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Abstract: With the constant increase in communication requirements in modern society, the number
and type of antennas on communication platforms have been increasing at an accelerating rate. This
has led to a continuous increase in platform volume and weight, and the electromagnetic environ-
ment of antenna operating has increasingly worsened, seriously restricting the further development
of communication systems. As a new communication system antenna type, a reconfigurable mi-
crostrip antenna can reconstruct operating frequencies, beam directions, etc., by changing the antenna
structure to provide the good multifunction characteristics of a single antenna, avoiding the electro-
magnetic compatibility issues caused by numerous system antennas. At present, most of the research
on reconfigurable antennas judges the influence of structural characteristics on electromagnetic
characteristics by simulation, which has imposed restrictions on their development and application.
Therefore, a reconfigurable antenna with a resonant frequency of 8.66 GHz and 15.26 GHz and a
reconfigurable antenna with maximum radiation directions of 36.2° and —36.5° are designed in
this paper, and the electromechanical coupling theory of the reconfigurable antennas is studied.
The resonance frequency coupling model and the pattern function coupling model considering the
structural deformation of a reconfigurable microstrip antenna are established. Within the applicable
range of antenna structural parameters, the relative error between the resonance frequency coupling
model and the pattern function coupling model is less than 5%, which meets practical engineering
application requirements. Finally, the method is shown by experimentation to verify the accuracy
and validity of the proposed electromechanical coupling model.

Keywords: reconfigurable microstrip antenna; resonance frequency coupling model; pattern function
coupling model

1. Introduction

With the development of 5G and 6G wireless communication systems, the number
and type of antennas on communication platforms are increasing, and frequency spectrum
resources are increasingly being used, which makes platform structures more complex
and massive. The electromagnetic compatibility between antennas becomes increasingly
prominent, which seriously restricts the further upgrading of communication systems. The
concept of a “reconfigurable antenna” has emerged and developed rapidly. Reconfigurable
microstrip antennas are widely used in wireless communication due to their broadband,
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multifunction, lightweight, and low electromagnetic interference capabilities. As a new
type of antenna, a reconfigurable microstrip antenna can not only dynamically change the
antenna structure, change the antenna operating frequency, and significantly increase the
antenna operating bandwidth but also enable the antenna to quickly and dynamically adapt
to the performance requirements under different conditions so that the designed microstrip
antenna can provide the multifunctionality of a single antenna; thus, the number, volume,
and weight of antennas are greatly reduced and effectively expand antenna bandwidth,
and the electromagnetic compatibility problem caused by a large number of antennas in a
system is avoided [1-4].

Compared with traditional antenna structures, the electrical performance of a reconfig-
urable antenna is more dependent on its complex mechanical structure. A reconfigurable
antenna structure contains switching devices and corresponding control circuits, and the
structural characteristics of many structural combinations directly determine the antenna’s
electromagnetic performance [5,6]. The structural characteristics of a reconfigurable an-
tenna can include many parameters, such as the shape, size, position, and working state
of each component in the antenna structure. Any change in the structural parameters
can affect the performance of the reconfigurable antenna from the desired design value.
Therefore, a high-performance broadband multifunctional reconfigurable antenna can only
be designed from the point of view of electromechanical coupling [7,8] and interdisciplinar-
ity. However, at present, the design of reconfigurable antennas depends on engineering
experience, and their performance characteristics are changed by adjusting current distri-
butions on antenna elements or arrays by means of mechanical adjustability [9,10], PIN
diodes [11-13], photoelectric switches [14,15], and MEMS switches [16-18]. The influence
of structural characteristics on electromagnetic characteristics is only judged by simulation
because of the lack of systematic research theory. Therefore, it is necessary to study the
electromechanical coupling theory of reconfigurable antennas.

Similar to traditional antennas, the theory of electromechanical coupling of reconfig-
urable microstrip antennas mainly refers to the coupling relationship between the recon-
figurable antenna structure field and electromagnetic field, which requires establishing a
mathematical model (also called the electromechanical coupling model) between reconfig-
urable antenna structural parameters and electrical performance, studying the influence
rule of structural parameters on electrical performance, and analyzing the disturbance
mechanism of reconfigurable antenna electrical performance in a complex environment.
At present, the research on electromechanical coupling theory is quite mature, and many
scholars at home and abroad have conducted numerous studies. HSC Wang [19] assumed
two possible deformations of a phased array antenna: bending and bowl deformations.
Based on this, the influence of antenna structural deformation on electric performance
was analyzed. Considering random errors during antenna installation, the electrome-
chanical coupling theory of phased array antennas was studied by combining the errors.
Zulich P [20] analyzed the influence of antenna array deformation on antenna gain and
ground moving target indication for low orbit L-band spaceborne microstrip array antennas.
Geng ] P studied the relationship between the bending angle and the electrical performance
of a microstrip antenna with a special structure when the antenna is bent. It was found that
the antenna can still operate normally when the bending angle of the antenna is within a
certain range. Bae-lan Wu [21] studied the change in electrical performance of a microstrip
array antenna under the condition of array deformation and found that the irregular defor-
mation of the array antenna has a great influence on the electrical performance of the array
antenna, but when the phase of the exciting current of each element patch is adjusted to a
certain extent, the electrical performance of the antenna tends to improve. From the point of
view of mechatronics coupling, scholars have extensively researched the influences of array
antenna structural deformations, random errors, service environments and other factors on
electrical performance and achieved certain theoretical results [22-29]. Mao | [25] analyzed
the coupling mechanism between the serving environment and electrical performance
of microstrip array antennas and studied the change in electrical performance when the
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antenna element undergoes different degrees of bending deformation, based on which
they proposed a coupling model of bending deformation—gain loss for array antennas,
realizing the electromechanical co-optimization of satellite-borne microstrip array anten-
nas in thermal environments. Han [26] analyzed the electromechanical coupling model
of a microstrip antenna considering bending deformation and the influence of thermal
deformation of the structure on the electrical performance of a satellite-borne microstrip
antenna array; an electromechanical coupling model of a microstrip antenna element based
on its structural deformation was established, and the change in electrical performance of a
microstrip antenna element under a severe service environment was analyzed based on the
electromechanical coupling model.

The above research on electromechanical coupling theory was mainly focused on
phased array antennas and traditional microstrip array antennas. Reconfigurable antennas,
as a new type of antenna, are mostly focused on structural design. Software simulation
or numerical analysis methods are used to analyze their electrical performance. However,
few people have studied the coupling relationship and influence mechanism between the
structural parameters and electrical performance of reconfigurable antennas. To better
study the design method of pattern reconfigurable antennas, Guo [30] proposed a method
for calculating the radiation pattern of reconfigurable antennas based on the vector super-
position of the space electric field, clarified the coupling model for calculating the electric
performance of antennas, and simply verified it with MATLAB software. However, the
coupling relationship between reconfigurable antenna structure and electrical performance
has not been extensively studied, and the influence of structural parameters on antenna
electrical performance has not been analyzed. Yang [31] proposed a compact-coupled array
antenna based on reconfigurable technology, combined a phased array antenna with a
reconfigurable principle, designed an antenna unit and feed structure, and carried out
physical tests and verification. However, this paper only designed a reconfigurable antenna
unit based on the principle of array coupling and formed an array. The coupling relation-
ship between the reconfigurable antenna structure and electromagnetic characteristics was
not qualitatively analyzed.

In this paper, a frequency reconfigurable microstrip antenna and a pattern reconfig-
urable pattern microstrip antenna are designed. Based on the reconfigurable principle
and the analysis theory of rectangular microstrip antennas, a fast prediction method for
the resonant frequency of reconfigurable antennas based on transmission line model the-
ory and equivalent current paths and a radiation pattern calculation method based on
cavity model theory and mutual coupling effects are proposed, and a 3 x 3 reconfig-
urable antenna electromechanical coupling model is established. Including the antenna
structure-resonant frequency coupling model and structure-radiation pattern coupling
model, the frequency characteristics and radiation performance of reconfigurable antennas
under different switching combinations can be quickly predicted, and the influence of
antenna structure parameters on the performance in a certain range can be analyzed. The
results show that within the applicable range, the relative errors of calculation and simu-
lation are less than 5%, which can quickly assess the changes in antenna electrical perfor-
mance under different environmental loads and further guide the design of reconfigurable
antenna structures.

2. Establishment of an Electromechanical Coupling Model for a Frequency and Pattern
Reconfigurable Microstrip Antenna

A reconfigurable microstrip antenna structure is proposed in this paper, as shown
in Figure 1. The reconfigurable microstrip antenna has 17 switches, 217 switch states.
The structural parameters of each part of the antenna are shown in Table 1. Based on
this structure, a frequency reconfigurable antenna and a pattern reconfigurable antenna
are designed using an adaptive immune annealing algorithm [32], and the structure and
electrical performance are shown in Figures 2 and 3. When the antenna is in mode 1
and mode 2, frequency reconfiguration can be realized. When the antenna is in mode 3
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and mode 4, pattern reconfiguration can be realized. Table 2 summarizes the electrical
performance of the antenna in mode 1-4. The patch element uses copper material, and
the dielectric substrate is made of Rogers RT/Duroid 5880. The relative permittivity is 2.2,
the dielectric loss is low, and its electrical performance changes very little with frequency.
The bottom surface of the microstrip array antenna is covered with a copper layer. There
is a longstanding problem in designing a reconfigurable microstrip antenna based on
the optimization algorithm: electromagnetic simulation software will spend considerable
time in the electromagnetic simulation calculation of the antenna. Even adopting a more
efficient optimization algorithm cannot effectively reduce the time for optimizing antenna
design. Therefore, this paper uses the antennas shown in Figures 2 and 3 to establish an
electromechanical coupling model for antenna electrical performance calculation, which
can better meet the real-time evaluation requirements of antenna performance.

I W jili] |

S,

Microstrip clement patch

Sub-feeder Wz T-type main feeder

Figure 1. Schematic of a reconfigurable microstrip antenna.

Table 1. Antenna structural parameters.

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
Lo 5 Wo 5 Lsup 32.5
W 325 L 1.25 Wi 1.25
Loo 6.25 Woa 1.25 Lot 5
Wor 1.25 h 2

Table 2. Design results of frequency and pattern reconfigurable antennas.

Operating

Reconfigurable Resonant Beam Maximum HPBW .

Antennas Frequ(e Crillilyz;a ands Frequencies (GHz)  Pointing (°)  Return Loss (dB) ©) Gain Total (dB)
Model 14.27-16.80 15.26 —38 —33.15 44.68 8.63
Mode2 8.55-8.78 8.66 -39 —23.04 48.54 8.41
Mode3 14.86-15.79 15.3 +36.2 —24.66 419 6.22
Mode4 14.86-15.79 15.3 —36.5 —24.47 42.2 6.42
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Figure 2. (a) Mode 1 antenna structure; (b) Mode 2 antenna structure; (c) S11 curve of Mode 1 antenna;
(d) S11 curve of Mode 2 antenna; (e) radiation pattern of Mode 1 antenna; (f) radiation pattern of

Mode 2 antenna.
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Figure 3. (a) Mode 3 antenna structure; (b) Mode 4 antenna structure; (c) S11 curve of Mode 3 antenna;
(d) S11 curve of Mode 4 antenna; (e) radiation pattern of Mode 3 antenna; (f) radiation pattern of

Mode 4 antenna.
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As seen in Figure 2, the maximum radiation directions of the Mode 1 antenna and the
Mode 2 antenna on the x0z plane are —38° and —39°, respectively, and the beam coverages
are similar. Therefore, the Mode 1 antenna and the Mode 2 antenna exhibit similar pattern
performance to meet the design requirements of the frequency reconfigurable antenna. The
Mode 1 antenna and Mode 2 antenna can be reconfigured between 8.55-8.78 GHz and
14.27-16.83 GHz with an approximately unchanged radiation direction (—38° and —39°);
the S11 parameters are less than —10 dB, and gain is greater than 5 dB in the operating
frequency band, which indicates that the antenna has good radiation capability and meets
the requirements for a general communication system.

According to Figure 3, the radiation patterns of the Mode 3 antenna and Mode 4
antenna in the yoz plane are symmetrical, with maximum radiation directions of 36.2° and
—36.5°, respectively, and the beam coverage is basically symmetrical. The operating fre-
quency bands of both antennas are 14.86-15.79 GHz, which meets the design requirements
of a pattern reconfigurable antenna. The Mode 3 antenna and the Mode 4 antenna can
be reconstructed in the yoz plane with an operating band of 14.86-15.79 GHz (Ku-band)
unchanged for +36.2° and —36.5°. The gain of both antennas is greater than 5 dB, and S11
is less than —10 dB in the working frequency band, which indicates that the antennas have
good matching characteristics and can be applied in the field of satellite communication.

2.1. Ideal Reconfigurable Microstrip Antenna Electromechanical Coupling Model
2.1.1. Antenna Resonance Frequency Coupling Model Based on Transmission Line Model
Theory and Equivalent Current Distribution

The general structure of a rectangular microstrip antenna is shown in Figure 4. Based
on the transmission line model, D.L. Sengupta [33] derived an improved formula for
calculating the resonant frequency of a rectangular microstrip antenna. As shown in
Equation (1), the length of the microstrip antenna is b, and the width is a.

B 1-¢ 1)
f= 2n\/e.  2L\/ee |1+ ¢In(1.123L\/e,)/h
where, "
2
¢= TTED @)
1 10n\ ~1/?
eezzer+1+(er—1)(1+a> 1 (3)
2h hra a
i= = [ﬁ 11393+ 0.667ln<ﬁ + 1.444)] @)

Figure 4. Rectangular microstrip antenna.

Antenna radiation generates an electromagnetic field with specific performance, and
the basic condition for producing electromagnetic radiation is a time-varying current. For
the solution of the radiation field of any antenna, only the current distribution on the
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surface of the patch must be known, and the radiation characteristics of the antenna can be
obtained by integrating the current element. Therefore, determining the antenna radiated
electromagnetic field essentially requires the distributed current on the antenna, but even
if the current or voltage of the feed port and the antenna structure are known, it is not
easy to determine the current distribution on the antenna, which is an internal antenna
problem. To address the difficult distribution of antenna current, combined with the
calculation model of microstrip antenna resonant frequency derived from the transmission
line theory of the microstrip antenna, we believe that if the equivalent length and width
of surface current distribution on the microstrip antenna array can be obtained, it is not
difficult to calculate the resonant frequency of the antenna, and electromagnetic numerical
analysis software can visually display the current distribution on each position of the
antenna structure. Therefore, based on an analysis of the surface current distribution of
the antenna by electromagnetic simulation software, the equivalent length and width of
the surface current distribution of the array microstrip antenna can be obtained. Taking a
frequency reconfigurable antenna (Mode 1 antenna and Mode 2 antenna) as an example,
electromagnetic simulation analysis is carried out, and the current distribution is shown in
Figure 5.

Jsurf [A/m]

159.6570
l 149.1622
138.6675

1281728
1176781
1071834 |/
96.6886
#6.1939
75.6992 4
65.2045
s4.7007 |

42150 |

33.7203

23.2256

12.7309
22361

(a) (b)
Figure 5. (a) Mode 1 antenna surface current distribution; (b) Mode 2 antenna surface current
distribution.

When the antenna is in working Mode 1, by analyzing the surface current of the
antenna, it is considered that the equivalent circuit path of the antenna is Ly in length b and
3Wy in width a; these values can be placed into Equation (1). The solution equation of the
resonant frequency and the resolving result of resonant frequency are shown in Table 3.
The HFSS simulation results are very close to the theoretical calculation results, and the
method is considered effective.

Table 3. Comparison between the resonant frequency of the Mode 1 antenna obtained by HFSS
simulation and the calculation results of the coupling model.

Parameters HFSS Simulation Calculation
Resonant frequency f 15.26 GHz 15.16 GHz

Based on an analysis of the surface current of the Mode 2 antenna, it is found that the
current on patches 4, 5, and 6 is mainly distributed at the edge of the patch, and there is
almost no current distribution in the middle of the patch. Therefore, the equivalent path
length of the reconfigurable antenna should be less than its physical length. It is considered
that the equivalent circuit path length b of the antenna is 2L and the width a is 3Wj; these
values are then placed into Equation (1), the resonant frequency is shown in Table 4. The
HEFSS simulation results are in accordance with the theoretical calculation results.
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Table 4. Comparison between the resonant frequency of the Mode 2 antenna obtained by HFSS
simulation and the calculation results of the coupling model.

Parameters HFSS Simulation Calculation
Resonant frequency f 8.66 GHz 8.86 GHz

From the above analysis, it can be concluded that for reconfigurable microstrip an-
tennas with different switching states, only one full-wave simulation is required to obtain
their resonant frequency characteristics and surface current distribution. Then, we can
calculate the length and width of the surface patch and introduce it into our reconfigurable
microstrip antenna structural parameter-resonant frequency coupling model. Then, the
frequency characteristics of the antenna can be quickly calculated within a certain range,
which is of great value for engineering applications.

2.1.2. Antenna Pattern Coupling Model Based on Cavity Model Theory and the Mutual
Coupling Effect

With the enhancement of antenna function, the structural design of antennas has
become increasingly complex, especially in the field of reconfigurable microstrip antennas,
and the number of radiation patches is usually more than one. The reconfigurable antenna
studied in this paper consists of nine identical rectangular small patch elements that are
placed together on the surface of a dielectric substrate to form a coplanar structure along
with a cavity with a metal ground plate under the dielectric substrate. In this way, several
cavities are placed in close proximity in parallel in the same medium space. A coupling
effect also occurs between adjacent metal patches. In general, the antenna elements are far
away from each other, and the coupling effect between them can be neglected. However, a
reconfigurable antenna connects each patch via a switch. The distance between patches
is very close, and the mutual coupling effect is obvious, so it must be considered. Based
on cavity model theory [34,35], by observing and analyzing the current and electric field
distributions of reconfigurable antennas and considering the coupling effect between
patches, a method for calculating the reconfigurable antenna pattern function is proposed,
and its structural parameters and direction map function are established and verified.

2.1.3. Field Distribution Calculation of the Patch Element Based on the Cavity Model

Figure 6 shows a structural sketch of the frequency and pattern reconfigurable mi-
crostrip antenna proposed in this paper. When determining the pattern, the influence
of the feeder is ignored temporarily, and the reconfigurable antenna can be regarded as
9 rectangular microstrip patch elements. The pattern function of the reconfigurable antenna
is analyzed based on cavity model theory.

‘ Wo
\
1 2‘ 3
L (5. )
4 5 6 >
)
Xi), UYs
! ( e 7) |
7 8 9
\ L

Ir T

Win

(a) (b)

Figure 6. (a) Reconfigurable microstrip antenna coordinate system and patch number; (b) coordinate
system of the ith patch element.
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The space between each patch element and the ground plate is considered a resonant
cavity, which is surrounded by a magnetic wall, and the upper and lower sides are electric
walls. According to the operating principle of the rectangular microstrip antenna, the
equivalent magnetic current exists on the four walls of the cavity, and the radiation field
of the antenna can be calculated from the equivalent magnetic current around the cavity.
A coordinate system is set up as shown in Figure 6. Each patch element is numbered as
shown in Figure 6a. If the center coordinate of the ith patch element is set as (x;, y;), then
the electric field distribution of any patch element numbered i is:

utmr vtnm

_ 4kohBigy ,—ikoR J(Xi 5 Vi g+ 2 :
Eijp = =G ge /f0%e o T sin HIT gjp U4

Ly? W2 . .
o [ . + vz((‘:ln)zi| sin 0 sin ¢ cos ¢

u2—(mm) 5)
Lo’cos? 9 | Wo’sin’g | .
* Lz(mrr)z + 02— (nm)® sin @ cos
where,

- Lo nm Wo
Eizzn;BimncosLo<x+2—xi) COSWO<]/+2_VZ') ©)
Jombon mrx nry mnW,

. ~ WylLg i0 0 ; m
Bimn = jkonolio ey cos = - cos o ]o< 2, ) )
u =koLosin6 cos ¢ (8)
v = kgWp sinfsin ¢

Iip is the feed current of each patch, and when the MEMS switch is closed, it can be
equivalent to a feeder-to-feed patch element of a reconfigurable antenna. Bj,,, is a different
excitation mode. For the microstrip antenna studied in this paper, there are two different
excitation modes TMO01 and TM10, corresponding to B;g; and B;jg, respectively.

From the above analysis, it is known that only the excitation current I;y for each patch
is required and B, for each patch excitation mode is determined, i.e., the values of m and
n in Equations (6) and (7), and then the electric field distribution of each small patch unit is
obtained by Equation (5).

2.1.4. Reconfigurable Antenna Pattern Function Coupling Model Considering
Mutual Coupling

Through theoretical analysis, based on the field strength function of each patch element,
the field strength function of a reconfigurable antenna under a certain combination of
switches can be obtained, and then the pattern function of a reconfigurable antenna can be
obtained. For the Mode 3 antenna, patches 7 and 8 are direct feeding elements, patches 1,
4, and 5 are indirect feeding elements, and patches 3, 6, and 9 are parasitic elements. By
observing the current distribution on the surface of the antenna element, it is found that
there is also current on the parasitic patch because the small distance between the patches
leads to enhanced coupling between the patches, and an induced current is generated on
the parasitic patch.

2.1.5. Solution of Patch Excitation Current

We know that patches 1,4, 5,7, and 8 are feeder patches in the reconfigurable microstrip
antenna, while the feeders feed at the 7 and 8 patches, temporarily ignoring the parasitic
patches. The remaining patches can be equivalent to two series-fed patch antenna arrays
(1 x 2,1 x 3) to calculate the feeding current, as shown in Figure 7a. Figure 7b shows the
equivalent circuit diagram of a series-fed antenna array.



Micromachines 2022, 13, 1412

10 of 26

Iin

h In
I n2 I nl

Y. —

—
Y2 Ym| | Yoy

(b)

Figure 7. (a) Schematic of the Mode 3 antenna series-fed patch antenna array; (b) equivalent circuit
diagram of the series-fed patch antenna array.

According to ref. [36], the admittance and excitation currents of each element in the
series-fed antenna array are:

(YL + Y(n+1)2)(eadx 4 e—txdx) + Yo(elxdx o e—txdx)

B 9

n2 Yo(eacdx + e—adx) + (YL + Y(n+1)2)(eocdx _ e—txdx) ( )
Y, +Y,

L R ] (10)
0

where o = %, Y} is the input admittance for the patch element, Y is the characteris-
tic admittance of the equivalent transmission line, A is the loss of the microstrip line, and
dx = Ly + Ly, is the distance between the patch elements.

Assuming the initial feeding current I; = Ig = 1, the current of each feeding patch
element (I4, Is, I1) can be obtained from Equations (9) and (10) in turn. At the same time,
it is considered that there is no exciting current on the parasitic patch; only the induced
current is caused by the coupling effect between the patches. Let the mutual coupling

coefficient be:
o 1+ Sz’j 1= ]
si={ Sii# an
The mutual coupling coefficient between patches is extracted from HFSS, and the
current on each patch is:

N
L' = I+ ) _ Sij-Ijo (12)
j=0

The calculated current for each patch is shown in Table 5:

Table 5. Excitation current of the patch element.

Patch 1 2 3 4 5 6 7 8
number
Current

(A) 0.02 0.2 0.4 0.5 0.3 0.01 1 1

e  Patch element excitation mode judgment

Due to the close distance between the patch elements connected by the MEMS switch,
the excitation mode of the patch cannot be unified to the TM01 or TM10 mode as the
traditional rectangular patch element. The excitation modes of each patch element of
the reconfigurable microstrip antenna could potentially be different, but it is difficult to
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directly determine or calculate the operation mode of the patch element in theory at present.
By observing the electric field distribution at the edge of the patch element after HFSS
simulation, we obtain a more intuitive field distribution diagram according to cavity model
theory and the actual electric field distribution diagram, as shown in Figure 8. It can be

seen that patches 1, 2, 3, 5, 6, 7, and 8 work in the TM10 model and patches 4 and 9 work in
the TMO01 model.

1 "o 3
4 "5 6
7 "8 . 9

Figure 8. Electric field distribution of the reconfigurable microstrip antenna.

Biny, is obtained by substituting the excitation current and mode of each patch into
Equation (7), and the field strength E;, of each patch element is obtained by substituting it
into Equation (6). By sorting and removing the R-related constant terms in Equation (5)
and superimposing all the field strengths of the patch elements, the pattern function of the
reconstructed antenna in plane E and H can be obtained from the following equation:

Fe(0) = Y Vinoe! V0 5 O Fy (0) + Y Vigel Vo s OBy (9), 1 = 1,2,3,5,6,7,8; j=4,9  (13)
i j

Fp(0) = Y Ve Wko im0 ) py (0) + Y Vil ko sy (9), 1 =1,2,3,5,6,7,8; j=4,9  (14)
i j

where,
Sl'n(koWozsin 9)
2
koLg sin 6
E(6) = cos(~=0 > 7 02 ) (16)

The calculation results of the pattern coupling model are in good agreement with
the HFSS simulation, and the reconfigurable antenna pattern is shown in Figure 9a. The

beam directions are +36° and +36.2°, which shows that the method proposed in this paper
is effective.

10 10
—=—Simulation —=—Simulation
s ——Calculation| s ——Calculation
5 0 3 0
= =
£ £
© ©
1 &1
£ £
o o
-10+ -10+
-15 T T T T T T T T T T T =15 T T T T T T T T T T T
-180-150-120-90 -60 -30 0 30 60 90 120 150 180 -180-150-120-90 -60 -30 0 30 60 90 120 150 180
a/° a/°
(a) (b)

Figure 9. (a) Comparison of equation calculation and simulation results of Mode 3 antenna; (b) Com-
parison of equation calculation and simulation results of Mode 4 antenna.
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When the antenna is in Mode 4, its current distribution is completely symmetrical
with Mode 3, as is the field distribution. The pattern of the antenna is:

Fe(0) = Y Vingel Wiko sin € py (0) + Y Vi Wk sin O, (9), i = 1,2,3,4,5,8,9; j=6,7 (17)
i j

Fy(0) = Y Vingel 50 sin O Fy (0) + Y Vil ko sin O (9), i = 1,2,3,4,5,8,9; j=6,7  (18)
i j
The results of the pattern coupling equation of the reconfigurable antenna pattern
agree well with the HFSS simulation; beam pointing is —36.4° and —36.5°, respectively, as
shown in Figure 9b, which indicates the accuracy of the method in this paper.

2.2. Reconfigurable Microstrip Antenna Coupling Model Considering Structural Deformation

During the service of a reconfigurable antenna, external loads will lead to deformation
of the antenna array and displacement of the element position, which will lead to problems
such as gain reduction, side lobe elevation, and poor pointing accuracy, which can seriously
restrict the performance of the reconfigurable antenna. Therefore, to rapidly predict the
electrical performance of a reconfigurable antenna after deformation, the coupling model
of a reconfigurable microstrip antenna considering structural deformation is analyzed and
established based on the coupling model established in Section 2.1.

A typical antenna service environment of space is selected to analyze the structural de-
formation of the reconfigurable microstrip antenna element. The space-borne microstrip ar-
ray antenna is mainly subjected to long-term solar irradiation and a space low-temperature
heat sink, with a fluctuation range of —160 °C to 140 °C. When affected by a thermal
environment, the microstrip antenna structure is prone to thermal distortion, which affects
the antenna electrical performance. In this paper, the range of the thermal deformation of
the antenna is —0.5-0.5 mm by finite element simulation. Figure 10a shows the deformation
of the antenna at a 120 °C extreme temperature. Here, the cubic polynomial is selected to
fit the thermal deformation surface of the reconfigurable antenna element structure, and
the deformation of the antenna structure can be approximated to that of the curved surface.
Taking 120 °C as an example, the maximum deformation is 0.375 mm.

wotton ANSYS

R19.1

@ (b)

Figure 10. (a) Reconfigurable microstrip antenna deformation at an ambient temperature of 120 °C;

(b) schematic diagram of the bending deformation of the reconfigurable antenna element.

When both ends of the reconfigurable microstrip antenna are constrained, antenna
distortion mainly occurs in the x direction. Based on the antenna deformation, an equivalent
analysis of the bending deformation of the antenna element is carried out. Figure 10b shows
a schematic diagram of the bending deformation of the antenna element. where ¢ is the
bending deformation, which can be simulated and fitted by ANSYS software.

The following geometric relationships can be obtained from Figure 10b:

3W,
Rp = =52 + W (19)
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0 =R(1—cos B) (20)

where R is the bending radius, J is the bending deformation, and B is the circumferential
angle corresponding to the bending deformation.

According to the above equation, the relationship between bending deformation and
reconfigurable antenna size Wy and W, is:

3
0= 2V\/();_V\/m(l —cos B) (21)
; Wysinp
Wy, = 2P 22
3 (22)
Wy = Wosin p 7;” p (23)

With Wy = 4W,,, the equivalent structural dimension after bending deformation is:

It can be obtained that the distance between the patch elements after deformation
isdy’ = Wy’ + W,,/, by substituting d,’ into Equations (9) and (10), the excitation current
I;i’ of all elements after deformation can be obtained in turn. The equivalent deformation
Wy’ is substituted into Equations (1)-(4) to obtain the antenna structural parameters-
resonant frequency coupling model of the deformed Mode 1 antenna and Mode 2 antenna,
as shown in Equations (24)—(26); by substituting the deformations Wy’ and Ii]»/ into the
Equations (13) and (14) and Equations (17) and (18), a deformed coupling model of the
structure parameters- pattern function of the Mode 3 antenna and the Mode 4 antenna can
be obtained, as shown in the Equations (27)-(30).

fegbio =t i )
-~ 2my/e,  2Ly/e |1+ ¢In(1.123L/e,)/h
where,
1 10n \ V2
Eg—E €r+1+(€r_1)<1+vvosm‘3> (25)
_ Bh a Wy sin B
U= Wosinp it 1.393 + 0.667 In T 1.444 (26)
Fe(0) = Y Vigge!Wikosm O F () + Y ‘/j01/€j(yik° sin9)F, () (27)
i j
Fe(0) = Y Vige!Wiko s O F () + Y ‘/j01/€j(yik0 s 9)F, (9) (28)
i j
where,
. koW sin B sin 0
sin (=—55——)
Fi(0) = —%mwosm gomg €050 (29)
25

2

2.3. Accuracy and Applicability Analysis of Reconfigurable Microstrip Antenna Coupling Model

For a reconfigurable microstrip antenna, the radiation characteristics of the antenna
will change when the structural parameters change or errors exist. By changing the values of
Wy and Ly at patch deformation, we compare the calculated results of the coupling model
with the HFSS software simulation results to verify the accuracy of the reconfigurable
microstrip antenna coupling model considering the structural deformation established in
this paper and determine the applicable scope of the coupling model.
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The antenna works at 15.26 GHz when it is in Mode 1. Table 6 shows the results of
the HFSS simulation and coupling model calculation for different W parameters and Ly
parameters. Figure 11a,b show the error (absolute value) distribution curves corresponding
to the Wy parameters and L, parameters.

Table 6. HFSS simulation results and coupling model calculation results of different Wy and Lo
parameters under Mode 1 antenna.

Ly (mm) HFSS Simulation Model Calculation Wy (mm) HFSS Simulation Model Calculation f
(Wy =5 mm) f (GHz) f (GHz) (Lp = 5mm) f (GHz) (GHz)

4.5 15.98 16.23 4.5 15.94 15.23
4.6 15.82 16.08 4.6 15.88 15.22
4.7 15.66 15.84 4.7 15.82 15.21
4.8 15.52 15.61 4.8 15.76 15.19
49 15.40 15.38 49 15.72 15.18
5.0 15.26 15.16 5.0 15.26 15.16
51 15.52 14.95 51 15.16 15.15
52 15.30 14.74 52 15.04 15.14
5.3 15.12 14.54 53 14.96 15.13
54 14.96 14.35 54 14.84 15.12
5.5 14.8 14.16 55 14.68 15.11

0.8 0.8

0_7: = Error 0.7 - Error

0.6 0.6
= 0.57 = 0.5—_
5 049 T 04
5 03 E 03-
> 1 E |
g 0.2 0.2

0.1+ 0.1

0.0+ 0.0

44 46 48 50 52 54 56 44 46 48 50 52 54 56
Wolmm) Lotmm)

(a) (b)

Figure 11. (a) Frequency calculation error (W0 parameter change); (b) frequency calculation error (LO
parameter change).

In the range of 4.5 mm to 5.5 mm, based on Wy = 5 mm, the calculation error of
the coupling model increases with increasing or decreasing Wy. The maximum error is
0.71 GHz, the minimum error is 0.01 GHz, and the maximum relative error is 4.45%. Based
on Ly = 5 mm, with the increase or decrease of L, the error gradually increases, with the
maximum error being 0.64 GHz, the minimum error being 0.02 GHz, and the maximum
relative error being 4.32%. In addition, from the two error analysis figures, we can see
the changes in the Wy parameters and Ly parameters. The errors of the coupling model
calculation and simulation analysis results are symmetrically distributed. Based on these
results, we can determine the law of error changes in future research to reduce errors and
improve theoretical calculation accuracy.

Similarly, when the antenna is in Mode 2, the working frequency is 8.66 GHz. The
results of the HFSS simulation and coupling model calculation corresponding to different
Wy and Ly parameters are shown in Table 7, and the corresponding error distribution curves
are shown in Figure 12.
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Table 7. HFSS simulation results and coupling model calculation results of different Wy and L,
parameters under Mode 2 antenna.

Ly (mm) HFSS Simulation Model Calculation f Wy (mm) HFSS Simulation Model Calculation
(Wp =5 mm) f (GHz) (GHz) (Lp = 5mm) f (GHz) f (GHz)
4.5 9.24 9.67 4.5 8.82 8.90
4.6 9.12 9.50 4.6 8.80 8.89
47 9.0 9.33 47 8.76 8.89
4.8 8.88 9.17 4.8 8.72 8.88
49 8.80 9.02 49 8.72 8.87
5.0 8.66 8.86 5.0 8.66 8.86
51 8.58 8.72 51 8.64 8.86
5.2 8.45 8.58 5.2 8.62 8.85
5.3 8.38 8.44 5.3 8.58 8.85
54 8.26 8.32 54 8.56 8.84
5.5 8.16 8.19 5.5 8.52 8.83
0.4 = Error 0.4 1 —— Error
= 031 = 031
on i T _
g g
g 0.2 g 0.2/
= =
esi . = _
0.1 1 0.1 -
0.0 1 1 1 ! 1 T ) v 0.0 v T v T v 1 T 1 T I T
4.4 4.6 4.8 5.0 5.2 5.4 5.6 4.4 4.6 4.8 5.0 52 5.4 5.6
Wa(mm) La(mm)

(a) (b)

Figure 12. (a) Frequency calculation error (W parameter change); (b) frequency calculation error (Lg
parameter change).

In the range of 4.5 mm to 5.5 mm, with the increase in Wy, the calculation error of
the coupling model gradually increases, with the maximum error being 0.31 GHz, the
minimum error being 0.08 GHz, and the maximum relative error being 3.64%. With the
increase in the Ly value, the error decreases gradually, with the maximum error being
0.43 GHz, the minimum error being 0.03 GHz and the maximum relative error being 4.65%.
As with the Mode 1 antenna, the two error analysis diagrams show that when Wy and L
change, the error calculated by the coupling model is symmetrically distributed.

When the antenna is in Mode 3, the reconfigurable beam direction is +36.2°. Table 8
shows the results of the HFSS simulation and coupling model calculation corresponding to
different Wy and L parameters. Tables 9 and 10 show the error results (absolute value) of
the two methods.
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Table 8. HFSS simulation results and coupling model calculation results of different Wy and L,
parameters under Mode 3 antenna.

Beam Pointing (°) Beam Pointing (°)

Ly Wo
(Wp = 5 mm) HESS Model (Lo =5 mm) HFSS Simulation Model
Simulation (°) Calculation (°) ©) Calculation (°)
4.5 31.8 35.5 4.5 319 34.1
4.6 32.1 35.6 4.6 327 345
47 33.3 35.7 4.7 34 349
4.8 33.3 35.8 4.8 34.6 35.2
49 349 35.9 4.9 35.4 35.6
5.0 36.2 36 5.0 36.2 36
5.1 37.6 36.1 5.1 36.8 36.4
5.2 40.3 36.2 5.2 38.1 36.8
5.3 42.7 36.3 5.3 36.7 372
5.4 —11.6 36.4 5.4 37 37.6
5.5 -94 36.5 5.5 36.7 38
Table 9. Comparison between model calculation and HFSS simulation results when parameters of
Wy change.
Wy (mm) 4.5 4.6 4.7 48 4.9 5.0 5.1 5.2 5.3 54 5.5
Error (°) 2.2 1.8 0.9 0.6 0.2 0.2 0.4 13 0.5 0.6 13
Relative error (%) 6.9 5.5 2.6 1.7 0.5 0.5 1 3.4 13 1.6 3.5
Table 10. Comparison between model calculation and HFSS simulation results when parameters of
Ly change.
Ly (mm) 4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 54 5.5
Error (°) 3.7 3.5 2.4 2.5 1 0.2 15 4.1 6.4 48 459
Relative error (%) 11.6 10.9 72 7.5 2.8 0.5 3.9 10.1 14.9 - -

When the W parameters change, the error between the results of the coupling model
calculation and HFSS simulation results is significantly less than that when the Ly param-
eters change. When the Wy parameter changes, the maximum pointing error is 2.2°, the
minimum pointing error is 0.2°, and the maximum relative error is 6.9%. When the Ly
parameter changes, the error of the coupling model calculation is large in some cases. When
the Ly parameter changes greatly, the beam pointing will change obviously, and the antenna
will lose its reconfigurable characteristics. The reason may be that the coupling between the
patches has changed due to the change in the L) parameter, and the radiation mechanism
of the antenna has also changed. The original analysis method is no longer applicable.
However, it is considered that the coupling model is applicable and effective when the W
parameter changes within 0.4 mm and Ly changes within 0.1 mm.

When the antenna is in Mode 4, the reconfigurable beam is pointing to —36.5°. The
values of the Wy and Ly parameters are changed, the results of the HFSS simulation are
compared with the coupling model calculation, and the calculation errors of the coupling
model are analyzed, as shown in Tables 11-13.
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Table 11. HFSS simulation results and coupling model calculation results of different Wy and L
parameters under Mode 4 antenna.

Beam Pointing (°) Beam Pointing (°)

Ly Wo
(Wp = 5 mm) HESS Model (Lo =5 mm) HFSS Simulation Model
Simulation (°) Calculation (°) ©) Calculation (°)
4.5 272 —36 4.5 —31.4 —34.5
4.6 —32.3 -36.1 4.6 -33.7 —34.9
47 —33.1 —36.2 4.7 —35.1 —35.3
4.8 —33.7 —36.2 48 —343 —35.6
4.9 —36.5 -36.3 4.9 —35.7 —36
5.0 —36.5 —36.4 5.0 -36.5 —36.4
5.1 —37.9 —36.4 5.1 —36.8 —36.7
5.2 -39.7 —36.5 5.2 -379 -37.1
5.3 —43 —36.6 5.3 -37.3 —37.5
5.4 12.8 —36.6 5.4 —35.8 —37.9
5.5 10.1 —36.7 5.5 —36 —38.2
Table 12. Comparison between model calculation and HFSS simulation results when parameters of
Wy change.
Wy (mm) 4.5 4.6 4.7 48 4.9 5.0 5.1 5.2 5.3 5.4 5.5
Error (°) 3.1 12 0.2 1.3 0.3 0.1 0.1 0.8 0.2 2.1 2.2
Relative error (%) 9.8 3.5 0.5 3.7 0.8 0.2 0.2 21 0.5 5.8 6.1
Table 13. Comparison between model calculation and HFSS simulation results when parameters of
Ly change.
Ly (mm) 4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5
Error (°) 63.2 3.8 3.1 2.5 0.2 0.1 15 3.2 6.4 494 46.8
Relative error (%) - 11.7 9.3 74 0.5 0.2 3.9 8 14.8 - -

When the W parameter changes, the error between the results of the coupling model
calculation and HFSS simulation is significantly smaller than that of the Ly parameter.
When the W, parameter changes, the maximum pointing error is 3.1°, the minimum
pointing error is 0.1°, and the maximum relative error is 9.8%. When the Ly parameter
changes greatly, the beam pointing changes obviously, the antenna loses its reconfigurable
characteristics, and the calculation error of the coupling model is large. The reason is
that when the Ly parameter changes severely, the coupling between the patch elements
changes, which results in a change in the radiation mechanism of the antenna. In general,
the coupling model is applicable when the W parameter changes in the range of 0.4 mm
and the Ly changes in the range of 0.1 mm.

3. Experimental Verification of the Electromechanical Coupling Model of a
Reconfigurable Microstrip Antenna

To verify the electromechanical coupling model of the reconfigurable antenna estab-
lished in the second part of this paper, experiments are used to verify the correctness and
effectiveness of the electromechanical coupling model. The basic idea of the experiment
is to use the external gravity load to deform the antenna structure, then measure the fre-
quency characteristics and radiation performance of the antenna under different structural
deformations, and then use the HFSS software and the electromechanical coupling model
to calculate the antenna electrical performance under the same deformation. The electrical
properties are compared with those measured experimentally to verify the correctness of
the coupled model.
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3.1. Experimental Scheme

To verify the correctness and effectiveness of the electromechanical coupling model of
the reconfigurable antenna, we designed a reconfigurable antenna prototype, as shown in
Figure 13. The disconnection of the switch is realized by the presence or absence of copper
sheets. The reconfigurable microstrip antenna unit structure includes radiation patches,
dielectric substrates, ground plates, and SMA connectors. Among them, the radiation
patches and ground plates are made of copper material; the dielectric substrate is made of
Rogers RT/duroid 5880 material, which is soft and prone to deformation.

(b) () (d)

Figure 13. Physical prototypes of four reconfigurable antennas. (a) Mode 1 antenna; (b) Mode 2

antenna; (c) Mode 3 antenna; (d) Mode 4 antenna.

According to the analysis of the third part of this paper, the main environmental
load of the spaceborne reconfigurable microstrip antenna is thermal load, and the thermal
deformation of the antenna will lead to the deterioration of the electrical performance of
the antenna. Due to the limited experimental conditions, it is impossible to effectively
measure the change in the electrical properties of the reconfigurable microstrip antenna
after deformation under thermal environmental loads. Therefore, the solution adopted is
to design an equivalent deformation experiment scheme, that is, to use external force to
deform the reconfigurable microstrip antenna, use high-precision resistance strain gauges
to measure the deformation of the antenna structure, and use a vector network analyzer to
measure the electrical performance parameters such as the resonant frequency and gain of
the correspondingly deformed antenna.

Figure 14 shows a schematic diagram of the bending deformation of the reconfigurable
antenna unit with the resistance strain gauge attached. The red color in the figure represents
the bending deformation of the resistance strain gauge. The deformation amount of the
patch unit can be obtained by the single-arm half-bridge measurement method, as shown
in Equation (31).

AWy AL
W L °©

where AWy and AL are the deformation of the patch and resistance strain gauge, respectively.

31

LI
=l

-
! Wb

Figure 14. Bending deformation of the reconfigurable antenna element.
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The equation for calculating the antenna radiation patch width after the reconfigurable
microstrip antenna element is as follows:

Wy = Wo(1+e¢) (32)

Therefore, we can calculate the width of the deformed reconfigurable microstrip patch
unit through the strain value measured by the static resistance strain gauge, substitute it into
the corresponding electromechanical coupling model to calculate the electrical properties
of the antenna, and compare and analyze the measured results to verify its correctness.

To achieve different degrees of deformation for the antenna sample, a strain measure-
ment system is designed. The instruments used include resistance strain gauges, static
resistance strain indicator, fixtures, flanges, and trays. The designed measurement system
is shown in Figure 15, in which flanges of different weights are used to deform the an-
tenna sample to different degrees, and then the strain of the antenna when the structure is
deformed is measured by the static resistance strain gauge. Then, the size change of the
radiation patch on the surface of the antenna sample is obtained, the electrical properties of
the relevant antennas are measured, and the corresponding data are recorded.

0kg 1kg

Figure 15. Measurement system.

3.2. Test and Verification of the Resonant Frequency Coupling Model

To fully study the perturbation mechanism of the frequency characteristics of the
reconfigurable microstrip antenna, this summary gives the test results of the antenna fre-
quency performance under four working conditions. In the HFSS software, the microstrip
array antenna models corresponding to the four working conditions are established, as
shown in Figure 16. Since the four designed modes of antennas have similar structures,
only the electromagnetic model of the Mode 2 antenna is given here as an example, and
the simulation calculation is carried out. At the same time, the calculation results of the
structural parameter—-resonant frequency coupling model are given, and then the 511 test
is performed on the Mode 1 and Mode 2 antenna samples under each working condition,
and the test results are recorded. Finally, the three are compared and analyzed to verify the
coupling of the aircraft. The correctness of the model is shown in Figures 17 and 18, and
the results are recorded as shown in Tables 14 and 15.
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(@)

O o @

Figure 16. Four working conditions of reconfigurable microstrip antenna deformation measurement.
(a) Working condition 0; (b) working condition 1; (c) working condition 2; (d) working condition 3.
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Figure 17. S11 curves of the Mode 1 antenna under four working conditions. (a) Working condition 0;
(b) working condition 1; (c) working condition 2; (d) working condition 3.

Tables 14 and 15 show that the deviations between the data obtained from the ac-
tual test under the four working conditions and the results calculated by the established
structural parameter-resonant frequency coupling model are all within 0.1 GHz, and the
error does not exceed 5%, which meets general engineering needs. The reasons for the
error mainly include two aspects: one is the influence of welding, that is, the solder at the
SMA joint will affect the discontinuity of the surface current, and the other is the matching
problem of the SMA joint, that is, an ideal port feeding is used in the simulation, and
reflections from actual SMA connectors are not considered. Although there is an error, the
comparison of the data obtained by the simulation in Figures 17 and 18 shows that the
trend of the S11 curves of the two is completely consistent, and the errors are all within
5%, which is a good proof of the validity of the established structural parameter-resonant
frequency coupling model in the applicable range.



Micromachines 2022, 13, 1412

21 of 26

—s—Simulation

ad T Measurement

9 10 11

Frequency(GHz)

(a)

| =—=—Simulation
——Measurement

6 7 8 9 10 11
Frequency(GHz)

(c)

-204

—=—Simulation
Measurement

9 10 11

Frequency(GHz)

(b)

=)

-204

—e—Simulation
—+—Measurement

T T

7 8 9 10 11
Frequency(GHz)

(d)

Figure 18. S11 curves of the Mode 2 antenna under four working conditions. (a) Working condition 0;
(b) working condition 1; (c) working condition 2; (d) working condition 3.

Table 14. Resonant frequencies of the Mode 1 antenna under four working conditions.

Size after

Working Deformation Measurement Simulation Calculation
Condition Results (GHz) Results (GHz) Results (GHz)
(Wy/mm)

0 5.0 15.15 15.26 15.160

1 5.135 15.12 15.21 15.143

2 5.236 15.01 15.18 15.131

3 5.338 14.92 15.15 15.120

Table 15. Resonant frequencies of the Mode 2 antenna under four working conditions.

. Size after . . .
Working Deformation Measurement Simulation Calculation
Condition Results (GHz) Results (GHz) Results (GHz)

(Wo/mm)
0 5.0 8.55 8.66 8.861
1 5.131 8.51 8.63 8.852
2 5.234 8.37 8.59 8.856
3 5.336 8.49 8.57 8.840

3.3. Test and Verification of Pattern Function Coupling Model

To fully study the perturbation mechanism of the frequency characteristics of the
reconfigurable microstrip antenna, the actual measurement results under four different
working conditions should be compared with the established electromechanical coupling
calculation results to verify the structural parameter-resonant frequency coupling model.
Due to the particularity of the antenna pattern, it is impossible to measure the pattern of
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the microstrip antenna while applying an external force to deform the microstrip antenna.
Therefore, in this part of the experiment, only the power pattern of the reconfigurable
microstrip antenna designed under ideal conditions is tested. The Mode 3 and Mode 4
antennas are measured for the pattern, and the test results are shown in Figures 19 and 20.
At the same time, the resonant frequency of the corresponding deformation is calculated by

the structural parameter—pattern function coupling model, and the results are recorded, as
shown in Tables 16 and 17.

10 10
5 4 5 4
M) M)
Z 04 Z 04
£ £
] ]
= =
8 -5+ 8 -5+
~ ~
C . . C . .
—s—>Simulation —e=—Simulation
-10+ ——Measurement -10 ——Measurement
~— Calculation ~— Calculation
-15 T T T T T T T T T T T -15 T T T T T T T T T T T
-180-150-120 -90 -60 -30 0 30 60 90 120 150 180 -180-150-120 -90 -60 -30 0 30 60 90 120 150 180
7(°) 7(°)
(a) (b)
10 10
5 o 5 o
B B
2 o0+ 2 o0+
= =
o < 5
= = /
£ -5 £ -
L] L] 3
Q Q ] . .
—=—Simulation —e—Simulation
-10 Measurement -10- ——Measurement
—+—Calculation —— Calculation
-15 T T T T T T T T T T T -15 T T T T T T T T T T T
-180-150-120 -90 -60 -30 0 30 60 90 120 150 180 -180-150-120 -90 -60 -30 0 30 60 90 120 150 180
(%) (%)
(c) (d)

Figure 19. Mode 3 antenna radiation pattern under four working conditions. (a) Working condition 0;
(b) working condition 1; (¢) working condition 2; (d) working condition 3.

In Tables 16 and 17, it can be seen that the maximum error between the data obtained
from the actual test under ideal conditions and the result calculated by the established
structural parameter—direction diagram coupling model does not exceed 5%. The reasons
for the error mainly include two aspects: one is the influence of welding, that is, the solder
at the SMA joint will affect the discontinuity of the surface current, which will affect its
radiation characteristics; the second is the influence of the angle of the microstrip antenna
in the test, which may be fully tuned for a standard horn receiver antenna, resulting in
a pattern shift. Although errors occur in the actual test, the maximum error does not
exceed 5%, and Figures 19 and 20 show that the patterns of the two antennas are almost
completely symmetrical and are very close to the calculation results of the established
electromechanical coupling model, which fully verifies the validity of the established
structural parameter—direction diagram function coupling model in the applicable range.
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Figure 20. Mode 4 antenna radiation pattern under four working conditions. (a) Working condition 0;
(b) working condition 1; (c) working condition 2; (d) working condition 3.

Table 16. Maximum radiation direction of the Mode 3 antenna under four working conditions.

Working Dfi(z)ir:iltt?Zn Measurement Simulation Calculation
Condition Results (°) Results (°) Results (°)
(Wo/mm)
0 5.0 36.18 36.20 36.20
1 5.132 36.52 36.63 36.45
2 5.233 36.69 36.78 36.82
3 5.337 37.21 37.12 37.26

Table 17. Maximum radiation direction of the Mode 4 antenna under four working conditions.

Size after

Working Deformation Measurement Simulation Calculation
Condition Results (°) Results (°) Results (°)
(Wo/mm)
0 5.0 —36.48 —36.50 —36.4
1 5.133 —36.71 —36.66 —36.76
2 5.232 —37.12 —37.03 —37.23
3 5.336 —37.36 —37.15 —37.65

3.4. Discussion of Results

After rigorous theoretical analysis, simulation analysis, and actual test analysis, the
accuracy and effectiveness of the structural parameter-resonant frequency coupling model
and the structural parameter-pattern function coupling model of the reconfigurable mi-
crostrip antenna proposed in this paper are fully verified. Within the range, the calculation
errors are all within 5%, which meets the needs of engineering applications. For a reconfig-
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urable microstrip antenna in different switching states, only one full-wave simulation is
needed, and then the equivalent current length, excitation mode, and coupling coefficient
of each patch unit are obtained based on the current distribution indicated by the antenna.
Then, only the equivalent length and the resonant frequency calculation model of the
antenna in this state can be obtained by a slight correction of the width. Then, the pattern
function coupling model of the antenna in this state can be obtained based on the obtained
excitation mode and coupling coefficient. Based on the established antenna electrical perfor-
mance coupling model, the electrical performance of the deformed antenna can be quickly
predicted, and the solution speed is much faster than that of full-wave simulation, which
can provide requirements and theoretical guidance for the design accuracy of an antenna
structure and manufacturing errors in engineering.

When designing the frequency or pattern reconfigurable antenna, the hardware config-
uration used is Intel Core 15-4460 3.20 GHz, 8 G memory, and the development environment
is Matlab2021 and HFSS 2021 R1. As can be seen from Table 18, it takes at least 312.8 s to
use ANSYS HFSS software to calculate the electrical performance of frequency and pattern
reconfigurable antenna, while the calculation time using coupling model is negligible and
the calculation efficiency is greatly improved.

Table 18. Comparison between the computation time by HFSS simulation and the coupling model

calculation.
Reconfigurable HFSS Simulation Coupling Model
Antennas Calculation
Mode 1 Antenna 352.2s 0.026 s
Mode 2 Antenna 324.6s 0.029 s
Mode 3 Antenna 3215s 0.880 s
Mode 4 Antenna 3128 s 0.920 s

The electromechanical coupling model of the reconfigurable microstrip antenna in a
complex environment involves the integration of disciplines such as structure, electromag-
netism, and materials. When the deformation of the reconfigurable antenna increases, the
error of the established electromechanical coupling model also increases. There are two
main reasons for this error. One is that we use the idea of equivalent structural deformation
to establish the corresponding electromechanical coupling model. If the structural defor-
mation is too large, this equivalent deformation will inevitably fail, so it is only applicable
within a certain structural deformation. The second aspect is that after the antenna structure
is deformed, the coupling effect between the surface patches is changed. Therefore, using
the coupling coefficient before deformation to solve the excitation current will lead to er-
rors. Therefore, in follow-up research, we can obtain more effective structural deformation
equivalent methods and obtain the coupling coefficients under different deformations in
real time, which will effectively improve the calculation accuracy of the electromechanical
coupling model and better meet the real-time requirements of the communication system
for the antenna.

4. Conclusions

To quickly calculate the electrical performance of reconfigurable microstrip antennas
in real time, a fast prediction method of the resonant frequency and the radiation pattern
of reconfigurable antenna are proposed in this paper. Then the structural deformation of
reconfigurable microstrip antenna in service environment is analyzed and an equivalent
model of antenna structural deformation is established. The frequency characteristics and
radiation performance of reconstructed antenna can be quickly predicted when structural
deformation occurs in the antenna operation. The frequency and radiation performance of
reconfigurable antenna can be quickly predicted when structural deformation occurs in the
antenna operation. Finally, the experimental verification is carried out and the influence
of antenna structure parameters on the antenna electrical performance is analyzed in a
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certain range. The structural parameters of the resonant frequency coupling model change
within 1 mm, and the relative error between the calculation and simulation is less than 5%.
The Wy of the pattern coupling model changes within 0.4 mm, Ly changes within 0.1 mm,
and the relative error between the calculation and simulation is less than 5%. The two
coupling models can quickly analyze the changes in antenna electrical performance under
the influence of different environmental loads, evaluate the performance of reconfigurable
antennas, further guide the structural design of reconfigurable antennas, and provide a
theoretical basis for the evaluation of antenna structural design schemes in practical work.
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