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Abstract: The electromagnetic performance of an active phased array antenna (APAA) is obviously degraded
because of structural distortion caused by thermal power consumption and exterior load. The coupled
structural–electromagnetic–thermal (SET) model of APAA is developed on the analysis of the phase difference
of radiating elements in the aperture field caused by structural displacement including load–displacement and
thermal distortion of structure. Based on the cascade coupled finite element analysis of antenna structure,
thermal distortion and other structural distortions are obtained. The coupled SET model is verified by
analysing the degradation of the electromagnetic performances of a planar hexagonal APAA operating under
different temperature distributions and structural constraints.

1 Introduction
Phased array technology is a developing one, which widely
affects radar than most other technologies such as single-
impulse technology and impulse Doppler technology. Active
phased array antenna (APAA) technology can satisfy the
requirement for high performance and high survival ability,
and is also a way of decreasing the cost of radar, whose
electromagnetic (EM) performance and process period have
a direct influence on the performance and cost of radar
[1–5]. Generally, APAA contains two parts: one is the
radiation part including the antenna array and reflector; the
other is the feed part involving the transmit/receive module
(TRM), the beam control module, power and RF rotary
joint etc. The supporting body of the whole APAA consists
of outer and inner frames, which are subject to exterior loads
such as wind load, vibration load and so on. For example,
structural distortion is generated when APAA operates
under an airborne, missile-borne, vehicle-borne and space
borne environment. APAA structure is the carrier and
boundary condition of electromagnetic signal transmission,
with its displacement field directly influencing the amplitude
and phase distribution of the EM field. Subsequently, the
antenna’s shape and size, and the flatness of the array plane

have a direct influence on the EM performances of APAA
such as sidelobe level (SLL), beam pointing and gain [6–8].
The exothermic modular of APAA mainly covers thousands
of TRMs assembled in the antenna array and the high-
density packaging power with a thermal value at the kW
level, which result in antenna structural distortion and a
temperature shift in the devices [9]. Consequently, the heat-
induced structural distortion and TRM’s performance
degradation should also be taken into account. That is to
say, the temperature field of the array plane also plays an
important role in the distribution of the structural
displacement field. Therefore there does exist a close
interactive relationship among the structural, EM and
thermal designs, a problem called a coupled structural–
electromagnetic–thermal (SET) problem.

Because the performance of a phased array radar system is
directly influenced by the degradation of EM performances
of APAA, some researchers explored the different
influencing factors of antenna EM performances. Wang
[10] investigated the influence of the random error of a
radiating element on the performance of a phased array
antenna based on the probability method. But this assumed
that structural error met a pregiven distribution and did
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not analyse the practical structural error through the finite
element analysis of antenna structure. Zaghloul et al. [11]
discussed the influence of array distortion errors on EM
performances. However, this only regarded the root-mean-
square (RMS) value of the flatness of an array plane as the
evaluation standard and did not consider the different
effects of each radiating element with different errors on
the antenna performance. Li and Gao [12] analysed
radiating element failure using the statistical approach.
Jiang et al. [13] stated the influence of RMS error of the
element phase on antenna performance. Ruze [14] showed
the result generated by the lateral and longitudinal
displacements of space feed. Mollah [15] exhibited the
influence of the variation of the filling factor of the EM
bandgap on the phase properties of array antenna. Li and
Gao [12], Jiang et al. [13], Ruze [14] and Mollah [15]
explored the influencing factors of the far radiation field of
APAA, but did not examine the effect of structural
distortion such as radiating element displacement. Adelman
and Padula [16] implemented an integrated thermal–
structural–electromagnetic optimisation design by a cascade
coupled method. Liu and Hollaway [17] realised a coupled
structural–electromagnetic design of reflector antenna by a
multidisciplinary model with two optimisation objects.
However, Adelman and Padula [16] and Liu and Hollaway
[17] did not analyse whether the quantitative relationship
exists between structural parameters and EM performances.
Joshi et al. [18] showed how to analyse a coupled
RF–thermal–structural–RF. But only application in the
high-intensity proton linac was studied. Ye [19] set a
coupled three-dimensional (3-D) flow and thermal model
of APAA. Nakagawa et al. [20] developed a thermal design
scheme of APAA. Ye [19] and Nakagawa et al. [20] were
limited to research on cooling technology without
describing the influence of temperature of an array plane on
antenna EM performances.

An antenna is a mechatronic system whose structural
design should conform to the requirement for structural
intensity and stiffness and whose thermal design should
reduce the temperature effect. However, the most
important purpose of antenna design is that EM
performances should meet the limitation. Therefore it is a
beneficial way of achieving the optimal synthesis design of
APAA by studying the coupled SET problems and
investigating the relationship among structure factor,
temperature distribution and EM performance based on
the finite element analysis. Thus, the authors studied the
coupling relationship between the structural displacement
field and the EM field of reflector antennas, and presented
a coupled structural–electromagnetic model that directly
described antenna EM performance (the gain reduction
coefficient) as the function of structural design variables
[21]. But it is solely applicable to parabolic reflector
antennas. With radar antennas developing for high-
frequency band and high gain, low SLL and high
performance, and ultra-width band and high precision
[22–25], the coupled SET problems of APAA become

increasingly serious. Therefore based on the previous
studies of authors, the paper investigates the relationship
among structural displacement field, temperature field and
EM field, and discusses the coupled SET solution method
of APAA.

2 Coupled SET modelling of APAA
APAA errors mainly include feed errors and structural ones.
The changed position and height difference of radiating
elements with structural error both degrade the amplitude
and phase of excitation current and the phase distribution
of the aperture field of APAA. Structural errors also
generate feed error, for instance the change in feed
resistance and inconsistent polarisation direction. The
structural displacement error of APAA mainly comes from
two aspects: one is the systemic structural distortion
resulting from environmental loads such as thermal power
consumption, solar radiation and vibration etc, and the
other is the random structural error generated in an
antenna’s manufacturing, processing and assembling. All
these errors degrade the EM performances of APAA, for
example SLL upgrade, inaccurate beam pointing and gain
loss.

2.1 Analysis of the structural
displacement field

The structural displacement field of APAA is defined as the
new space structural shape of an antenna, which is formed by
the deviation of structural nodes from the original position
when the antenna structure is distorted under exterior
loads. The structural displacement field varies with time
and space. And the deviation vector of a node is the very
displacement vector of the node in the displacement field.
The definition is given mainly from the perspective of
engineering application, which differs from the physical
concept of the EM field. That is to say, the antenna
structural displacement field has a boundary and without
what is called strong and weak physical fields. Also, the
structural displacement field consists only of different
displacement quantities of structural nodes. The structural
displacement field does not distribute in any space region,
but only in its defined region that is the antenna structure
system. The structural displacement field, unlike the EM
field and the temperature field, has no direct force on the
objects in the field, but as a representation of energy it
transmits the action of one object to the other object by the
stress field.

The distribution of the structural displacement field of
APAA is determined by the equation

Kd ¼ F (1)

where K is the stiffness matrix with the displacement vector
d(b1, b2, . . . , bR) of structure, which is a function of
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structural design variables bi (i ¼ 1, 2, . . . , R). The structural
design variables include variables of size, shape, topology and
type. F is the vector of the node loads comprising weight,
static wind load and thermal load.

When APAA operates under dynamic loads, the new
analysis equation of the structural displacement field of
APAA is given as

M €dþ C _dþ Kd ¼ F (2)

where M is the mass matrix of structure, C is the damping
matrix, F is the dynamic load vector including transient
wind load, vibration and impact force and €d and _d are the
acceleration and speed vector of nodes, respectively.

2.2 Analysis of the temperature field

Because of the heat produced by TRMs, the heat flux density
of the array plane can amount to 2–30 W/cm2. Structural
temperature and structural distortion are increased by the
highly concentrated radiating elements. The aim of thermal
design and analysis of APAA is to reduce structural
temperature, thus making the devices operate under a
suitable temperature range and all TRMs possibly work
under the same temperature. Owing to the requirement of
a phase shifter for temperature, the highest and lowest
temperatures of an array plane should differ by less than
108C, or else the performance of the phase shifter would
be degraded dramatically.

To analyse the relationship between temperature field and
structural displacement field of APAA, firstly an accurate
thermal model of APAA should be set up with the
temperature analysis to determine the temperature
distribution. Secondly, the obtained structural temperature
is taken as the temperature load of the model of APAA.
Then the coupled thermal–structural analysis of APAA is
made to determine the thermal distortion of APAA
structure by using the available thermal strain of structure.
Therefore the fluid characteristic of the convective heat
transfer is described generally on the basis of computational
fluid dynamics (CFD). The calculation method for the
temperature field produced by air or liquid flow and heat is
adopted to analyse the structural temperature of APAA
simultaneously.

2.3 Coupled SET model of APAA

According to the influencing relationship between the
position deviation of radiating elements caused by the
structural distortion and EM performance of planar
hexagonal APAA and rectangular APAA explored in
Appendices 8 and 9, a coupled SET model of APAA is
developed based on the finite element analysis of structure

as follows

E(u, f) ¼
XM�1

m¼0

XN�1

n¼0

E0mn(u, f)I 0mn

� exp jk mdx þ
Xm

i¼0

Dxij(d, T )

 !
fx(u, f)

"(

þ ndy þ
Xn

j¼0

Dyij(d, T )

 !
fy(u, f)

þDzij(d, T )fz(u)

#
þ jSmn(T )

)
(3)

where E(u, f) is the pattern function, T is the
structure temperature, d(b1, b2, . . . , bR) is the structural
displacement, bi (i ¼ 1, 2, . . . , R) are the structural design
variables, fx(u, f), fy(u, f) and fz uð Þ are a function of
element position and direction determined by the array
arrangement form like hexagonal APAA and rectangular
APAA, Dxij(d, T ), Dyij(d, T ) and Dzij(d, T ) are the
deviation values of the element position determined by T
and d, Smn(T ) is the array phase difference controlled by
the phase shifter affected by T, and dx and dy are the
intervals of radiating elements.

I 0mn is the amplitude of excitation current considering the
mutual coupling effects of an array element expressed as

I 0mn ¼ Imn þ
XM�1

p¼0

XN�1

q¼0

Smn,pqIpq (4)

where Smn,pq is the scattering coefficient of an array element.

E0mn(u, f) is the pattern function of radiating elements in
an antenna array given as

E0mn(u,f)¼Ee(u,f)
XM�1

p¼0

XN�1

q¼0

S0mn, pq exp{ jk[(p�m)dx fx(u,f)

þ (q�n)dy fy(u,f)]} (5)

where Ee(u, f) is the ideal pattern function of the radiating
element. The scattering coefficient S0mn,pq is obtained as

S0mn,pq ¼
1þ Smn,pq, p ¼ m, q ¼ n
Smn,pq, p = m and/or q = n

�

The coupled SET model of APAA indicates that SLL
degrades with antenna structural distortion, and is
independent of the amplitude of element excitation. In
developing the coupled SET model, it is found that the
phase difference may be compensated by the available
structural distortion (the position deviation of the radiating
element) to improve EM performances. Moreover, the
deduction of the coupled model is applicable to other
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APAA systems with different arrangements such as
octagonal and circular APAA. Then according to the
coupled SET model of APAA, the distribution function of
directive gain is obtained as

G(u0, f0) ¼ 10 log
4pE2(u0, f0)Ð 2p

0

Ð p
0 E2(u, f) sin u du df

(6)

where (u0, f0) are the elevation and azimuth for APAA gain
pattern.

Supposing E0(u, f) ¼ E(u, f)=Emax, the gain G in the
maximum radiation direction is derived as

G ¼ 10 log
4pÐ 2p

0

Ð p
0 [E0(u, f)]2 sin u du df

(7)

3 Solution to the coupled SET
model of APAA
Based on the characteristic of the coupled SET model, the
cascade coupled algorithm is adopted to solve and analyse
the coupled SET model. Meanwhile, finite element
analysis is used to accurately calculate the temperature and
structural displacement of APAA. Here the structural
displacement includes the load–displacement and thermal
distortion of structure. The flow chart of the solution to
the coupled SET model is shown in Fig. 1.

The basic coupling solution seen from Fig. 1 is (i) to derive
the temperature and thermal strain of structure induced by
the thermal power consumption of APAA based on
thermal analysis, (ii) to obtain the structural displacement
caused by thermal load and exterior load based on finite
element analysis, (iii) to determine the array distortion of
APAA, (iv) to investigate the influence of the temperature
of TRM on the amplitude and phase of excitation current,
(v) to analyse the radiation electrical field of radiating
elements [26] and (vi) to calculate the EM performances of
APAA based on the coupled SET analysis.

3.1 Structural solution principle

The different solution methods of structure are used in the
different loads. For example, for static loads such as static
wind load, solar radiation and self weight, the appropriate
boundary condition should be given according to the
constraint characteristics of structure and environment.
Then the total stiffness matrix of APAA is obtained. The
solution to the structural displacement is obtained using
(1). Although the exterior load is dynamic load such as
dynamic wind load and vibration and impact force, the
equivalent power spectral function of dynamic load varying
with time should be determined. The dynamic response of
APAA structure is obtained using (2). The full constraint
of structure should be made to avoid an incorrect analytical
result.

3.2 Thermal solution principle

The accurate thermal model of APAA should be set up
before thermal analysis to obtain structure temperature,
which involves material parameters of structure, cooling
manner, reference temperature of the environment, thermal
power of TRM, size and physical parameters of radiator,
shape and size of the wind tunnel and so on [27]. The
result of temperature analysis has a great difference because
of the different thermal parameters of APAA. Due to
several parts involved, for instance thousands of TRMs, the
symmetry of APAA structure may as well be adopted to
simplify the thermal model, reduce the difficulty of
modelling and increase the efficiency of modelling.

It is assumed that the influence of thermal distortion of
structure on thermal parameters is not considered. Then,
the thermal strain of structure caused by the structure

Figure 1 Flow chart of solution to coupled SET model of
APAA
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temperature difference of APAA is shown as

1DT ¼ [(1x 1y 1z gyz gxz gxy)
T
i ]

¼ a(T � T 0)[1 1 1 0 0 0]T

¼ aDT [1 1 1 0 0 0]T (8)

Hence the temperature difference load intensity of APAA is
derived as

sDT ¼ D1DT ¼
EaDT

1� 2u
[1 1 1 0 0 0]T (9)

Therefore the solution equation of structure temperature
difference load of APAA is obtained as

FDT ¼

ð
v

BTsDT dv

� �
(10)

where T 0 is the initial reference temperature of APAA, T is
the calculating temperature, 1DT is the structure strain caused
by the temperature, DT is the temperature difference of
structure, a is the coefficient of thermal dilatation of
structure, E is the elastic modulus of structure, u is
Poisson’s ratio of structure, D is the 3-D elasticity matrix
of structure, B is the strain matrix of structure, sDT is the
temperature difference load intensity and FDT is the
equivalent load induced by the temperature difference.

3.3 EM solution principle

After the determination of structure displacement, the
position deviation of radiating elements is derived. Then to
obtain the pattern of radiating elements, the analysis of the
mutual coupling of radiating elements is made by using the
impedance method or some EM simulator such as IE3D,
AWR and HFSS [28]. Therefore the amplitude and phase
error of the aperture field of APAA caused by structural
distortion is obtained. After the implementation of thermal
analysis of APAA, the temperature of TRM is also found.
Then, the amplitude and phase error of the excitation
current is determined using the fitted temperature shift
curve of TRM, whereafter, the far electrical field distribution
is analysed that is also the radiation pattern. The scanning
pattern of APAA is also investigated simultaneously. By
using the antenna pattern, the EM performances of APAA
such as SLL, beam pointing and gain are determined based
on the coupled SET analysis results above.

4 Results and discussion
A coupled SET analysis of a planar hexagonal APAA seen in
Fig. 2 is done as follows. The mutual coupling between
radiating elements and the influence of temperature
distribution of structure on TRM and excitation current are
not considered here. The operation frequency is 26 GHz.
The radiating element is a half-wave dipole. The 14 wind
tunnels are set in the antenna frame with rectangular cross

section. The size of the wind tunnel is 622 � 160 � 30 mm.
The 182 TRMs are assembled in the array plane. The TRM
has a tiled multilayer structure. The arrangement of TRMs in
the half part below APAA is shown in Fig. 3. The thickness
and interval of the heatsinks are both 4 mm. The size of the
simplified TRM model is 130 � 22 � 20 mm. The
horizontal and vertical intervals of the radiating element are
22 and 30 mm, respectively. The radiating element is
simplified as a cylinder with a diameter of 5 mm in the
thermal model. By computer simulation technology (CST)
simulation, the lowest return loss (2S11) of radiating elements
is 22.4371 dB. Because only half of the array plane is
modelled, the symmetrical constraint is made on the upper
half part of the array plane. The three-degree-of-freedom
constraints of the four nodes in the back and 16 nodes at the
bottom of the antenna frame are made (as shown in Fig. 4a).

To ensure the conformability of the structural and thermal
model of APAA and the correct transmission of the thermal
load, the preprocess module GAMBIT in CFD software
Fluent is used to set up the thermal model. The
temperature field of APAA calculated in Fluent is exerted
on the structure model established in FE software ANSYS
as thermal load. The size of the mesh of the antenna frame

Figure 2 Planar hexagonal APAA structure frame

Figure 3 Arrangement diagram of TRM
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is 10 mm. The size of the mesh of TRM is 8 mm. The total
number of mesh elements of the fluid and solid model is
15 65 795. The components and heat conductivity of
APAA are listed in Table 1. The other physical parameters
are shown in Table 2. The heat conductivity between the
outer frame and the outer surface of the array plane is
7 W/m2K. The first-order upwind difference scheme is
used in the discrete representation of momentum and
energy equations. The format of the Spalart–Allamaras
model is adopted in the turbulence equation. The implicit
separation solution in a thermal solver and the SIMPLE
algorithm in a series of pressure correction algorithms are
used. The pressure and speed correction coefficients in the
SIMPLE algorithm are 0.3 and 0.7, respectively.

The first operation condition: APAA is heat soaked at 50
and 908C, respectively, with the original constraint shown in
Fig. 4a. The second operation condition: APAA operates at
two temperature gradients of 40–50 and 40–708C,
respectively, with the original constraint. The third
operation condition: APAA is heat soaked at 608C with
original and new constraints. The latter is with four nodes
in backup structure shown in Fig. 4b. The gain patterns of
APAA under three different operation conditions with
f ¼ 0 and 908 are shown in Figs. 5, 6 and 7, respectively.

The maximum gain and gain loss of APAA are listed in
Table 3.

The simulation results in the figures and Table 3 indicate
the following: (i) the directive gain loss is increased and SLL
rises with increase in the temperature of the heat-soaked array
plane. The higher the temperature of the array plane, the
more serious the degradation of the EM performances.
(ii) The directive gain loss of APAA at a temperature
gradient of 40–708C is greater than that at a temperature
gradient of 40–508C. The directive gain loss and the rise of
SLL are directly proportional to the temperature gradient.
That is to say, the greater the temperature gradient, the
more serious the degradation of the EM performances. (iii)
The directive gain loss of APAA with the new constraint is
less than one with the original constraint. With the new
constraint condition, the degradation of SLL is more
serious. Therefore the constraint format of structure has a
direct effect on EM performances.

What can be concluded by comparing the coupled SET
simulation results of APAA under three different conditions
are the following: the same temperature of APAA structure
has different influences on the antenna gain pattern of the
two azimuth planes. The same structural distortion has an

Table 1 Components and heat conductivity of APAA

Components Material Heat conductivity
W/(m K)

Components Material Heat conductivity
W/(m K)

antenna frame hard aluminium
alloy

202 fluid stable air 0.32

radiating
element

hard aluminium
alloy

202 chip COMP 20

TRM hard aluminium
alloy

202 delivery tube AL 214

substrate LTCC 1 insulating
layer

poor
conductor

/

Figure 4 Finite-element model and constraint of an antenna structure

a Original constraint
b New constraint
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Figure 5 Antenna gain pattern under first operation condition

a f ¼ 08
b f ¼ 908

Table 2 Physical parameters of APAA

Hard aluminium alloy Environmental
temperature

Absolute reference
temperature

Density Elastic
modulus

Coefficient of thermal
dilatation

Poisson’s
ratio

2.84E3 kg/m3 70 GPa 2.3E-5/8C 0.33 258C 08C

TRM

Input power Out power Insertion loss Bit VSWR Thermal power

40 W 400 W 2 dB 6 �1.5 6 W

Figure 6 Antenna gain pattern under second operation condition

a f ¼ 08
b f ¼ 908
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obvious influence on the antenna gain in the H-plane (f ¼ 08),
with the small influence on the SLL. Furthermore, the same
structural distortion has no obvious effect on the antenna gain
in the E-plane (f ¼ 908). But the influence on the beam
pointing and SLL is great. It is also found that the
degradation of EM performances becomes serious with the
increase in structure temperature and temperature gradient.
The reason is that the position deviation values of radiating
elements determine the degradation of EM performances. A
comparison of the simulation results of the three operation
conditions indicate that the different distortions of the array
plane are induced by the different constraint forms. The
influence of the different constraint conditions on EM
performances is different. The better constraint condition
should be adopted to improve the EM performances.

5 Conclusions
A coupled SET model of APAA is developed with the obtained
satisfying simulation results: the influence of different
temperatures and different structural distortions (structure

constraint condition) on the antenna EM performances is
different. The position deviation of radiating elements plays a
direct role in the degradation of EM performances. By
increasing the structure stiffness, reducing the array
temperature and temperature gradient and adopting the
appropriate constraint format, the EM performances can be
greatly improved. The engineering application of the coupled
SET model of APAA may decrease the requirement for the
precision of structure and lessen the manufacturing difficulty
under the precondition that the EM performances of radar
antenna are assured. Its application also offers electrical
designers the theoretical guidance to design the structural
precision index and temperature distribution of APAA.
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Figure 7 Antenna gain pattern under third operation condition

a f ¼ 08
b f ¼ 908

Table 3 Antenna gain and gain loss under different operation conditions

Operation condition Gain (dB) Gain loss (dB)

ideal condition 24.8219 0

first operation condition heat soak 508C 24.7301 20.0918

heat soak 908C 24.6915 20.1304

second operation condition temperature gradient 40–508C 24.7447 20.0772

temperature gradient 40–708C 24.7174 20.1045

third operation condition original constraint 608C 24.7297 20.0922

new constraint 608C 24.7207 20.1012
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8 Appendix A: EM analysis of
planar hexagonal APAA
It is supposed that a planar hexagonal APAA locates in the
O–xy plane, the interval of the array element is dx, the
interval of the row element is dy, the base angle of the array
is b and the coordinate system is shown in Fig. 8. The
distance vector of the element (m, n) to element (0, 0)
located in the origin O of the coordinate system is given as

~rmn ¼ m~a1 þ n~a2 (m ¼ 0, 1, 2, . . . , n ¼ 0, +1, +2, . . . )

(11)

where ~a1 and ~a2 are the unit vectors of the base and
hypotenuse of a basic triangle, respectively.

(u, f) is set as the direction of the target relative to the
coordinate system O–xyz, whose direction cosine is (cos
ax, cos ay, cos az). According to the space geometry
relation illustrated in Fig. 9, the relationship between the
angle of the far-field target to the coordinate axial and the
direction cosine is given as

cosax ¼ sin u cosf, cosay ¼ sin u sinf, cosaz ¼ cos u

(12)

When the structural distortion of APAA is determined, the
displacement of element (i, j) is taken as (Dxij , Dyij , Dzij).
Then what follows is the space phase difference of two

adjacent elements in ~a1, ~a2 and z-axis directions, respectively

Dw1 ¼ k(dx þ Dxij) cosax, Dw2

¼ k (dy þ Dyij)
cosb

sinb
cosfþ (dy þ Dyij) sinf

� �

� sin u, Dwz ¼ kDzij cosaz (13)

where k ¼ 2p/l and l is the operation wavelength.

As a result, the phase difference of element (m, n)
(0 � m �M 2 1, 0 � n � N 2 1) in regard to element (0,
0) is obtained

Dwmn ¼
Xm

i¼1

Dw1 þ
Xn

j¼1

Dw2 þ Dwz þ Smn

¼ k mdx þ
Xm

i¼0

Dxij

 !
cosax þ k ndy þ

Xm

i¼0

Dyij

 !

�
cosb

sinb
cosf sin uþ k ndy þ

Xm

i¼0

Dyij

 !

� sinf sin uþ kDzij cosaz þ Smn

(14)

According to the superposition principle of the EM field, the
radiation field of APAA is expressed as

E ¼ E00 þ E01 þ � � � þ Emn þ � � � þ EM�1,N�1

¼ E00(1þ ejw01 þ � � � þ ejwmn þ � � � þ ejwM�1,N�1 ) (15)

If the mutual coupling of the radiating element is not
considered, the principle of the pattern multiplication is
given based on (15) as follows

Pattern function of array antenna

¼ Pattern of element

� Function of array factor with different arrangements

Figure 9 Space geometrical relationship of far-field target

Figure 8 Element configuration of planar hexagonal APAA
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The mathematical expression of the above principle is also

E ¼ Ee

XM�1

m¼0

XN�1

n¼0

Imn exp (jwmn) (16)

where Ee is the pattern function of the radiating element and
Imn is the amplitude of excitation current.

According to (12), the substitution of (16) and (14) into
(15) yields the pattern function of the planar hexagonal
APAA as

E(u, f) ¼
XM�1

m¼0

XN�1

n¼0

EeImn exp jk mdx þ
Xm

i¼0

Dxij

 !"(

� sin u cosfþ ndy þ
Xm

i¼0

Dyij

 !
cosb

sinb
sin u cosf

þ ndy þ
Xm

i¼0

Dyij

 !
sin u sinf

þ Dzij cos u

#
þ jSmn

)
(17)

9 Appendix B: EM analysis of
planar rectangular APAA
It is assumed that the radiating elements of a planar rectangular
APAA are assembled with an equal interval in between, which
is shown in Fig. 10. The number of radiating elements is
M � N in the O–xy plane. The intervals of the radiating
elements in the azimuth and elevation directions are dx and
dy, respectively. The design coordinate of element (i, j) is
(idx, jdy, 0). When the structural distortion of APAA is
determined, the displacement of element (i, j) is taken as
(Dxij , Dyij , Dzij). Then the coordinate of the distorted
radiating element is given as

(idx þ Dxij , jdy þ Dyij , Dzij)

The space phase difference of two adjacent elements of the
planar rectangular APAA in the x-, y- and z-axis directions

in the far-field target is determined, respectively, as follows

Dwx ¼ k(dx þ Dxij) cosax, Dwy

¼ k(dy þ Dyij) cosay, Dwz

¼ kDzij cosaz (18)

Therefore the phase difference of element (m, n) in regard to
element (0, 0) is obtained

Dwmn ¼
Xm

i¼1

Dwx þ
Xn

j¼1

Dwy þ Dwz þ Smn

¼ kmdx cosax þ k
Xm

i¼0

Dxij cosax þ kndy cosay

þ k
Xn

j¼0

Dyij cosay þ kDzij cosaz þ Smn (19)

Similarly, the pattern function of the planar rectangular APAA
is derived as follows

E(u,f)¼
XM�1

m¼0

XN�1

n¼0

EeImn exp jk mdxþ
Xm

i¼0

Dxij

 !
sinucosf

"(

þ ndyþ
Xn

j¼0

Dyij

 !
sin u sinfþDzij cosu

#
þ jSmn

)

(20)

Figure 10 Element configuration of planar rectangular
APAA
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