenna planar wave-
guide combination network method is proposed [93]. Te
design consists of directional coupler, phase shifter, and H-
plane bend. Te design has many advantages such as
compact structure, light weight, and low height, and it can be
specially used for airborne applications and has a very good
application prospect.

2.10.2. Array Antenna Power Ripple. Array antenna power
ripple refers to the AC component superimposed on the
output DC voltage. Te antenna array power ripple factor
refers to the ratio of the peak value of output ripple voltage to
output DC voltage. It is a key indicator to measure the
performance of the antenna array power supply. When the
antenna array power supply supplies power to the T/R
module, the AC component is superimposed on the output
DC voltage of the power supply, i.e., the array antenna power
ripple will produce amplitude and phase modulation to the

exciting current in the T/R module, thus resulting in am-
plitude and phase error of the current [94]. As the tem-
perature of the array antenna increases, the thermal drift of
the electronic devices inside the front power supply changes
the power ripple, which further changes the excitation
current output by the T/R components. Wong and Ricciardi
[95] studied the infuence of diferent levels of biased power
supply ripple voltage on the output spectrum of the high-
power amplifers in radar. Abe et al. [96] analysed the in-
fuence of power ripple on the output phase of multi-beam
klystron in high-power applications. Yang [97] studied the
infuence mechanism of power ripple on the noise perfor-
mance of low-noise amplifers based on the principle of
statistics. Wei [98] investigated the infuence of amplitude
and phase distortion of RF amplifers caused by high-voltage
power supply ripple on the quality of MTI radar trans-
mitters. Zhang [99] analysed the infuence of power ripple
on the output performance of TWTamplifer. Tan et al. [100]
studied the infuence of power ripple on the performance of
linear frequency modulation pulse radar and suggested that
the power ripple supplied by the transmitter amplifcation
link will lead to the amplitude and phase distortion of the
signal.

2.10.3. Phase Shifter Quantifcation Error. Due to its simple
structure and stable phase shift value, the digital phase
shifter is commonly used in the T/R module of APAA.
However, the phase-shifting values of digital phase shifters
are not continuous and can only be shifted by an integer
multiple of a minimum phase, so the phase obtained by the
antenna is called quantization. In this case, a new class of
problems arises in APAA, especially in low or ultra-low side
lobe APAA. Te phase quantifcation error of the digital
phase shifter causes a series of parasitic side lobes in the
antenna lobes, which ultimately raises the side lobe level of
the whole antenna [101]. For example, Gao [102] used the
probability and statistics method to obtain an estimate
formula between the phase quantifcation error of the digital
phase shifter and the lifting amount of the maximum

Variation of radome material parameters
Transmission wave
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Incident wave

6 Array soleplate
5 Array frame
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Transmission wave
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2 Array element

3 Array panel
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Figure 8: Schematic diagram of infuence of material parameters and thickness changes of radome [16].
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antenna side lobe level. In their study, the lifting amount of
the maximum side lobe level was expressed as a function of
the aperture efciency of the antenna, the number of ra-
diation elements, the side lobe level, and the number of
digital phase shifters. Te rounding method and carry
method are often used to reduce the infuence of phase
quantization error in engineering applications. Liu et al.
studied the suppression of phase quantization error by the
random feed method [103]. Yang used the Monte Carlo
method to solve the non-linear equations, analysed the
errors of each phase shifter under a certain ofset of the
antenna beam, and calculated the angle ofset probability of
the antenna pattern under the normal distribution of the
phase shifter error [104].

2.11. Structural-Electromagnetic-Termal Coupling Model.
During APAA service, environmental loads can lead to
deformation of the array structure, defection of the ele-
ments, and displacement of the position. Meanwhile, the
temperature will also degrade device performance in the
antenna and reduce antenna electrical performance. Con-
versely, a higher antenna performance imposes a more
stringent requirement on structure and heat dissipation.
Terefore, in APAA, there are interactions between the

antenna structure, thermal performance, and electrical
performance. Te key to investigating the SET coupling of
APAA is to fnd the mathematical relationship among the
structure, thermal, and electromagnetic interaction and to
establish the coupling model. Figure 9 shows the schematic
diagram of the SET coupling of the APAA in a missile.

2.11.1. Establishment of the Structural-Electromagnetic-
Termal Coupling Model. In view of the mutual infuence
and restriction among the structure, heat, and electro-
magnetism in APAA, Kang of the Key Laboratory of
Electronic Equipment Structural Design of Ministry of
Education of Xidian University studied and established the
SET coupling model of a rectangular grid, triangular grid,
radome-enclosed antenna, and radar detection [79–81]. Te
important factors were considered, such as element position
error, direction defection, element mutual coupling, and
device performance temperature drift, which makes an
outstanding contribution to the SET coupling research of
APAA. Te infuence of high-temperature ablation on an-
tenna cover and antenna performance is analysed below, and
the SETcouplingmodel of APAA in themissile is established
[16].

Es(θ, ϕ) � 
N

n�1
fn(θ, ϕ) An + ∆Ant(T) + ∆Anp(T) e

j φn+∆φnt(T)+∆φnp(T) 
·

e
jk r

→
n ·r0 T
′2
Hcos

4ϕM + T
′2
V sin4ϕM + 2TH

′ TV
′cos2ϕM·

sin2ϕM cos δ
1/2

· exp −j ηH
′ − φM
′(  ,

(1)

where fn(θ, ϕ) is the directional pattern of the antenna
element, In � Anejφn is the exciting current of the antenna
element, and An and φn are their amplitudes and phases,
respectively. Among them, the feed amplitude and phase
errors caused by temperature drift of electronic device
performance in T/R module are ∆Ant(T) and ∆φnt(T),
respectively. Amplitude and phase errors due to waveguide
corrugated by array power supply are ∆Anp(T) and
∆φnp(T), respectively. TH

′ and TV
′ are the magnitudes of the

transmission coefcients of the horizontal and vertical po-
larized felds of the incident electromagnetic waves afected
by high-temperature ablation, respectively. ϕM is the po-
larization angle of the electromagnetic wave.
φM
′ � arctan [TV

′ sin2 β sin δi/(TH
′ cos2 β + TV

′ sin2 β cos δi)],
δi � ηH
′ − ηV
′ ηH
′ , is the insertion phase shift of the hori-

zontally polarized feld and ηV
′ is the insertion phase value of

the vertically planned length.

2.11.2. Radar Detection Model. Te concept of radar
communication was introduced at the beginning of the 21st
century [105]. Hall studied the infuence of loss factor on

radar detection performance and investigated in-depth the
relationship between radar false alarm probability, pulse
accumulation, and radar detection performance. Blake
[106] studied the estimation of the radar range equation
that summarizes the advantages of the previous radar
equation, introduces many external factors (e.g., noise
temperature and multi-path interference), and gives a more
accurate radar distance equation. Skolnik [107] improved
the radar detection distance equation and mainly discussed
the infuence of radar environment factors on radar de-
tection distance. Brenna and Reed [108] analysed the
method for estimating radar detection accuracy and pro-
posed a good method for signal samples. Glass [109] de-
rived the quantitative relationship between antenna
amplitude and phase errors and radar beam pointing ac-
curacy. Hsiao [110] investigated the efect of beam direction
and 3 dB lobe width on radar detection performance and
pointed out that low side lobes have better tolerance.

Taking the airborne APAA as an example, the detection
performance of airborne radar is mainly afected by the
maximum detection distance of the radar, the radar reso-
lution characteristics, and the detection accuracy of the
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radar. Xiu established the relationship between the electrical
performance of the array antenna and the main detection
performance of the radar [111]. Te position error of array
antenna elements can be used to quickly predict the de-
tection performance of the radar. Specifcally, the following
three aspects are mainly studied: ① the coupling model
between the longest detection distance of radar and antenna
structure deformation;② the coupling model of radar range
resolution variation rate and radar speed resolution with
antenna array deformation; and③ the SET coupling model
of radar ranging accuracy and radar angle measurement
accuracy and antenna array structure deformation.

2.11.3. Scattering-Oriented Structural-Electromagnetic-
Termal Model. When the antenna structure is distorted
due to the service environment, the position error of the
antenna elements reduces the radiation performance of the
antenna. Meanwhile, the phase distribution of the scattered
waves is refected by the element changes in space, which
afects the scattering performance of the antenna. Currently,
the studies mainly focus on the analysis and synthesis of
antenna radiation performance [112], but scattering per-
formance is less studied.Te scattering feld of APAA can be
divided into two types: structure mode and antenna mode.
Te vector superposition of these two types constitutes the
radar cross section (RCS) of APAA. Te analytical calcu-
lation of the antenna structure mode item, antenna mode
item, and the phase diference between them is usually very
complicated. Lu [113] studied the scattering feld of array
antenna by combining the moment method of RWG basis
function with the integral equation of antenna electric feld.
To calculate the scattering performance of microstrip patch
antenna with arbitrary shape, Yuan et al. [114] proposed
a comprehensive method for precorrecting fast Fourier
transform and discrete complex images. Tanaka et al. [115]
analysed the scattering feld of the tapered slot array antenna
based on the moment method and compared it with the

measured results. When neglecting the mutual coupling and
edge efect of antenna elements, the scattering feld of the
array antenna can be expressed as the product of the antenna
element factor and the array scattering factor [116]. Te
above work provides a basis for calculating and analysing
antenna scattering felds. However, the variation of the
antenna scattering feld is not considered when there are
structure errors in the antenna structure. Wang established
a coupling model between the structure and scattering
matrix factor of APAA, studied the comprehensive infuence
of the position error of the antenna element on gain and
RCS, and applied the particle swarm optimization (PSO)
algorithm to optimize the installation height of all radiation
elements on the array while guaranteeing the radiation
performance of APAA. Based on this, RCS was efectively
reduced [117].

3. Application of Structural-Electromagnetic-
Thermal Technology in the Design and
Manufacture of APAA

3.1. Environmental Load Impact Analysis. As shown in
Figure 10, various environmental loads have diferent in-
fuence mechanisms on the electrical performance of APAA.
Terefore, this section summarizes the infuence of service
environmental loads on the electrical performance of APAA
on various carrier platforms, as shown in Table 6.

3.2. Analysis of Manufacturing Accuracy of Antenna Array.
Te manufacturing accuracy of the antenna signifcantly
afects the radiation performance of the antenna. In recent
years, many scholars have studied the coupling relationship
between mechanism accuracy and antenna electrical per-
formance. Su et al. [118] analysed the infuence of structural
accuracy on antenna polarization characteristics from two
aspects: random errors and systematic errors. Hu et al. [119]

Resolution reduction

Missing Target

High-temperature ablation

Uneven thickness

Rectangular grid Triangular grid 

Array deformation Afer deformation

Ideal array

Figure 9: Structural-electromagnetic-thermal coupling of the APAA in missile.
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established the structure electromagnetic coupling model
between the structural error of phased array antenna and the
electrical performance and investigated the correlation be-
tween the antenna fatness, the installation accuracy of array
elements, and the electrical performance of the antenna.
Wang [59] analysed the infuence of mechanical error and
structural deformation on the performance of the planar
antenna and studied the infuence of two deformation
modes on the normal and scanning sidelobe performance of
phased array antenna in detail. Zaitsev and Hofman [120]
quantifed the infuence of Z-direction fuctuation on an-
tenna beam pointing, sidelobe level, gain, and other per-
formance indexes. Liu et al. [121] analysed the infuence of
each error infuencing factor on the structural accuracy
separately in combination with the array surface accuracy,
antenna base shafting accuracy, array position accuracy, and
calibration accuracy associated with telecommunication
height in the radar structure. Wang used structure-
electromagnetic coupling model of rectangular grid array
antenna to analyse the antenna electrical performance
variation under the infuence of random error of element
location installation [81]. Te variation curve of antenna
gain loss with random error of element position is plotted. In
addition, the decrease of antenna gain under the infuence of
random error of element installation position is given when
the size of array is diferent, and the relationship between
array size, random error, and gain loss is determined.

Te following conclusions can be drawn from the
analysis of Figures 11 and 12.①When the random error of
element installation position reaches 1/10 of wavelength, the
gain of antenna decreases, and when the random error of
element position reaches 1/25 of wavelength, the gain of
antenna decreases by 0.397 dB. ② When the number of
elements is relatively small, the relation curve of antenna
gain with random error of element position fuctuates
greatly. ③ Te number of elements is greater than 900
(30× 30), the gain loss curve tends to a straight line, which
indicates that the larger the APAA has, the less sensitive it is
to the random error of the same magnitude, and the larger
the magnitude of the random error, the greater its infuence
on the gain.

Althuwayb has done some very meaningful work in the
feld of supermaterials and terahertz. A very interesting on-
chip antenna is designed and manufactured based on the

metamaterial concept [122], which includes compact di-
mensions, wide bandwidth over the terahertz domain, low
profle, and cost efective and great photoelectrical prop-
erties. Based on the characteristics of MTM and SIW [123],
a very innovative millimeter-wave slotted bowtie antenna is
designed, and the efective aperture area of the antenna is
enlarged by using artifcial magnetic conductor (AMC), and
a wide frequency bandwidth along with high radiation
performances has been achieved without afecting the
physical dimensions. Proposed a technique to enhance the
radiation gain and efciency of metamaterial (MTM) in-
spired planar antenna using substrate integrated waveguide
(SIW) technology for sub-6GHz wireless communication
systems has great application value [124]. In the tolerance
design of antenna array, it is common to establish the SET
coupling model between manufacturing accuracy and
electrical performance of antenna array based on the Monte
Carlo method. Mobrem [125] evaluated the profle accuracy
error of planar antenna and peripheral truss mesh antenna
based on the Monte Carlo method. Cui et al. [126] studied
the efect of hinge repetition accuracy and profle machining
accuracy of a refector antenna on the overall profle ac-
curacy error by using the Monte Carlo method. He et al.
[127] put forward that considering together the waveguide
size error, slot size error, and ofset error when using the
Monte Carlo method to analyse the relationship between
radiation slot processing error and relative electrical per-
formance of planar slot antenna can efectively improve the
calculation speed of the moment method. Fan [128] applied
the Latin hypercube experimental design method, genetic
algorithm (GA), and Monte Carlo algorithm to systemati-
cally design the refector structure of spaceborne antenna,
thus obtaining the global optimal design result and im-
proving the design efciency. Alibakhshikenari et al. have
done a lot of creative research in the terahertz feld, and the
research results are of great value. A very efective method to
suppress the surface wave propagations and near feld
mutual coupling efects of the sub-THz array antenna using
SIW technology is presented [129]. Substrate losses in
millimeter-wave and terahertz circuits are suppressed, and
antenna performance parameters such as impedance
bandwidth, radiation gain, and efciency are improved by
using metamaterial and substrate-integrated waveguide
(SIW) techniques, and the research result is innovative [130].
An interesting high-gain on-chip antenna on silicon tech-
nology antenna has been designed [131]. A metasurface on-
chip antenna is constructed on an electrically thin high-
permittivity gallium arsenide (GaAs) substrate layer [132]. A
new terahertz on-chip antenna using standard CMOS
technology is presented [133]. Te comprehensive optimi-
zation of the radiation and scattering performance of the
array antenna can be realized by adjusting the antenna
structure and the position of the array element. Zhang et al.
[134] optimized the radiation and scattering characteristics
of the array antenna by adjusting the array element spacing.
Te simulation results show that the peak sidelobe level of
the radiation pattern is reduced, and the grid lobe of single
station RCS is efectively suppressed. Wang et al. [135]
combined the electric feld integral equation and the

Figure 10: Service load of APAA on various platforms.
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moment method of the RWG basis function to optimize the
geometric parameters of the antenna, which not only im-
proves the radiation performance of the array antenna but
also reduces the RCS. Cong [136] staggered the anisotropic
hypersurface elements around the traditional metal ground
plate and adopted the mushroom structure as the antenna
radiation aperture, which improves the antenna radiation
performance and reduces the RCS in and out of the band.
Tese are traditional optimization methods, and they can
only reduce the RCS scattering peak. Tere are some
problems, such as poor optimization efect of RCS main lobe
and difculty in mechanical structure design and
manufacturing. Wang proposed a simple yet efective and
fast comprehensive design method of APAA considering
radiation and scattering performance [117]. Te RCS
structure and the electromagnetic coupling model of the
APAA array were established, and the installation height of

the radiation element was optimized and adjusted by PSO.
Te results show that the RCS of APAA can be greatly
reduced while meeting the requirements of radiation
performance.

3.3. Efcient Heat Dissipation Design. Te development of
heat dissipation technology is a three-generation process as
shown in Figure 13. Te frst generation mainly uses air-
conditioning cooling technology, but its thermal control
ability is limited and the energy consumption is huge. Te
second generation uses high-efciency thermal packaging/
interface materials and microchannel technology to improve
the heat transfer capacity of the cold plate and strengthen the
“remote” heat dissipation capability. Te third generation
uses chip-embedded heat dissipation technology, which
focuses on microfow control cooling technology inside and
between high-power chips and introduces the cooling me-
dium directly into the chip package to reduce the thermal
resistance of the component. With a heat dissipation ca-
pacity of up to 1700W/cm2, the current embedded heat
dissipation technology has great development potential, and
its research and application are expected to promote the
innovation of antenna heat dissipation design.

At present, most of the radiation technology of APAA
uses natural air cooling and forced liquid cooling. Natural
air cooling has advantages of simple thermal control
components, low cost, easy improvement, etc., but dis-
advantages of low radiation efciency and low reliability.
Forced liquid cooling has advantages of high heat dissi-
pation efciency, compact structure, etc., which is not
complicated for thermal control components and does not
have a high cost. In practical applications, it should be
reasonably used in combination with conditions. As early
as the late 1960s, the idea of cooling the design of antenna
array amplifer components attracted much attention [137].
When the MEAR was designed in the USA, it was the frst
time in the world that a water-cooled method was used to
heat the radar front, with a heat dissipation capacity of
64 kW/m2 [138]. However, due to the limited process
technology at that time, the water-cooling system could not
be made compact, and it was not applied in airborne radar.
In the 1980s, the United Kingdom adopted an efcient
method combining closed-loop forced air cooling and
forced liquid cooling to heat 128 groups of power amplifer
components on the radar front on the SAMPSON MFR,
which achieved a continuous and efcient heat dissipation
capability [139]. Ten, with the increase of phased array
radar antenna elements, the radiation power and the heat
generated by the front surface became larger and larger.
Termal pipe heat dissipation, thermoelectric refrigeration
technology, jet impingement technology, and other tech-
nologies emerged. Loop heat pipes were used for heat
dissipation on ETS satellites, achieving a design objective of
maximum heat transfer capacity of 1000W and a lifetime of
more than 10 years [140]. Te A-8 and A-11 series of
missiles were adopted in RussianMiG fghters, in which the
infrared detection system used thermoelectric refrigeration
technology for temperature control [141].
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Figure 11: Gain loss versus random error of element position [79].
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With the development of antenna miniaturization and
microfabrication technology, the microchannel cold plate
provides a new solution to the thermal control of the phased
array antenna. Because of the large heat dissipation surface
area, the cooling efect of microchannels can be multiplied
compared with that of traditional channels. Hui simulated
the heat dissipation performance of the cold plate with
a conventional fow channel and amicrochannel structure. It
was found that the heat dissipation capacity of the latter was
nearly doubled, indicating that the microchannel cold plate
has a good heat dissipation efect [142]. Wang et al. in-
vestigated the microchannel cooling technology of phased
array antenna, summarized the infuence of structure size
parameters and thermal boundary conditions on the heat
dissipation performance of the rectangular microchannel
cold plate, and strengthened the heat dissipation by selecting
reasonable boundary conditions and optimal channel size
parameters [143]. Lu studied the heat fow characteristics of
the phased array antennamicrochannel from the perspective
of equivalent modelling, which greatly improved the cal-
culation efciency of the thermal simulation [144]. Tese
studies confrm the superiority of microchannel heat dis-
sipation over traditional heat dissipation methods.

With the development of APAA towards higher heat
fow density, the microchannel cold plate shows inadequate
heat dissipation capacity and temperature uniformity. Te
emergence of embedded microchannel heat dissipation
provides a solution to the heat dissipation of electrical ap-
pliances with a high heat fow density.

DARPA launched the ICECool program in 2012 to
design cooling modules within/between chips to handle
a heat fux of 1000W/cm2. Lockheed Martin demonstrated
its ability to eliminate a chip-level fux of 1.1 kW/cm2 and
transistor-level heat fux of 30 kW/cm2 and applied them to
HEMT drains and gates [145]. In 2020, a monolithic in-
tegrated manifold microchannel cooling structure with

higher efciency than the currently available was demon-
strated by co-designing microfuids and electronics in the
same semiconductor substrate. Experiments show that
a heat fux over 1700W/cm2 can be extracted with pumping
power of 0.57 cm2/W [146].

3.4. Lightweight Integrated Optimization. In the 21st cen-
tury, spaceborne APAR based on the spaceborne platform
has become an important means for military reconnaissance
and strategic early warning. Considering the impact of
satellite launch load and limited space environment,
spaceborne APAR has more stringent requirements for
improving resolution, working mode, and deployment orbit
height, which makes it crucial to accurately control radar
load weight. Te lightweight spaceborne APAR mainly fo-
cuses on the lightweight of APAA, and its weight usually
accounts for more than 80% of the load weight of the
whole radar.

For the overall architecture optimization of spaceborne
phased array antenna, the light low-profle scheme of single
machine hierarchical layout combined with blind plug in-
terconnection can be applied to replace the traditional single
machine-independent design and cable connection, thus
realizing the miniaturization of T/R components and further
reducing the weight of power distribution network and
cables [147]. Each type of single machine is designed as
a chip structure, and the cable-free phased array antenna
module design is realized to meet the requirements of
lightweight antenna. Tin-flm APAA is a phased array
antenna integrated with a fexible thin-flm antenna through
a miniaturized T/R module. Te antenna has many ad-
vantages, such as light weight, small folding volume, large
aperture, and beam scanning. It can be used to meet the
lightweight and deployable application requirements of
spaceborne radar antennas in the future. Meanwhile, it is
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considered by NASA, DARPA, and other departments as the
core technical means to break through the bottleneck of the
development of a large spaceborne antenna [148]. Te an-
tenna radiation array is made of thin-flm material, and the
expansion frame adopts an infatable fexible or rigid-fexible
combined support structure, which can efectively reduce
the weight and folding volume of the antenna. It is expected
to reduce the average weight of the antenna to less than
10 kg/m2 [149]. Based on the new antenna architecture
design scheme, the application requirements of the new
design scheme can be met by equipment function in-
tegration and integrated design. Te integrated feed net-
work, T/R module, power supply, and wave control are
designed to reduce the weight of the array. Also, the in-
tegrated design of power supply, wave control, and feed
network in APAA adopts integrated circuit technology,
which greatly improves the reliability of the array and re-
duces the weight and volume of the array. Te new three-
dimensional architecture chip of the T/R module uses in-
tegrated circuit technology to integrate many active devices
on a substrate, thus eliminating the electrical connections
between components. Tis can reduce loss and noise, im-
prove reliability, and make the component structure more
compact and lighter [150]. Compared with the current T/R
module, the weight of this chip of the highly integrated T/R
module can be reduced by more than 1/3. Te adoption of
the distributed power supply and beam control scheme is
conducive to improving the reliability of the antenna and
reducing the complexity of the design, which can further
simplify the design and meet the design requirements of
a lightweight antenna.

3.5. Sparse Array Design. Te design method of the sparse
array is to retain or remove the radiating elements at the
position of the radiating elements of the full array. Te
excitation modes of the installation array element can be
divided into uniform excitation and non-uniform excitation.
Generally, uniform excitation is adopted in the design of
a sparse array to simplify the feed network and the array
elements. However, it is difcult to obtain an ultra-low
sidelobe array because of uniform excitation. Terefore, in
the design of ultra-low sidelobe array, non-uniform exci-
tation is adopted, and the typical design includes Chebyshev
array and Taylor array [151]. A sparse array has two main
advantages. One is that, under the condition of the same
array aperture, a sparse array needs fewer array elements,
which can reduce the antenna cost and system complexity.
Te other advantage is that, with the same number of an-
tennas, the array aperture of the sparse array is larger, which
can improve the performance of DOA estimation [152]. Te
principle of sparse array design is to solve the array element
position and the corresponding excitation of the sparse array
according to the given periodic expected pattern and use the
number of array elements as few as possible to approach the
desired pattern [153].

At present, a variety of approaches have been taken to
design sparse arrays. Brown [154] realized the sparse optimal
array arrangement of the linear array on the premise of

meeting the assumption of omnidirectional radiation ele-
ment through the subaperture antenna division method.
Yang et al. [155] used the least square method to ft the
absolute phase characteristics of the main feature vectors of
diferent Doppler channels to estimate the phase center,
realizing array element position estimation of the wing
conformal array. Meanwhile, GA and PSO are widely used in
sparse array design [156]. Li et al. [157] transformed the
sparse optimization problem of conformal array antenna
into a linear regression problem of the sparse matrix. Based
on the Euler rotation theorem, the guidance vector model of
conformal array antenna was established. Taking the pattern
of array element antenna on the same plane as the target of
sparse learning, the sparse optimization model of conformal
array antenna was established based on multi-task learning.
Wang et al. established an electromechanical model of ra-
diation and scattering performance of sparse array antenna
to improve the stealth performance of the radar. With this
model, they studied array element arrangement, position
error analysis, realization of low side lobe, and tolerance
design of sparse array antenna [117].

3.6. Performance Control Technology of APAA Structure in
Service Environment. During the service process, APAA is
afected by the external environmental load, resulting in
diferent forms of local deformation and overall deformation
of the antenna array, as illustrated in Figure 14. Tis de-
grades the electrical performance of the antenna, making it
impossible to complete the detection task. Terefore, it is
necessary to establish an array monitoring system to
monitor the state of the antenna array in real time and make
mechanical and electronic compensation to ensure that the
antenna is in a high-performance working state.

3.7. Optimal Layout of Strain Sensors. APAA is developing
towards multi-function, long life, large-scale, and high
complexity. In complex service environments, the antenna is
afected by environmental loads and faces the problems of
structural function state change and damage accumulation,
which will threaten service safety. Terefore, it is necessary
to arrange multiple types of sensors in the antenna structure
to monitor the health status of the antenna in real time. Te
layout of sensors directly afects the accuracy of antenna
array information acquisition. Terefore, the optimal layout
of sensors has always been a research hotspot in antenna
structure monitoring. At present, the mainstream sensor
layout methods are mainly divided into classical methods
based on structural modal information, joint algorithms to
overcome the shortcomings of single methods, intelligent
layout optimization algorithms, and sensor methods con-
sidering uncertainty.

(1) Te classical method [158]: Te efective in-
dependence method is a reverse order deletion
method, which is frst applied to the on-orbit modal
analysis of large spatial structures. Te efective in-
dependence method was frst proposed by Kammer.
It is considered one of the most efective sensor
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optimization methods, and it is also the most widely
used and mature method. MinMAC is a typical
positive order addition method. Its main idea is to
match the structural modal shapes collected and
identifed by the actual dynamics with those calcu-
lated by the theoretical reference fnite element
method as much as possible. Te modal matrix
summation and quadrature method calculates the
sum and product of the absolute values of each el-
ement in the modal matrix and takes the larger value
of the row vector as the position of the sensor ar-
rangement in decreasing order. Te two methods are
typical modal kinetic energy methods, and their
biggest advantage is that they can efectively prevent
the sensor from being arranged at the nodes of each
modal mode of the structure and the degrees of
freedom with a small modal kinetic energy. Besides,
the origin residue method, QR decomposition
method of modal matrix, SVD, and GRM and its
improvement and equivalent method are also
commonly used.

(2) Te joint method [159]: An efective combination of
various classical methods can better achieve the
optimal layout of sensors. However, the measure-
ment information is easy to be submerged in the
noise because the efective independence method can
only refect the modal independent performance
without considering the modal energy parameters in
the structure. Terefore, in recent years, considering
the shortcomings of this method, reverse order
deletion methods have been proposed based on ef-
fective independent joint modal energy, such as four
combination methods based on efective in-
dependent method and other four indicators, the
combination algorithm based on energy coefcient
and efective independent algorithm, the combina-
tion algorithm based on efective independent
method and modal energy, the combination algo-
rithm based on MAC, QR decomposition, and ef-
fective independence method, and other joint
algorithms. Te combination method for achieving
sensor optimal layout considers the modal in-
dependence and anti-noise ability and improves the

signal-to-noise ratio of sensor sampling to a great
extent, thus achieving sensor optimal layout. How-
ever, these methods are only applicable to structural
models with fewer degrees of freedom.

(3) Te optimization method [160]: With the develop-
ment of the intelligent optimization algorithm, the
traditional iterative algorithm is not suitable for the
problem of sensor optimal layout of large structures
because it only depends on a certain order to screen
one by one. Meanwhile, the optimization method
develops further to the global optimization algo-
rithm, which plays an important role in the optimal
layout of sensors of large structures. Modern in-
telligent optimization algorithms represented by GA,
PSO, MA, WA, K-means clustering optimization
algorithm, etc. directly promote the application of
sensor optimization layout to high-rise buildings,
bridges, dams, large-span fexible structures, and
other super-engineering projects with giant scale,
ultra-large scale, and massive degrees of freedom.
However, this does not mean that the classical sensor
optimal placement theory has lost its position. When
most intelligent optimization algorithms are adopted
to solve the sensor optimal layout problem, the
optimization objectives are usually derived from
classical theory. For example, the determinant of
Fisher information matrix and the root mean square
error of non-diagonal elements of the MAC matrix
are derived from the EFI and modal confdence
criterion method.

(4) Te sensor method: Due to the limitations of pro-
cessing technology, instruments, equipment, and
measurement technology, the uncertainty in the
structure to be monitored and the uncertainty in the
data acquisition process are difcult to avoid and
cannot be eliminated. To refect the infuence of the
two factors on the optimal placement of sensors,
extensive research has been conducted on the op-
timal placement of sensors in the feld of uncertainty
such as sensitivity and robustness [161]. Castro-
Triguero et al. [162] studied the optimal sensor
layout scheme of the wooden structure by using the
probability statistics method. Meanwhile, for the

Sensor

Radome

Cable

Sofware platform

Photogrammetry

Signal

Data collector
Mechanical

compensation
Electric

compensation

Figure 14: Schematic diagram of APAA array monitoring and performance regulation in service environment.
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uncertainty optimization of the sensor arrangement
of the truss structure, it is pointed out that no matter
the existence and size of the uncertainty parameters,
there are always some deterministic sensor ar-
rangement positions that will be retained under the
uncertainty conditions. Based on the information
entropy theory, Vincenzi and Simonini [163]
achieved optimal or suboptimal arrangement results
of sensors when structural uncertainty and noise
coexist in structural health monitoring and modal
testing. To overcome the lack of considering un-
certainty in the efective independence method, Kim
et al. [164] proposed a new random efective in-
dependence method by retaining the deterministic
part and deducing the additional random term,
which can better realize the linear independence of
the modal matrix under the average efect. In ad-
dition, Papadimitriou and Lombaert [165] estab-
lished an optimal layout method of sensors based on
the error correlation prediction theory. Considering
the difculty of measuring the uncertainty in
structural dynamic parameters, based on the ad-
vantage of the non-probabilistic method that only
needs to obtain the boundary of uncertain param-
eters, Yang et al. [166] established the method for
determining the number of sensors with interval
uncertain parameters and analysed the layout pos-
sibility and the robust optimization mode. Also, the
interval number relation and GA were used to an-
alyse and optimize the discrete uncertainty problem,
and the possibility of sensor layout and a more
robust sensor layout scheme were obtained.

3.8. High-Precision Shape Reconstruction of Antenna Array.
With the development of APAA, large aperture and high-
frequency band have become the development trend of the
APAA. As antenna aperture and frequency band increase,
the requirements for antenna array accuracy are also im-
proved. In the service process, the phased array radar is easy
to be afected by the external environmental load. In this
case, the structural deformation of the antenna array ap-
pears, and the phase error between antenna elements occurs,
which causes a deviation from the design shape and seriously
afects the electrical performance of phased array antenna.
Terefore, it is necessary to accurately measure the position
and attitude deviation of the phased array radar array and
compensate for the electrical performance of the
antenna [59].

In the feld of antenna deformation reconstruction, the
commonly used methods include the modal method, inverse
fnite element method, Ko displacement theory, and neural
network method. Based on the strain displacement con-
version relationship of the modal method, Zhou et al. [12]
obtained the antenna variables through the strain data
measured by the fber Bragg grating sensor embedded in the
skin antenna, established the electromagnetic strain cou-
pling model of the antenna, compensated for the phase error
caused by the deformation of the skin antenna, and verifed

the feasibility of the modal method. Yuan et al. [167]
conducted simulation and experimental research on beams
and wings with equal strength based on the Ko displacement
theory, and the results confrmed the efectiveness of the
method. Ko displacement theory is mainly based on the
stress model of the Euler–Bernoulli beam. It is suitable for
reconstructing a typical beam structure instead of objects
with a complex structure. Alioli et al. [168] reconstructed the
deformation feld and pressure feld of the membrane wing
through the construction of the membrane element with the
inverse fnite element method and proved that the method
has good real-time performance. Te inverse fnite element
method does not need to analyse the material properties and
the object modes in advance. It can solve the deformation
feld only by constructing the corresponding inverse element
and combining the strain data. Also, it is easy to realize, but it
is only suitable for typical beam structures and is greatly
afected by the measurement error. Based on the combi-
nation of simulated annealing and neural network, Bruno
et al. [169] constructed the relationship between strain and
displacement of the target structure through training ex-
perimental samples and then inferred the deformation of the
structure through a small amount of measured strain. Te
neural networkmethod usually requires massive sample data
of the target structure, which is greatly afected by the error
of the sample data. Li [170] from Xidian University analysed
the randomness of modelling noise and measurement noise
and proposed an array shape reconstruction method based
on the Kalman flter. According to the maximum likelihood
criterion, the variance matrix of modelling and measure-
ment noise was also included in the fltering iteration
process to update the variance in real time and accurately
refect the characteristics of noise at this time, thus reducing
the accumulation of errors in the iteration process and
making it more suitable for engineering applications.

3.9. Compensation for Quantization Error of Digital Devices.
To alleviate the deterioration of the electrical performance of
the antenna under diferent working environments and
ensure the performance of the antenna during operation, the
antenna pattern can be corrected by inputting the corre-
sponding compensation calculated with the digital attenu-
ator and the digital phase shifter. Although having the
advantages of simple structure, low energy consumption,
fast operation speed, low control voltage, and easy computer
control, attenuators and phase shifters are subject to their
inherent quantization properties. Tey can only process
discrete values and cannot realize continuous changes of
amplitude and phase values according to the compensation
obtained by the antenna electrical performance compen-
sation method, which leads to the problem of amplitude and
phase quantization and causes amplitude and phase quan-
tization errors [171]. For example, the phase value of an m-
bit phase shifter divides 360 degrees into 2m nominal values.
Te minimum value is 0, and the maximum value is 360°/
2m. Te phase value does not change continuously. In this
case, the phase value of the phase shifter can only take the
nominal value close to the required phase value, resulting in
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phase quantization error [172]. On the one hand, the phase
quantization error will broaden the main lobe beam, de-
crease the gain, and increase the SLL. On the other hand, it
will deteriorate the beam pointing accuracy of the antenna
and fnally reduce the electrical performance of the antenna
[173]. To achieve a better compensation efect of antenna
electrical performance, considering the quantization error of
the digital attenuator and phase shifter, a calculation method
of phased array antenna compensation was proposed.
Firstly, minimum attenuation and minimum phase shift are
determined according to the step value and the number of
bits of the attenuator and phase shifter. Ten, based on the
SET compensation model of the APAA, the amplitude and
phase of the array element to compensate for the electrical
performance of the deformed antenna are calculated. By
comparing the amplitude and phase of the array element
with the minimum attenuation and minimum phase shift,
quantization amplitude compensation and quantization
error compensation of the antenna element are determined
to ensure the optimal electrical performance of the antenna.
Based on the above calculation method of phased array
antenna compensation, Zhou [174] developed the calcula-
tion software of electrical performance compensation of
APAA considering the quantization error of digital devices.
Te software can quickly calculate the amplitude and phase
compensation of the antenna, thus helping to reduce the
infuence of quantization error on the compensation efect
and correct the compensation amount of APAA. Te cor-
rection efect of quantization error can also be evaluated by
comparing the two amplitude and phase compensation
amounts before and after quantization error. Yang et al.
[175] proposed to use the recursive comparison compen-
sation phase feeding method instead of the traditional de-
terministic phase feeding method to reduce the infuence of
phase quantization error of phase shifter on phased array
antenna beam pointing accuracy and antenna beam per-
formance. It was proved that the recursive comparison
compensation phase feeding method can reduce the infu-
ence of phase quantization error and alleviate the maximum
and mean square deviation of antenna beam pointing error,
thus improving the beam pointing accuracy of the phased
array antenna.

4. Calculation of Excitation Current
Compensation Based on Structural-
Electromagnetic-Thermal Coupling

In Figure 15, two main electrical performance compensation
methods of APAA are summarized: structural compensation
method and electronic compensation method. Te struc-
tural compensation method achieves compensation by
controlling the deformation or adding an active adjustment
device to the mechanical structure. Te electronic com-
pensation method achieves compensation by correcting the
amplitude and phase of the excitation current of the antenna
element.

Te structural compensation methods of APAA can be
divided into the following.① Active adjustment of the array
structure: An actuator or adjustment mechanism is adopted

to control the structural accuracy of the antenna array and
reduce the structural deformation. Hu [176] used the ad-
justment mechanism to adjust the subarray to improve the
fatness of the array considering the decline of the array
accuracy caused by the large weight of the phased array
antenna. Tis method can actively compensate for the in-
fuence of structural errors, and it is applied to the per-
formance compensation of phased array and refector
antenna. However, its implementation requires the struc-
tural adjustment device to be installed in the antenna system.
② Structure size control of active devices: In the APAA
system, the structural size of the active device and the
electrical performance of the antenna afect each other. Te
electrical performance of the antenna can be compensated
by controlling the structural parameters of the active device.
Son et al. [177] compensated for the infuence of phase errors
by adjusting the length of the phase shifter cable. Tis
method is suitable for testing and calibrating the antenna in
the manufacturing stage and compensating the phase errors
of the antenna by adjusting the structure of the active device.
However, it is not feasible in the service stage of the antenna.
③ Application of shape memory materials and self-
calibration devices: Tis can automatically compensate for
the electrical performance of the antenna. Song et al. [178]
embedded a shape memory alloy wire in the honeycomb
structure to compensate for the infuence of thermal de-
formation of the antenna structure. Tis method can be
applied to spaceborne APAA. To sum up, the structural
compensation method can compensate for the infuence of
the structural deformation of the antenna. Especially for the
phased array antenna with subarray, the structural accuracy
of the array can be improved by adjusting the subarray
structure. However, due to additional adjustment devices in
the structural compensation method, the antenna system
will have a large complexity.

Te electronic compensation methods of APAA can be
mainly divided into the following.① Phase correction based
on the “phase scanning” principle [179]:Tis type of method
corrects the beam direction by controlling the phase dif-
ference between array elements to make it point to the target
direction. For the foldable phased array antenna array [180],
the maximum beam direction deviates from the target di-
rection due to its own structural form. By controlling the
feed phase of the array element, the direction can be adjusted
back to the target direction to correct the beam direction
error. However, this method has limited efect on SLL
compensation. ② Optimization of the excitation current
phase or amplitude phase: Tis type of method compensates
for the comprehensive electrical performance of the antenna
including pointing accuracy, gain, and SLL. Son et al. [181]
used GA to optimize the phase of the excitation current of
the array element to achieve themaximum received power of
the antenna to compensate for the phase error of the an-
tenna. However, the optimization method usually needs
a large number of iterative processes, which is time-
consuming and cannot realize fast real-time compensa-
tion. ③ Constructing the pattern correction coefcient,
reconstructing the antenna pattern, and compensating for
the infuence of array element failure and mutual coupling

International Journal of Antennas and Propagation 25



between array elements on the electrical performance of
array antenna: Steyskal and Mailloux [182] adjusted the
weight coefcient of the non-failed array element and
reconstructed the antenna pattern to reduce the infuence of
the failed array element when compensating for the failure of
the array element. ④ Calculating the phase or amplitude
phase compensation of the excitation current by combining
with the numerical method: Tis method comprehensively
considers the characteristics of the numerical calculation
method and the requirements of antenna electrical perfor-
mance and constructs the calculation model of excitation
current phase or amplitude phase adjustment. Compared
with the optimization method, it can quickly determine the
compensation amount of excitation current [183]. ⑤
Monitoring the phase diference in the array in real time to
compensate for the radiation performance of the antenna:
Schippers et al. [184] installed analog integrated circuits on
each array element to monitor the phase diference between
the array elements in real time to regulate the phase of the
array element and compensate for the infuence on the
radiation performance of the antenna. Tis method can only
efectively compensate for the phase diference between
antenna elements. Compared with the structural compen-
sation method, the electronic compensation method can
compensate for the infuence of array element structural
deformation and feed error on the antenna radiation per-
formance without increasing the weight of the antenna
structure, which provides a basis for real-time compensation
of the antenna radiation performance.

Wang et al. of Xidian University proposed an amplitude
and phase compensation method based on the SETcoupling
model and minimum square error and an amplitude and
phase compensation method based on the SET coupling
model and FFT for large-aperture ground-based APAA [9].
Te two amplitude and phase compensation methods were
compared with the phase compensation method. Consid-
ering the radiation performance and scattering performance
of airborne APAA, a scattering performance evaluation

model including the statistical characteristics of random
structural error was established, which solves the problem
that it is difcult to quantitatively evaluate the infuence of
structural error on antenna scattering performance. For the
missile-borne APAA fying at supersonic and hypersonic
speeds, two amplitude and phase compensation methods
were proposed to efectively compensate the antenna gain,
SLL, and beam direction under multiple frequency points
and scanning angles. Te space thermal environment leads
to the thermal deformation of the array of spaceborne
APAA. Besides, the strain electromagnetic coupling model
of APAA was established, and phase and amplitude com-
pensation methods based on the strain electromagnetic
coupling model were proposed [81]. Finally, the array de-
formation and strain information measurement system was
built, and the efectiveness of the strain electromagnetic
coupling model and the compensation method was verifed
by experiments.

4.1. Compensation under the Infuence of Radome. To reduce
the infuence of high-temperature ablation on the radiation
performance of missile-borne APAA, Wang et al. took
a hypersonic missile-borne APAA as the research object
[16]. Te radome heat fux under the infuence of high-
temperature ablation was obtained by aerodynamic thermal
analysis, and the real-time temperature distribution and
ablation morphology of radome were obtained by transient
thermal analysis and adopting the “life and death unit”
method. Meanwhile, the electrical properties of missile-
borne APAA were analysed and compensated at multiple
frequency points and scanning angles. Te results show that
high-temperature ablation at diferent scanning angles and
frequencies will seriously reduce the electrical performance
of missile-borne APAA, especially when the thickness of the
cover in the scanning direction changes. When the working
frequency of the antenna increases, the impact of high-
temperature ablation on missile-borne APAA becomes
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more serious. In addition, by adjusting the amplitude and
phase of the excitation current of the antenna array element
and compensating for the radiation performance of the
antenna under high-temperature ablation, the main elec-
trical parameters of the antenna such as gain, beam pointing
accuracy, and SLL can be fully compensated, which efec-
tively ensures the reliable working performance of the
missile-borne APAA during fight. Two calculation methods
of excitation amplitude and phase compensation are given
below to achieve reliable radiation performance of missile-
borne APAA at a single frequency point, single scanning
angle, diferent scanning angles, and diferent frequency
points.

(1) Amplitude and phase compensation based on the
variation of radiation performance of a single array
element of radome antenna: According to the SET
model of the missile-borne antenna, the amplitude
change rate and phase change amount of the elec-
trical performance of the missile-borne antenna
under the infuence of high-temperature ablation can
be obtained. By adjusting the amplitude and phase of
the excitation current of the antenna array element,
the amplitude change rate and phase change amount
of the missile-borne antenna can be compensated
for, so that the electrical performance of the com-
pensated system is close to the ideal one.

(2) Amplitude and phase compensation based on the
least square error of overall electrical performance of
radome antenna: To compensate for the electrical
performance of a missile-borne antenna in a certain
scanning range or frequency band, a compensation
method based on the least square error of the overall
electrical performance of the radome antenna was
proposed. Specifcally, to reduce the infuence of
high-temperature ablation on the electrical perfor-
mance of missile-borne APAA in a certain scanning
range or scanning frequency band, the square error
between the electrical performance of compensated
APAA and the ideal electrical performance must be
minimized.

4.2. Software Tool for Performance Compensation of APAA.
Te electronic devices in APAA have a high distribution
density, and the complex mechanical structure of the an-
tenna will produce structural deformation due to self-
weight, vibration, and complex working environment.
Tis results in problems such as antenna gain reduction,
sidelobe increase, or beam pointing deviation.Terefore, it is
necessary to determine whether the electrical performance
of the antenna meets the design requirement in real time.

When traditional methods are adopted to evaluate the
infuence of structural errors on the electrical performance
of the APAA, the simulation calculation of the APAAmodel
must be carried out frst. Te existing general commercial
electromagnetic simulation and analysis software (HFSS
[184], CST [185], and ADS [186]) has a huge workload in the
early modelling process and needs to apply complex loads

and constraints and set boundary conditions. Also, the
solution process consumes a long time, which cannot meet
the demand of rapid prediction of antenna electrical per-
formance [187–189]. Since the electrical performance of
APAA will deteriorate under the infuence of service en-
vironment load, it is necessary to adopt appropriate elec-
trical compensation methods to improve the electrical
performance of the antenna by compensating the amplitude
and phase of the excitation current of the antenna element.
So far, there is no mature commercial software to com-
pensate for the electrical performance of the antenna under
structural errors to ofset the efects of antenna gain decline,
sidelobe rise, and pointing defection.

Te research team of Xidian University designed and
developed the electrical performance and compensation
calculation software for deformed APAA, including the
electrical performance calculation software, the compensa-
tion calculation software, and the compensation calculation
considering quantization errors. Meanwhile, the team de-
veloped the integrated design software of the electrothermal
machine for APAR, which can carry out mechanical and
thermal simulation analysis of antenna structure and can
quickly calculate and display the results. Software operation
can reduce the workload of antenna designers, signifcantly
improve their work efciency, and provide a reference for
scientifc research and engineering applications
[80, 174, 190]. Here are some key common technologies of
software development:

(1) Numerical calculation software interface technology:
the task of quickly calculating the electrical perfor-
mance of APAA can be realized by using the engine
function of the MATLAB engine to realize mixed
programming of C++ Builder and MATLAB.

(2) CAX software interface technology: ① In the pa-
rameterization process of the APAA model, Pro/E
secondary development technology needs to be used,
and the basic seamless connection with Pro/E can be
realized through the Pro/Toolkit development tool.
② As for mechanical simulation, ANSYS has
powerful functions, a high utilization rate, and good
openness. ANSYS is usually selected as the me-
chanical simulation analysis software in the me-
chanical analysis of antenna structure. Trough the
ANSYS batch fle, the ANSYS software can auto-
matically execute the APDL fle, automatically an-
alyse the antenna model, and display and extract the
calculation results. ③ For thermal analysis, the
software uses Flotherm to carry out a thermal
simulation on the model, writes XML fle in VBA
language, starts Flotherm batch fle, automatically
opens Flotherm software, and uses Flotherm to call
XML fle to complete thermal analysis.

(3) Data processing technology: In the software devel-
opment stage, database operations are involved. It is
necessary to connect the software with the database
and add, modify, or delete the data information in
the database. C++ builder provides BDE (Borland
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Database Engine), ADO (ActiveX Data Objects), and
other database connection technologies. To operate
the database more efciently, ADO technology is
selected as the connection mode between software
and database.

4.3. Future Technology Trends. Terahertz APAA can detect
smaller targets and achieve more accurate positioning than
microwave antennas, and it has higher resolution and
stronger anti-interference ability. It is an important devel-
opment direction of high-precision detection and imaging in
the future. Meanwhile, terahertz APAA has excellent ability
to penetrate sandstorms and fog, and it can realize all-time
and all-weather battlefeld situation awareness. It has broad
application prospects in military reconnaissance, military
mapping, and space situation awareness [191, 192]. In recent
years, the new generation of aircraft has put forward higher
requirements for antenna intelligence and structure and
function integration in airborne equipment. Tus, it is ur-
gent to develop an antenna with high integration and ex-
cellent mechanical and magnetic performance. Currently,
a skin antenna with conformal and load-carrying capability
is mainly used. Compared with the traditional airborne
antenna, the smart skin antenna technology reduces the
weight and volume of the antenna and improves the
aerodynamic performance, stealth performance, electronic
countermeasure performance, and structure utilization ratio
of the aircraft [193–195]. With the improvement of process
level, the shape of millimeter-wave phased array antenna
over 30GHz will change a lot. Tat is, by using advanced
heterogeneous packaging technology and microsystem in-
tegration technology, phased array antenna and even rear-
end radio frequency and digital processing will appear as
a complete SiP and SoC and may be reintegrated with other
types of sensors such as sound, light, and magnetism sensors
[196–198]. To meet the requirements of high frequency
band, high integration, and high conformal load bearing of
APAA in the future, the SET coupling technology will de-
velop in the following aspects:

(1) Compensation for the electrical performance of
APAA afected by uncertain parameters: APAA has
a complex structure, harsh service environment, and
time-varying characteristics. Tere are many un-
certainties in the service environment, material
mechanical properties, structural geometry, load
bearing, etc. Moreover, important electronic com-
ponents such as phase shifter and attenuator may
cause performance degradation or failure due to the
external load, and the uncertainty of electric com-
pensation needs to be considered.

(2) Circuit model establishment and transmission
performance prediction in the high-frequency do-
main: As microwave products develop towards
broadband, miniaturization, and lightweight, the
coupling efect of diferent transmission line con-
version and interconnection processes on trans-
mission performance becomes increasingly obvious
in the high-frequency band. Te electric length of

the transmission line is close to the wavelength, and
the parasitic efect of the shape of the in-
terconnection point will seriously change the am-
plitude and phase of the signal, producing
microwave efects of electromagnetic felds such as
time delay, amplitude attenuation, signal refection,
and crosstalk when the signal is transmitted on the
interconnection line. At present, the circuit
equivalent model based on resistance, capacitance,
and inductance sufers from some problems, such as
inaccuracy. However, analysis based on fnite ele-
ment software is often time-consuming, and its
performance analysis results are greatly afected by
the accuracy of the model. Circuit analysis in the
high-frequency feld has always been a difcult
problem in electronic manufacturing. Using the
SET coupling model, the mapping relationship
between the circuit structure and its electrical
performance can be established, and the perfor-
mance prediction accuracy and efciency of the
circuit model can be improved.

(3) Guarantee andmaintenance of APAA throughout its
life cycle: APAA has a complex structure, long
service period, and bad working environment. It is
crucial to realize failure prediction, fault diagnosis,
and maintenance of complex electromechanical
equipment and ensure efcient, reliable, and safe
service of APAA. Based on the digital twin tech-
nology, the geometric model, fnite element model,
material property, acquisition data of various sen-
sors, and production/inspection/maintenance data
of APAA can be used to establish the digital twin
model of APAA. Tis can comprehensively integrate
the status monitoring, fault prediction, and main-
tenance decision of the phased array to improve the
service life and reliability of the antenna. Based on
the SET coupling theory, the model modifcation
technology of electrical preparation, the sensor
layout algorithm oriented to state detection and real-
time regulation, and the control method of antenna
performance are developed to improve the accuracy
of the digital twin model and ensure the reliable
service of APAA.

(4) Te SET coupling model can also be developed and
applied to other felds in the future, e.g., wind speed
prediction. Wind load, as a common load, greatly
afects large electronic equipment, such as large
refector antenna and large ground-based radar.
Terefore, problems caused by wind must be solved.
Meanwhile, as the integration of electronic equip-
ment is becoming higher and higher, it brings sig-
nifcant challenges to heat dissipation performance.
Based on the SET coupling model, the optimal heat
dissipation scheme can be obtained by combining
the structural characteristics of electronic equipment
with its working performance, which will have
a great application prospect in cost-saving and ca-
pacity improvement. In another feld, new
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composites are widely used in aerospace because of
their excellent mechanical properties, but their
materials and fabrication processes are complicated.
Based on the idea of SET coupling, the mapping
relationship between monitoring data such as ma-
terial stress and strain, equipment performance, and
structural fatigue can be directly established to
discover hidden characteristics of new materials.

5. Conclusion

APAA is an important electronic equipment to protect
homeland security and plays an important role in achieving
precise strike in military feld. Tis paper summarizes the
development trend of APAA on diferent platforms of land,
sea, air, and space and lists the structural characteristics and
performance parameters of APAAs. Te harsh environ-
ment loads faced by various radars in modern fve-
dimensional battlefeld environment and the efects of
loads on APAA detection performance are analysed. Te
SET coupling theory of APAA is summarized, and the in-
depth study is carried out from three aspects: array antenna
structure error, high-temperature ablation of radome, and
element feed error infuence. Te application of SET
coupling model in antenna array design and manufacturing
is summarized, and the correlation between antenna
electromagnetic performance and antenna structure dis-
placement feld and temperature feld is summarized,
which provides theoretical basis for antenna designers and
engineers. In order to ensure the reliable service of APAA
under service load, the APAA in service is monitored and
regulated in real time from three aspects: antenna array
strain sensor layout, high-precision reconstruction of an-
tenna array deformation, and compensation of antenna
electrical performance. Te main work is shown in Table 7.
Finally, the future development trend of SET coupling
technology is prospected.
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