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The desire of accessing information everywhere and anytime
has led to a surge in wireless communication devices. Numer-
ous new applications are being explored, and, as a result,
innovative devices are being envisioned. The applications
span from wearable sensing and communication for body
area networks to real time tracking and localization of
personnel and objects. Primary requirements for these new
devices are small form factor, light weight, low cost, con-
formal, and preferably environmentally friendly. To achieve
lower cost, fabrication on low cost organic substrates such
as polymers is being sought. Organic and polymer substrates
are cheaper, lighter, and, in the case of organics, more
environmentally friendly with the additional advantage of
providing flexibility. The size of such devices is typically
dictated by the size of the antennas, so miniaturization of
antennas without losing the efficiency is an important issue.
In addition to small form factors, such antennas are also
expected to support multiband operations, provide ease of
integration with driving circuits, and, most importantly, are
of low cost. This special issue is focused on various aspects
of antenna designs which are suitable for such futuristic
applications.

G. Liu et al., show an interesting method of miniaturizing
the traditional patch antenna through a special cross-shaped
fractal metamaterial structure that is inserted between the
patch and ground plane.With this method, they demonstrate
a size reduction of more than 10% for the 900MHz band.
The design is highly suitable for numerous UHF RFID based
applications.

H. Liu et al., present an interesting design concept to
achieve miniaturization and capability of integrating multi-
systems of wireless communication terminals through a new
ultrawideband planar inverted F antenna (PIFA) design. The
PIFA employs a capacitive ground plane which is composed
of a sheet ofmetal islands. By applying the capacitive compen-
sation for input impedance of the PIFA in high-order modes
frequency bands, ultra-wideband operation from 2.3GHz to
9.0GHz is achieved with a small form factor.

G. Liu et al., demonstrate a novel high performance
design for global positioning system (GPS) dual-band oper-
ation (1.575GHz and 1.227GHz for L1 band and L2 band,
resp.). The design employs two separate circularly polarized
antennas with good isolation. To enhance the gain at low
angle, a new structure of patch and two parasitic metal
elements are introduced in this work. With the optimized
design, good axial ratio and near hemispherical radiation
pattern are obtained.

L. Zhao et al., investigate the effects of reentry plasma
sheath on a GPS right-hand circularly polarized (RHCP)
patch antenna polarization property during a typical reentry
process. The very important result which they report is that
the GPS RHCP patch antenna radiation pattern is distorted
along with deteriorations in polarization during the entire
reentry process and that appropriate measures must be taken
to maintain the navigation communication.

H. Liu et al., study the characteristics of directivity
enhancement using differentmetamaterial structures as ante-
nna superstrates, such as electromagnetic bandgap (EBG)
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structures, frequency selective surface (FSS), and left-handed
material (LHM). The study focuses on the analysis of reflec-
tion phase and magnitude of superstrates, and the essential
reason for high-directivity antennawith different superstrates
is revealed in terms of the Fabry-Perot resonant theory.

X. Yang et al., provide a theoretical analysis to improve
the body area line-of-sight probability density model. They
prove that the traditional least-square statistical model is not
necessarily the best choice when only limited samples can
be collected. The proposed method helps to improve the
probability density estimation in “body area network” radio
propagation characterization.

These manuscripts present interesting design insights
for miniaturized, multiband, and low cost antennas suitable
for RFID, navigation, and wearable (body area network)
applications. Emerging designswith enhanced performances,
overcoming existing challenges, have been included in this
special issue, which may inspire the reader and help advance
the present research on the topic. We would like to thank
all authors, reviewers, and the guest editor for making this
special issue on RFID and wearable antennas possible.

Duixian Liu
Atif Shamim

Tzyh-Ghuang Ma
Zhinong Ying
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The statistical model plays an important role in BAN radio propagation characterization. However, a traditional least-square
statistical model is not necessarily the best choice when only limited samples can be collected. This paper proposes the method
for improving the density model in BAN radio propagation characterization; the final PDF result validates the correctness of the
method.

1. Introduction

In radio propagation characterization, propagation mod-
els have been developed as a suitable alterative solution
to measurement campaigns [1]. Statistical models, as an
essential kind of propagation model, have been broadly
applied to various environments [2–8]. Recently, statistical
propagation models for Body Area Networks (BANs) attract
more and more attention: in [9], the authors presented a
dynamic on-body channel model based on a time-variant
measurement campaign at 2.45GHz in the 3–5GHz band;
Fort et al. [10] measured electromagnetic waves near the
torso and derived relevant statistics; in [11], Kim and Takada
presented the characterization of an on-body propagation
channel with a specific activity of a body on the basis
of the measurement results of a male subject in a radio
anechoic chamber. From all these examples, we learned that
statistical models have become an indispensable part in BAN
channel characterization. The statistical model, essentially, is
a set of probability distributions in the sample space [12],
when it is applied to channel characterization for BANs; so
the specific applications are large-scale fading models and

probability models of the two, the latter containing time
domain characterization as well. In this paper, we mainly
focus on the improvement of density models for BANs, since
the results and idea are of certain reference value for the BAN
channel characterization method.

2. Density Estimation with Regression Method

From [13, 14], we know that the density estimation 𝑝(𝑡) is the
solution of the equation

∫

∞

−∞

𝜃 (𝑥 − 𝑡) 𝑝 (𝑡) 𝑑𝑡 = 𝐹 (𝑥) , (1)

where 𝜃(𝑘) is a step function, and 𝐹(𝑥) is the probability
distribution function. Meanwhile, the following conditions
will be met:

𝑃 (𝑥) ≥ 0, ∫

∞

−∞

𝑝 (𝑥) 𝑑𝑥 = 1. (2)
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Figure 1: SV for RMS delay.

𝐹(𝑥) is approximated by empirical distribution function 𝐹𝑙(𝑥)

Problem

𝐴𝑝 = 𝐹,
𝐹 is approximated by empirical distribution function 𝐹𝑙(𝑥)

ill − posed problem:

Solving

Equivalent

Equivalent

Defining the solution 𝑝𝑙

Introducing a regularizing function Ω(𝑝)

min(𝑝, 𝑝) =
𝑙
∑
𝑖,𝑗=1
𝛽𝑖𝛽𝑗𝐾𝛾𝑙 (𝑥𝑖, 𝑥𝑗)

min 1
2
‖𝜔‖2 + 𝐶

𝑙
∑
𝑖=1

(𝜉𝑖 + 𝜉
∗
𝑖 )

𝛽𝑖 ≥ 0,
𝑙
∑
𝑖=1
𝛽𝑖 = 1. 

max 𝐹𝑙(𝑥) −
𝑙
∑
𝑗=1
𝛽𝑖∫
𝑥
−∞ 𝐾𝛾𝑙 (𝑥𝑗, 𝑡)𝑑𝑡

𝑥=𝑥𝑖

= 𝜎𝑙||
|𝜉|𝜀 =

|𝜉| − 𝜀 Otherwise

0 if |𝜉| ≤ 𝜀
𝜉𝑖, 𝜉

∗
𝑖 ≥ 0

𝑦𝑖 − ⟨𝜔, 𝑥𝑖⟩ − 𝑏 ≤ 𝜀 + 𝜉𝑖

⟨𝜔, 𝑥𝑖⟩ + 𝑏 − 𝑦𝑖 ≤ 𝜀 + 𝜉
∗
𝑖

∫𝑥−∞ 𝑝(𝑡)𝑑𝑡 = 𝐹(𝑥)

min
𝑝
Ω(𝑝)‖𝐴𝑝 − 𝐹𝑙‖ ⟨ 𝜀𝑙, 𝜀𝑙 ⟩ 0, 𝜀𝑙 → 0 

(Vapnik and 
Mukherjee, 1999)

(Phillips 1962)

(Vapnik and Mukherjee,
1999) (Smola and Schölkopf,

2004)

Figure 2: The algorithm for density estimation in BANs.
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Figure 3: 𝜀-insensitive method.
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Figure 4: Regression coefficient.
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Figure 5: Density estimation comparisons for the RMS delay spread.

It is worth noting that, in (1), the distribution function𝐹(𝑥) is
unknown, but a random i.i.d. sample 𝑥

1
, . . . , 𝑥

𝑙
is given; then

the empirical distribution function is given [15]:

𝐹
𝑙
(𝑥) =
1

𝑙

𝑙

∑

𝑖=1

𝜃 (𝑥 − 𝑥
𝑖
) , (3)

where 𝜃(𝑢) is a step function.We cite a common time domain
parameter (rootmean square delay spread) for characterizing

BAN channels as an example to build the empirical distribu-
tion function. The sampling points cover the chest, the arms,
and the legs (the data were measured at the Body-Centric
Lab, Queen Mary, University of London); the empirical
distribution function can be seen as an approximation of
actual probability density function.

The method and the train of thought for density estima-
tion are shown in Figure 2.
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After establishing the empirical distribution function, we
used the 𝜀-insensitive method [16] to approximate 𝐹

𝑙
(𝑥). In

Figure 3, the cumulative distribution function for the SV
regression is shown where the SV is only shown in Figure 1.
The 𝜀-insensitive loss function |𝜉|

𝜀
is described by [17]

𝜉
𝜀 = {
0 if 𝜉 ≤ 𝜀


𝜉
 − 𝜀 otherwise.

(4)

In our case, the spacing between the dotted lines is 2𝜀.
We do care about the coefficient (Figure 4) in the regres-

sion process; these coefficients 𝛽
𝑖
are just the ones which

would be used to do the final probability density function
regression.

Figure 5 presents the density estimation results, while
reasonable approximation demonstrates the feasibility and
potentiality of this method. In addition, Figure 5 exhibits the
traditional method as well: Nakagami distribution is very
common in characterizing on-body RMS delay [18], and the
results show that this density distribution is not necessarily
the best choice.

3. Conclusion

Statisticalmodel is an importantmean of characterizing radio
propagation in the BAN propagation environment and other
propagation environments. In this paper, the authors try to
improve the density estimation method for limited samples
in an on-body line-of-sight scenario. In traditional BAN
probability density models, least square technique is used to
do the regression analysis; however, when the sample size
is small, the precision of this method is debatable. In this
paper, we proposed newmathematicalmechanism to approx-
imate probability density, the final result demonstrates the
correctness of the proposedmethod, and this newly proposed
model has extensive reference meaning for statistical radio
propagation modeling.
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With the trend of the miniaturization, broadband, and integration of multisystems of wireless communication terminals, a new
ultrawidebandplanar inverted-F antenna (PIFA)with capacitive groundplane is proposed in this paper.The capacitive groundplane
is composed of a sheet of metal islands, which makes a major contribution to ultra-wideband from 2.3GHz to 9.0GHz by applying
the capacitive compensation for input impedance of the PIFA in high-order modes frequency bands. The effect of geometric
parameters of capacitive ground plane and antenna height on antenna performance is analyzed. It is found that the radiation pattern
in free space and the gain of the proposed antenna also meet the demands of the wireless communication terminals. The reported
antenna was fabricated and measured, and the experimental results are in good agreement with the simulation results.

1. Introduction

To expand the capacity of communication system or achieve
a multimode communication, a real communication system
is required to be implemented with multiband or wide-
band characteristics. Therefore, it is important to develop
a wideband antenna for wireless communication terminal
equipments which are usually limited in a confined space for
antennas. A compact wideband mobile handset or wireless
data card multiple-input multiple-output (MIMO) antenna
for long term evolution (LTE) applications especially has been
a challenging problem. A planar inverted-F antenna (PIFA)
is widely used in mobile devices because of its advantages of
compact size, low profile, and easy integration with portable
devices. However, the narrow impedance bandwidth of a
conventional PIFA is difficult for wideband and ultrawide-
band applications. Hence, it is most desirable to findmethods
which can improve the bandwidth of the PIFA antenna
for multiband or wideband applications. A tapered-type
radiating patch [1] and multilayer patches [2] are introduced
into the internal PIFA to enhance its bandwidth. U-shaped
slits are inserted into the antenna-radiating surface to realize
a quad-band PIFA [3]. Parasitic elements are often added

to a PIFA to radiate more frequency bands [4]. A T-shaped
ground plane is proposed to broaden the bandwidth of the
PIFA [5]. A slotted ground plane for handset devices is
described to lower the profile and improve the bandwidth of
PIFA antennas [6–17].

In this paper, we propose a novel ultrawideband PIFA
with capacitive ground planewhich consists of a sheet of peri-
odic metal patches. By applying the capacitive compensation
for the input impedance of the PIFA in higher frequencies,
the proposed PIFA has a broad working frequency band.The
effect of geometric parameters of the periodic metal patches
and antenna height on antenna performance is analyzed. It is
found that the radiation pattern in free space and gain of the
proposed antenna also meet the demands of the broadband
wireless communication terminals. Good agreement of the
measurement with simulation results can be observed.

2. Analysis and Design of Ultrawideband PIFA

Figure 1 shows the geometry of a conventional PIFA. The
dimension of the radiating patch is 38mm × 25mm, and
the ground plane is a traditional solid metal surface with
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50mm × 30mm.The height of the antenna is ℎ.The locations
of the feeding point and short pin are shown in Figure 1.
In this paper, the antenna structure and dimension are kept
the same as in Figure 1; the traditional ground plane would
be changed to a capacitive ground plane for bandwidth
enhancement. The capacitive ground plane is composed of
a sheet of periodic metal patches [18], as shown in Figure 2.
The width of the metal patch is𝑤, and the gap width between
two metal square patches is 𝑔. Thus, the period of the patch
element of the designed capacitive ground plane is 𝑎 =
𝑤 + 𝑔. This structure is often called a frequency selective
surface. If the metal plates are not connected, it is called a
“capacitive” surface, and it transmits low frequencies while
reflecting high frequencies [18]. The substrate dielectric has
a relative permittivity of 𝜀

𝑟
= 4.4 and a loss tangent of 0.013.

The thickness of the substrate of the capacitive surface is
𝑡 = 2.0mm. It should be pointed out that the periodicity is
flexible to design a capacitive surface.

Parametric studies were performed to analyze the effects
of the capacitive ground plane structure parameters on

the antenna performance. It is worth pointing out that
the radiating patch and the positions of feeding point and
short pin are kept constant. Here we only pay attention
to the contribution from the proposed capacitive ground
plane. Figures 3(a), 3(b), 3(c), and 3(d) show the frequency
characteristics and effect of period a, radiating patch height
h, substrate permittivity and thickness on the 𝑆
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of the PIFA,

respectively. Note that, when the value of one parameter
was changed, such as when the period 𝑎 was changed from
3.0mm to 9.0mm, the values of other parameters were kept
the same as shown in Figure 1. It can be seen from Fig-
ure 3 that the implementation of replacing the conventional
ground plane with the capacitive surface will produce an
important influence on the PIFA over the wide frequency
band. According to the parametric analysis, we can determine
the favorable design parameters: 𝑎 = 3.0mm, ℎ = 3.5mm,
𝜀
𝑟
= 4.4, and 𝑡 = 2.0mm. In this case, the designed PIFA has

an ultrawideband working frequency band (less than −10 dB)
from 2.3GHz to 9.0GHz, and the relative bandwidth is up to
118%, as the solid line shown in Figure 3.
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Figure 3: Parametric analyses of the effect of capacitive ground plane on the return loss of the PIFA. (a) Period 𝑎 effect (ℎ = 3.5mm, 𝜀
𝑟
= 4.4,

and 𝑡 = 2.0mm), (b) radiating patch height ℎ effect (𝑎 = 3.0mm, 𝜀
𝑟
= 4.4, and 𝑡 = 2.0mm), (c) substrate permittivity 𝜀

𝑟
effect (𝑎 = 3.0mm,

ℎ = 3.5mm, and 𝑡 = 2.0mm), and (d) substrate thickness ℎ effect (𝑎 = 3.0mm, 𝜀
𝑟
= 4.4, and h = 3.5mm). The 𝑆
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of the conventional PIFA

with a solid ground plane is also given in (a).
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Figure 4: Comparison of the input impedance characteristics of the conventional PIFA with solid ground plane and the proposed
ultrawideband PIFA with capacitive ground plane.
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Figure 5: Radiation patterns of the ultrawideband PIFA: (a) 2.5 GHz, (b) 4.0GHz, (c) 6.0GHz, and (d) 8.5GHz.

Furthermore, we analyzed and compared the input
impedance characteristics of and between the proposed PIFA
and conventional antennas, as shown in Figure 4. It can be
seen that the parallel resonance at 2.5 GHz disappears due to
the compensation of the capacitive ground plane. Moreover,
the radiating impedance at high frequency increases, which
indicates that the proposed PIFA achieves not only wide
bandwidth but also high radiating efficiency.

Figure 5 shows the radiation patterns of the ultraw-
ideband PIFA at 2.5 GHz, 4.0GHz, 6.0GHz, and 8.5GHz,
respectively. It can be seen that these radiation patterns at
xz and yz planes are almost omnidirectional, which also
meet the demands of the wireless communication terminals.
The peak gains are 2.88 dBi, 4.42 dBi, 6.48 dBi, and 7.67 dBi,
respectively.

3. Fabrication and Measurement of
the Ultrawideband PIFA

According to the designed parameters, the proposed PIFA
was fabricated and shown in Figure 6. The radiating patch

and short pin are made of a copper sheet with thickness of
0.2mm. The height of the radiating patch is 3.0mm. The
ground plane is composed of the capacitive surface with
the square patch lattice 𝑤 = 5.0mm, 𝑔 = 1.0mm, as
shown in Figure 6(a). The substrate dielectric has a relative
permittivity of 4.6 and a loss tangent of 0.02 with thickness of
2.0mm. The experiment was conducted by using an Agilent
N5230A vector network analyzer. From the comparison of
measurement with simulation results shown in Figure 7, it
can be seen that the measurement results agree well with
the simulation results. Measurement result shows that the
working frequency band is from 2.8 to 8.3GHz, which
verifies the correctness and effectiveness of the proposed
ultrawideband PIFA antenna.

Furthermore, we apply the ultrawideband PIFA to a
wireless mobile phone platform, as shown in Figure 8. The
proposed capacitive ground plane is locally embedded into
the printed circuit board. The dimension of the PCB is
about 100mm × 50mm. Figure 9 shows the simulated and
measured 𝑆

11
of the proposed PIFA on the mobile phone

platform. It can be seen that the PIFA antenna still has good
ultrawideband characteristics.
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(a) (b)

Figure 6: Fabricated ultrawideband PIFA antenna, (a) capacitive ground plane, and (b) PIFA antenna.
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Figure 8: (a) Capacitive ground plane is locally embedded into the PCB, (b) ultrawideband PIFA on the mobile phone platform.
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of the
ultrawideband PIFA on a mobile phone platform.

4. Conclusion

This paper proposed a new ultrawideband PIFA antenna
with a capacitive ground plane which is composed of a
sheet of metal periodic patches. By applying the capacitive
compensation for input impedance of the PIFA in high
frequency bands, the proposed PIFA can work from 2.3GHz
to 9.0GHz, and the relative bandwidth is up to 118%. The
effect of geometric parameters of capacitive ground plane
and antenna height on antenna performance was analyzed
in detail. It is found that the radiation pattern in free space
and the gain of the proposed antenna also meet the demands
of the wireless communication terminals. Due to the small
dimension of the capacitive ground plane, the proposed
ultrawideband PIFA is easily integrated with other systems
of wireless communication terminal applications. Simulation
and measurement results verify that the proposed PIFA
antenna has good ultrawideband characteristics.
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A plasma sheath enveloping a reentry vehicle would affect performances of on-board antenna greatly, especially the navigation
antennas. This paper studies the effects of reentry plasma sheath on a GPS right-hand circularly polarized (RHCP) patch antenna
polarization property during a typical reentry process. Utilizing the algorithm of finite integration technique, the polarization
characteristic of a GPS antenna coated by a plasma sheath is obtained. Results show that the GPS RHCP patch antenna radiation
pattern distortions as well as polarization deteriorations exist during the entire reentry process, and theworst polarizationmismatch
loss between aGPS antenna andRHCPGPS signal is nearly 3 dB.This paper also indicates thatmeasures should be taken to alleviate
the plasma sheath for maintaining the GPS communication during the reentry process.

1. Introduction

A reentry vehicle reentering the Earth’s atmosphere at a
high Mach number speed is enveloped by a plasma sheath
due to the shock wave heating of surrounding air and the
ablation of heat shield materials, causing the ionizing of
air molecules and heat shield materials [1]. The plasma
sheath contains so many free electrons and ions that it can
attenuate RF waves greatly through reflection and absorption
effects. The primary problem associated with the reentry
plasma sheath is the “communications blackout” during
which performances of on-board electromagnetic systems
can be severely degraded [2]. One of many important effects
that contribute to the “blackout” problem is the failure of
on-board antennas which have been affected greatly by the
reentry plasma sheath [3].

The characteristic of on-board antennas covered by a
reentry plasma sheath has been studied by several authors for
several decades. Swift et al. [4–7] analyzed the characteristics
of S/C band telemetry slot and waveguide antennas radiating
into reentry plasma sheath. Galejs [8–10] analyzed and mea-
sured the admittance of homogeneous and inhomogeneous

plasma-covered slot antenna using the variational method.
Villeneuve [11] calculated the admittance of a rectangu-
lar waveguide radiating into a homogeneous plasma layer
through an application of the reaction concept of Rumsey.
Fante [12] described a simple technique for the admittance
and the radiation pattern calculations of thin plasma slabs
based on the impedance sheet notion. Hodara [13] analyzed
the radiation characteristics of slot antennas covered with
a magnetized plasma sheath. Qian and Chen [14] analyzed
C-band microstrip patch antenna covered by plasma sheath
using PLRC-FDTD algorithm, unfortunately, the plasma
sheath used there is assumed to be uniform which is not
the case for practical reentry plasma sheath. Recently, Bai
et al. [15, 16] have studied the admittance and radiation
characteristic of GPS and Beidou navigation patch antenna
covered by reentry plasma sheath.

It is believed that the plasma sheath affects not only
antenna admittance characteristics and radiation power
pattern but also the polarization property. Although, the
radiation property and impedance characteristic of plasma-
covered antenna have been studied well. However, the dete-
riorations of antenna polarization property have not been
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payed much attention to and few works of literature have
concentrated on the changes of GPS RHCP patch antenna
polarization property in the reentry plasma environment.
Consequently, analysing the effects of reentry plasma sheath
onGPSpatch antenna polarization property is also significant
to the reentry blackout research and on-board electromag-
netic systems design.

In this paper, a practical inhomogeneous plasma sheath
profiles data from NASA’s report and a dynamic stratified
mediummodelingmethod according to electron density pro-
files are adopted. The RHCP gain, polarization property, and
polarization mismatch loss of a GPS RHCP microstrip patch
antenna covered by a plasma sheath at different altitudes
during a typical reentry process are analyzed utilizing the
algorithm of finite integration technique.

2. Simulation Model

2.1. Reentry Plasma Sheath. Generally, a plasma sheath con-
sists of equal numbers of positive ions and free electrons
together with a large number of neutral particles. It is well
known that the plasma can be characterised by two param-
eters which are electron density and collision frequency. The
natural oscillation frequency of free electrons is the plasma
frequency, and the frequency of free electrons colliding with
ions and neutral particles is called the collision frequency.
The relation between electron density 𝑁

𝑒
and the plasma

frequency 𝜔
𝑝
is defined as follows:

𝜔
𝑝
= (
𝑁
𝑒
𝑒
2

𝜀
0
𝑚
𝑒

)

1/2

, (1)

where 𝑒 is the electronic charge,𝑚
𝑒
is themass of the electron,

and 𝜀
0
is the dielectric coefficient of free space.

In practice, the reentry plasma sheath is inhomogeneous
and varies with different altitudes. As indicated in the techni-
cal note [17], in the vehicle rear region where telemetry and
navigation antennas are located, the distribution variations
perpendicular to vehicle surface are larger than the variations
along vehicle surface greatly; thus, a regular laminar model
for the plasma is valid. Electron density distributions perpen-
dicular to vehicle surface at the position of antennawindow at
different altitudes are obtained fromNASARAM-C data [18],
shown in Figure 1. It is clear that shapes and peak values of
the electron density distribution profiles change significantly
at different altitudes, and it can be inferred that the variation
of reentry plasma is tremendous during the entire reentry
process.

The collision frequency distribution of reentry plasma
sheath perpendicular to vehicle surface is believed to be
approximately uniform [2], and the collision frequencies
associated with clean air at different reentry altitudes are
obtained by Bachynski et al. [19] as follows:

V = 3 × 10
8

(
𝜌

𝜌
0

) × 𝑇, (2)
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Figure 1: Electron density profiles at different altitudes for RAM-C
vehicles (reprinted courtesy of NASA).

where 𝜌/𝜌
0
the density ratio and 𝑇 is the temperature

in Kelvin degrees. The collision frequencies from 250 kft
to 50 kft depend on the surrounding air temperature and
change by four orders of magnitude. Throughout the reentry
phase, the air temperature used in this paper for simulation
is 2000K according to the typical conical reentry vehicle
surface temperature [20]. Thus, the collision frequencies at
different typical altitudes during RAM-C reentry process
adopted in this paper are listed in Table 1.

2.2. Inhomogeneous Plasma Sheath Stratified Modeling. The
reentry plasma sheath is reflective, refractive, lossy, and
frequency-dispersive medium. Thus, accurate analysis of the
interaction of reentry plasma sheath with patch antenna
is quite complicated. However, by some simplification, the
inhomogeneous reentry plasma sheath can be modeled
approximately by several adjacent homogeneous thin plasma
slabs according to the electron density distribution profile.
The degree of accuracy of this modeling method depends
upon the number of slabs chosen to approximate the actual
electron density and collision frequency distributions. To
achieve excellent simulation accuracy and prevent the simu-
lationmesh from being superabundance, the electron density
discrepancy between the adjacent thin plasma slabs is limited
to be less than 10%. As a result, in the region where the
gradient of electron density distribution is large, the plasma
slab width is thinner than the plasma slab width in the region
where the gradient of electron density distribution is small.

Accordingly, the electromagnetic characteristic of reentry
inhomogeneous plasma sheath can be established by the
plasma frequency 𝜔

𝑝
and collision frequency V of each

homogenous plasma slab. Assuming that the reentry plasma
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Table 1: Collision frequencies in different typical altitudes
(𝑇 = 2000K).

Altitude/kft 70 82 100 156
Collision frequency/GHz 23.00 13.18 5.71 0.42
Altitude/kft 175 202 233 250
Collision frequency/MHz 175.0 49.92 11.82 5.37

sheath is divided into 𝑛 layers, the complex relative dielectric
coefficient of the𝑚th plasma slab is established by

𝜀
𝑚

𝑟
= [1 −

𝜔
2

𝑝,𝑚

𝜔2 + V2
− 𝑖
𝜔
2

𝑝,𝑚
(V/𝜔)

𝜔2 + V2
] . (3)

In which 𝜔
𝑝,𝑚

is the plasma frequency in the 𝑚th layer,
and V is the collision frequency at the calculating altitude.

A schematic diagram of the stratified model which
divided an electron density distribution profile of 250 kft into
40 layers is shown in Figure 2. In the regions 0–3 cm and 12–
14 cm where the gradients of electron density distribution are
large, the plasma slab width is thinner than that in the region
3–12 cm where the gradient of electron density distribution is
small. Similarly, electron density profiles of inhomogeneous
plasma sheath at others altitudes can be approximated in this
stratified modeling method as well.

2.3. Plasma-Covered Antenna Simulation Technique. An
RHCP square patch antenna [21] with two corners truncated
is designed. The basic structure and dimensions of the
designed patch antenna with an off-center point feeding are
shown in Figure 3(a). The antenna operating frequency is
designed to be 1.575GHz with the 3 dB axial ratio bandwidth
being 20MHz. The electromagnetic simulation model of
an inhomogeneous plasma-covered patch antenna is shown
in Figure 3(b). Although the on-board patch antenna is
usually conformed to the vehicle conducting surface, the
entire vehicle actually has a small effect on the antenna
radiation property since the vehicle is much larger than the
antenna. Thus, the simulation model which only consists of
a patch antenna and reentry plasma sheath excluding the
entire vehicle can be employed approximately in studying
the interactions of plasma sheath with a GPS patch antenna
polarization property. And the interaction of the plasma
sheath with patch antenna is analyzed using the algorithm of
finite integration technique.

The finite integration technique (FIT) was proposed in
1977 byThomas Weiland and was elaborated in the literature
[22]. The key idea behind the FIT was to use, in the
discretization, the integral, rather than the differential form
ofMaxwell’s equations.Thismethod stands out due to its high
flexibility in geometric modeling and boundary handling
as well as incorporation of arbitrary material distributions
and materials such as anisotropic, nonlinearity, lossy and
frequency-dispersive medium. Furthermore, the use of a
consistent dual orthogonal grid (e.g., Cartesian grid) in
conjunction with an explicit time integration scheme (e.g.,
leap-frog scheme) leads to computable and memory-efficient
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Figure 2: Inhomogeneous plasma sheath stratified models.

algorithms, which are especially adapted for transient field
analysis in radio frequency (RF) applications.

Here the finite integration time domain algorithm is used
to calculate electromagnetic characteristic of an RHCP patch
antenna covered by reentry plasma sheath, and the results will
be discussed in the following section.

3. Results and Discussion

The RHCP gain, polarization property, and polarization
mismatch loss of a RHCP GPS microstrip patch antenna
covered by plasma sheath at different altitudes during a
typical reentry process are given below.

3.1. RHCP Gain. As the coordinate system for the antenna
simulation is shown in Figure 3(b), the origin of coordinates
is the feeding point, and the conducting patch is placed in the
xoy-plane perpendicular to the 𝑧-axis. The RHCP pattern of
xoz-plane (phi = 0 deg) and yoz-plane (phi = 90 deg) are cut
from the 3D RHCP radiation pattern to indicate the ability
of the patch antenna radiating RHCP waves. Since the patch
antenna impedance is changing continuously during the
entire reentry process [15, 16], it should add the impedance
mismatch losses into the RHCP gain. And the results are
shown in Figures 4 and 5.

Figure 4 shows the RHCP gain in the xoz-plane of a
GPS patch antenna covered by plasma sheath at different
typical reentry altitudes, respectively. It can be seen that
antenna-realized gain pattern distortions and performance
degradations exist during the entire phase of RAM-C reentry
process. Due to the reflection, attenuation and refraction
effects on electromagnetic waves caused by reentry plasma
sheath, antenna forward gain and main lobe are reduced
immensely, and meanwhile antenna backward gain as well as
the side lobe is increased greatly.

Figure 5 gives the RHCP gain in the yoz-plane of a GPS
patch antenna also covered by plasma sheath at different
typical reentry altitudes respectively. It can be seen that the
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Figure 4: RHCP gain (plane of phi = 0 deg) at different altitudes.

distortions of antenna realized gain patterns are similar to
that of Figure 4.

Figures 4 and 5 indicate that the GPS RHCP patch
antenna forward gain is reduced by 15 dB from the altitudes of
233 kft to 82 kft; then assuming the communication linkmar-
gin to be 15 dB, it can be concluded that in the perspectives of
GPS patch antenna performance degradations the start and
the end of GPS frequency reentry blackout altitude are 233 kft
and 82 kft, respectively. This conclusion basically agrees well
with the L-bandRF blackout process of theNASA report [23].

3.2. Polarization Property. Since reentry plasma sheath
affects GPS patch antenna-realized gain pattern greatly, the
antenna polarization property deteriorations need to be
studied as well. When GPS antenna elevation is lower than

60 degrees, the signal transmitted by GPS satellites could not
be received efficiently; thus, only the polarization property of
antenna elevation less than 60 degrees is studied in this paper.
Figures 6 and 7 show GPS patch antenna axial ratio property
of xoz-plane (phi = 0 deg) and yoz-plane (phi = 90 deg) at
different typical reentry altitudes.

It can be seen that GPS patch antenna polarization
property deteriorates a little only at the altitude of 70 kft;
however, at the other altitudes especially 175 kft, and 156 kft
the antenna polarization property deteriorates immensely.
Consequently, the reentry plasma sheath causes the depolar-
ization effect on the GPS antenna receiving performance, and
then polarization mismatch loss may occur between the GPS
signal and GPS antenna. Additionally to the degradations
of realized gain, polarization mismatch losses reduce the
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Figure 6: Axial ratio (plane of phi = 0 deg) at different altitudes.

antenna receiving ability further more. Therefore, polariza-
tion mismatch losses caused by the reentry plasma sheath
should be studied in the following section.

3.3. Polarization Mismatch Loss. Assuming that an RHCP
GPS signal is transmitted to this plasma-covered GPS patch
antenna, it may cause polarizationmismatch loss between the
receiving antenna and theRHCPGPS signal due toGPSpatch
antenna polarization property deteriorations. Figures 8 and 9

show the antenna polarization mismatch loss of xoz-plane
(phi = 0 deg) and yoz-plane (phi = 90 deg) at different
typical reentry altitudes, respectively. It can be seen that
polarization mismatch loss exists during the entire phase
of RAM-C reentry process. The results show that the worst
altitudes of polarization mismatch are 175 kft and 156 kft,
and the worst mismatch loss is nearly 3 dB. As a result,
GPS antenna receiving ability is deteriorated due to the
polarization mismatch losses, and these worsen the reentry
vehicle GPS blackout problem much more.
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Figure 8: Polarization mismatch loss (plane of phi = 0 deg) at different altitudes.

Noticing that the polarization mismatch loss is below
0.5 dB at the altitudes of 70 kft, for the plasma sheath is
not severe enough, measures should be taken to alleviate
the plasma sheath for maintaining the GPS communication
during the reentry process.

4. Conclusions

This paper utilizes a dynamic stratified modeling method
to establish electromagnetic simulation models of reentry
inhomogeneous plasma sheath and then studies the effects
of the reentry plasma sheath on a GPS RHCP patch antenna
polarization property. The electron density distribution and
collision frequency data got from the NASA report are used

to assess the performance of the GPS patch antenna; as
a result, the process of RAM-C GPS reentry blackout can
be reproduced basically from the perspective of GPS patch
antenna performance degradation. Moreover, in addition to
the degradations of antenna-realized gain pattern, antenna
polarization property deteriorations and polarization mis-
match losses are also important in the reentry vehicle GPS
communication system designing. Consequently, it should
attractmuchmore attention to antenna polarization property
in the reentry vehicle electromagnetic system design. Finally,
the results indicate that it should take measures to alleviate
the plasma sheath for maintaining the GPS communication
during the reentry process; meanwhile, in order to calculate
the on-board antenna radiation property affecting the entire
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Figure 9: Polarization mismatch loss (plane of phi = 90 deg) at different altitudes.

reentry vehicle and overall plasma sheath accurately, an
electrically large simulation technique should be proposed in
the future.
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A novel miniaturized circularly polarized (CP) microstrip antenna that can handle UHF band (920–925MHz, corresponding to
the assigned band for RFID in China) has been designed, fabricated, and measured in this paper.Theminiaturization of antenna is
achieved by a special cross-shaped fractalmetamaterial structure that is inserted between the patch and ground plane.Themeasured
results show that the antenna possesses an impedance bandwidth of 8.7% with VSWR ⩽ 1.5 : 1 and 3-dB axial bandwidth of 3.8%.
Furthermore, the proposed antenna has 10.2% size reduction compared with traditional patch antenna. The tested results are in
good agreement with that of the simulations.

1. Introduction

The radio-frequency identification (RFID) is a type of non-
contact two-way data communications, target identification,
and access to relevant data to the automatic identification
technology by the radio frequency. Recently, RFID systems
become more and more popular in all kinds of fields such as
logistics, security, and chain management. As is well known,
several frequency bands have been assigned to RFID applica-
tion; there are 125∼135 KHz, 13.56MHz, 2.45GHz, 5.8GHz,
and some UHF frequencies such as 902∼928MHz (USA),
950∼956MHz (Japan), 866–869MHz (Europe), and 840∼
845MHz, 920∼925MHz (China) [1]. Microstrip antennas are
attractive in RFID systems because of their low cost and low
profile and can be integrated with other planer components.
However, nowadays, there have more critical requirements
for the microstrip antennas as follows: circularly polarized
characteristics and smaller miniaturized size. Different tech-
niques have been reported to implement miniaturization of
microstrip antennas such as high dielectric constant sub-
strates, shorted probes, and slotted line [2–4].Thosemethods
are implemented at the expense of the bandwidth, radiation
efficiency, or other antenna performance.

In this paper, a different technique is proposed to obtain
the miniaturization of microstrip antenna by inserting a

special cross-shaped structure between the patch and ground
plane. In fact, this structure is a kind of LHM (left-handed
metamaterial). The LHM is a kind of medium in which
both the permittivity and permeability are simultaneously
negative. Many researches have indicated that the LHM
has many strange properties, such as the reversed Doppler
shift, the reversed Cherenkov radiation, negative refraction,
and perfect lens. The term fractal was originally coined
by Mandelbrot to describe a family of complex shapes
that possess an inherent self-similarity in their geometrical
structure [5]. Combining aspects of the modern theory of
fractal geometry with antenna design has received a lot
of attention, which is known as fractal electrodynamics. A
microstrip antenna with fractal multilayer substrates had
been reported in [6]. A new type of fractal antenna named
tree-like antenna was introduced in 1999 [7]. In this paper,
a novel structure using cross-shaped fractal LHM concept is
constructed and applied tomicrostrip antenna.The simulated
results have demonstrated that the designed structure has
negative permeability. The backward wave property of LHM
is employed to compensate for the phase shift resulting from
waves propagating in the conventional dielectric medium. In
practice, a cross-shaped fractal LHM structure is constructed
and applied to implement the miniaturization of microstrip
CP RFID antenna. Details of the antenna design and the
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performance for the antenna with fractal LHM structure are
presented and discussed.

2. Antenna Configurations

Figure 1(a) shows the geometry of the proposed cross-shaped
fractal LHM structure. The designed structure is printed on

RT/Duroid substrate with 1.5mm thickness, 2.33 dielectric
constant, and 0.001 loss tangent. It is established that the
cross-structure in both sides must be aligned strictly. When
the electromagnetic wave propagates normally to the surface,
magnetic field can cause induced current thereby acted
as inductance. Meanwhile, the gap between the cross on
both sides can produce capacitance and thus lead to an
LC resonance which is related to the parameters 𝑎, 𝑏, 𝑐,
𝑑, and 𝜃. The proposed structure has been designed and
optimized using the software CST microwave studio. The
final optimized dimensions of the cross-shaped structure are
𝑎 = 8.62mm, 𝑏 = 5.93mm, 𝑐 = 5.93mm, 𝑤 = 1.98mm, 𝑑 =
31mm, and the angle 𝜃 = 90∘. The patch antenna used here
is the traditional air-filled microstrip antenna with 135mm ×
122mm patch size, and the proposed RFID antenna was
constructed by placing a 3 × 3 array cross-shaped structure
at the middle of the patch and ground plane as shown in
Figure 1(b). The photograph of the fabricated antenna was
shown in Figure 1(c).

3. Results and Discussions

The measurements were performed with Agilent 8753ES
vector network analyzer in Airlink 3D anechoic chamber.The
transmission coefficient of electromagnetic waves through
the 3 × 3 array was shown in Figure 2. It can be seen that
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the cross-shaped structure displays a dip at 1016MHz. This
phenomenon indicates that cross-shaped structure has both
electric and magnetic response. Meanwhile, the permeability
of this structure shown in Figure 3 was calculated through
scattering parameter method. It can be seen that the per-
meability of the structure is negative at 1016MHz, which
implies that the designed cross-shaped fractal structure
shows the behavior of LHM.Thus, it breaks through the half-
wavelength restrict of traditional microstrip antenna.

The measured Smith chart of the antenna is given in
Figure 4. It can be seen that the designed RFID antenna is
tuned with excellent impedance matching and good circular
polarization state [8]. The measured VSWR of antenna
with and without the cross-shaped structure is presented
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in Figure 5. It is easy to see that the resonant frequency
is changed from 1016MHz to 922MHz after using the
designed cross-shaped LHM. Figure 6 shows the simulated
and measured axial ratio (AR) of designed RFID antenna.
The measured 3-dB AR bandwidth is 4.3% for the proposed
antenna and 4.5% for the traditional antenna. In addition, the
simulated and measured radiation patterns for the designed
antenna on the center frequency 922MHz are given in
Figure 7. All the results for the fractal antenna are in agree-
ment with that of the traditional patch antenna, whichmeans
that the proposed cross-shaped fractal LHM structure does
not have severe influence on the radiation pattern but the
resonant frequency. In other word, the proposed antenna can
operate at lower frequency with the same size.
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4. Conclusion

A novel cross-shaped fractal LHM structure has been con-
structed and applied to miniaturize RFID patch antenna.
The measured results show that the proposed antenna has
an impedance bandwidth of 8.7% at 922MHz with good
radiation patterns. Furthermore, the proposed antenna has
10.2% size reduction compared with the traditional patch
antenna.
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A novel high-performance circularly polarized (CP) antenna is proposed in this paper. Two separate antennas featuring the global
positioning system (GPS) dual-band operation (1.575GHz and 1.227GHz for L1 band and L2 band, resp.) are integrated with good
isolation. To enhance the gain at low angle, a new structure of patch and two parasitic metal elements are introduced. With the
optimized design, good axial ratio and near-hemispherical radiation pattern are obtained.

1. Introduction

Satellite positioning systems are widely used in the military
and civil applications. In the world, there are four satellite
positioning systems such as GPS of USA, GLONASS of Rus-
sia, GALILEO of Europe, and BD of China. But among them,
GPS is the most widely used currently. The antenna used
for this application can be implemented in many different
types. A microstrip antenna topology was selected because
of its well-known advantages of lightweight, low profile, low
cost, and ease of fabrication. There are many reports in the
related fields [1–3]. In the literature [4], a three-layer dual-
feed stacked microstrip antenna was designed with thickness
more than half a wavelength. Nowadays, there are more
critical requirements for the antennas such as dual-band
operation, better low angle radiation pattern, and improved
circular polarization level, which are even more difficult
to realize. Many methods were used to widen beams and
enhance the gain at low angle, for example, using high permit-
tivity substrates, operating at higher-order modes, and using
four circular slot ring arrays [5–7].

In this paper, a novel technique to generate CP radiation
and widen the beam width of the antenna is presented.
Practically, two compact stacked GPS circularly polarized
antennas with near-hemispherical coverage pattern have
been successfully implemented. The two modified square
patches are designed at 1.575GHz (L1 band) and 1.227GHz

(L2 band), respectively. The bottom antenna is used at L2
band and the top one at L1 band. Both antennas arewith right-
hand circular polarization (RHCP). In addition, two parasitic
metal elements are used to modify the antenna radiation
pattern at low angle. As a result, the radiation patterns are
improved significantly, especially for nonideality of the pat-
tern in the 𝑥-𝑦 plane at low angle. Details of the antenna
design are described, and measured results are shown. The
comparisons of radiation patterns for the antennas with and
without the parasiticmetal strips are presented and discussed.

2. Design of Antenna

It is well known that various single-feed microstrip antenna
configurations can be used to generate circular polarization
[8, 9]. Some of them are obtained by modifying the square
microstrip antennas. These include diagonally fed nearly
square, square with stubs and notches along the two opposite
edges, corner-chopped squares, and squares with a diagonal
slot.

In this paper, two uprightmetal strips at two opposite cor-
ners are used to create circular polarization radiation for the
L1 band antenna as shown in Figure 1. The dimensions of the
antenna patch and ground plane are 𝑎

1
and 𝑏
1
, respectively.

The width and the height of the metal strips are 𝑤
1
and ℎ.

In fact, this is a modification of the typical square patch with
stubs at two diagonal corners [9], and it also contributes to the
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Figure 1: Configuration of the L1 band antenna.
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Figure 2: Configuration of the L2 band antenna.

improvement of the antenna radiation pattern at low angle
as shown in Figure 4. The corner-chopped square microstrip
antenna with the stubs on the four edges is adopted for L2
band.The side length of the patch is 𝑎

2
, and that of the ground

plane is 𝑏
2
and 𝑐
2
as shown in Figure 2.The substrate between

the patch and the ground plane is Rogers RT/Duroid 6010,
which has a dielectric constant of 𝜀

𝑟
= 10.2, dissipation factor

of 0.0023, and thickness of 3mm.
The two antennas are stacked together and covered in an

ABS plastic radome, which has a dielectric constant of 2.3,
loss tangent of 0.0025, size of 𝑎

3
× 𝑏
3
× 𝑐
3
, and a thickness

in the top portion of 0.9mm. Studies indicate that this
material has little influence on the antenna performance for
the designed two bands. To reduce the interference between
the two antennas and get a good isolation, they are separated
with a 2mmair gap. In addition, the high-band antenna is fed
upside down, which means that the radiating patch element
was connected to the feed cable ground, and its ground plane
was connected to the inner conductor of the feed cable as
illustrated in Figure 3(a). In this way, the coupling between
the two antennas can be reduced significantly.

A significant contribution in this design is the improve-
ment of the antenna radiation pattern. For obtaining a good
hemispherical pattern, two parasitic elements are added
above the antenna along with the narrow side, and they are
attached to the inside surface of the radome as shown in
Figure 3(a). These two elements are made of flex printed
circuit. It does improve the antenna radiation at low angle.

The proposed antenna has been designed and optimized
using the software Ansoft HFSS. The final dimensions of
the optimized antennas are as follows: 𝑎

1
= 26.8mm, 𝑏

1
=

31.6mm, 𝑒
1
= 6.5mm, 𝑤

1
= 1.84mm, ℎ = 4.8mm, 𝑎

2
=

32.8mm, 𝑏
2
= 48.6mm, 𝑐

2
= 60.8mm, 𝑒

2
= 8.1mm, 𝑤

2
=

7.2mm, 𝑑 = 2mm, 𝑤
3
= 2.1mm, 𝑎

3
= 76mm, 𝑏

3
= 52mm,

and 𝑐
3
= 20mm. The photograph of the finished antenna is

shown in Figure 3(b).

3. Results and Discussions

Themeasurements were performed with Agilent 8753ES vec-
tor network analyzer and in Airlink 3D anechoic chamber.
The simulated and measured VSWR of the two antennas are
presented in Figure 5. It can be seen that the two antennas
are tuned with excellent impedance matching at the required
frequencies and themeasured impedance bandwidth (VSWR
≤ 1.5 : 1) is 3.2% and 3.1% for the L1 and L2 band antennas,
respectively.

The radiation patterns for the L1 and L2 bands with and
without the two parasitic metal strips are shown in Figures 6
and 7. It is easy to see that the radiation patterns of antennas
without parasitic metal strips are not symmetric especially
in the 𝑥-𝑧 plane because of the size restrictions for both
antennas, and the low angle radiation is a bit weak. After
adding the metal strips, it is very clear that the patterns in
the low elevation are much better than before, and they are
more omnidirectional and symmetric. This is due to the fact
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Figure 3: (a) Geometry of the proposed antenna, (b) photograph of the fabricated antenna.
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Figure 6: 2D patterns in 𝑥-𝑧 plane of the proposed dual-band CP antenna: (a) L1 band, (b) L2 band.
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Figure 7: 2D patterns in 𝑥-𝑦 plane at 𝜃 = 70∘ of the proposed dual-band CP antenna: (a) L1 band, (b) L2 band.

that the two parasitic metal strip elements work as a director
and they change the pattern a lot, especially in the 𝑥-𝑧 plane.
To view the difference in detail, the 2D radiation patterns for
the two antennas in the planes of 𝑥-𝑦 (𝜃 = 70∘) are shown
in Figure 7. It is clear that the radiation pattern is improved
significantly, especially for the nonideal of the pattern in
the 𝑥-𝑦 plane at low angle. The minimum antenna gains at
low angle (𝜃 = 70∘) are 0.4 dBi and −0.3 dBi for L1 and L2
bands, and the efficiency is 6.78% and 63.5%, respectively.

Figure 8 shows the measured AR (axial ratio) with and
without parasitic metal strips versus angles for the two
antennas. It can be seen that both antennas have a good
circular polarization behavior, and the axial ratio for the
two antennas with and without metal strips are similar
to each other, which means that the parasitic metal strip
does not have an obvious influence on circular polarization
property. In addition, the isolation between the two antennas
is measured as shown in Figure 9. The S21 is −30 dB and



International Journal of Antennas and Propagation 5

0 10 20 30 40 50 60 70 80 90
0

2

4

6

8

10

A
xi

al
 ra

tio
 (d

B)

Angle (deg)

No parasitic metal strip
With parasitic metal strip

(a)

No parasitic metal strip
With parasitic metal strip

0 10 20 30 40 50 60 70 80 90
0

2

4

6

8

10

Angle (deg)

A
xi

al
 ra

tio
 (d

B)

(b)

Figure 8: Axial ratio of the proposed dual-band CP antenna: (a) L1 band, (b) L2 band.
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−29.6 dB at the two bands, respectively. It shows that good
isolation between the two antennas is obtained.

4. Conclusions

A novel method has been introduced to acquire a good
near-hemispherical pattern in the two circular polarization
microstrip antenna designs. The antennas are stacked with
good isolation, and the design is very useful for practical
applications.
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Metamaterial superstrate is a significant method to obtain high directivity of one or a few antennas. In this paper, the characteristics
of directivity enhancement using differentmetamaterial structures as antenna superstrates, such as electromagnetic bandgap (EBG)
structures, frequency selective surface (FSS), and left-handed material (LHM), are unifiedly studied by applying the theory of
Fabry-Perot (F-P) resonant cavity. Focusing on the analysis of reflection phase andmagnitude of superstrates in presently proposed
designs, the essential reason for high-directivity antenna with different superstrates can be revealed in terms of the F-P resonant
theory. Furthermore, a new design of the optimum reflection coefficient of superstrates for the maximum antenna directivity is
proposed and validated.The optimum location of the LHM superstrate which is based on a refractive lensmodel can be determined
by the F-P resonant distance.

1. Introduction

Artificial electromagnetic materials, such as electromagnetic
band gap (EBG) structures, frequency selective surface (FSS),
and left-handed material (LHM), are broadly classified as
metamaterials.They have attracted significant research inter-
est in recent years due to their special electromagnetic prop-
erties, which are applicable to awide range of electromagnetic
devices. Array antennas had beenwidely used for applications
requiring high directivity. However, array antennas require
a complicated feeding network which makes difficulty in
design and fabrication of array antennas.

Recent papers have proposed the use of metamaterials
as superstrates for antennas to achieve gain enhancement
[1–30]. Metamaterial superstrates are practically useful to
enhance the directivity of different radiation sources, such as
microstrip patch antennas [1–8], waveguide antennas [9, 10],
dipole antennas [11–14], slot antennas [3, 15] and monopole
antennas [16], and so forth. The Fabry-Perot (F-P) resonant
cavity is generally formed by a metallic ground plane and a
superstrate, which can be applied to antennas for directivity
enhancement in an operational bandwidth. Conventionally,
the profile of the F-P antenna is about half wavelength.

If using an artificial magnetic conductor (AMC) consisting
of a periodic array of metallic patches on the ground plane,
the F-P resonant cavity can reduce the height to 𝜆/4 [18].
A summary of recent researches on F-P antenna has been
proposed [4], which shows that the analytic models of F-
P cavity, EBG defect model, transmission line model, leaky
wave model, and refractive lens model are consistent when
applied to analyze this type of resonator antenna. However,
the analysis and design of the high-gain antenna with EBG as
the cover are based on the defectmodes [19, 20].Thesemodes
involve in not only the superstrate but also its image through
the ground plane of the antenna, which are not suitable for
the composite structure of a single-layer FSS superstrate [22].
In addition, an LHM superstrate was also used to improve the
radiation performance of an antenna, which was interpreted
by the theory of near-zero refraction index materials [23, 26],
but the theory is difficult to determine the optimum distance
between the LHM superstrate and the antenna aperture.

In this paper, based on the theory of Fabry-Perot (F-P)
resonant cavity, we further explain the unified mechanism of
directivity enhancement using three different metamaterials
as antennas’ superstrates. By analyzing the reflection phase
andmagnitude of superstrates, we can design high-directivity
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Figure 1: F-P resonant cavity composed of a ground plane and a superstrate.
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Figure 2: (a) Dielectric EBG structure, (b) circular waveguide antenna with EBG superstrate, (c) radiation patterns of 𝐸-plane with different
EBG cells, (d) radiation patterns of𝐻-plane with different EBG cells.

antennas with different types of superstrates according to
F-P resonant theory. The organization of the paper is as
follows. First, the theory of F-P resonat or antenna is briefly
described, and the ideal optimum reflection magnitude of
superstrate related to antenna maximum directivity is given.
Second, taking EBG, FSS, and LHM superstrates proposed
by previous references [24–26] for instance, we analyze
the characteristics of different superstrates using full-wave
simulation. An improved design method of the optimum
reflection coefficient of the superstrate for the maximum
antenna directivity is proposed in terms of the F-P cavity
theory. Finally, the LHM superstrate is analyzed according to

the theory of the Fabry-Perot resonant cavity and near-zero
refractive theory of metamaterials.

2. Theory of F-P Resonant Cavity

A geometrical optics model has been applied to describe
the theory of F-P resonator antenna [27, 28]. As shown
in Figure 1, the conventional F-P cavity is composed of a
ground plane and a superstrate placed with distance ℎ. The
ground plane has a complex reflection coefficient 𝑒𝑗𝜑1 , and
the superstrate surface which is a partially reflection surface
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Figure 4: (a) Simulated directivity of the antenna with EBG superstrates versus different𝑝, (b) comparison between the theoretic𝑝 calculated
by (10) and the actual 𝑝 realized by various EBG elements.

(PRS) has a complex reflection coefficient 𝑝𝑒𝑗𝜑2 . Both of the
two surfaces would be assumed homogeneous and ignored
edge effects. According to the optics analysis model, the
electromagnetic wave excited by a source will be bounced in
the F-P cavity. Assuming no transmission loss, the electric
field intensity in the far zone consists of the vector sum of
these partial rays, and for an infinite screen and sheet we may
write [27, 28]

𝐸 =

∞

∑

𝑛=0

𝑓 (𝛼) 𝐸
0
𝑝
𝑛√1 − 𝑝2𝑒

𝑗Θ
𝑛 , (1)

where𝑓(𝛼) is the antenna pattern function in𝛼direction.The
phase angle Θ

𝑛
is composed of the phase variations during

reflections from the completely reflecting screen and partially
reflecting sheet, and also of the path differences of the partial
rays as follows:

Θ
𝑛
= 𝑛Φ = 𝑛(−

4𝜋

𝜆
𝑙 cos𝛼 + 𝜑

1
+ 𝜑
2
) , (2)

where 𝜆 is the operating wavelength. The power pattern is
therefore

𝑆 =
1 − 𝑝
2

1 + 𝑝2 − 2𝑝 cos (𝜑
1
+ 𝜑
2
− (4𝜋/𝜆) ℎ cos𝛼)

𝑓
2

(𝛼) .

(3)
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Figure 5: (a) Unit cell of the FSS and (b) patch antenna with FSS superstrate.
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Consider the forward direction, that is, 𝛼 = 0∘, then

𝑆 =
1 − 𝑝
2

1 + 𝑝2 − 2𝑝 cos (𝜑
1
+ 𝜑
2
− (4𝜋/𝜆) ℎ)

𝑓
2

(0) (4)

when

cos(𝜑
1
+ 𝜑
2
−
4𝜋

𝜆
ℎ) = 1 (5)

which is corresponding to the resonant condition. The reso-
nant distance can be written as

ℎ =
𝜑
1
+ 𝜑
2

𝜋

𝜆

4
+ 𝑁

𝜆

2
, 𝑁 = 0, 1, 2, . . . . (6)

Therefore, maximum power in the direction of 𝛼 = 0∘ can be
obtained as follows:

𝑆max =
1 + 𝑝

1 − 𝑝
𝑓
2

(0) =
1 + 𝑝

1 − 𝑝
𝑆
0
, (7)

where 𝑆
0
is corresponding to the forward power from the

source without superstrate.
It is shown that the resonant cavity height ℎ can be

determined by the reflection phase 𝜑
1
, 𝜑
2
, and the operating

frequency 𝜆. In the F-P cavity antenna system, 𝑒𝑗𝜑1 is the
complex reflection coefficient of the ground plane of an

antenna, and 𝑝𝑒𝑗𝜑2 is the complex reflection coefficient of the
superstrate which may be composed of EBG, FSS, or LHM
structures. Conventionally, the ground plane is a metallic
conductor with reflection phase close to 𝜋 (𝜑

1
≈ 𝜋).

Therefore, the resonance condition of (6) can be reduced as
follows:

ℎ = (1 +
𝜑
2

𝜋
)
𝜆

4
, (8)

when𝑁 = 0. If the reflection phase 𝜑
2
of the superstrate and

the operating frequency 𝜆 are given, the resonant distance ℎ
will be determined. At the resonant distance ℎ, the antenna
system with a metamaterial superstrate can achieve a high
directivity, as well as high gain.

Furthermore, we assume that an original planar antenna
without superstrate has a directivity of 𝐷

0
at operating

frequency 𝑓
0
, and the F-P cavity antenna which consists of

the same planar antenna and a superstrate has directivity of
𝐷
𝑠
at the same frequency.The amount of improvement of the

directivity can be approximately written as

Δ𝐷 (dB) = 𝐷
𝑠
(dB) − 𝐷

0
(dB) = 10 log

10

1 + 𝑝

1 − 𝑝
. (9)

Therefore, the magnitude of reflection coefficient 𝑝 of the
superstrate can be obtained from

𝑝 =
10
Δ𝐷(dB)/10

− 1

10
Δ𝐷(dB)/10

+ 1
. (10)

For an aperture antenna, the ideal maximum directivity𝐷max
can be estimated by

𝐷max (dB) = 10 log10
4𝜋𝐴em
𝜆2
0

, (11)

where𝐴em is the maximum effective aperture of the antenna.
For the F-P cavity antenna, it is reasonable to assume that𝐴em
is the maximum physical area of the superstrate. Therefore,
the ideal optimum reflection magnitude of the superstrate is
related to its maximum directivity by

𝑝opt =
10
[𝐷max (dB)−𝐷0 (dB)]/10 − 1

10
[𝐷max (dB)−𝐷0 (dB)]/10 + 1

. (12)
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Figure 7: (a) Directivity of the patch antenna with FSS superstrates versus different 𝑝, (b) comparison of the theoretic and the actual 𝑝
corresponding to the antenna directivity enhancement.
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Figure 8: Comparison of directivities patterns of different FSS superstrates, (a) 𝐸-plane and (b)𝐻-plane.
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Figure 9: Geometry of LHM structure.

This assumes that there are no conduction-dielectric losses
and the antenna is matched to the load. It provides

a primary principle guiding the design to achieve the
maximum directivity of the F-P cavity antenna with sup-
strates based on (12). Numerical experiments in the next
section show that when the reflection coefficient 𝑝 of a real
superstrate is less than 𝑝opt, the larger 𝑝 of the superstrate is
chosen, the higher directivity of the F-P cavity antenna can be
obtained. However, when the designed 𝑝 is more than 𝑝opt,
the directivity of the F-P cavity antenna will decrease with 𝑝
further increased.

3. Analysis of Three Kinds of Different
Metamaterial Superstrates

Taking into account three kinds of different metamaterial
superstrates proposed by [24–26], respectively, we give a
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Figure 10: Effective refractive index of the LHM structure.

detailed analysis of the characteristics of different superstrates
and their relation to the directivity enhancement of antennas
by using the theory of F-P cavity.

3.1. Dielectric EBG Superstrate. A typical design example
using one-dimension periodicity dielectric EBG superstrate
proposed by [24] is shown in Figure 2(a). The dimension of
the dielectric EBG superstrate is rewritten here 𝑡 = 3.84mm,
𝑑 = 6.25mm, the cross section is 60mm × 60mm, and
the relative dielectric permittivity is 2.65. When the EBG
superstrate has a distance 13.2mm to the antenna ground
plane (Figure 2(b)), the circular waveguide aperture antenna,
whose dimension is 𝑤 = 60mm and 𝑟 = 20mm, can
achieve a high gain at 12GHz. Moreover, the paper pointed
out that the antenna gain would increase with the increase
of EBG elements when the number of EBG elements is less
than four [24]. Meanwhile it means that the superstrate with
more EBG elements is not always better. The comparisons
of the radiation patterns of 𝐸-plane (𝑦𝑧 plane) and 𝐻-plane
(𝑥𝑧 plane) of the circular waveguide antenna with EBG
superstrates composed of different EBG cells are given in
Figures 2(c) and 2(d).

Here, we will provide an insight into the above phe-
nomenon in terms of the reflection phase and magnitude
of the EBG superstrate based on the theory of F-P resonant
cavity. A full-wave EM simulation was performed by using
finite-element analysis based on HFSS [30]. The periodic
boundary conditions (PBCs) and Floquet ports are used to
simulate the infinite periodic model of the EBG superstrate.
Figure 3 shows that the reflection phase 𝜑

2
and the reflection

magnitude 𝑝 of different number of EBG elements. It can be
seen from Figure 3(a) that the EBG superstrate with different
number of elements has almost the same reflection phase
𝜑
2
at the working frequency 12GHz, that is, 𝜑

2
≈ 𝜋.

Inserting 𝜑
2
and 𝜆 at 12GHz into (8), we obtain the resonant

height of the EBG superstrate should be ℎ = 12.5mm,
which is in agreement with the distance given by [24]. It

is revealed that the antenna with EBG superstrate system
satisfied the resonance condition of F-P cavity. On the other
hand, Figure 3(b) shows that the magnitude 𝑝 of reflection
coefficient (𝑆

11
) increases with the increase of the EBG

elements.
The directivities of the antenna with the EBG super-

strate versus different actual 𝑝 are simulated and shown
in Figure 4(a). Note that the original circular waveguide
antenna without superstrate has a directivity of 𝐷

0
=

8.71 dBi, in which case corresponds to 𝑝 = 0 (without
superstrate). When the superstrate has four EBG elements, in
which case 𝑝 is about 0.93, the directivity is 𝐷

𝑠
= 18.36 dBi.

Figure 4(b) shows that the comparison between the theoretic
𝑝 calculated by (10) and the actual 𝑝 realized by various EBG
elements. It can be seen that the theoretical prediction 𝑝 is
in accordance with the result of actual 𝑝 when the super-
strates are composed of one or two EBG elements, which
indicates the suitable condition of F-P cavity theory for EBG
superstrates. Nevertheless, the ideal maximum directivity
𝐷max and 𝑝opt of the circular waveguide aperture antenna
with the EBG superstrate can be still predicted according
to (11) and (12), respectively. In this case, 𝐷max is 18.6 dBi
at 12GHz and 𝑝opt is 0.82. It can be seen from Figure 4(a)
that the actual maximum directivity 𝐷

𝑠
is 18.36 dBi, which

is very close to the ideal maximum directivity 𝐷max. When
the number of elements of the EBG superstrate is increased
continuously, the corresponding 𝑝 is greater than the 𝑝opt
so that the directivity enhancement will decrease. It can
be concluded that when the reflection coefficient 𝑝 of the
designed superstrate is less than 𝑝opt, the larger 𝑝 of the
superstrate is chosen, the higher directivity of the F-P cavity
antenna can be obtained. However, when the actual 𝑝 is
more than 𝑝opt, the directivity of the F-P cavity antenna will
decrease with𝑝 further increased.Therefore, by analyzing the
reflection phase and magnitude of the EBG superstrate, it is
revealed that themechanism of gain enhancement using EBG
dielectric structure as the antenna superstrate is intrinsically
based on the theory of F-P resonant cavity. It is worth
pointing out that the directivities mentioned above are gotten
when the EBG superstrates are assumed to be lossless. If
the EBG superstrates were lossy with tan 𝛿 = 0.002, the
computed 𝐷max would be 18.15 dBi at 12GHz. So it is shown
that the loss of the superstrate has a small influence on the
directivity enhancement.

3.2. FSS Superstrate. FSS structures can also be used as
antenna superstrate to enhance antenna directivity. A FSS
structure of square patches proposed by [25] is shown in
Figure 5(a), and the distance between the FSS superstrate and
the microstrip antenna ground plane is about 15mm. In this
case, the measured maximum gain of the patch antenna with
FSS superstrate is 16.5 dBi at 8.7 GHz. The FSS is composed
of an Arlon Diclad dielectric slab having relative permittivity
of 2.5, tangent loss of 0.0022, with thickness of 1.59mm. The
periodicity of the square patch array is 𝑎 = 10mm and
𝑏 = 6.5mm. We analyzed the reflection phase 𝜑

2
and the

reflection magnitude 𝑝 of the FSS superstrate using infinite
periodic model simulation, as shown in Figure 6. It can
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Figure 11: (a) Patch antenna with LHM superstrate, (b) 𝑆
11
characteristics, (c) comparison of directivity 𝐸-plane patterns (𝑥𝑧 plane) with and

without the LHM superstrate, (d) comparison of directivity𝐻-plane patterns (𝑦𝑧 plane) with and without the LHM superstrate.

be seen that the reflection phase 𝜑
2
of the FSS superstrate

is 166∘ at 8.7 GHz. The FSS superstrate is placed above a
microstrip antenna whose substrate dielectric is also Arlon
Diclad and cross section area is 150mm × 150mm, as shown
in Figure 5(b). Similarly, inserting 𝜑

2
and 𝜆 at 8.7 GHz in

(8), we can determine that the resonant distance ℎ should be
16.5mm, which is also in good agreement with the distance
given in [25]. Thus it can be concluded that the design of FSS
superstrate for high-directivity antenna is also dependent on
the theory of F-P resonant cavity. Besides, it is found that
the operating frequency band of the FSS superstrate used
for the directivity enhancement is in its stopband but not its
passband.

Analyzing the reflection magnitude of the FSS super-
strate, we can see that the actual 𝑝 is 0.964 when 𝜑

2
= 166

∘.

Putting the FSS structure at the resonant height, the patch
antenna can get a high directivity of 18.1 dBi by simulation.
According to (11) and (12), the ideal maximum directivity
𝐷max and optimum reflection magnitude 𝑝opt should be
23.7 dBi and 0.95, respectively.

It can be predicted fromF-P cavity theory that the original
FSS design is not optimal, because its reflection magnitude 𝑝
is more than 𝑝opt. By adjusting the patch width 𝑏 of the FSS
structure, we calculated the corresponding relationship of
reflection coefficient magnitude 𝑝 with the antenna directiv-
ity, as shown in Figure 7(a). It is revealed that when𝑝 = 0.924,
the actual maximum directivity of 19.4 dBi can be achieved,
which is higher than that of the proposed design [25] by
1.3 dB. The dimension of the modified FSS superstrate is 𝑎 =
10mm and 𝑏 = 6.9mm. The comparisons of the radiated
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patterns and directivities of the original patch antenna, the
patch antenna with the FSS superstrate proposed by [25],
and the patch antenna with our improved FSS superstrate,
are shown in Figure 8. The comparison of the theoretic
𝑝 calculated by (10) and the actual 𝑝 of FSS simulated
by HFSS corresponding to different antenna directivity is
shown in Figure 7(b). The good agreement of the two curves
furthermore verifies the correction and effectiveness of the
optimum reflection magnitude design based on F-P cavity
theory.

3.3. LHM Superstrate. Generally, the analysis of LHM super-
strate for directivity enhancement of an antenna is based
on the effective near-zero refractive index of metamaterials.
However, it is still difficult to determine the optimumdistance
between LHM superstrate and antenna aperture. In this
section, we give an insight into the mechanism of the LHM
superstrate by combining the near-zero refraction theory
with Fabry-Perot resonant cavity theory.

The LHM structure proposed by [26] is shown in
Figure 9, whose parameters are as follows:

𝑔 = 2.5mm, 𝑖 = 0.2mm, 𝑗 = 2mm, 𝑘 = 0.2mm,

𝑙 = 2.5mm, 𝑠 = 0.75mm, 𝜀
𝑟
= 4.4.

(13)

It has been pointed out that the antenna gain would increase
when the LHM superstrate operates at 11 GHz. By analyzing
the reflection and transmission characteristics of the LHM
structure, we extracted the effective refractive index [31], as
shown in Figure 10. It can be noted that the refractive index
is close to zero around 11 GHz, and the electromagnetic wave
can be concentrated around the normal of the LHM slab.
The proposed LHM structure was used as the superstrate for
a patch antenna, as illustrated in Figure 11(a). The original
patch antenna has the following geometry parameter: 𝑎 =

20mm, 𝑤 = 7mm, 𝐿 = 1.5mm, and 𝜀
𝑟
= 2.94, whose

directivity is 7.3 dBi at the working frequency of 11 GHz. The
reflected coefficient 𝑆

11
and radiated patterns are simulated

and shown in Figures 11(b), 11(c), and 11(d). By adjusting
the position of the LHM superstrate, we can determine the
optimum distance, that is, ℎ = 12.4mm, to achieve the
maximum directivity of the antenna, as shown in Figure 12.
The 𝑆
11
and radiated directivity patterns of the patch antenna

with the LHM superstrate (ℎ = 12.4mm) are also shown in
Figures 11(b) and 11(c) for comparison.

From another point of view, we consider the antenna
system with LHM superstrate as the F-P resonant cavity
antenna approximately. We first analyze the reflection phase
𝜑
2
and the reflection magnitude 𝑝 of the LHM superstrate,

as shown in Figure 13. Note that the reflection phase 𝜑
2

is 148.5∘ at the frequency of 11 GHz. Here, inserting the
𝜑
2
and 𝜆 at 11 GHz into (8), we can obtain the resonant

distance ℎ = 12.4mm between the LHM superstrate and
the patch antenna aperture, which is just corresponding to
the optimum distance determined by numerical simulations
shown in Figure 12.

It is revealed that the maximum directivity of the antenna
system can be achieved by setting the LHM superstrate at
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Figure 12: Directivities of the patch antenna with LHM superstrate
located at different distance.
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Figure 13: Reflection phase andmagnitude of the LHM superstrate.

the resonant height of the F-P resonant cavity. When the
LHM superstrate is placed at another position, the directivity
enhancement would be less than that at the resonant position,
which is only contributed from the near-zero refraction
index response. Therefore, it is shown that we can obtain an
optimum design of the LHM superstrate by combining the F-
P resonant cavity theory with the near-zero refractive index
of metamaterials. In addition, it is found that the directivity
enhancement of the LHM superstrate is weak compared with
the EBG and FSS superstrates. The reason for this is that the
LHM superstrate has a small reflection coefficient magnitude
at the working frequency, that is, 𝑝 = 0.55, which cannot
achieve a high directivity according to the theory of F-P
resonant cavity.

4. Conclusion

In this paper, the mechanism of directivity enhancement
using different metamaterial structures as antenna super-
strates was studied by unifiedly applying the theory of
Fabry-Perot (F-P) resonant cavity. An improved design of
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superstrates for the maximum antenna directivity enhance-
ment is proposed and validated. Based on the analysis of the
reflection magnitude and phase of superstrates, three kinds
ofmetamaterial superstrates, such as EBG structure, FSS, and
LHM, are proved to satisfy the theory of Fabry-Perot resonant
cavity. It has been shown that if the reflection magnitude
𝑝 of the EBG superstrate is less than the ideal optimum
reflection magnitude 𝑝opt, the increase of EBG elements
brings about the enhancement of the antenna directivity.
While it is more than the optimum reflection coefficient,
the antenna directivity would decrease with the increase
of EBG elements. For the FSS superstrate, it also has an
optimum reflection coefficient that makes the antenna obtain
the maximum directivity. According to the F-P cavity theory,
the operating frequency of the FSS superstrate used for
the directivity enhancement is in its stopband but not the
passband. The LHM used to improve antenna directivity is
based on both the F-P resonant cavity and the near-zero
refractive index of metamaterials. The optimum distance
of the LHM superstrate for maximum directivity is also
determined by the F-P resonant distance.
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