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Performance of a circular patchmicrostrip antenna is highly affected by the effective dielectric constant of a used substratematerial.
When the circular patch is conformed on a cylindrical body, the effective dielectric constant is changing with curvature due to the
changing in the fringing field. Consequently, some of antenna parameters such as resonance frequency, input impedance, voltage
standing wave ratio, return loss, quality factor, and antenna bandwidth are functions of curvature. In this work, we study the
effect of curvature on the performance of circular patch microstrip antenna. A mathematical model for the antenna parameters
as functions of curvature is also introduced.Themodel is applied in case of using two substrates of different refractive index values.
By extension, the antenna performance was studied through simulation by using method of moments (MoM) which is reliable
in solving Maxwell’s integral equations in the frequency domain. The results from simulation compare very favorably with the
described analytical results.

1. Introduction

Circular patch microstrip antenna is widely used in recent
wireless applications such as aircraft communications, Blue-
tooth, HIPERLAN, and medical imaging [1–4]. A microstrip
antenna has received extensive research due to its low cost
and small size. This antenna can be easily fabricated and
conformed on cylindrical bodies [5–7].

Conformal antennas, in general, have some advantages
over planner microstrip antennas such as wide angular
coverage and controlled gain [8, 9]. The main drawback of
microstrip antennas is their narrow bandwidth which results
in high sensitivity to any frequency change and decreases the
efficiency of their overall performance [10].

In this paper, we introduce the effect of curvature of a con-
formed circular microstrip printed antenna on the effective
dielectric constant, resonance frequency, input impedance,
voltage standing wave ratio (VSWR), return loss (𝑆

11
), qual-

ity factor, and bandwidth of such antenna. Furthermore,

themathematical equations for these parameters as functions
of curvature for cylindrical surface are also reported in this
paper. The analysis is considered at resonance frequency
of 2.4GHz and transverse magnetic mode TM

01
for two

different substrate materials with dielectric constants of 2.1
and 10. Though it was mentioned that changing the radius of
curvature of a cylindrical body has no effect on the resonance
frequency of a circular patch microstrip antenna printed on
a cylindrical body, the experimental results show a bit shift
on the operating frequency for different curvature [11]. The
debate emerged as there is no clear explanation for this shift
that had been introduced.

We have introduced comprehensive mathematical equa-
tions that show the effect of curvature of a cylindrical body on
a rectangularmicrostrip printed antenna [12].The theoretical
results were compared to experimental results to verify the
introduced model.

In this work, we extend the model to study the curvature
effect on a circular patch microstrip antenna printed on
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Figure 1: Cylindrical-circular patch microstrip printed antenna
geometry [16].

a cylindrical surface. The fringing field effect on the perfor-
mance of a conformal circular patch antenna is also presented
in this paper.

In the rectangle microstrip printed antenna, the effective
dielectric constant, depending on fringing field, is varying
with curvature and microstrip patch length [12]. However, in
circular patch microstrip antenna, it depends on the distance
between the central axis and themicrostrip edge.The value of
that distance is varying from zero to the circular patch radius.

The cylindrical-circular patch microstrip antenna is very
famous and popular in many military applications [13]. The
circular patchmicrostrip antenna has a number of advantages
over the rectangular one. It has a symmetric radiation pattern,
higher directivity, smaller VSWR, and higher return loss [14].

The resonance frequency 𝑓
010

for TM
01

mode as a
function of an effective radius of antenna 𝑎eff and effective
dielectric constant 𝜀

𝑟eff has been presented by Balanis as [11]

𝑓
010
=

3.8318 × 𝑐
2𝜋𝑎eff√𝜀eff

, (1)

where 𝑐 is the speed of light.
Luk and Lee studied the curvature effect on the per-

formance of circular disc microstrip antenna conformed on
a cylindrical body, as shown in Figure 1, for TM

01
[15].

Quality factor, input impedance, and power are introduced
for different values of curvatures. The authors noted that
all studied parameters are functions of curvature except
the operating frequency, according to their model. In their
model, the authors did not consider the fringing filed effect on
the antenna parameters and the effect of radius of curvature
on effective dielectric constants.

A mathematical model for input impedance and far
electric field of a coaxial fed circular patch microstrip printed
antenna conformed on a cylindrical surface was introduced
using cavity model by Luk and Lee [16]. The fringing filed
effect on an effective circular patch radius and on an effective
dielectric constant is considered in this paper. However, the
curvature effects on the resonance frequency and on fringing
field itself were not considered.

Mathematical and experimental results for a slot coupled
cylindrical-circular microstrip antenna for input impedance
as a function of curvature using cavitymodel were introduced
in [11]. The mathematical model assumed that there is no
change in resonance frequency, but the experimental results
showed a little shift in frequency due to curvature. A physical
explanation for this experimental result had never been
given. We have introduced the first physical explanation
of this shift in frequency in [17]. The curvature effects on
the effective dielectric constant and consequently on the
operating frequency as cleared from (1) are introduced in [18].

2. The Proposed Model

The fringing field effect of a microstrip line on the effective
dielectric constant is firstly introduced by Wheeler in 1961
[19]. Appling this model, we have produced an expression of
the dielectric constant as a function of radius of curvature
for a rectangular microstrip printed antenna conformed on
a cylindrical surface [20]. Starting fromMaxwell’s equations,
expressions for electric andmagnetic fields intensities, quality
factor, input impedance, VSWR, and return loss are obtained
as a function of radius of curvature [21].

Here, we extend our work and study the performance of
a conformal circular patch antenna.

First, we obtained dielectric constant 𝜀
𝑟eff for different

curvatures, as shown in [20], and then substituted the
dielectric constant in (1) to get the resonance frequency for
TM
01
as a function of curvature. In this case, the electric field

components 𝐸
𝜃
and 𝐸

𝜑
for a far field are obtained as shown

below:

𝐸
𝜃
= 𝐸
0

𝑒
−𝑗𝑘0𝑟

𝜋𝑟

∞

∑

𝑛=−∞

𝑒
𝑗𝑛0
𝑗
𝑛+1
𝑓
𝑛
(−𝑘
0
cos 𝜃) ,

𝐸
0
= −𝐸
0

𝜔𝜇𝜖𝑒
−𝑗𝑘0𝑟

𝜇
0
𝜋𝑟

∞

∑

𝑛=−∞

𝑒
𝑗𝑛0
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𝑛
(−𝑘
0
cos 𝜃) ,

(2)

where

𝑓
𝑛
=

𝑗𝜔𝜀
0
∫
∞

−∞
𝑀(𝑛, 𝑝) 𝑒

−𝑗𝑛0
𝑒
−𝑗𝑝𝑧

𝑑𝑧

(𝑘
2

0
− 𝑛2)𝐻2

𝑝
(𝑎√𝑘

2

0
− 𝑛2)

,

𝑔
𝑛
=

∫
∞
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𝑀(𝑛, 𝑝) 𝑒

−𝑗𝑛0
𝑒
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(√𝑘
2
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× (
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0
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− 1) .

(3)

𝑀(𝑛, 𝑝) is the equivalent magnetic currents along the
circumference of the circular path,𝜔 is the angular frequency,
and 𝑘
0
= 𝜔
0√𝜇𝜖0.

Boundary conditions were applied on the elementary
wave function. So, the homogenous wave vanishes at edges
and satisfies the normalized conditions. Then, coaxial feed
is considered as a rectangular current source with equivalent
cross-sectional area 𝑆𝑧 × 𝑆

Φ
centered at (𝑍

0
, Φ
0
).
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Figure 2: Impact of changing radius of curvature of a circularmicrostrip patch (a) on the effective dielectric constant and (b) on the resonance
frequency. “Teflon substrate.”

Input impedance as function of effective dielectric con-
stant 𝜀

𝑟eff and position of feeding (𝑍
0
and Φ

0
) is defined as

𝑍in = 𝑗𝜔𝜇ℎ∑
𝑛

∑

𝑚

1

𝑘
2

0
− 𝑘2

𝑅𝜀
𝑟eff

2𝑎
3

eff
× cos2 ( 𝜋

𝑎eff
𝑧
0
)

× sin 𝑐 ( 𝜋

2𝑎eff
𝑧
0
) sin 𝑐 ( 𝑅𝜋

2𝑎
2

eff
0
0
) .

(4)

The total quality factor depends on the conduction quality
factor 𝑄

𝑐
, dielectric loss quality factor 𝑄

𝑑
, and radiation

quality factor 𝑄rad as given in
1

𝑄
𝑡

=
1

𝑄rad
+
1

𝑄
𝑐

+
1

𝑄
𝑑

,

𝑄
𝑐
= ℎ√𝜋𝑓𝜇𝜎,

𝑄
𝑑
=

1

tan 𝛿
,

𝑄rad =
2𝜔𝜀
𝑟

ℎ𝐺
𝑡

𝐾,

(5)

where𝐾 and 𝐺
𝑡
are given in [11].

The bandwidth BW is given by

BW =
𝑓
0

𝑄
𝑡

(6)

and hence the VSWR values as a function of curvature can be
calculated as

Δ𝑓 = 𝑓
0

VSWR − 1
𝑄
𝑡
√VSWR

. (7)

Return loss is also given by

𝑆
11
= −20 log [VSWR − 1

VSWR + 1
] . (8)

All previous equations for circular patch microstrip
antenna printed on a cylindrical surface are function of the
operating frequency which is variable of radius of curvature
of the cylindrical body.

3. Results

In this paper, we have designed a circular path antenna
resonating at 2.4GHz with a feeding point at the center.
Two different types of Teflon material as a dielectric with
height of 1.5mm have been used as a substrate. Teflon
is considered as an efficient substrate for its flexibility to
conformon a cylindrical body [15]. Furthermore, the antenna
performances are also calculated through simulation of a
5.24 cm radius circular path antenna conformed on 20 cm
cylindrical body. Simulation was carried out using the FEKO
7.0 software from EMSS Inc.

3.1. Teflon Substrate. In this subsection, a Teflon material is
used as a substrate with dielectric constant 2.1, tangent loss
0.0015, and the patch radius 5.24 cm. Figure 2(a) illustrates
the effect of changing the radius of curvature on the effective
dielectric constant. As the curvature increases, the effective
value of dielectric constant increases till it saturates. The
radius of curvature is starting from 2 cm to 1m to cover
most of the change in curvature; after this value the effective
dielectric constant tends to be constant as in the flat antenna.
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Figure 3: Impact of changing radius of curvature (2 cm, 20 cm, and 2m) of a circular microstrip patch (a) on the return loss in dB and (b)
on the VSWR as a function of frequency. “Teflon substrate.”

Impact of changing the radius of curvature on the
resonance frequency is shown in Figure 2(b). There is a shift
of 2MHz in frequency for the whole change in curvature
2 cm and flat antenna. This value is very small compared
to resonance frequency. However, it is very important in
multichannel applications such as ZigBee RF4CE. It operates
at 2.4GHz and has a channel separation of 5MHz. A small
frequency shiftingmay lead to interference between channels.

Figure 3(a) shows the impact of changing the radius of
curvature on the return loss as a function of frequency. The
minimum values of 𝑆

11
are almost the same at −91 dB, but

the minimum is shifted toward increasing the frequencies
when the curvature decreases by the same values as shown
in Figure 2(b). Figure 3(b) illustrates the change of VSWR
as a function of curvature. The minimum value of VSWR is
almost 1, but the frequency is shifted.

Figures 4(a) and 4(b) show the normalized𝐻-plane at𝜑=
90∘ and 270∘ and𝐸-plane at𝜑= 0∘ and 180∘ in dB as a function
of curvature for 2 cm, 2m, and flat surface, respectively. It
should be noted that the radiation pattern is getting wider as
the curvature increased, which is expected for more bending
of the body.

The radiation quality factor 𝑄rad, total quality factor 𝑄𝑡,
bandwidth BW, and the real value of input impedance 𝑅in
are calculated for different values of curvatures and listed in
Table 1.

As radius of curvature increases, the value of 𝑄rad
decreases and consequently the 𝑄

𝑡
also decreases by a very

Table 1: 𝑄rad, 𝑄𝑡, BW, and 𝑅in for different radius of curvatures.

𝑅 2 cm 20 cm 2m
𝑄rad 67.5 67.4 67.37
𝑄
𝑡

1869 1868.7 1868.6
BW (MHz) 1.2929 1.2926 1.2925
𝑅in (Ω) 50.19 50.26 50.27

small amount. There is a limited change in bandwidth about
400Hz for a change in the radius of curvature from 2 cm to
2m. Small change in input impedance about 0.08Ω is also
noted due to curvature change.

3.2. Epsilam-10 Ceramic-Filled Teflon Substrate. Epsilam-
10 ceramic-filled Teflon substrate material has a dielectric
constant equal to 10, tangent loss of 0.004, and the patch
radius is 2.45 cm. The effect of changing the curvature of the
cylindrical body on the effective dielectric constant and on
the resonance frequency is illustrated in Figures 5(a) and 5(b),
respectively.

It should be noted that 2.5MHz overall change in fre-
quency is achieved corresponding to change in curvature
between 2 cm radius and flat antenna. The change in fre-
quency is lower than that of the Teflon material shown in
Figure 2(b).

Figures 6(a) and 6(b) show 𝑆
11
andVSWR, respectively, as

a function of frequency for different curvature.Theminimum
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Figure 4: (a) Normalized 𝐻-plane (𝜑 = 90∘, 270∘) and (b) normalized 𝐸-plane (𝜑 = 0∘, 180∘) in dB at radii of curvature 2 cm, 2m and flat
surface. “Teflon substrate.”

Table 2: 𝑄rad, 𝑄𝑡, BW, and 𝑅in for different radius of curvatures.

𝑅 2 cm 20 cm 2m
𝑄rad 411.5 410 409.7
𝑄
𝑡

2048.1 2047.5 2047.4
BW (MHz) 0.8642 0.864 0.862
𝑅in (Ω) 50.12 50.2 50.23

values of 𝑆
11

(≈ −100 dB) and VSWR (1) are independent of
the curvature. However, the frequencies corresponding to
these minima are shifted. The location of the minimum
increases with increasing the curvature and follows the
behavior shown in Figure 5(b).

Figures 7(a) and 7(b) show the normalized𝐻-plane at𝜑=
90∘ and 270∘ and𝐸-plane at𝜑= 0∘ and 180∘ in dB as a function
of curvature for 2 cm, 2m, and flat surface. It should be noted
that the radiation pattern is getting wider as the curvature
increases. The radiation pattern of Epsilam-10 ceramic-filled
Teflon substrate is wider than that of Teflon substrate shown
in Figure 4.

Table 2 shows the radiation quality factor 𝑄rad, total
quality factor𝑄

𝑡
, bandwidth BW, and the real values of input

impedance 𝑅in for radius of curvatures values 2, 20 cm, and
2m. Similar to the case of using Teflonmaterial as a substrate,
𝑄rad and 𝑄

𝑡
decrease with an increase in the curvature.

However, the changes in the bandwidth (2.2 kHz) and in
the input impedance (0.11Ω) are higher than those achieved
when Teflon material is used.

3.3. Simulation Results. In this subsection, using the MoM
simulations, we thoroughly investigate the antenna perfor-
mances including the return loss and VSWR of circular
path antenna conformed on cylindrical body. Two different
substrates (Teflon and Epsilam-10 ceramic-filled Teflon) were
used. Results are compared to those obtained theoretically in
the previous sections.

Figures 8 and 9 show the return loss and VSWR of a cir-
cularmicrostrip antenna conformed on a cylindrical body for
20 cm, 2 cm, and 2m using Teflon and Epsilam-10 ceramic-
filled Teflon substrate, respectively.

The results fromFEKOEMsolver compare very favorably
with our analytical results described in the paper. Difference
in return loss at curvature radius of 2 cm and 2m is almost
3.4MHz and 5MHz for the cases of Teflon, Figure 8(a),
and Epsilam-10 ceramic-filled Teflon, Figure 9(a), substrate,
respectively. These shifts are very close to the reported theo-
retical results.

However, the change in the minimum value of return loss
and resonance frequency on this value may be attributed to
the approximations taken into account through the analytical
calculations and the software simulations as well.

4. Conclusion

The originality of this paper is to introduce the change in the
resonance frequency of a circular patch microstrip antenna
conformed on a cylindrical body. This frequency change
is mainly due the modification of the effective dielectric
constant with the curvature. We study the associated effects
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Figure 5: Impact of changing radius of curvature of a circularmicrostrip patch (a) on the effective dielectric constant and (b) on the resonance
frequency. “Epsilam-10 ceramic-filled Teflon substrate.”

2.38 2.39 2.4 2.41 2.42 2.43
−110

−100

−90

−80

−70

−60

−50

−40

Resonance frequency (GHz)

Re
tu

rn
 lo

ss
,S

1
1

(d
B)

R = 2 cm
R = 20 cm

R = 2m

(a)

2.38 2.39 2.4 2.41 2.42 2.43
1

1.004

1.008

1.012

1.016

Resonance frequency (GHz)

Eff
ec

tiv
e d

ie
le

ct
ric

 co
ns

ta
nt

 

R = 2 cm
R = 20 cm

R = 2m

(b)

Figure 6: Impact of changing radius of curvature (2 cm, 20 cm, and 2m) of a circular microstrip patch (a) on the return loss in dB and (b)
on the VSWR as a function of frequency. “Epsilam-10 ceramic-filled Teflon substrate.”
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Figure 7: (a) Normalized 𝐻-plane (𝜑 = 90∘, 270∘) and (b) normalized 𝐸-plane (𝜑 = 0∘, 180∘) in dB at radii of curvature 2 cm, 2m and flat
surface. “Epsilam-10 ceramic-filled Teflon substrate.”
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Figure 8: Impact of changing radius of curvature (2 cm, 20 cm, and 2m) of a circular microstrip patch (a) on the return loss in dB and (b)
on the VSWR as a function of frequency. “Teflon substrate, FEKO”.



8 International Journal of Antennas and Propagation

2.38 2.39 2.40 2.41 2.42 2.43
−80

−75

−70

−65

−60

−55

−50

−45

−40

Resonance frequency (GHz)

Re
tu

rn
 lo

ss
,S

1
1

(d
B)

R = 2 cm
R = 20 cm

R = 2m

(a)

2.38 2.39 2.40 2.41 2.42 2.43
1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Resonance frequency (GHz)
VS

W
R

R = 2 cm
R = 20 cm

R = 2m

(b)

Figure 9: Impact of changing radius of curvature (2 cm, 20 cm, and 2m) of a circular microstrip patch (a) on the return loss in dB and (b)
on the VSWR as a function of frequency. “Epsilam-10 ceramic-filled Teflon substrate, FEKO.”

on some antenna parameters such as quality factor, input
impedance, bandwidth, 𝑆

11
, andVSWRat TM

01
mode. Teflon

and Epsilam-10 ceramic-filled Teflon are used as substrate
materials with different dielectric constants. The resonance
frequencies increased by 2MHz and 2.5MHz for a curvature
change from 2 cm to 2m for Teflon and Epsilam-10 ceramic-
filled Teflon, respectively. Consequently, the VSWR and 𝑆

11

for both dielectric materials are shifted in frequency with
increasing curvature of a cylindrical body. The change in
input impedance is 0.08Ω for Teflon material and 0.11Ω
for Epsilam-10 ceramic-filled Teflon material for curvature
changing from 2 cm to 2m. The change in the bandwidth
of Teflon and Epsilam-10 ceramic-filled Teflon is 2 kHz and
2.2 kHz, respectively. Total quality factor is decreasing with
increasing the curvature by very limited values for both
substrate materials. The antenna performance was studied
through simulation by using FEKO 7.0 software from EMSS
Inc.The results from simulation compare very favorably with
the described analytical results.

In general, the curvature has a limited effect on the
performance of a circular patch microstrip printed antenna
in the case of single channel. However, a small shifting in
frequencywill be very effectivewhen amultichannel system is
used.This will lead to a high change in VSWR and 𝑆

11
values.
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