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This paper covers the variation of electrical performance of air microstrip antennas due to its ground plane deformation. A typical
sinusoidal function is utilized to characterize the shape of deformation, based on which different shapes of ground plane can be
obtained by changing control parameters. From the simulation results by HESS, there is a strong linear relationship between the
offset of resonant frequency and the amplitude of deformation. The equivalent thickness of the air medium is introduced into the
calculation model, and then the mathematical model is established to describe the resonant frequency offset and deformation
amplitude. It can also be seen from the radiation pattern that the directivity decreases with the increase of deformation. The
proposed method can be used to predict the effect of ground plane deformation on electrical performance of air

microstrip antennas.

1. Introduction

Microstrip antennas have many advantages, such as small
size, light weight, low profile, conformal to carrier, etc. They
have been widely used in communication, radar, and other
fields [1]. However, at the same time they have disadvantages
such as low efficiency, narrow bandwidth, and low gain if
using normal substrate like FR-4 [2]. The thicker substrate
and smaller dielectric constant are advantageous for antenna
performance, which results in higher efliciency and gain
[3-5]. Therefore, air medium can be added in practice, and
the introduction of air layer reduces the equivalent dielectric
constant and Q value of microstrip antennas, thus achieving
the purpose of increasing bandwidth. In the manufacturing
process of microstrip antennas, small deviation of physical
size often causes the change of effective electrical size, and
the inhomogeneity of dielectric substrate, which will lead to
the deviation of the antenna electrical performance from
ideal situation. For example, for microstrip antennas
working in Beidou band [6-8], because of the narrow
bandwidth, there is a high demand for the accuracy of
working frequency. Small change in the external environ-
ment may make resonant frequency offset, leading to the

antenna not working properly. In addition, the structural
deformation caused by external loads will also change the
electrical performance of the antenna during its service. For
example, microstrip antennas are widely used in spaceborne
synthetic aperture radar (SAR) antenna [9, 10]. The antenna
in orbit is in a very complex thermal environment [11]. The
thermal distortion caused by temperature change is the main
reason for the change of microstrip antennas flatness. An-
other example is that the antenna working in the moving
platform will be affected by air dynamic load and carrier
vibration. These external loads will cause the flatness of the
antenna, and the electrical performance of the antenna is
closely related to flatness [12-14]. The flatness error will
cause resonant frequency offset, impedance mismatch, gain
loss, and sidelobe level increase [15-17]. Therefore, it is
necessary to study the effect of structure deformation on the
electrical performance of microstrip antennas.

Many investigations have been done about the effect of
structure deformation on electrical performance of phased
array antennas [18-20]. The coupling model of structure and
electromagnetic is established. However, the mathematical
model does not consider the type of elements and ignores the
change of the electrical performance of antenna elements
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FIGURE 1: Geometric relationship of the microstrip antenna. The (a) three-dimensional diagram, (b) front view, and (c) top view.

after deformation. Moreover, only the position deviation
between array elements is considered, and the pointing
deviation of array elements and coupling are not considered.
However, in practice, after the antenna structure is de-
formed, the radiation pattern of elements and coupling
between elements will change. Others are studied from the
perspective of conformal antenna, but only considering that
microstrip antennas are cylindrical deformation, which is a
very special type of deformation, so it is not universal
[21-23]. In addition, the resonant frequency of patch an-
tennas will be offset when it is stressed. Therefore, some
related studies use patch antennas as sensors to detect
structural strain [24-27].

The effect of array antenna deformation, conformal
antenna, and stress-strain on the electrical performance is
basically analyzed in the above research. However, the
possibility of ground plane deformation is not considered.
Therefore, it is necessary to study the effect of ground plane
deformation on electrical performance of air microstrip
antennas. First, HFSS electromagnetic simulation software is
used to analyze the tendency of electrical performance of air
microstrip antennas under different deformation states.
Then, based on transmission-line model, the effect of
physical parameters of rectangular patch antennas on res-
onant frequency is analyzed. At the same time, the effect of
deformation on physical parameters of patch antennas is
analyzed. Next, the influence mechanism between resonant
frequency and deformation of air microstrip antennas is
explored. The relationship between resonant frequency
offset and ground plane deformation of air microstrip an-
tennas is obtained. Finally, the effect of ground plane de-
formation on the radiation pattern is presented.

2. Design Modeling and
Deformation Definition

Rectangular patch antenna is one of the most commonly
used forms of microstrip antennas; the structure diagram is

shown in Figure 1. The length of radiation patch is L, the
width is W, and the thickness of dielectric substrate is h.
Coaxial feed is one of the most common feeding methods for
microstrip antennas.

The physical parameters of air microstrip antenna
designed in this paper are shown in Table 1.

Through HFSS simulation, the electrical performance
curves are shown in Figure 2.

When the ground plane deforms, as shown in Fig-
ure 3, it can be seen that the patch and ground plane are
no longer parallel. In this paper, a typical sinusoidal
surface is selected to simulate the deformation of the
ground plane, which forms a gradually changing state.
Based on the sinusoidal surface given, the electrical
performance of the antenna is analyzed when the ground
plane deforms on the XOZ plane and YOZ plane,
respectively.

When the ground plane deforms on the XOZ plane, the
sinusoidal curve is

z = Asin(wx + ¢) +t. (1)

When the ground plane deforms on the YOZ plane, the
sinusoidal curve is

z = Asin(wy + ¢) +t. (2)

From the sinusoidal curve, the shape of ground plane is
affected by A, w, ¢, and t. A is amplitude of the sinusoidal
curve and direct reflection of the ground plane deformation
in vertical direction. w is angular frequency, indirectly
representing the number of deformed sinusoidal wave. ¢ is
phase, indirectly representing the left and right translation of
the ground plane. And t is up-down translation. w can be
defined by the following formula:

_271

T (3)

w

When the ground plane deforms on the XOZ plane,
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TaBLE 1: Physical parameters of air microstrip antenna.

Parameters

Patch length, L (mm)
Patch width, W (mm)
Ground plane length, L,

Values (A, at 2.45 GHz)

55.6 (0.454 A,)
61.2 (0.5 Ay)

100 (0.82 A,)

(mm)

Ground plane width,

W, (mm) 120 (0.98 1)
Air layer thickness, h 5 (0.041 1,)
(mm)

Dielectric constant, &, 1.0006

Feeder position, Xf
(mm) 142 (0.116 A,)
1 (0.008 1), 1.5 (0.012 A,), 2 (0.016 A,),
2.5 (0.020 ), 3 (0.0245 1), 3.5 (0.0286

Ag)

Deformation amplitude,
A (mm)

6(°)
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FIGURE 2: Simulation results of electrical performance of the air
microstrip antenna.

L
T=-22 4
N (4)
When the ground plane deforms on the YOZ plane,
w
T=-7, (5)
N

where L, and W, are length and width of the ground plane,
respectively, which are about double size of the patch. Therefore,
the period T can be obtained according to sinusoidal wave
numbers N of the ground plane deformation, and then get w.
The parameters of sinusoidal curve are shown in Table 2.

3. Effect of Ground Plane Deformation on
Resonant Frequency

3.1. Resonant Frequency Offset and Equivalent Thickness.
When the ground plane deforms on the XOZ plane, pa-
rameters of sinusoidal curve are shown in Table 2. The
relationship between resonant frequency and deformation

amplitude A under two w values is analyzed, respectively,
and the simulation results are shown in Figure 4.

As shown in Figure 4, when the ground plane deforms,
the resonant frequency of the antenna shifts to right. In the
vertical direction, with the increase of deformation ampli-
tude A, the greater the resonant frequency offset, and the
greater the return loss at center operating frequency. This
indicates that the larger the deformation of the ground plane
is, the antenna will be seriously mismatched, resulting in the
antenna not working normally. In Figure 4(b), it can be seen
that, with the ground plane deformation, the antenna return
loss may be higher than 10 dB.

Similarly, when the ground plane deforms on the YOZ
plane, the simulation results are shown in Figure 5.

As shown in Figure 5(a), the number of the ground
plane deformation sinusoidal wave is between half and one;
the deviation of resonant frequency is small. In Figure 5(b),
the sinusoidal wave number of the ground plane defor-
mation is greater than one; the offset of resonant frequency
is relatively large compared with the front case. Comparing
Figure 4 with Figure 5, when the ground plane is deformed
in different planes, the effect of XOZ plane deformation on
the resonant frequency is greater than that of YOZ plane;
this could be explained by the fact that the XOZ plane
deformation affects the resonance path more significantly
than the YOZ plane deformation does, particularly for the
fundamental mode of resonance, as shown by the direction
of the current plotted in Figures 6(a) and 6(b). Because the
resonant frequency offset of microstrip antennas is mainly
affected by the length and the width has little effect on
resonant frequency, when the ground plane on the XOZ
deforms, it corresponds to the length direction of the patch;
this may have a greater impact on resonant frequency. In
addition, the position of coaxial feeder is not on the central
line of the XOZ plane, when the ground plane deforms on
the XOZ plane; this situation may also have a greater
impact on resonant frequency.

From Figure 3, it can be seen that when the ground plane
deforms, the thickness of air medium will be changed and
it is an indeterminate value; therefore, the equivalent
thickness h" is introduced when calculating resonant fre-
quency of the deformed antenna. h" is defined as the
thickness when the resonant frequency of the undeformed
antenna is equal to the deformed antenna. The relationship
between deformation amplitude A and equivalent thickness
h" is shown in Figure 7.

3.2. Mathematical Model of Resonant Frequency Offset. In the
actual manufacturing of microstrip antennas, due to the pro-
cessing error of the antenna size and tolerance of substrate
parameters, the electrical performance will change. If the error is
small, the effect is mainly the change of resonant frequency. For
patch antenna, its lowest resonant frequency [1] is

C
fr:T\/S_e' (6)

Due to fringing effects of microstrip line, the effective
size of patch antenna is larger than physical size; length
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FiGUure 3: Ground plane deformation diagram. The (a) three-dimensional diagram, (b) XOZ plane deformation, and (c) YOZ plane

deformation.

TABLE 2: Parameters of sinusoidal curve with four different ground plane deformations.

Deformation cases Angular frequency, w

Phase, ¢ (rad)

Translation, ¢t (mm) Deformation amplitude, A (mm)

Case a 1/18
X0z Case b 1/9 2
Yoz Case ¢ 1/30

Case d 1/15

S;; (dB)

T T T
24 25 26 27 28 29 30

Frequency (GHz)
= (A=0) —— (A=25)
—o— (A=1) —< (A=3)
4 (A=15) ke (A=3.5)
v (A=2)
()

S;; (dB)

24 25 26 27 28 29 30

Frequency (GHz)
—=— (A=0) —— (A=25)
—— (A=1) —< (A=3)
—— (A=15) —— (A=35)
v (A=2)
(b)

FIGURE 4: The variation of S parameter with the deformation amplitude A of XOZ plane. (a) Case a and (b) case b.

compensation AL is required. The effective length L' of the
patch can be expressed as the sum of the physical length L
and compensation length AL [1].

L' =L+2AL,

(7)
AL = 0.412h< £ +0.3 )( (W/h) + 0.264)),

g, —0.258 J\ " (W/h) +0.8)

where ¢, is the effective dielectric constant of the dielectric
substrate and a simple empirical formula for the effective
dielectric constant [1] is

1/2
sezﬂ+£’_1 1+12£ . (8)
2 w

2

When the ground plane deforms, the thickness of air
medium will be changed. And the thickness will affect the
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FIGURE 6: Current distribution of air microstrip antenna. (a) XOZ plane deformation. (b) YOZ plane deformation.

electrical size L' and ¢,, thus leading to the change of res-
onant frequency. Since f, is a function of L' and e,
therefore, the offset of resonant frequency can be derived
from the partial derivatives of f, for L' and e,, respectively.

afr_ c <_L/—2>
oL 245, ’

)

of, ¢ ( 1 —3/2)
=—(—=e, )
Og, 2L'\ 2

According to the simultaneous (6) and (9), the rela-
tionship between resonant frequency offset and the change
of physical parameters can be obtained as

of, oL
fr

(10)
of, 10,

fT 288

Because ¢, is an intermediate variable, it is related to ¢, h,
and W, so we can derive partial derivatives of ¢, further.

(0, 1 A
—==|1+|{1+12— ,
Og, 2 w

Joe.  g-16 1+12h -
oh~ 2 W w ’

(11)

a'se—ﬂ( D(1+12— -
| ow w2\ w) -

According to the error statistics theory, if f is the
function of x,,x,,...,xy, Ax;,AX,,...,Axy are inde-
pendent standard error. Meanwhile, according to the vari-
ance synthesis theorem of independent variables, then the
standard error of total result is
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Since ¢, is a function of ¢,, h, and W, and the three
variables are basic physical parameters and independent of
each other, it can be obtained from (13)

() () o

Thus, the relationship between the relative offset of
resonant frequency and the change of physical parameters

can be obtained as
2
) +(1 - w)(

H

af 1/2

ox,

of

0xy

of

0x,

Af

)]

(12)

oe
e A
oh

0
e Ae,

O¢,

Og,
ow

2
AW) . (13)

AL
LI

Af,]
f,

w is the weight coefficient. For air microstrip antenna,
because the dielectric constant of air is about 1, the dielectric
constant is basically unchanged by ground plane defor-
mation, so w = 1.

3.3. Numerical Results and Comparison. The resonant fre-
quency can be solved by using previous mathematical model.
The equivalent thickness 4" can be obtained from the de-
formation amplitude A according to Figure 7; then the ef-
fective length L' of the patch can be obtained. The offset of
resonant frequency Af, can be obtained by applying the
above mechanism model. The comparison between simu-
lation and theoretical results is shown in Figure 8.

As can be seen from Figure 8, the theoretical results are
generally in good agreement with simulation results, and
there is a strong linear relationship when the number of the
deformation sinusoidal wave is small. But when the defor-
mation sinusoidal wave number is large, the shift of resonant
frequency will change abruptly and the linearity is poor.
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3.4. Equivalent Circuit Model Interpretation. In this section,
the bending effect of ground plane deformation is studied by
using the generalized lumped element circuit model. The
parameters of the lumped circuit with different deformation
states are studied. The shift of resonant frequency is related
to the change of the lumped circuit parameters. In addition,
by combining the resonant circuit model linked with Op-
timization algorithm, the accurate Z parameter over a wide
frequency spectrum can be reconstructed with only a limited
number of simulated frequency points required. Compared
with the wideband sweep in the full wave simulation, the
simulation time can be greatly reduced.

As shown in Figure 9, the circuit model topology has
been used to study rectangular patch antennas. The or-
thogonal modes of resonance are modeled as the series
connection of parallel resonant section. The high frequency
inductance L, is used to simulate the impedance behavior of
the antenna feed point in the upper and lower edge of the
band of interest.

According to the topological structure of Figure 9, we get
the general expression of the input impedance of the
equivalent circuit

m -1
1 1
Zo=j2nfLy + (—+, +j2nfCi) ,  (15)
€ 0 ; R, j2nfL,

where m represents the resonance number of the solution
frequency band and R;, L;, and C; are the i, equivalent
lumped resistance, inductance, and capacitance. In this
paper, we choose m = 1 and ignore the influence of higher
order modes, since we are more interested in the frequency
range where the first resonant is dominated. The parameters
of the equivalent circuit are determined by the Optimization
algorithm. A normalized error function has been defined as
the fitness

% <% SR Z.(£) - 2o (£ + I 2,(F) -2, (f k”z}) |

k=1

(16)

where Z; is the characteristic impedance of 50Q), N is the
number of frequency sampling, f, is the frequency for the
ky, sample, and Z, and Z, are the simulated and equivalent
input impedance of the patch antenna. By minimizing the
fitness function, Optimization algorithm finds the best pa-
rameters for the equivalent circuit model which generates
the impedance curve closest to the simulation results over
the frequency of interest. Four cases have been studied for
deformation in XOZ plane with A = 0 (the flat case), 1 mm,
1.5mm, and 2mm. The input impedance from the opti-
mized circuit parameters demonstrates very good agreement
with the full wave simulations for the four cases with dif-
ferent deformation, in a frequency range that starts from
2 GHz and includes the first resonant mode. As can be seen
from Figure 10, there is only one self-excited resonance
point in the whole frequency band. So, there is no change in
the antenna mode, it still works in the base mode, and no
higher order mode appears.

Table 3 shows the equivalent circuit parameters of air
microstrip antenna deformation in the above four cases. As
expected from the simulation and analytical model, the effect
of ground plane deformation on the first resonant mode has
been observed by the circuit parameters R,, C,, and L,.
Compared to the flat case with A =0, at A>0, the capac-
itance C, increases and the inductance L, decreases. The LC
product decreases, which results in an increased resonant
frequency.

4. Effect of Ground Plane Deformation on the
Radiation Pattern

When the ground plane deforms, the relationship between
E-plane radiation pattern and deformation amplitude A
under four w values is analyzed, respectively. The simulation
results are shown in Figure 11.

As can be seen from the radiation patterns in Figure 11,
when the ground plane deforms, the directivity decreases
with the increase of the deformation amplitude A. The beam
pointing of the E-plane pattern will shift to right. But when
the ground plane deforms on the YOZ plane, the directivity
decreases slightly relative to the deformation on the XOZ
plane.

Efficiency is also one of the important parameters for
antennas. In order to reduce the length of the article and
without affecting the conclusion, we only give the data of
case a, as follows. The other three cases are similar to the case
a, so they are omitted. Table 4 shows the variation of antenna
efficiency with deformation amplitude A.

As can be seen from Table 4, the radiation efficiency is
slightly reduced and close to 1. Because both the patch and
ground plane are ideal conductors for analysis, there is no
conductor loss. And the medium is air, so there is no di-
electric loss. In conclusion, the antenna is lossless; the ra-
diation efficiency is theoretically approximately 1. However,
the total efficiency of the antenna decreases with the increase
of deformation amplitude A due to the increase of return
loss at the operating frequency. The above results again show
that the antenna deformation has a relatively small effect on
the radiation performance but can cause serious antenna
mismatch.

5. Measurement and Comparison

The air microstrip antenna prototype is made by connecting
the copper (0.5 mm thick) to the ground plane (0.5 mm thick)
with a liquid glue, as shown in Figure 12. The patch is attached
to the ground plane by foam, providing firm connections and
flexibility in bending. The size of the ground plane is
100 mm x 120 mm. In general, the ground plane size of the
patch antenna should be 2-3 times the patch size, so as to
maintain a good front and rear ratio. S;; is measured by
performing six bending deformations corresponding to
amplitude A=1~3.5mm; the step value is 0.5mm. The
resonant frequency of air microstrip antenna with the ground
plane deformation was measured by network analyzer. The
same S;; measurement was repeated three times to represent
the measurement error. The average value of the resonant
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FIGURE 9: The equivalent circuit of the patch antenna.

frequency is measured. The measurement results show that it
has good repeatability in three rounds’ measurement. As
expected, The measurement results show that the resonant
frequency shift of ground plane deformation in XOZ plane is
larger, while the influence of deformation in YOZ plane on
resonant frequency is smaller, as shown in Figure 13. It is
observed that when the bending deformation is large, the
structure will change obviously, resulting in impedance
maladjustment and bandwidth reduction. For ground plane
deformation in YOZ, the stability of input matching band-
width is relatively small. As can be seen from Figure 14, the
measured results are in good agreement with the simulation
results. And it also proves the correctness of the conclusion.

6. Conclusion

This paper covers the electrical performance variation of air
microstrip antenna under the ground plane deformation.
When the ground plane deforms, the resonant frequency of
the antenna will shift. When the ground plane deforms on
two different planes, respectively, the offset of resonant

120 T T T T T T T T T
100 -
80
@ 60 -
3
= 40 A
<
!
a
g 204
0
-20 -
_40 - / i
T T T T T T T T T
20 21 22 23 24 25 26 27 28 29 30
Frequency (GHz)
— Z,(A=0) — Z,(A=15)
“mm Zgg(A=0) —== Zgg(A=15)
— Z,(A=1) — Z (A=2)
—m- Zg(A=1) “mm Zg(A=2)

FiGure 10: Input impedance from the optimized circuit parameters
compared with the simulation results for the four cases with A =0
(the flat case), 1 mm, 1.5 mm, and 2 mm.

frequency on the XOZ plane deformation is greater than that
on the YOZ plane deformation. It also can be seen from the
radiation pattern that the directivity of the antenna will
decrease. When the ground plane deforms on YOZ plane,
the loss of directivity is relatively small.

In a word, the deformation of ground plane of air
microstrip antennas has great impact on electrical perfor-
mance, which is not conducive to realize the electrical



International Journal of Antennas and Propagation

TaBLE 3: Equivalent circuit model parameters for air microstrip antenna deformation in XOZ plane with A = 0 (the flat case), 1 mm, 1.5 mm,
and 2 mm.

o Deformation amplitude A (mm) (part of case a)
Circuit parameters
0 1 1.5 2
L, (nH) 0.843 0.875 0.852 0.832
R, (Q) 115.35 108.04 103.5 89.62
C, (pF) 50.532 53.635 57.60 60.03
L, (nH) 0.090 0.078 0.070 0.064
10 . T T T T T 10 T T ] 10 J ]
0 - 0 -
g g
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FIGURE 11: The E-plane radiation patterns change with deformation amplitude A. (a) Case a, (b) case b, (c) case ¢, and (d) case d.

performance. Therefore, in engineering practice, antenna

structure deformation should be minimized to ensure that  antennas. The effect of ground plane deformation on res-
the antenna can work effectively. It can also be seen from the =~ onant frequency of air microstrip antennas can be effectively
results that there is a good linear relationship between  calculated by the mathematical model.

resonant frequency offset and deformation of air microstrip
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TaBLE 4: Efficiency of air microstrip antenna.

Angular Deformation Incident Accepted Radiated Radiation Total
frequency w amplitude A (mm) power (W) power (mW) power (mW) efficiency % efficiency %

1 1 929.63 910.55 97.95 91.06

1.5 1 647.20 630.92 97.48 63.10

118 2 1 470.47 456.60 97.05 45.66

2.5 1 300.07 291.91 97.28 29.19

3 1 219.23 210.95 96.22 21.10

3.5 1 148.06 142.09 95.97 14.21

(®)

S;, (dB)

S;; (dB)

T T T T T T T _45 T T T T T T T T T
23 24 25 26 27 28 29 30 20 21 22 23 24 25 26 27 28 29 30
Frequency (GHz) Frequency (GHz)
—— (A=2)5) -m— (A=0) - (A=25)
e (A=3) o (A=1) < (A=3)
—— (A=3.5) —4— (A=1.5) —»— (A=3.5)

v (A=2)
() (b)

FIGURE 13: Measured results of S parameter. (a) Case a and (b) case c.
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2.90 T T T T T T

Resonant frequency (GHz)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Deformation amplitude A (mm)

—m— Case (a) simulated
—@— Case (a) measured

—A— Case (c) simulated
—— Case (c) measured

F1GURE 14: The simulation results are compared with the measured
results.

In this paper, the effect of the ground plane defor-
mation on electrical performance of air microstrip an-
tennas is approximately processed. In practice, the
antenna should be analyzed mechanically in ANSYS
firstly, and then the deformed model is reconstructed in
HESS. Finally, the electrical performance of the deformed
antenna is analyzed in HFSS. Therefore, in the next work,
the mechanical analysis of air microstrip antenna in
ANSYS will be consistent with the actual situation, in-
cluding the study of more general medium microstrip
antennas deformation on electrical performance of the
antenna.
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