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Preface

Recent developments in wireless communications such as 4G and the upcoming 5G
cellular system, MIMO and massive MIMO, implantable and wearable systems,
satellite, and radar systems, impose stringent design specifications and constraints.
This book aims to present the latest developments in modern printed-circuit anten-
nas written by experts in the field. This book consists of nine chapters. It is ideal for
senior undergraduate students, graduate students, and engineers/researchers work-
ing in the field of antenna design.

Chapter One introduces a new concept to reduce mutual coupling among closely-
spaced antenna elements of a MIMO array. This concept results in a significant
reduction in the complexity of traditional approaches such as metamaterials,
defected ground plane structures, parasitic elements, matching and decoupling
networks using a planar metallic ring resonator printed on one face of an
ungrounded substrate that surrounds a two-element vertical monopole antenna
array. It is demonstrated both by simulations and measurements that the mutual
coupling is reduced by at least 20 dB, maintaining the impedance bandwidth over
which Sy, is less than —10 dB, and reducing the envelope correlation coefficient to
below 0.001. The two vertical monopoles are operating at 2.4 GHz and separated by
8 mm (4, /16), where 4, is the free-space wavelength at 2.45 GHz.

In Chapter Two, recent research advances on beamforming and spatial multiplexing
techniques using reconfigurable metamaterials (MTMs) and metasurfaces are
reviewed. This chapter describes basic principles of transmission line-based
metamaterials and planar metasurfaces, followed by their active versions that
enable novel smart antennas with beam steering and beamshaping functions.
Detailed descriptions of their practical realizations and the integration with circuits
and the radio-frequency (RF) frontend are also discussed. The latest metasurface-
based beamforming techniques are explained and compared for their uses in the
RF-to-millimeter-wave range in terms of cost, reconfigurability, system
integratability and radiation properties.

In Chapter Three a new ultrathin broadband reflected metasurface is proposed for
applications involving high-gain planar antennas. A multilayer, multifunctional
transmitted metasurface is next introduced to simultaneously enhance the gain and
transform linear polarization to circular polarization of a patch antenna. This kind
of high-gain antenna eliminates the feed-block effects of the reflected ones.

Chapter Four discusses how traditional size limitations can be overcome using a
fractal geometry antenna. The shape is repeated into a limited size such that the
total length of the antenna is increased to match, for example, half of the wave-
length of the corresponding desired frequency. Many fractal geometries, e.g., the
tree, Koch, Minkowski, and Hilbert fractals, are common. This chapter describes
the details of designing, simulations, and experimental measurements of fractal
antennas. Based on dimensional geometry in terms of desired frequency bands, the
characteristics of each iteration are investigated in order to improve the antenna
design process. The surface current distribution is analyzed to enhance the circular
polarization radiation and axial ratio bandwidth. Simulation and experimental



results are compared. Two types of fractal antennas are reported, the first has a new
structure configured via a five-stage process. The second has a low profile, wherein
the configuration of the antenna was based on three iterations.

Chapter Five introduces several planar array designs based on the use of a small
number of the active elements located at the center of the planar array surrounded
by another layer of the uniformly distributed parasitic elements. The parasitic
elements are used to modify the radiation pattern of the central active elements.
The overall radiation pattern of the resulting planar array with a small number of
active elements is comparable to that of the fully active array elements with a
smaller sidelobe level at the cost of a relatively wider beamwidth and lower direc-
tivity. Nevertheless, the use of only a small number of the active elements provides
a very simple feeding network that reduces the cost and the complexity of the array.
The proposed array can be effectively and efficiently used in applications that
require wider antenna beams.

Reconfigurable beam steering using a circular disc microstrip patch antenna with a
ring slot is presented in Chapter Six. The dimension of the antenna is 5.4 x 5.4 mm”
which is printed on a 0.504 mm thick, RT5870 substrate with relative permittivity
2.3 and loss tangent 0.0012. The antenna operates in the 60 GHz 5G frequency
band. Two NMOS switches are utilized to generate three different beam patterns.
Activating each switch individually results in a 70° shift in the main beam direction
with constant frequency characteristics. The power gain is 3.9-4.8 dB in the three
states of switch configurations. Simulated results in terms of return loss, peak
gains, and radiation pattern are presented and reveal good performance for 5G
applications.

In Chapter Seven, an ultra-wide band angular ring antenna that operated from 2.9
to 13.1 GHz is presented. The antenna has a nearly omni-directional radiation
pattern for the E and H-plane at 3.5, 5.8, and 8.5 GHz. The theoretical analysis of the
proposed antenna has been analyzed using circuit theory analysis. Measured, simu-
lated, and analytical results compare well for reflection coefficient and radiation
patterns. The proposed antenna is suitable for Wi-Fi, WiMax, digital communica-
tion system, satellite communication, and 5G applications.

Noise figure and noise power are analyzed and deduced in theory in Chapter Eight
for multi-port networks in active phased array radar. The mathematical expressions
of output noise power and noise figure of a network are provided under various
conditions. Accordingly, this provides a basis of theories for a multi-port network
and radar receiver system design, the test method of array noise figure. Two appli-
cation examples are given to verify the accuracy of the formulas. Making use of
these formulas, the designer can calculate the dynamic range of the radar receiver
system, and the designer can also constitute a measure scheme of the array noise
figure for active phased array radar.

Chapter Nine provides a brief overview of the types of wearable antennas
possessing high body-antenna isolation. The main parameters and characteristics of
wearable antennas and their design requirements are discussed. Next, procedures
(passive and active) to test the performance of wearable antennas are presented.
The electromagnetic properties of the commercially available textiles used as
antenna substrates are investigated and summarized. This is followed by a more
detailed examination of their effects on the performance of wearable antennas with
high body-antenna isolation. A trade-off between substrate electromagnetic

XIvV



properties and resonant frequency, bandwidth, radiation efficiency, and maximum
gain is presented. Finally, a case study is presented with detailed analyses and
investigations of the low-profile all-textile wearable antennas with high body-
antenna isolation and low SAR. Their interaction with a semisolid homogeneous
human body phantom is discussed. The simulations and experimental results from
different (in free-space and on-body) scenarios are presented.

I would like to gratefully acknowledge the Chair of the Systems Engineering
Department, Dr. Ibrahim Nisnaci and Dr. Lawrence Whitman, Dean of the of
Donaghey College of Science, Technology, Engineering, and Mathematics, Univer-
sity of Arkansas Little Rock for the encouragement they have offered throughout
this project. Thanks are due to Dajana Pemac and Rebekah Pribetic, Author Service
Managers, IntechOpen for the expert assistance offered.
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Chapter1

Decoupled and Descattered
Monopole MIMO Antenna Array
with Orthogonal Radiation
Patterns

Hussain Al-Rizzo, Ayman A. Isaac, Sulaiman Z. Tariq
and Samer Yahya

Abstract

This chapter introduces a novel design concept to reduce mutual coupling
among closely-spaced antenna elements of a MIMO array. This design concept
significantly reduces the complexity of traditional/existing design approaches
such as metamaterials, defected ground plane structures, soft electromagnetic
surfaces, parasitic elements, matching and decoupling networks using a simple,
yet a novel design alternative. The approach is based on a planar single decoupling
element, consisting of a rectangular metallic ring resonator printed on one face of
an ungrounded substrate. The decoupling structure surrounds a two-element verti-
cal monopole antenna array fed by a coplanar waveguide structure. The design is
shown both by simulations and measurements to reduce the mutual coupling by at
least 20 dB, maintain the impedance bandwidth over which Sy, is less than —10 dB,
and reduce the envelope correlation coefficient to below 0.001. The boresight of
the far-field radiation patterns of the two vertical monopole wire antennas operat-
ing at 2.4 GHz and separated by 8 mm (4,/16), where J, is the free-space wave-
length at 2.45 GHz, is shown to be orthogonal and inclined by 45° with respect to
the horizontal (azimuthal) plane while maintaining the shape of the isolated single
antenna element.

Keywords: 4G/5G LTE/LTE-A, cellular communications, coplanar waveguide
fed vertical monopole, decoupled antenna array, descattered antenna array, GPS,
microstrip fed vertical monopole, MIMO, radar, RFID, Wi-Fi, WiMAX

1. Introduction

Contemporary wireless systems including, but not limited to, 4G/5G LTE/LTE-
A, radar, RFID, Wi-Fi, WiMAX, GPS, geolocation, biomedical imaging, and remote
sensing dictate the use of miniaturized MIMO antenna arrays on mobile terminals.
They can also be permanently installed on fixed structures for increased gain,
which will improve link reliability and quality of service, increase communication
range, and increase battery life through a variety of diversity schemes [1, 2], and/or
increase data rate/throughput through MIMO spatial multiplexing schemes [3].

1 IntechOpen
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Moreover, these structures can provide esthetic, miniaturized wireless consumer
devices. Recent trends toward miniaturized, esthetically appealing, battery efficient
handheld wireless devices, and green wireless systems require antenna arrays that
should be implemented within a restricted physical space.

In this chapter, we report a new approach of how to reduce the complexity of
prior existing designs for mutual coupling reduction such as periodic metamaterial/
metasurface constructs [4-8], defected ground plane structures [9, 10], soft/hard
electromagnetic surfaces [11, 12], parasitic elements [13], matching and decoupling
networks [14-16], and neutralization lines [17]. Our proposed approach can still
maintain, and in certain circumstances exceed the performance metrics of tradi-
tional approaches well-known in previous art, [18-20] using much simpler, cost-
effective, and novel design alternatives.

Numerous techniques were proposed for the mutual coupling reduction among
the elements of MIMO antenna arrays, the most notable and highly embraced
is the use of metamaterials, which subsequently turned into an unique topic of
its own used in various disciplines including acoustics, RF, optics, laser, and
nanotechnology [21]. A defected ground plane consisting of a slitted pattern is
disclosed in [9] to suppress mutual coupling between two monopole antennas
separated by 0.093 4o, where 4, is the free-space wavelength at 2.53 GHz. The two
monopoles share a 40 x 25 mm ground plane and are separated by 11 mm. Each slit
is11 x 1 mm. A periodic array of three slits was used to achieve a mutual coupling
better than —20 dB. However, no information on the behavior of far-field radiation
patterns of the array was provided. A simple yet elegant decoupling approach was
presented in [22] using a parasitic element to decouple two monopole antennas
operating at 900 MHz. The parasitic element is situated at the center between the
two driven elements on a 330 x 250 mm FR4 substrate, 1.5 mm in thickness. The
substrate has a permittivity of 4.4 and a loss tangent of 0.02. The radiation behav-
ior shows an end-fire pattern. The measured pattern correlation is close to 0.02.
This method achieved coupling coefficient, S, close to —40 dB over the bandwidth
in which Sy; is less than —10 dB. The method requires careful attention to the
choice of the distance between the parasitic element and the driven elements for a
given separation between the driven elements. A drawback of this technique is the
undesired radiation from the parasitic element, which may degrade the decoupled
radiation pattern.

A complicated approach for mutual coupling suppression between two mono-
pole antennas operating at 2.49 GHz and separated by 0.09 4y, where 4, is the
free-space wavelength at 2.49 GHz, with a length of 32.5 mm over a ground plane
containing four slits, 1 x 11 mm in size and two defected wall structures situated
at the edge of the outermost slits are proposed in [20]. The defected wall structure
consists of a metallic plane with C-shaped cuts mimicking split ring resonators. The
spacing between the slots in the defected wall is 0.09 4. The structure achieved
a measured isolation of about 44 dB. No information has been provided on the
shape of the far-field radiation patterns. One notable approach for the isolation of
two high-profile monopole antennas laid on a common copper ground plane (1.25
Ao x 1.25 A9), involves the use of highly negative-permeability, broadside coupled
split-ring resonators etched on both sides of a dielectric substrate. In this approach,
the two monopoles are separated by 4¢/8 (30.25 mm), where 4, is the free-space
wavelength at 1.24 GHz [18]. A 3-D stack employing 10 arrays is aligned vertically
using plastic support in the space between the two monopoles, where each array
consists of four broadside coupled split-ring resonators.

It should be noted, however, that these artificial magnetic inclusions obviously
suffer from extremely narrow resonance bandwidth. The design methodology is



Decoupled and Descattered Monopole MIMO Antenna Array with Orthogonal Radiation Patterns
DOI: http://dx.doi.org/10.5772/intechopen.89630

based on creating artificial negative permeability, which consequently presents
extremely high attenuation to the near-field that exists in the region between the
two monopoles for both propagating and evanescent fields. The authors claim
areduction of at least 20 dB in Sy, but over an extremely small bandwidth. The
structure is neither convenient nor rigid for miniaturized handheld devices since
the decoupling structure occupies a significant volume in the space between the two
monopoles. Also, the fabrication costs as well as the dielectric and conductor losses
introduced by the decoupling structure even at frequencies in the decoupled regime
create an inconvenience. We should note that a similar approach was reported in
[19] in which a metamaterial spacer is employed to reduce the mutual coupling
between two monopoles, each 27.8 mm in height, installed on a common (2 49 x 2 4o)
aluminum ground plane and separated by 0.156 4, (18 mm) at 2.6 GHz. The prin-
ciple of operation is explained by considering the metamaterial acting as an artifi-
cial magnetic conductor (AMC). The decoupling structure consists of four existing
design of a bidirectional AMC printed on a dielectric substrate with width-height-
thickness dimensions of 64 x 33 x 10.5 mm.

Several defected ground planes [9-12], soft artificial electromagnetic surfaces,
matching and decoupling networks [14-16], and neutralization lines [17] have
received considerable recent research interest in both academia and industry.
However, they were not applied specifically to vertical monopole antennas, the
subject of this chapter. It should be noted that these traditional approaches suffer
from:

a. Extremely narrow bandwidths since metamaterials, defected ground struc-
tures, and soft electromagnetic surfaces embrace inherently high-resonant
structures;

b.Repeated periodic structures are employed periodically in 1-D, 2-D, or in 3-D
using vias, which further complicates the design and increases the fabrication
cost;

c.Insertion of many 2D cells (arranged in multiple rows and/or columns) and
sometimes 3D unit cells [7, 8] between the antenna elements limits the empty
space between the antenna elements and hence complicates the task of minia-
turizing the MIMO antenna array; and

d.Distortion of the far-field radiation patterns and/or reduction the operating
bandwidth [18-20] from these artificial structures.

To conclude, most of the related research utilized meta-surfaces inclusions
inserted in the space between the antenna elements for which the mutual coupling
is to be reduced. This is another major obstacle for applications involving extremely
miniaturized antenna arrays, such as MIMO systems on handheld wireless devices.
In this chapter, however, we report a novel approach in which the mutual coupling
is reduced by inserting two vertical monopole antenna elements inside a rectan-
gular conducting ring loaded with two conducting strips. This technique allows
much smaller separations (4,/16), where 4, is the free-space wavelength. Unlike
the traditional techniques that are based on inserting artificial resonant structures
between the radiating elements, the methodology reported in this chapter is based
on enclosing the radiating elements by simple and versatile planar conducting
structures, the performance of which exceeds the performance of traditional/exist-
ing design approaches.
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2. MIMO array structure

We will elaborate on one embodiment involving a miniaturized two-element
antenna array system composed of two vertical monopole antennas separated
by 8 mm, corresponding to 4,/16, where 1, is the wavelength in free space at
2.4 GHz. The unique design scheme of the coupled array produces orthogo-
nal radiation patterns even without the inclusion between the monopoles.
Additionally, the decoupling structure is designed to reduce the mutual coupling
and enhance isolation between the signals at the array terminals. A very low
envelope correlation coefficient between the received signals is realized to
accommodate operating with the different MIMO modes. To summarize, the
design of the antenna array disclosed in this chapter seeks to achieve three func-
tions: decoupling, descattering, and orthogonalization of the far-field radiation
patterns in the boresight directions. Descattering in this context implies that the
radiation pattern of each antenna element in the array is the same as the radiation
pattern when in isolation.

To obtain a boresight oriented by 45° relative to that of a conventional vertical
monopole, the design uses a partial reference ground plane instead of a traditional
full ground as shown in Figure 1. The monopole is mounted on a dielectric substrate
and is fed by a coplanar waveguide (CPW) circuit. The ground plane of the copla-
nar feeding circuit serves as a partial ground for the antenna as well. The height of
the monopole / and the feeding circuit geometry are tuned such that the antenna
operates at center frequency of 2.4 GHz serving applications in the ISM band. The
coplanar waveguide feeding circuit is selected to have a characteristic impedance of
50 ohm at its input. The geometry, reflection coefficient, and radiation pattern of
the single element are shown in Figures 1-3, respectively.

This behavior is exploited to construct an array consisting of two vertical
monopoles, the radiation patterns of which are identical in shape but orthogonally
oriented in space. The antenna array is formed by placing monopole 2 and its
feeding circuit as a mirror image of monopole 1 around the y-z plane as depicted in
Figure 4. Both antennas are assembled on a common substrate of a relative permit-
tivity, €, = 10.2, and height, &, = 1.27 mm.

When the two antennas are positioned in a close proximity, 4,/16, in this design,
the far-field radiation patterns will be distorted while the correlation coefficient

«— Monopole

Substrate h CPW Feed

- e

w lf

Figure 1.
Geometry of a single monopole antenna fed by CPW.
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Figure 2.
Reflection coefficient of the monopole antenna fed by a CPW.
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Figure 3.
Realized gain of the monopole antenna fed by a CPW.

increases due to mutual coupling. To investigate the mutual coupling effects, the
array is simulated using the commercial software package, high-frequency struc-
ture simulator (HFSS) of ANSYS. The geometry of the design is shown in Figure 5
and the dimensions are presented in Table 1.

Despite the reduction in transmission level between the feeding ports, the
distribution of surface currents depicted in Figure 6, resulted from exciting port 1
while terminating port 2 with 50 ohms, shows the existence of significant interfering
currents distributed on the CPW feeding of monopole 2. The current induced on
monopole 2 and its feeding circuitry is due to the mutual coupling between the two
antennas.

In Figure 7, we show the reflection coefficient, S;; and transmission coefficient,
Sy plotted against frequency. The coupled array provides a bandwidth of 230 MHz
over which the reflection coefficient is below —10 dB. At 2.4 GHz, the partial
ground plane reduced Sy; to —10 dB compared to —4 dB if the antennas share a
common full ground plane and are separated by 8 mm. The radiation patterns in
terms of the realized gain are plotted in Figure 8 for two cases; in the first case, an
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«—— Monopole |
Monopole 2——
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Figure 4.
The coupled monopole antenna array.
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Figure 5.
Geometry of the coupled antenna array. (a) Prospective view, (b) Side view, (c) Bottom view and, (d) Top view.

excitation signal is injected into port 1, while the second port is terminated with its
internal impedance, 50 ohms. In the second case, the excitation signal is injected
into port 2, and port 1 is terminated by 50 ohms. Having the antennas placed
extremely close to each other (8 mm at 2.4 GHz) resulted in disturbing the near
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Monopoles separation (s) 8
Monopole height (%) 25
Monopole diameter (4) 16
Feeding probe length(l,) 1
Feeding probe width (w,) 2
Ground width (w;) 10.85
Ground length (I3) 5
Center strip width (w,) 3
CPW gap width (g1) 0.5
Substrate (I; x wy x k) (40 x 40 x 1.27)
Dielectric constant (&,) of the substrate 10.2
Table 1.

Dimensions of the coupled antenna Array.

field and increasing the coupling level. This proximity causes the radiation patterns
to be directed into the lower part below the plane containing the substrate.

The proposed MIMO antenna array consists of two monopole antennas posi-
tioned on a printed circuit board. The antennas are surrounded by a decoupling
circuit printed on the top side of the substrate and a feeding circuit on the bottom
side. For short, the design will be called the decoupled coplanar waveguide fed
monopole antenna array (CPW-MAA). The substrate has a length and width of
40 x 40 mm, and a thickness of 1.27 mm.

In order to further enhance the performance of pattern diversity for the two-
element antenna array and minimize the contribution of mutual coupling among
the elements of the antenna array to the channel correlation, the mutual coupling
effect needs to be reduced with minimal distortion to the radiation patterns of the
individual elements, preferably such that the 3-D far-field patterns of the individual
elements being identical in shape and orthogonal in space. This applies to the sig-
nals at the output of the antennas when transmitting and at the input of the feeding
circuit when operating in the receive mode.

The decoupling structure, shown in Figure 9, consists of a simple 2D planar
rectangular metallic ring and two tuning metallic strips printed on the surface of
the substrate.

First, the performance of the CPW-MAA is compared against the coupled
monopole antenna array shown in Figure 5 using the same substrate.
Furthermore, as a design alternative and to further validate the disclosed design
concept, another substrate has been used with a dielectric constant ¢, of 6.15 and
height, 1.27 mm. Each monopole is fed by a copper trace printed on the bottom
side of the substrate. Each monopole makes a contact with the copper trace by
extending the monopole body inside the substrate to reach the feeding copper
trace at the bottom layer. A CPW at the bottom side of the substrate is used to
deliver the signal to the antennas in case of transmitting and from the antennas in
case of receiving.

The CPW consists of a central strip having a length of /3 and a width of w, with
the finite ground planes positioned on both sides of the central strip with a width
of w;. An SMA is utilized to launch the wave into the array. The impedance of the
SMA is 50 ohm and is used to connect the antenna to a vector network analyzer
used in the measurements. The array system dimensions are tuned to operate at a
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Figure 6.
Magnitude of surface current distribution for the coupled monopole antenna array, dB(1 A/m).
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Figure 7.
Frequency response of the coupled monopole antenna.
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Figure 8.
Mutual coupling effects on the far-field radiation patterns. (a) Exciting port 1 and, (b) Exciting port 2.
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Decoupling circuit.

2.4 GHz with a bandwidth of 260 MHz over which the reflection coefficients, S;;
and S,,, are less than —10 dB and transmission coefficients, Sj; and Sy; less than

—20 dB. The two-element MIMO antenna array is shown in Figure 10, while dimen-
sions are depicted in Table 2 for the two substrates used where all dimensions are in
millimeters.

Prototypes are fabricated and measured at the University of Arkansas at Little
Rock’s Antennas and Wireless Systems Research Laboratory (AWSRL). The pro-
totype which is shown in Figure 11 used Roger RO3210 substrate. The frequency
response has been measured using E5071B and N5242A VNAs. The radiation
patterns are measured inside an anechoic chamber. Using Roger RO3210 (dielectric
constant ¢, of 10.2) as a substrate, and in order to demonstrate that adding this
decoupling circuit isolates the input and output ports, the magnitude of the sur-
face current dB (1 A/m) has been plotted for different excitation phase delays as
depicted in Figure 12. A signal of 1 W is assigned through port 1 to excite the first
monopole, the monopole in the right side of the array, while port 2 is terminated by
its internal impedance of 50 ohm. It seems quite evident that the amount of current
coupled to the feeding circuit of monopole 2 at different phase delays is very low,
minimum at —8 dB (1 A/m) (blue color), compared to other excited monopole,
where a high current is observed with a maximum value at 32 dB (1 A/m) (red
color). This contrast of 40 dB (1 A/m) reveals the high isolation level achieves due
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Figure 10.

The decoupled CPW-MAA. (a) Prospective view, (b) Side view, (c) Top view, (d) Bottom view.
Dimension defined name Substrate RO3210 (¢, =10.2) Substrate RO3006 (¢, = 6.15)
Monopoles separation (s) 8 8
Monopole height (%) 28 27
Monopole diameter (d) 1.6 1.6
Feeding probe length (1,) 11 11
Feeding probe width (w,) 2 2
Ground width (w;) 10.5 10.8
Ground length (I3) 5.0 5.0
CPW trace width (w,) 3.0 3.0
CPW gap width (g1) 0.5 0.2
Rectangular ring outer length (I5) 22 22
Rectangular ring outer width (ws) 24 30
Rectangular ring trace width (w;) 2.5 2.5
Tuning strip length (I4) 16 16
Tuning strip width (we) 15 4
Tuning strips separation (s;) 6.5 8
Substrate (I; x wy x k) (40 x 40 x 1.27) (40 x 40 x 1.27)

Table 2.

Dimensions of the CPW-MAA for two substrates.
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Figure 11.
The decoupled CPW-MAA and decoupled MS-MAA prototypes.

Monopole 1

28.4
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10.2
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291

 Phase = 150°

Figure 12.
Two monopole antenna array with decoupling network; surface curvent distribution (magnitude) dB(1 A/m).

to the decoupling network compared to the coupled current before adding the
decoupling network shown in Figure 6.

The simulated and measured results of the scattering parameter, Sy; are
presented in Figure 13. The amount of coupling expressed in terms of scatter-
ing parameter, S,; is depicted in Figure 14. These figures reveal good agreement
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between the simulated models and the measurements using the fabricated
prototype.

Introducing the decoupling network resulted in a reduction of —19 dB in mutual
coupling level, from —4 to —23 dB. The antenna array system offers a bandwidth
of 10%, in which the coupling coefficient, Sy is less than —20 dB and 14% over
which the reflection coefficient, Sy; is less than —10 dB. The slight shift of 2% in the
frequency at which the measured coupling coefficient S, is at its minimum in the
bandwidth of interest compared to simulated results is due to the variations associ-
ated with the fabrication of the prototype and the limited precision of simulations
and measurements. The fabricated prototype also provides a wider bandwidth.
This is due to the dielectric and metallic losses inherent in the substrate and dipoles,
which lead to reduced Q factor.
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Reflection coefficient S,,, simulation versus measurements.

=]
|

i

"
wn
|

)

'/-—‘

.\l

Coupling Coefficient §,, [dB]

=25 —
=30 —
| —cstT
-35 —— HFSS
- Measurement
'40 I T l T T 'I T l T
1.5 2.0 2.5 3.0 35 4.0

Frequency [GHz]

Figure 14.
Coupling coefficients S,,, simulation versus measurements.
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Table 3 summarizes the performance metrics of the simulated models and the
measured prototype. In this table, f;, and fi denote the lower and upper frequency lim-
its of the operating bandwidth, respectively. The array meets and exceeds the band-
width requirement of 802.11 Wi-Fi systems operating in the ISM band at 2.4 GHz.

The maximum value of the total realized gain is plotted versus frequency in
Figure 15. Another advantage of the proposed antenna array is the enhancement
achieved in the realized gain and hence the efficiency. The total realized gain of a
single element varies over the range from 1.6 to 1.69 dB over the frequency range
2.25-2.52 GHz over which S;; and S,; are less than —10 and —20 dB, respectively.
This gain is obtained when one port is excited while the other is terminated with its
characteristic impedance. An improvement of 2.1 dB is observed in the realized
gain with the proposed antenna array as compared to a conventional array antenna
consisting of two monopoles separated by 10/16 over a 4y x 4o full ground plane. It is

Performance metric Conventional array HFSS CST Measured
Sy (min) dB -8 -24 —40 =20
S, (min) dB -8 =23 —40 -33
Sy1 (min) dB -4 -29 —45 =23
f1 (S11, Sz < =10 dB) GHz — 225 222 212
fu (S11, S22 < =10 dB) GHz — 2.58 2.56 274
f1 (S12, Sz < =20 dB) GHz — 228 226 232
fu (S12, S < =20 dB) GHz — 251 251 258
BW (S, Sy2 < =10 dB) GHz — 0.33 0.34 0.62
BW (S5, S12 < =20 dB) GHz — 0.23 0.25 0.26
% BW (811, Sy2 < =10 dB) — 13.6% 14.2% 25.5%
% BW (S, S12 < =20 dB) — 9.6% 10.4% 10.6%
Table 3.

Decoupled array performance at 2.4 GHz in terms of scattering parameters (dB).
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Figure 15.
Maximum realized gain.
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1.34
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0.959
0.787
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0.383
D.192

=1.06
-2.12
=-3.17
-4.23
-5.29
=-6.35
=-7.41
-B.47

(b) Model 1 (Stand-alone
Monopole)

(a) Realized Gain Scale (dB)

(¢) Two monopoles antenna array: (d) Two monopoles antenna array:
Exciting port 1 Exciting port 2

(e) Decoupled CPW-MAA: Exciting (f) Decoupled CPW-MAA: Exciting
port1 port 2

Figure 16.

(agl’;"he realiged gain scale. (b) Realized gain for a stand-alone monopole, while (c) and (d) are for the coupled
monopole antenna array, then (e) and (f) are for the decoupled CPW-MAA. Examining the upper right
section of the 3-D pattern of model 2, (n < ¢ < 21, and 0 < 7/2) shows red spot, which indicates high gain which
is reduced for the decoupled CPW-MAA, where more power is directed in the lower left side (0 < ¢ < wand

0 = n/2). This distortion has been corrected in the disclosed antenna arvay due to the low mutual coupling caused
by adding the decoupling network. Furthermore, a descattered pattern is realized. Figure 17 shows a comparison
between simulated and measured co/cross radiation patterns of the decoupled CPW-MAA (Figure 18).

noteworthy that the maximum value of the total realized gain of the array system is

close to that of a stand-alone monopole antenna.
The 3-D radiation patterns in terms of the realized gain are shown in Figure 16.
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1.15
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-6.35
-7.41
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(b) Model 1 (Stand-alone
Monopole)

(a) Realized Gain Scale (dB)

(c) Two monopoles antenna array: (d) Two monopoles antenna array:
Exciting port 1 Exciting port 2

(e) Decoupled CPW-MAA: Exciting (f) Decoupled CPW-MAA: Exciting
port1 port 2

Figure 17.
Realized gain; scale (a), stand-alone monopole (b), two-monopole array without decoupling structure (c) and
(d), decoupled CPW-MAA (e) and (f).

3. Conclusions

A compact MIMO antenna array with identical yet orthogonal radiation pat-
terns and high isolation level is reported in this chapter. The shape and size of the
partial ground plane and its distance from the monopole allowed the boresight of
the radiation pattern of the isolated monopole to be oriented at an elevation angle
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Figure 18.
Realized gain; simulation versus measuvements.

of 45°. The 45° elevation achieved for the single monopole made it possible to place
two vertical monopoles back to back to achieve an array with orthogonal radiation
patterns. However, the mutual coupling between the two elements when placed in
close proximity resulted in a distortion of the radiation patterns. To mitigate the
effects of mutual coupling and increase the isolation between the two ports of the
array, a decoupling element that surrounds the array elements which provides more
flexibility on how close the elements need to be from each other. The dimensions

of the rectangular ring and the tuning strips have been tuned to achieve the desired
isolation level and restore the radiation pattern of the isolated element. The CPW-
MAA with orthogonal far-field radiation patterns opens new opportunities for
modern handheld devices and/or fixed wireless access points implementing MIMO
techniques. Unlike existing design approaches that are based on inserting artificial
resonant structures between the radiating elements, the design presented in this
chapter encloses the radiating elements by simple and versatile planar conducting
structures. The proposed design is demonstrated by simulations and measurements
to significantly reduce the mutual coupling when the monopoles are spaced by

8 mm (4,/15.3). The performance achieved in terms of impedance matching, isola-
tion, gain, bandwidth, and radiation pattern is comparable to network decoupling
and parasitic approaches and better in terms of bandwidth, size, and complex-

ity in comparison to existing designs which employ periodic AMC. A matching
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bandwidth of 0.634 GHz over which the reflection coefficient, S;; is less than

—10 dB, and a 0.246 GHz bandwidth over which the transmission coefficient, S,; is
less than —20 dB have been achieved. A total realized gain of 1.69, 1.95, and 1.68 dB
are achieved at 2.26, 2.4, and 2.52 GHz, respectively.
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Chapter 2

Low-Profile Metamaterial-Based
Adaptative Beamforming
Techniques

Chung-Tse Michael Wu and Pai-Yen Chen

Abstract

In this chapter, we will review recent research advances on beamforming and
spatial multiplexing techniques using reconfigurable metamaterials (MTMs) and
metasurfaces. This chapter starts by discussing basic principles and practical appli-
cations of transmission line-based metamaterials and planar metasurfaces, followed
by their active versions that enable novel smart antennas with beam steering and
beamshaping functions. We include detailed descriptions of their practical realiza-
tions and the integration with circuits and the radio-frequency (RF) frontend,
which are used to adaptively and dynamically manipulate electromagnetic radia-
tion. We summarize the state-of-the-art MTM/metasurface-based beamforming
techniques and provide a critical comparison for their uses in the RF-to-millimeter-
wave range in terms of cost, reconfigurability, system integratability and radiation
properties. These techniques are expected to pave the way for the massive deploy-
ment of communication, radar, remote sensing and medical and security imaging
systems.

Keywords: beamforming, composite right/left-handed transmission lines,
leaky wave antennas, metamaterials, metasurfaces

1. Introduction

Metamaterials (MTMs) are artificial composite structures having anomalous
electromagnetic properties that are not found in naturally occurring materials.
Examples include the negative refractive index [1-3] and the terahertz (THz)
and optical magnetism [4]. The word “meta” is sourced from a Greek word that
means beyond or after. Metamaterials are generally constituted by arrays of
subwavelength inclusions with induced electric and/or magnetic dipole moment,
such as magnetodielectric spheres. The periodicity between neighboring inclusions
is much smaller than the wavelength of impinging light and dominant Bloch modes.
The first 3D MTM was realized in the microwave regime using arrays of metal wires
and split-ring resonators (SRRs) [2-4]. For the first time, this structure has been
demonstrated to exhibit a simultaneously negative permittivity and permeability,
resulting in a negative index of refraction. A negative-index or double-negative
(DNG) MTM is generally named as a “left-handed” medium, which supports the
electromagnetic wave propagation with an exotic negative phase velocity and neg-
ative refraction. In a left-handed medium, the Snell’s law is inverted and evanescent
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waves could be amplified to make a “perfect lens” that enables sub-diffraction
imaging [2, 3].

The left-handed propagation properties can also be realized using the printed-
circuit transmission line (TL), which eases the fabrication complexity of
metamaterials at high frequencies [5-7]. The TL-based MTMs, also termed as com-
posite right/left-handed transmission lines (CRLH-TLs), have gained popularity in
RF and microwave bands, owning to their low cost, compactness and compatibility
with the printed circuit technology. Moreover, the TL structures based on non-
resonant lumped elements can provide broader bandwidth and lower power dissi-
pations compared with those bulky metamaterials composed of 3D arrays of reso-
nant inclusions. The planar TL MTMs also allow the integration with active and/or
passive tuning components, such as varactors or field-effect transistors (FETs), for
making adaptive and spectral/spatial-reconfigurable electromagnetic responses.
The TL MTMs therefore provide a useful platform for observing the phenomena of
negative material properties and for reaching various metamaterial-enabled appli-
cations. The exotic guided- and leaky-wave properties in the CRLH-TL medium,
associated with the negative phase velocity, have been proposed to realize different
kinds of planar microwave circuit blocks, such as the multi-band and enhanced
bandwidth power combiners/splitters, resonators, couplers [8], phase shifters [9],
bandpass filters [10] and subwavelength focusing devices [11, 12]. Furthermore, the
fast wave and dual RH-LH characteristics existing in the periodic CRLH-TL struc-
tures have been exploited to excite leaky wave radiations and to implement one-
dimensional (1D) and two-dimensional (2D) leaky-wave antennas (LWAs) with
superior radiation properties and tunability [13-16]. These metamaterial-based
leaky-wave antennas can not only be compact and low-profile, but also achieve a
directive beam that can be steered from backfire, broadside to endfire. Such a wide-
angle beam scanning is not available in conventional uniform or periodic leaky-
wave antennas, which require complex and narrow-band feeding networks [17].
Most interestingly, by loading an MTM LWA with tuning elements, such as p-i-n or
varactor switching diodes [18], it is possible to achieve fast and frequency-locked
beamscanning, which is by the external biasing circuitry. Consequently, the beam
scanning can function properly at a specific operating frequency, which is of great
interest for the spatial channelizing in the modern communication systems.

RF and microwave beamforming techniques have drawn intensive research
interest in 5G wireless communication [i.e., spatial multiplexing multiple access
(SDMA) and space shift keying (SSK)], microwave imaging and radar for the
directional and reconfigurable RF signal transmission or reception. Here, we note
that the beamforming technique can be used at both the transmitting and receiving
ends to achieve spatial selectivity. Conventional beamforming systems are generally
based on mechanically steered antennas, with the assistance of motors and gimbals,
which, however have several disadvantages, such as relatively large size and weight,
as well as a slow beam scanning rate. Alternatively, phased arrays consisting of
multiple active antennas are also commonly used to launch electromagnetic waves
to a particular direction, by means of properly phasing the wavefront of individual
antennas to cause constructive or destructive interference. However, phased arrays
are composed of lots of radiating elements and at least one stage of amplifier and
phase shifter, and are expensive to purchase due to their technical complexity.

In this chapter, we will present an overview of TL-based MTMs and their
applications in smart and reconfigurable antennas. We will review different kinds
of recently developed planar MTM and metasurface antennas with beamforming
and beamshaping functions, as well as their practical applications. We begin by
discussing the background of TL MTMs that lead to the development of printed
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LWAs, and then introduce other state-of-the-art surface antenna technologies, such
as the holographic antennas based on metasurfaces.

2. Transmission line metamaterials

Figure 1a illustrates the unit cell of a conventional lossless right-handed (RH)
transmission line (TL) model, where the equivalent circuit contains series induc-
tance (Lg) and shunt capacitance (Cg). The unit cell is assumed to represent a small
section of the transmission line, much less than one quarter of the guided wave-
length. The equivalent MTM constitutive parameters, such as permittivity and
permeability can be obtained by mapping the Maxwell’s equation onto the
telegrapher’s Equation [19]. As such, the propagation constant (#) can be derived in
terms of the series impedance (Z') and shunt admittance (Y’), in which Z’' = joLg
and Y’ = jwCpg [5]:

jB=VZ'Y' = jo/LrCg (1)

From (1), we obtain a dispersion relationship that is linearly proportional to the
frequency, as illustrated in (2) and Figure 1b:

ﬂRH = W/ LrCr (2)

On the other hand, a left-handed (LH) TL can be obtained by interchanging the
inductor and capacitor in the RH TL unit cell. As illustrated in Figure 2a, the series
impedance now is changed to a capacitance, whereas the shunt admittance becomes
an inductance. Using a similar derivation as shown in (1), by replacing Z' with
1/jwCy, and Y' with 1/jwL;,, the propagation constant can be expressed as:

1
Pru = — DIl C T.C.

The negative sign of the propagation constant indicates the phase velocity is
opposite to the direction of that for a RH-TL, which is governed by the “left-hand”
rule. This left-handed (LH) TL is regarded as a kind of planar MTM, as it has novel
negative-phase-velocity property that can only be artificially engineered. The
corresponding dispersion diagram of such left-handed transmission line is shown
in Figure 2b.

(3)

Air Line w Air Line
(a) (b) (w=-Bc) A (w=+fc)
N ]
Y /
Le \ /

Figure 1.
(a) Unit cell and (b) dispersion diagram of a right-handed (RH)-TL model; the dashed lines represent the air
lines.
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Figure 2.
(a) Unit cell and (b) dispersion diagram of a left-handed transmission line model; the dashed lines represent
the air lines.
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Figure 3.
(a) Unit cell and (b) dispersion diagram of a composite right/left-handed (CRLH)-TL model; the dashed lines
represent the air lines.

Unlike the conventional case, the dispersion of a LH-TL is nonlinear and is
always negative; the dashed lines represent the air lines. Nevertheless, in practice,
due to the inevitable parasitic effect of host medium, it is rather difficult to realize
the perfect left-handed TL MTMs. Indeed, the ordinary RH wave propagation is
supported at higher frequencies. Therefore, a more generalized circuit model as
shown in Figure 3a must be adopted to accommodate both RH and LH propaga-
tions. This configuration is the so-called composite right/left-handed transmission
line (CRLH-TL). The dispersion relation can be derived using the same procedure
by letting Z' = jwLg + 1/jwCr, and Y’ = jwCg + 1/jwLy,. After some mathematical
manipulations, the propagation constant can be written as:

1 Lr Cp
Pcriu S(a))\/w rCR + L. Cy |:LL + CL] (4)
where
1L,w< min { ! ! }
—lLo<w;, = —_—
2 VLrCyr ™ /L1 Cg )

s(w) =
1, w>w; = max { ! ! }
3 1 = T 5
VLrCL ™ VLrCg
Figure 3b plots the corresponding dispersion curve, from which we can observe

that the CRLH-TL can support both of the LH mode (# < 0) in the low frequency
region and the RH mode (f > 0) in the high frequency region. Depending on the
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operating frequency, CRLH-TLs can have different LH or RH characteristics. In
addition, if we define two air lines that have a slope of speed of light ¢, we can
divide the dispersion diagram into two regions. The region sandwiched by the two
air lines is called the fast wave region, as the phase velocity (v, = w/f) is greater
than ¢. On the other hand, the rest is defined as the slow wave region as v, is slower
than c. CRLH-TLs behave differently in these two regions. As will be shown in the
next section, CRLH-TLs will radiate in the fast wave region, corresponding to a
“leaky” mode, which is necessary for a LWA. On the other hand, when operated in
the slow wave region, corresponding to a “guided” mode, CRLH-TLs behave like
waveguiding structures with ignorable radiation loss. The dual RH/LH and guided-
to-leaky wave characteristics make CRLH-TLs fascinating structures offering
significantly more flexibility in the design of guided-wave and radiated-wave
microwave components.

Figure 4 shows the comparison of dispersion characteristics between a CRLH-
TL and a conventional RH-TL. As discussed in the previous section, the dispersion
region can be divided into radiation (leaky wave) and guided wave regions. More-
over, depending on the polarity of the propagation constant g, the dispersion dia-
gram can be categorized to right-handed (f# > 0) and left-handed (# < 0) regions. A
conventional RH-TL will lie in the RH guided region, as it has a positive § (f > w/c
or v, <¢) and will not radiate. On the other hand, the dispersion curve of CRLH-TL
continues across all the four regions in the dispersion diagram, which are LH
guided, LH radiated, RH guided and RH radiated wave regions. As a result, CRLH-
TL structures provide flexibility to tailor the electromagnetics responses at will. The
band gap at f = 0 (v, — oo) will disappear, if the following condition is satisfied:

/L /L
C_f; = C—i or LRCL = LLCR (6)

We call this a “balanced” condition for a CRLH-TL. A balanced CRLH-TL does
not have a band gap and therefore has a smooth transition at the center frequency
where the propagation constant is zero. This property is especially useful when it
operates as a leaky wave antenna, as it allows a continuous frequency-dependent
beam-scanning capability.

If the CRLH-TL operates in the radiated or fast wave region with < w/c or
v, >, it will leak out power to the free space as the wave travels along the trans-
mission line. Therefore, a leaky wave antenna is sometimes referred as a fast-wave
traveling wave antenna.

w=-Koc w w = +kyc
%o i i RH ¥ Airline
Alrlines ADIATION |RADIATION." Unbalanced CRLH-TL
" Balanced CRLH-TL
*
. LH %
GUIDED * V. RH
‘. . GuiDED Conventional

RHTL

Figure 4.
Dispersion diagram of a composite right/left-handed transmission line model.
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To further explain the leaky-wave characteristics, Figure 5 illustrates the
relationship between the vertical wavenumber k., the free space wavenumber kg
and the modal propagation (phase) constant inside the wave guiding structure g, .
Here k, can be expressed as:

ke = \/kg — [ %)

When the wave propagates through the leaky wave structure with a complex
wavenumber g, — ja, the fields outside the structure have the general form [17]:

9(x,2) = o (e Fe I¥)e T (8)

The attenuation constant a = aj,; + @44, Where a,, is due to the material (dielec-
tric and conduction) loss inside the guiding structure and a,,, is due to the radiative
energy leakage (leakage rate). Therefore, one can observe that if &, is a real number,
that is, ko > f,., the wave can propagate along the z-direction and hence the leakage
radiation occurs. This is consistent with the aforementioned statement that when the
CRLH-TL operates in the fast wave region (v, = w/f, >c¢ = w/ko), the propagating
wave will be coupled into the free-space radiation, with a real value of k.. On the
other hand, if k, is imaginary, the wave will decay exponentially along the z-
direction, which results in an evanescent mode of the field.

Figure 5.
Illustration of radiation phenomenon.

Input Signal P

- :
\ -~ Main Beam

Figure 6.
1D CRLH leaky wave antenna (LWA).
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From the vectorial relation shown in Figure 5, the direction of the main beam of
radiation can be determined as

QMB = sin -1 <£—z> (9)

Eq. (9) is approximately valid in many practical antennas, provided that a < g, .
It can be known from Figure 6 that since f, is a function of frequency, the angle 6
also varies with respect to the frequency, thereby enabling the frequency-
dependent beam scanning. Such property is useful in many wireless systems that
require the beam scanning function, as it does not need complex feeding networks
and phase shifters used in conventional phased arrays. Eq. (9) also indicates that an
ideal backfire-to-endfire (—90° to +90°) radiation may be possible, provided that
the propagation constant is properly engineered.

3. Free space scanning and adaptative CRLH LWAS

As discussed above, CRLH LWAs can exhibit frequency-dependent beam scan-
ning capabilities for continuously varying the beam from backfire to endfire direc-
tions by frequency tuning. Using this unique property, novel tunable and adaptive
LWAs can be realized [20-28]. This section will discuss the practice of MTM-based
LWAs and the experimental demonstrations for free space scanning capability with
enhanced functionality.

The radiation pattern of 1D CRLH LWA can be represented using the array
factor approach, assuming the antenna is oriented along x-direction [18]:

N
AF(Q) _ Zlnej(n71>k0p" sin 0—jo,, (10)
n=1

where N is the number of the CRLH unit cells, p, is the periodicity of unit cells,
@un = (n — Dkop,, sin Oy, I, = [oe~*"~VPx is an exponentially decaying function
determined by the leakage factor . As f for CRLH TLs can vary from —ko to +ko,
the main beam of 1D CRLH LWA can scan continuously from 6 = —90° to +90°
(—x to +x direction) as indicated in (9).

A typical microstrip realization for a CRLH-TL using the printed circuit board
(PCB) technology is shown in Figure 7 [8]. The unit cell of the CRLH-TL contains
an interdigital capacitor and a stub inductor to form the desired LH elements. The
size of unit cell is much smaller than the guided wavelength such that the structure
behaves as an effectively homogenized in the frequency range of interest. Assuming

Interdigital
Capacitor

Stub
\

Ground Plane

Via

Figure 7.
Microstrip implementation of for a 1D CRLH-TL MTMstructure comprising periodically vepeated
sub-wavelength unit cells [8].
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a lossless scenario, the unit cell model of this planar MTM TL can be described by
the equivalent circuit in Figure 3. Owing to the inevitable parasitic effects, the
right-handed series inductance and shunt capacitance need to be included, which
forms an entire CRLH unit cell exhibiting a modal dispersion as shown in Figure 4:
LH components dominate at lower frequencies, whereas RH components dominate
at higher frequencies. A more rigorous unit cell model should also take into account
the radiation loss (leakage rate), which are associated with resistance R and con-
ductance G in the TL circuit model [15]. It is worth mentioning that the character-
istic impedance is nearly independent of frequency for both RH and LH operations
if properly designed, allowing a broadband impedance matching (i.e., 50 Q in most
RF and microwave systems).

Figure 8 shows a 24-cell CRLH LWA prototype and the measured radiation
pattern. It is evident that as the frequency increases, the main beam direction scans
from backward to forward, achieving a one-dimensional frequency scanning [5].
Ideally, a CRLH LWA scans a broad range of spatial region from —90° to +90°, as
frequency varies from ® = f - ¢ to @ = 44 - ¢, including the broadside direction
(6 = 0°), which is usually at the evanescent mode for conventional LWAs [17].

In order to perform 2D frequency scanning, the antenna array must scan along
another orthogonal direction, that is, y-direction as well. This can be achieved by
properly designing the delay lines to manipulate the phase responses of each

BERRNRERRE S p oy R -

Figure 8.
Prototype of Figure 7 and its measured vadiation patterns for diffevent operating frequencies [8].

2-D Full-hemisphere
Frequency Scanning

s
f Radiation Beams
f, o f i
3
.
5 f
CRLH LWAs

CRLH MTM Feeding
RF Input Network y

Figure 9.
Schematic of the proposed 2D MTM frequency scanning array exhibiting one-to-one frequency-space
mapping [29].
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Figure 10.

Theoretical radiation beams using 2D array factor approach in (13) with L = 32, M = 2, N = 20. The
frequency sweeps from 3 to 6.2 GHz, with an interval of 200 MHz, while each of the main beams corresponds to
a distinct frequency [29].
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Figure 11.
Prototype of the proposed 2D MTM frequency scanning array. Measured and simulated veturn loss of the
antenna array [29].

antenna element. To illustrate, the main beam angle of a 1D phased array is a
function of progressive phase shift &, and can be represented as [19, 30]:

Oarray(®) = sin -1 (ﬁ) (11)

Nevertheless, conventional delay lines can only provide phase delay, which
bounds the radiated beam angles to only half of the hemisphere. To this end, if
CRLH-TLs are used as feeding structures, they are able to provide both phase
advance and phase delay, while exhibiting a zero phase-shift at the center operating
frequency. Combining the CRLH-based feed network with 1D CRLH LWAs, the
resulting 2D CRLH array can perform a 2D frequency-space mapping scheme as
illustrated in Figure 9 [29].

To explain, the phase response of a balanced CRLH TL consisting of N cascaded
unit cells can be expressed as

$cra(@) = —Nw+/LrCg + (12)

N
a)\/LLCL
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where Lg, Cg and L, Cy, are right-handed inductance and capacitance, as well as
left-handed inductance and capacitance of a CRLH unit cell. It is observed from (12)
that both positive and negative phase delay can be achieved using the CRLH feeding
structures with respect to the operating frequency. Furthermore, if the phase
response of the CRLH feed network varies fast enough within each sub-band of
CRLH LWAs, a sequential 2D frequency scanning can be realized.

1
0.8
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0.4
02
4 05 0 05 1 o5 o0 o5 1
X X
(a) 3.0GHz (b) 3.2 GHz

A DE D 68 9 "4 o5 o 05 1

(d) 4.1 GHz (e) 4.8 GHz

0.8
08
0.4

a2

"4 05 0 056 1 4 05 o o5 1
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(f) 5.5 GHz (g) 5.9 GHz

Figure 12.
Measured radiation patterns of the proposed 2D MTM frequency scanning array [29].
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The 2D frequency scanning CRLH LWA array can be analyzed using the theo-
retical model based on 2D array factor approach. Its mathematical form is
represented by the multiplication of the array factor of a 1D CRLH LWA and the
one resulted from the phased array fed by the CRLH feed networks:

L M
AF(0,¢) = Z]nej(n—l)kopx sin6 cos p—jpr, o Zei(m—l)kopy sin@sin p-+jg,, (13)

n=1 m=1

where L is the number of the unit cells for a CRLH LWA, p, is the periodicity of
LWA unit cells, ¢,, = (n — 1)kop, sinOysp, I, =1 0e "= VP: is an exponentially
decaying function determined by the leakage factor a. Moreover, p, is the spacing

between the CRLH LWAs, M is the number of LWAs and ¢, =
(m—1) (—Na)\/LRCR + %m), which is the phase response of CRLH feed lines

with N unit cells.

For proof-of-concept, the CRLH LWA is designed to operate at 3-6.2 GHz.
Figure 10 plots the results of 2D MTM array obtained from (13) with a 200 MHz
sweeping interval. For simplicity, the spatial location and radiation intensity are
both normalized, where x = sinfcos¢,y = sinfsin¢ . As a result, the resulting 2D
CRLH aperture exhibit one-to-one frequency-space mapping characteristics cover-
ing the entire hemisphere above the radiating aperture, with each spectral compo-
nent pointing to a specific angle in the free space.

To verify, a prototype of 2D MTM LWA array using printed circuit board (PCB)
technology is shown in Figure 11a. The antenna array prototype contains two CRLH
LWAs and a lumped component-based CRLH feed network embedded in a Wilkin-
son power divider. The return loss of the proposed structure is shown in Figure 11b.
The measured results agree reasonably well with the EM simulation using ANSYS
Electronics, indicating a good return loss within the operating band of 3-6.2 GHz.
The slight mismatch at the center frequency around 4 GHz might be due to the
handmade fabrication errors.

The measured radiation patterns of various frequencies within the antenna
operating band are plotted in Figure 12. As can be seen, the main beam of the 2D
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Figure 13.
Measured overlaid vadiation beams of the fabricated 2D MTM array sweeping from 3 to 6.2 GHz with
25 MHz frequency steps [29].
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MTM array is able to sweep in two dimensions, namely x-direction and y-direction.
The x-direction scanning is due to the nature of CRLH LWAs, whereas the y-
direction scanning results from the CRLH feed network that provides the required
progressive phases. This mechanism leads to 2D frequency-to-space mapping capa-
bility. In addition, Figure 13 overlays all the radiation patterns of the entire operat-
ing band from 3 to 6.2 GHz with an interval of 25 MHz. It can be observed that the
main beams are frequency-mapped to the entire 2D full-hemisphere space.

4. Beamforming based on planar metasurfaces

This section discusses a new type of holographic antenna using the ultralow-
profile metasurface hologram. Similar to the concept of transformation optics using
MTMs, radiation from the metasurface relies on transforming the guided surface
wave into the free-space radiation leakage, through its interactions with the aniso-
tropic reactance tensor of metasurface defined by the analytical formula. The
metasurface with an inhomogeneous and anisotropic surface impedance profile can
be implemented using dense, textured subwavelength metallic structures printed
on a printed circuit board. The beam angle with respect to the propagation direction
of the surface wave depends on the spatial profile of surface impedance of the
metasurface. Like the TL-MTM antenna, the metasurface antennas can be built with
the standard PCB process and be excited by a simple in-plane feeder or a plane wave
excitation. Therefore, the metasurface-based holographic antennas show significant
potential for making compact, low-profile and conformal surface-like antennas,
which have capabilities of generating a high-gain and steerable beam for satellite
and space applications. Unlike the transformation optics approaches based on bulky
MTMs [27, 28, 31, 32], where the control on propagation often requires highly

anisotropic values for £ and y tesnors, the applicability of transformation techniques
to 2D metasurface can avoid the complex transformation structures, power losses
and manufacturing cost.

A metasurface can be seen as a 2D version of metamaterial, which is formed by
arranging subwavelength scatters or apertures into a surface or interface [33-35].
Through the design of size, period and shape of textured surface, the metasurface can
display a quasi-homogeneous or anisotropic surface impedance profile [34-38]. For
many applications, metasurfaces have been be used in place of bulky MTMs because
they occupy less physical space, reducing remarkably the manufacturing cost, and
providing lower power loss and broader bandwidth when compared with their MTM
counterparts. Metasurfaces have been exploited to make novel electromagnetic
devices with superior performance and compactness [33]. The metasurface concept
has emerged as an advantageous reconfigurable antenna architecture for beam
forming and wave-front shaping. Metasurface antennas consist of an array of
subwavelength inclusions (meta-atoms) distributed over an electrically large struc-
ture. In this section, we will discuss recent research advances in metasurfaces, which
bring new exciting applications in RF and microwave beamforming technologies.
Particularly, using the reconfigurable metasurface in conjunction with the hologra-
phy principle enables new types of holographic antennas that electronically steer the
beam, with a high realized gain and a low sidelobe level.

4.1 Principle of holographic antennas

Holographic antennas are a class of antennas whose radiation apertures are
formed by the discrete spatially distributed diffraction apertures. As inspired by the
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optical holography, the surface impedance profile of such an inhomogeneous planar
aperture can be generated by the interference pattern of the desired (signal) beam
with that of the reference beam. The concept of microwave holography or holo-
graphic antenna was first demonstrated by Checcacci, Russo and Scheggi in 1970
[39]. Microwave holographic antennas have been widely investigated in the past
decades [40]. Typically, microwave holographic antennas typically comprise a main
surface-wave-carrying impedance surface, which is separated from the ground
plane by a dielectric slab. Such an impedance surface can be designed to serve as a
guiding structure or to support leaky waves, depending on the eigenmodes of the
surface-wave structure and/or the modulation period and depth of equivalent sur-
face impedance [39-46]. The pattern of surface perturbations and spatial profile of
surface impedance can be designed by a “holography” method [41]. In this context,
the electrically thin metasurface has been known for its capabilities of controlling
the phase and amplitude fronts of surface waves [40-48]. As a result, metasurfaces
may serve as an ideal platform for microwave holograms that gives control to the
amplitude, phase and polarization of aperture fields.

The holography process involves producing an interference pattern using two
waves, and then using the interference pattern to scatter one wave to produce the
other. The interference pattern formed by these two waves is recorded as a holo-
gram. When the reference wave illuminates the hologram, it is scattered by the
recorded interference pattern to produce a copy of the original object wave. For a
reference wave ¥ ref and an object wave ¥,y;, the interference pattern contains a
term proportional to ¥,y ;. When the interference pattern is illuminated by the

reference wave, it renders (‘I’Dbj‘f’:qc)‘llmc = Yo ’ ‘[’mf‘z, forming a copy of the

original object wave. For the case of a leaky-wave antenna excited by the bound
transverse magnetic (TM) surface modes, we may define the geometrical surface
perturbation as the interference pattern between these two waves [41]:

Z(x,y) :j‘X +M Re {‘Pmd'}’;if}

> (14)

where X and M are the arbitrary real average value and the real modulation
depth at the position (x,y) on the impedance surface; we assume the surface lies in
the x-y plane. The radiated (object) wave can be seen as the product of surface-

wave scattering from a modulated surface, given by %] lIl’mf|2.

For the one-dimensional applications (Figure 14), the hologram is produced by
the interference pattern of a 1D surface wave and a plane wave propagating in free
space at an 0y Sampling the hologram impedance function at each unit cell center
gives the local impedance value and hence the geometry and size of local metal patch.

In principle, generation of arbitrary polarization requires an anisotropic and
inhomogeneous metasurface. Consider a uniform and anisotropic metasurface lies
on the x-y plane, the averaged tangential electric field at the surface E|Z:0+ is related

to the averaged induced surface current J; by E|,_o+ =Z - (¢ x H) ‘ o =Z J,, where
z=

the surface impedance dyad Z appearing in a tensor form is given by [41, 42]:
E L Ly
( >:( . y><fx> (15)
E, Zyx Ly Ty
In the lossless scenario, the surface impedance tensor Z is anti-Hermitian (i.e.,

Z= —Z «T), and the applicability of reciprocity enforces that Z is purely imaginary
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Figure 14.

(a) Left: 1D holographic leaky wave antenna using a metasurface composed of a subwavelength metal strips on
top of a grounded dielectric substrate. The local surface reactance is varied by adjusting the strip width. Right:
Measured radiation patterns and bandwidth of operation [43]. (b) 2D holographic leaky wave antenna using
a metasurface and a zoomed-in hologram portion and unit cells (metallic patch of different geometric shapes
that ave printed on top of a grounded dielectric substrate). The undulating and straight arrows represent the
surface wave and desived radiation, vespectively. The unit cell size is fixed at 3 mm, which is much smaller than
the free space wavelength. Measuved radiation patterns from a 3 mm monopole antenna placed above the
holographic metasurface (black) and an untextured metal surface (gray) at 17 GHz. The inclination angle is
defined from the impedance surface normal, that is, the z-axis in the x-z plane [42].

and Z,, = Z,.. The surface impedance tensor is constructed from the outer product
of the expected surface current vectors and the desired outgoing electric field
vectors. The outer product generalizes the simple multiplicative scalar pattern
described earlier in this section. In the tensor case, the desired radiated vector wave

L2
term E, 4 ]m,f‘ is obtained from scattering of a vector surface wave from a modu-

lated anisotropic impedance surface with Z. When the anisotropic metasurface

hologram is illuminated with the reference surface wave, a modulated tensor

impedance proportional to E,,; ®fu

f 'jsmf cxEmd ®ﬂmf 'jsmf = Emd :

jugate). For a power-conserving and reciprocal metasurface, Z must be made
anti-Hermitian and pure imaginary, given by:

, Can create a radiated vector wave term:

.2
]m,f‘ (the dagger represents the Hermitian con-

= X 0 — - - —
Z]( 0 X> +]1?VI Im [EWM ®ijf - J.vmf ® E:ud (16)

where the diagonal X in the impedance matrix binds the TM surface wave, and
the modulated impedance components M scatter the vector surface wave into the
desired vector outgoing wave. A circularly polarized planar antenna using the
anisotropic holographic metasurface have been demonstrated in Ref. [44], of which
the circularly polarized radiation is produced from a linearly polarized source
through interactions with the transformative metasurface hologram.
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The metasurface-based holographic antenna can be made extremely flat, light
weight (<1 kg), low cost and built with the standard PCB processes. Since each
elementary inclusion on the metasurface is subwavelength and non-resonant, this
holographic antenna exhibits satisfactory insertion and return losses.

With the advent in the metasurface technology, one already has the ability to
accurately define the local surface impedance profile of metasurface and conduct the
inverse design of the spatially invariant inclusions over the surface. Several approaches
have been proposed to design and characterize the surface impedance dyad of
metasurfaces with great accuracy [48]. Figure 15 shows a prototype of circularly
polarized holographic antenna based on an anisotropic metasurface [44]. To produce
the anisotropic impedance, the geometry of metallic patch must be asymmetric with
respect to the propagation direction of the surface wave. The measured realized gain
in the horizontal plane at 8.6 GHz is also presented in Figure 15. It is clearly seen that
the metasurface-based holographic antenna exhibits an excellent contrast between
the right-handed circular-polarization radiation (co-polarization) and left-handed
circular-polarization radiation (cross-polarization) radiation. Noticeably, a broadband
and broad-angle operation could be achieved with this compact metasurface antenna.

Combining the holography concept with the reconfigurable metasurface will
further allow dynamic beamsteering capabilities, without the need of mechanical
moving parts [49-57]. In 2013, the Kymeta Corporation has demonstrated an active
metasurface antenna used for bi-directional high-speed internet connectivity [49].
In their design, the reconfigurability is achieved by using inclusions (i.e., meta-
atoms) that can be individually tuned to create a dynamic hologram. In their design,
controlling local radiative responses is possible by loading each meta-atom with
liquid crystals that present a variable permittivity tensor. Moreover, a dynamic
hologram with faster response time and lower loss may be achieved by exploiting
meta-atoms loaded with active electronic components (e.g., transistors or diodes).

(a)

Figure 15.

(a) Photograph of the prototype of civcularly polarized metasurface antenna and details of its feeding zone
without exciter pin. (b) Gain measurements for the antenna at 8.6 GHz on the horizontal plane: (left) RHCP
component and (right) LHCP component [44].
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Figure 16.

Reconfigurable metasurface made of arrays of meta-atom apertuves loaded with PIN diodes [51]. A tunable
metasurface antenna: the input carrier wave traverses the waveguide and the meta-atom couple energy out of
the feed; an unit cell is switched to its on- and off-states by the external civcuitry. (b) When this holographic
antenna is illuminated by an underlying feed wave, a coherent beam is produced. Different images, encoded in
the array by the control circuit, produce various radiations over a broad angular range.

Ideally, each meta-atom must be weakly coupled and be capable of being individu-
ally driven to obtain different electromagnetic properties at the scale of a single unit
cell. Enhancement of bandwidth is also possible by combining metasurfaces with
non-Foster elements. Different from conventional phase arrays and leaky-wave
antennas, a dynamic metasurface antenna does not require active phase shifters and
amplifiers, and can achieve reconfigurability locked to specific operating frequen-
cies variant from 8.5 to 8.8 GHz.

Figure 16 shows schematically a reconfigurable holographic antenna based on
the active metasurface, of which an individual unit cell is loaded with active com-
ponent to vary the hologram pattern and thus change angular distributions of
radiation. Modeling the collective responses from meta-atoms and the subsequent
radiation pattern have been studied using the array factor method and the Dyadic
Green’s functions for dipole excitations [53, 56]. In addition, the analytical model
for design of meta-atoms of different kinds can be found in [54]. Since each meta-
atom can be modeled as a polarizable dipole, its polarizability and radiative proper-
ties can be well defined. These modeling technique and the holographic explanation
shed light on important considerations for achieving an better control of radiation
patterns produced by the active metasurface antenna [50-55].

5. Conclusions

Planar MTM technologies manipulating the electromagnetic waves, somehow
similar to the transformation optics, may suggest new types of efficient
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beamforming and beamshaping techniques for the modern wireless systems. This
chapter has presented some of the most recent and representative innovations in the
planar TL-MTMor metasurface antenna based on the microstrip implementation.
Their operation principles basically rely on tailoring the propagation (phase) con-
stant and impedance by using the homogenized, subwavelength reactive elements
in an effective medium. Further, the tunability in phase velocity, propagation
constant and impedance can be achieved with the combinational responses associ-
ated with the periodic nature of metamaterial/metasurface structure and with the
loaded lumped components (i.e., diodes, varactors, switches and transistors) in the
unit cell. This enables the beamforming and beamsteering antennas to be made
thinner, lighter weight, less expensive and requiring less power and having
enhanced bandwidth than the conventional alternatives; for instance, phase arrays
typically include multiple active antennas with costly phase shifters, amplifiers and
complex feeding structures. The novel surface antenna technologies, being capable
of dynamically transforming the guided waves to the desired radiation patterns,
show great potential to serve as beamformers and beamsteerers for the
next-generation wireless technology [58, 59].
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Chapter 3

High Performance Metasurface
Antennas

Huaisheng Hou, Haipeng Li, Guangming Wang, Tong Cai,
Xiangjun Gao and Wenlong Guo

Abstract

Recently, metasurfaces (MSs) have received tremendous attention because their
electromagnetic properties can be controlled at will. Generally, metasurface with
hyperbolic phase distributions, namely, focusing metasurface, can be used to design
high-gain antennas. Besides, metasurface has the ability of controlling the polariza-
tion state of electromagnetic wave. In this chapter, we first propose a new ultrathin
broadband reflected MS and take it into application for high-gain planar antenna.
Then, we propose multilayer multifunctional transmitted MSs to simultaneously
enhance the gain and transform the linear polarization to circular polarization of
the patch antenna. This kind of high-gain antenna eliminates the feed-block effect
of the reflected ones.

Keywords: focusing, metasurface, high-gain, polarization conversion, reflection,
transmission

1. Single-layer broadband planar antenna using ultrathin
high-efficiency focusing metasurfaces

Recently, metasurfaces (MSs) have attracted growing interests of many
researchers due to their planar profile, easy fabrication, and also strong beam
control capacity [1-6]. For phase gradient metasurfaces (PGMS), proposed by Yu
et al. [7], a wide range of applications have been found, such as anomalous beam
bending [8, 9], focusing [7, 10], surface-plasmon-polariton coupling [11, 12], and
polarization manipulation. With the ability of tuning the phase range covering 2z,
metasurface can be used to improve performance of antenna. By fixing proper
phase distributions on the metasurface, we can manipulate the wavefronts and the
polarizations of the electromagnetic waves (EM) at will.

The focusing metasurface, which is one kind of functional metasurfaces, can
focus the incident plane wave to its focal point. These characters indicate that the
focusing metasurface can be applied for designing planar high-gain antenna by
placing the feed sources at the focal point over the focusing metasurface [1]. Gen-
erally, there are two types of focusing metasurface, namely, reflective focusing
metasurface and transmitted focusing metasurface. Based on upon two types of
focusing metasurface, there are two kinds of high-gain antenna, namely, reflective
metasurface high-gain antenna and transmissive metasurface high-gain antenna.
Compared with the reflective metasurface antenna based on the focusing
metasurface, transmissive metasurface antenna avoids the feed blockage effect,
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making it more suitable for a high-gain antenna design. Besides, when designing

a reflective focusing metasurface, the reflection magnitude is close to 1 (0 dB) due
to grounded plane composed of PEC. Therefore, the reflection phase is the only
modulated character by the focusing metasurface. However, transmitted phase and
amplitude are both needed to be considered when designing a transmissive focusing
metasurface. In [1], a dual-mode and dual-band flat high-gain antenna based on
focusing metasurface is proposed. The reflection beam and transmission beam can
be obtained. In [2], the modified I-shaped particles, which can independently
manipulate the phases and amplitudes of the cross-polarization waves, have been
proposed. Based on the proposed unit cell, three high-gain antennas are fabricated
and tested. In [5], a novel split beam antenna using transmission-type coding
metasurface is proposed, which provides a new way to design focusing metasurface.
Although reflective metasurface antenna and transmissive metasurface antenna
have been studied for many years, more efforts should be done to improve the
performance (such as realized gain, bandwidth, polarization states, and so on)

of antenna.

However, most reported metasurfaces suffer from a narrow bandwidth, which
restrict their further applications, especially in planar antenna design. To overcome
this drawback, several methods have been proposed such as using stacked phase
shifting elements or aperture patches coupled to true-time delay lines. Besides,
there is another way to obtain a broadband working width by using a single-layer
broadband planar antenna using ultrathin high-efficiency focusing metasurfaces.

In this chapter, a single-layer broadband focusing metasurface has been pro-
posed to enhance the gain of the antenna. Theoretically, the spherical wave emitted
by a point source at the focal point can be transformed to a plane wave. Therefore,
a Vivaldi antenna has been fixed at the focal point of focusing metasurface,
obtaining wideband planar antennas. In this case, the directivity and gain of the
point source have been improved remarkably.

1.1 Element design

Figure 1 shows the proposed element, which is used to design reflective
metasurface. The element is composed of orthogonally I-shaped structures and
a metal-grounded plane spaced by a dielectric isolator with a permittivity of

- - - y

-3

(a) (b)

Figure 1.
Structure of the element and the simulated setup: (a) top view; (b) perspective view. The parameters are listed
asd =0.3mm,p=6mm,h=2mm,and a = 1.8-5 mm.
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&, = 2.65, loss tangent of 0.001, and thickness of 2 mm. For characterization, the
element is simulated in commercial software CST Microwave Studio, unit cell
boundary conditions are employed along x and y directions. Moreover, the element
is illuminated by x-polarized plane wave along —z direction.

Figure 2 shows the reflective phase of the reflection wave versus the length of
parameter a. To demonstrate the ability of tuning the reflective phase at broadband,
the reflective phases versus parameter a varying from 1.8 to 5 mm have been plotted
from 15 to 22 GHz in Figure 2, respectively. Obviously, the phase tuning range is
covering 2r at all frequencies (15-22 GHz). In additions, the eight phase shift curves
nearly parallel to each other, leading to a large bandwidth for focusing EM
wavefronts.

1.2 Broadband and focusing metasurface design

Generally, the reflected wave will always deflect to the phase delay direction
according to the general reflection law as depicted in Eq. (1):

. . Ado
ny sin (6;) — n;sin (6;) = om e @))

where @ is the phase discontinuity at the local position on the metasurface, 6,/6;
is the reflected/incident angle, 7,/n; is the reflective index of the reflected/incident
medium, and 1 is the wavelength. To clearly demonstrate the general reflection law,
d®/dx can be denoted as 2z/np, where 7 is the number of elements arranged in
order along x direction and p is the periodicity of element. In such case, the element
is illuminated normally, so the 6; can be denoted by 0°. At the same time, the n; = 1
can be realized because the element is placed in free space. Consequently, the
reflected angle 6, can be depicted in Eq. (2):

0, = sin ! </1 X 21:) (2)
2 np

Then designing a focusing phase distribution on the metasurface by using the
proposed element is the key procedure. Based on Fermat’s principle, the EM
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Figure 2.
Reflected phase shift with a (1.8—5 mm) from 15 to 22 GHz.
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wavefront can be modified by changing the phase distribution on the metasurface.
In order to focus the incident plane wave to a quasi-spherical wave, the phase
®(m,n) imposed at location (m,n) should satisfy Eq. (3):

(m,n) = (\/ (mp)” + (np)” + L? - L> + o (3)

where L is the focal length, @ is the phase of origin point (0,0), and p is the
periodicity of the element. Figure 3a depicts the conversion of an incident plane
wave to a quasi-sphere wave, and Figure 3b depicts the conversion of a quasi-
sphere wave to plane wave using the focusing metasurfaces.

Based on the procedure, a focusing metasurface with a size of 90 x 90 mm?,
composed of 15 x 15 elements, is proposed and simulated. By theatrically calculat-
ing, a hyperbolic phase distribution is assigned on the metasurface. As shown in
Figure 4a shows, the phase response along x direction is a hyperbolic phase distri-
bution, and Figure 4b is a plot of the whole phase distribution on the metasurface.

In order to have an intuitionistic view of the focusing metasurface, the proposed
metasurface, as shown in Figure 5a, is simulated in the commercial software CST.

incident plane wave

\ /
N &
~N -,
z ~ / \fa@usmg wave
. ~ -~
ocusing metasurfaces~ — _ | - —
(a) X
high directive feed source
plane wave /
N 7
N e
z ~ ~

~

}ocusing metasurfaces- — _ | _ —
(b) +
Figure 3.

(a) Schematic used to describe focusing effect and (b) schematic used to describe operating mechamnism of planar
antenna.
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Figure 4.

(a) Phase response on the cut line along x direction and (b) relative reflection phase distribution in xoy plane.
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The metasurface is illuminated by a plane wave with a polarization propagating
along —z direction. To verify the focusing effect, the electrical field at both yoz and
xoz planes in the center frequency 18 GHz is plotted in Figure 5b and c. It is obvious
that the incident plane wave is transformed into quasi-sphere wave in the orthogo-
nal planes. Furthermore, to verify the position of the focus point, a curve is put
along z direction, and power field is evaluated on the curve. As Figure 5d shown,
the energy is focused at both xoz and yoz planes. The red spot is the focus point.
Normalized power field versus the distance to the metasurface is described in
Figure 5d. Observing the normalized power field, it is drawn that the focal point is
at L = 33 mm, which agrees well with the theoretical calculation.

1.3 Broadband and high-gain planar antenna design

According to the above analysis, a spherical wave, emitted by a source located at
focal point of the focusing metasurface, can be transformed into a plane wave
theoretically. Therefore, a high-gain planar antenna can be realized by putting a
feed antenna at the focal point of the focusing metasurface. The well-designed feed
antenna is a Vivaldi antenna to offer a wide operating bandwidth. Figure 6a depicts
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Figure 5.

(a) The simulated focusing MS; (b) simulated veflected electric field distribution in yoz plane at 18 GHz; (c)
simulated reflected electric field distribution in xozg plane at 18 GHz; and (d) power distribution of focusing
wave at 18 GHz and distance to the MS.

47



Modern Printed-Circuit Antennas

the geometry parameters of Vivaldi antenna, and Figure 6b plots the reflection
coefficient. It is clear to find that the designed antenna can operate from 15 to
22 GHz with the S;; lower than —10 dB, indicating that the proposed feed antenna is
a good feed source for the planar antenna.

To demonstrate the performance of the planar antenna, the simulated electrical
field distributions with/without focusing metasurface at both xoz and yoz planes are

[ |
™= =1

23.5mm

3mm

-30 :

blS 16 17 18 19 20 21 22
( ) Frequency/GHz

(a)

Figure 6.
(a) Parameters of Vivaldi antenna and (b) simulated S, , of Vivaldi antenna.

Figure 7.
Simulated electric field distribution at 15 GHz in (a and b) yoz plane and (c and d) xoz plane, respectively, for
the Vivaldi antenna without (a and c) and (b and d) with the PGMS.
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simulated. Figures 7-9 plot the electrical field distributions at three representative
frequencies (15, 18, and 22 GHz). As expected, the spherical wave emitted by feed
antenna is transformed into nearly plane wave with the focusing metasurface in
both xoz and yoz plane.

To clearly show the farfield performance of the planar antenna, the 3D
radiation patterns at 15, 18, and 22 GHz are shown in Figure 10. The gain has been
remarkably enhanced in a broad bandwidth comparing with the gain of the feed
antenna. And pencil-shaped radiation pattern is achieved. Thus, the broadband
and high-gain planar antenna is obtained. In order to verify the simulation, a
sample composed of 15 x 15 elements is fabricated as Figure 11a shown.

Besides, the designed Vivaldi antenna is fabricated and put at the focal point
with a foam.

The simulated and measured radiation patterns in xoz plane and yoz plane at
18 GHz are plotted in Figure 12. It is obvious that the designed planar antenna has a
remarkably enhanced gain compared to without focusing metasurface. The peak
gain enhancement is about 15 dB relative to the bare Vivaldi antenna both in xoz
plane and yoz plane. To demonstrate the broadband performance of the high-gain
planar antenna, the simulated and measured gain versus frequency is described in
Figure 13. It can be concluded that 3-dB gain bandwidth is from 15 to 22 GHz and
the measured results conform to simulation well. Due to thin thickness, polarization

Figure 8.
Simulated electric field distribution at 18 GHz in (a and b) yoz plane and (c and d) xoz plane, respectively, for
the Vivaldi antenna without (a and c) and (b and d) with the PGMS.
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Figure 9.
Simulated electric field distribution at 22 GHz in (a and b) yoz plane and (c and d) xoz plane, respectively, for
the Vivaldi antenna without (a and c) and (b and d) with the PGMS.
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Figure 10.
(a) Simulated model for planar antenna and 3D radiation pattern for (b) 15 GHz; (c) 18 GHz; and
(d) 22 GHz.
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insensitivity, and broad bandwidth, the proposed broadband high-gain planar
antenna opens up a new route for the applications of the metasurface in microwave

band.

B R R T
%Eﬁﬁ*%*&+

Figure 11.
The photographs of (a) metasurfaces top view and (b) planar high-gain antenna.
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Simulated and measured farfield radiation pattern at 18 GHz (a) xoz plane and (b) yoz plane.
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Simulated and measured vealized gain with/without PGMS from 15 to 22 GHz.
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2. Highly efficient multifunctional metasurface for high-gain lens
antenna application

With the development of the metasurface, it is a trend to design multifunctional
devices to satisfy increasing requests of communication system in microwave
region. Due to the ability of solving some key challenges like susceptibility to
multipath, atmospheric absorptions, and reflections, circularly polarized antennas
play an important role in wireless and satellite communication. At the same time,
high-gain antenna plays an essential role in achieving long-distance wireless
communication.

Owing to the function of linear-to-circular polarization conversion [13-17],
metasurface opens up a novel route to realize the circular polarization. Therefore, it
is interesting to design a circular antenna with high gain using metasurface. Gener-
ally, there are two categories of metasurface—transmitting type and reflecting
type—according to the format of the metasurface. Compared with reflecting type,
transmitting type allows reducing feed blockage effect when designing high-gain
antenna. Therefore, it is more suitable for high-gain antenna. And it will be more
novel to design a circularly polarized high-gain antenna engineered to realize linear-
to-circular polarization conversion and EM waves focusing by transmitting
metasurface.

2.1 Theoretical analysis of transmitted linear-to-circular polarization
conversion

Assuming that the EM wave propagates through an arbitrary transmitted
metasurface placed on xoz plane (z = 0), for simplicity, we only consider normal
incidence illumination. Therefore, it can be assumed that an incident wave
propagates along —z direction. Then the incident wave’s electric field can be
described as

N

E= (RE, +JE,) (4)

E, cos@\ _.
= —jkz 5
<EJ, ) < sin @ >e )
where k is the wave number, 6 is the angle along x axis, and complexes E, and E,

represent the x-polarized and y-polarized states, respectively. The transmitted elec-
tric field through the metasurface can be described as [18]

E~ (%E, +JE)) (6)

(E’,‘> T(E’“> @
E, E,

Furthermore, the complex amplitudes of the incident and transmitted fields can
be connected by the T matrix (transmission matrix) [19]:

T = (T’“T’”> (8)
TJ’xTJ’J’

where Tj; represents the transmission coefficient of j-polarized incident wave
and i-polarized transmission wave. Thus, the incident wave of linear polarization
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can be transformed to transmitted wave of a right-handed circular polarized
(RHCP) or a left-handed circular polarized (LHCP).

As depicted in Figure 14, there are two typical cases of realizing linear-to-
circular polarized conversion.

Take the case of 6 = 45° as an example; the metasurface is illuminated with a
linear polarization incident wave with the incident electric field E, titled 45° relative
to +x direction. Thus the vertical and horizontal components of E are set as

E\ 1 (1\
)50

Therefore, the vertical and horizontal components of the transmitted electric

field E can be denoted as
E 1 /1\ .
Fl=T7— Jhz 10
<E , V2 (1)6 (10

To get the circular polarization, the amplitudes of E for vertical and horizontal
components are ideally equal, and the phase of E for vertical and horizontal com-

ponents experiences the distinct 90° phase shift, namely, Mag(E,) = Mag (EJ',) and

Arg(E;C) — Arg (E}’,) = —90°. Therefore, Mag(T,,) = Mag(T,,) = 1, Mag(T,,) = Mag
(Tyx) = 0, and Arg(Ty,) — Arg(T,,) = —90° should be satisfied. At the same time,
Arg(Tj) represents the phase of j-polarized incident wave into i-polarized trans-
mission wave. And Mag(T;) represents the amplitude of j-polarized incident wave
into i-polarized transmission wave. In this case, the T matrix is

T = (0] . )e]’” (11)

where ¢ is the phase obtained from the metasurface. Thereinto, the transmitted
electric fields can be calculated as

E 1 /1N o o 1 (=
=T k2o — k2 o—jo 12
(Ey> \/2(1)6 ‘ \/2(1 )e ‘ 2

Et: (&E; + yEJ’,) =

= 5 (ot +g) e 13)

S :E:E: =] vuce ruce [ :;;;:___' e
e f é://:: y ;;x
4 5 e H H
LP Nan usg LP
(a) (b)

Figure 14.
The proposed two schematic models of LTC polarized for different incident electric fields at (a) 0 = 135°% (b)
0 = 45° relative to +x direction (0 is the angle between E and +x axis).
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From Eq. (13), it can be concluded that a RHCP wave is obtained in this case as
shown in Figure 14b.

In the other case of 8 = 135° as shown in Figure 14a, the transmitted electric field
can be calculated as

E, —1\ . AV
(};) = T% ( 1 >e_]kze_f"’ = % (]1)e‘sze_]"’ (14)
y

N 1 L
E= (RE, +3E,) = 7= (1% +9)e e T* (15)

Therefore, a LHCP wave will be obtained.

2.2 Design of the unit cell

Based on above theoretical analysis, it is necessary to design a unit cell with the
ability of controlling x/y-polarized waves independently. The proposed unit cell,
demonstrated in Figure 15, is composed of four metallic layers and three interme-
diate dielectric layers. Each metallic layer contains a same rectangular metal, which
is employed to control the transmission phases and amplitudes of x/y-polarized EM
waves. The dielectric layer has a substrate with the permittivity of ¢, = 4.3, loss
tangent of 0.001, and thickness of 2 = 1 mm. The detailed parameters are denoted
by 2 = 1mm, p = 4.1 mm (periodicity of the unit cell), and ,/a, (1-3.8 mm).

To verify the polarization-independent property for x/y-polarized EM waves,
the unit cell is illuminated by a plane wave propagating along —z direction as shown
in Figure 15b. Open boundary conditions and unit cell boundary conditions are
applied in the z direction and x/y direction, respectively.

To demonstrate the ability of independently manipulating different polarized
waves, the 2D map of phase shifts and amplitudes versus a, and a, is depicted in
Figures 16 and 17. The phases and amplitudes of T, is plotted in Figure 16. As a,
and a, vary from 1 to 3.8 mm, the phase of T, shown as Figure 16a nearly keeps a
constant, indicating that the parameter a, has no influence on the phase of T,
while the parameter a, has an obvious influence on the phase of T,,. As shown in
Figure 16b, varying the parameter a,, the amplitude of T, keeps a constant,
indicating that a, has no influence on the amplitude of T.,. Therefore, it is can be
drawn that T, can be controlled by varying the parameter 4, independently.

(a)

Figure 15.
Structure of the unit cell and simulated setup (a) top view and (b) perspective view.
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Figure 17.
Phases and amplitudes of T,, of the unit cell.

Moreover, Figure 17 shows the phase and amplitude of T}, when the unit cell is
illuminated by y-polarized wave when varying a, and a, from 1 to 3.8 mm. As a,
and a, vary from 1 to 3.8 mm, the phase of T), shown as Figure 17a nearly keeps a
constant, indicating that the parameter a, has no influence on the phase of T,
while the parameter a, has an obvious influence on the phase of T,,. As shown in
Figure 17b, varying the parameter a,, the amplitude of T}, keeps a constant, indi-
cating that a, has no influence on the amplitude of T,. Therefore, it is can be drawn
that T),, can be controlled by varying the parameter a, independently.

Based on above analysis, it is concluded that the proposed unit cell has the ability
of controlling x/y-polarized wave independently.

As we all know, the refracted wave will always deflect to the phase delay
direction according to the general refraction law [3] as described in Eq. (16):

Ade

nesin (6;) — n;sin (6;) = Tm (16)

where ¢ is the phase discontinuity as the local position on the metasurface, 6,(6;)
is the refracted (incident) angle of the EM waves, #.(n;) is the refractive index of
the transmissive (incident) medium, and 4 is the wavelength. To simplify the
analysis, dg/dx can be denoted as 2z/np, where 7 is the number of the unit cell
arranged along x direction and p is the periodicity of the unit cell. In the design, the
unit cell is normally illuminated by EM wave in the free space; thus 6; and #, are
denoted by 0° and 1, respectively. Thus the refraction angle 6, can be depicted in
Eq. (17):
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A2
0, = sin ! (E X é) (17)

To verify the performance of manipulating the x/y-polarized wave indepen-
dently, one-dimensional metasurface with inverse linear phase gradient along x
direction for x/y-polarized wave has been proposed in Figure 17. The proposed
supercell is composed of six unit cells with the parameters demonstrated in Table 1.
Phase gradients are assigned to +60° to —60° for x/y-polarized incident plane wave,
respectively. @, and @, in Table 1 represent the phase response for x/y-polarized
incident waves.

4 x 16 supercells are fixed as Figure 18a has shown. The supercell is perpendic-
ularly illuminated by plane wave along 2z direction in CST Microwave Studio. And
open (add space) boundary condition is set along all directions.

Based on Eq. (17), the refracted angles for x/y-polarized incident wave can be
calculated as 54.4°. And the refracted wave will deflect to —x/+x direction, respec-
tively. The 3D farfields are calculated as shown in Figure 18a. Beam 2 and beam 1 are
calculated under x/y-polarized plane wave illumination, respectively. To clearly show
the refracted angles for x/y-polarized waves, the normalized farfield patterns in polar
are depicted in Figure 18b. The simulated refracted angles are in good accordance with
theoretic ones calculated by Eq. (17). Therefore, a conclusion can be drawn that the
phases of x/y-polarized incident waves can be manipulated by ax and ay, respectively.

2.3 Design of multifunctional transmission PGMS
Based on above unique property, it is easy to design a hyperbolic phase distri-

bution on the multifunctional metasurface, which has the ability of polarization
conversion and gain enhancement.

Index n 1 2 3 4 5 6

a, (mm) 3.8 3.75 3.64 3.52 31 2.53

a, (mm) 2.53 31 3.52 3.64 3.75 3.8

D, (deg) —704.3 —644.3 —584.3 —524.3 —464.3 —404.3

D, (deg) —404.3 —464.3 —524.3 —584.3 —644.3 —704.3
Table 1.

The sizes and absolute phase shifts of the six distributed unit cells.

0
; 340 20
R J— -10‘
.‘%\; ] 0] 300 60
HE 30180 80
Beam2 | | ot -40
R -30360 100
= —— x-ploarization
-20 240\ —— y-ploarization 120
=101
(b) () 200 g 160

Figure 18.
(a) The supercells; (b) the designed one-dimensional phase gradient metasurface; and (c) the farfield results.
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In order to efficiently convert the incident plane wave into a quasi-spherical
wave, the phase ¢(m, 7) at unit cell location (m, n) should be carefully optimized,
yielding the following phase distribution:

o) =25 (o p? £ 12 <L) +00.0)  a®)

where p is periodicity of unit cell and L is the focal length and 7 and » are the
unit cell positions along x and y directions, respectively. Moreover, ¢(0, 0)
represents the phase at the origin unit cell (m = 0, z = 0). It is easy to convert the
incident plane wave into quasi-spherical wave using the above metasurface.
Moreover, we concentrate on designing a linear-to-circular polarization conversion
metasurface according to the theory and unique feature described in the
preceding section.

In order to realize the LTC conversion, the transmitted phase for x-polarized
incident wave should have a phase difference of 90° with the y-polarized incident
wave through each unit cell. In this chapter, we design a LTC conversion
metasurface according to Figure 14b. Namely, Arg(T«x),,, — Arg(T,y), ~—90°
should be satisfied, and a RHCP wave can be obtained. For x-polarized incident
wave, the phase distribution can be denoted as

Mgy~ Arg(Tlog = 2 (1 (0 + (p +17) L) 19)

For y-polarized incident wave, the phase distribution can be denoted as

Arg(Tyy),,, = Arg(Thy) g = 27” (\/((””P)z + (np)* + Lz) - L) (20)

To achieve Arg (T, )mn — AVg(Ty},)mnz — 90° simply, the phase difference
Arg(Tix) o — Arg(Tyy) oo — 90° should be satisfied for x/y-polarized incident
waves at origin point ¢(0, 0).

Based on above analysis, the multifunctional transmission metasurface is com-
posed of 15 x 15 unit cells. The working frequency and focal length are f = 15 GHz
and L = 30 mm, respectively. A patch antenna, operating from 14.5 to 15.3 GHz, is
placed on the focal point to be a feed source. By insertion of p = 4.1 mm, 4 = 20 mm,

" 200 200
6 6
i 300 j 300
3 3
% 400 f -400
0 0
g 500 7} 500
3 3
:g 600 4 600
-6 6
) 700 77 700
(a)7-6-5-432-101234567 (b)76-5432101234567

Figure 19.
Absolute phase distributions for (a) x polarization and (b) y polarization.
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L =30 mm, and Arg(Tyy) o0 = —704.3° into Egs. (19) and (20), the phase distribu-
tion for the x/y polarization waves is calculated as Figure 19. Finally, the proposed
multifunctional transmission metasurface is depicted in Figure 20a.

To verify the proposed multifunctional transmission metasurface’s function of
focusing EM wave at L = 30 mm, the metasurface is simulated in CST. As shown in
Figure 20a, the metasurface is normally illuminated by a plane wave with 6 = 45°
along the x axis, and a curve is put along z axis to evaluate power field on curve to
calculate the focal point. Besides, a power flow monitor is set at 15 GHz. It is

obvious that the plane wave is focused to a pink focal spot and the maximum power
field is at L = 30 mm.

2.4 High-gain lens antenna design

A designed patch antenna, operating at 15 GHz, is put at the focal point of the
multifunctional metasurface. As Figure 20 has shown, the polarization of EM wave
emitted by the feed source antenna has an angle of 6 = 45° along the x axis. To
clearly show the function of proposed lens antenna, simulated 3D radiation pattern
at 15 GHz and measured S, of the lens antenna are plotted in Figure 21. It is

10 20 30 40
Length to the PGMS (mm)

Figure 20.
(a) The multifunctional transmission PGMS and simulated conditions and (b) power field distribution in xoz
and yoz planes and power field distribution along z axis.
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Figure 21.
The simulated 3D radiation pattern and measured S, , of lens antenna.
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obvious that the pencil-beam 3D radiation pattern is obtained and realized gain has
been enhanced remarkably.

Furthermore, the near-field electric field distributions in xoz and yoz planes have
been depicted in Figure 22. The incident wave has been converted into near-plane
wave through the proposed metasurface. The simulated result is in line with our
expectation.

Lastly, a sample is fabricated and measured in a microwave anechoic chamber as
shown in Figure 23. And simulated and measured 2D radiation patterns of lens
antenna are plotted in Figure 24. As shown in Figure 24, the co-polarization and
cross-polarization of simulation and measurement are plotted in two orthogonal
planes. And the simulated results are in good accordance with the measured ones.
Compared with patch antenna, the radiation patterns of proposed multifunctional
antenna are more directional. The measured peak gain of patch antenna and pro-
posed multifunctional antenna is about 5.9 and 16.9 dB at 15 GHz, respectively. And
the realized gain has been enhanced with 11 dB at 15 GHz, and calculated aperture
efficiency is about 41.2%. Comparing co-polarization with cross-polarization at
6 = 0°, we find that the isolation is better than 17 dB.

Figure 22.
Electric field distributions in (a) xoz and (b) yoz plane at 15 GHz.

(a) (b) NG

o

Figure 23.
The photographs of (a) PGMS top view and (b) lens antenna.
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Figure 24.
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Simulated and measured realized gain for patch antenna and lens antenna and axial ratio.
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Moreover, the simulated and measured axial ratios (AR) (6 = 0°) are plotted in
Figure 25. The simulated and measured realized gain of lens antenna and patch
antenna is described in Figure 25. All the simulated and measured results are in
good accordance. It is obvious that the gain enhancement is about 11 dB at 15 GHz.
Besides, the axial ratio bandwidth for AR < 3 dB ranges from 14.5 to 15.3 GHz with
the fractional bandwidth 5.3%. And we find that the 1-dB gain bandwidth is 5.3%
(14.5-15.3 GHz), which agrees well with the axial ratio bandwidth.

Conclusions

In this chapter, we have reviewed our recent efforts in utilizing metasurface to
enhance the performance of the conventional antenna. For the reflected
metasurface, we propose a new broadband, single-layered reflected focusing
metasurface, and take it into application for high-gain planar antenna. The
metasurface exhibits good focusing phenomenon from 15 to 22 GHz. Both simula-
tion and measured results show that the peak gain of planar antenna has been
averagely enhanced by 16 and —1 dB gain bandwidth which is from 15 to 22 GHz,
while for the transmitted metasurface, a novel multifunctional metasurface com-
bining linear-to-circular polarization conversion and EM waves focusing has been
proposed and applied to designed a high-gain lens antenna. A RHCP lens antenna is
simulated and measured. The measured results show that the lens antenna can
convert LP waves into RHCP waves at 15 GHz. The 3-dB axial ratio bandwidth is
5.3%. Realized gain at 15 GHz is 16.9 dB, corresponding to aperture efficiency of
41.2%. These above metasurface antennas not only open up a new route for the
applications of focusing metasurfaces in microwave band but also afford an
alternative for high-performance antennas.
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Chapter 4

Fractal Antennas for Wireless
Communications

Amer T. Abed, Mahmood ]J. Abu-AlShaer and Ageel M. Jawad

Abstract

When the length of the antenna is less than a quarter of the wavelength of the
operating frequency, good radiation properties are difficult to obtain. However, size
limitations can be overcome in this case using a fractal geometry antenna. The shape
is repeated in a limited size such that the total length of the antenna is increased to
match, for example, half of the wavelength of the corresponding desired frequency.
Many fractal geometries, e.g., the tree, Koch, Minkowski, and Hilbert fractals, are
available. This chapter describes the details of designing, simulations, and experi-
mental measurements of fractal antennas. Based on dimensional geometry in terms
of desired frequency bands, the characteristics of each iteration are studied care-
fully to improve the process of designing the antennas. In depth, the surface current
distribution is investigated and analyzed to enhance the circular polarization radia-
tion and axial ratio bandwidth (ARBW). Both, simulation and experimental, results
are discussed and compared. Two types of fractal antennas are proposed. The first
proposed fractal antenna has a new structure configured via a five-stage process.
The second proposed fractal antenna has a low profile, wherein the configuration of
the antenna was based on three iterations.

Keywords: fractal antenna, compact size, circular polarization

1. Introduction

Fractal means broken or irregularly fragmented and refers to a family of com-
plex shapes that possess an inherent self-similarity in their geometrical structures.
Good radiation properties are difficult to obtain when the length of the antenna is
less than a quarter of the wavelength for the operating frequency. However, size
limitations can be overcome in this case using a fractal geometry antenna. The shape
is repeated in a limited size such that the total length of the antenna is increased to
match, for example, half of the wavelength of the corresponding desired frequency.
Many fractal geometries, such as tree, Koch, Minkowski, and Hilbert fractals, are
used in designing antennas [1]. But through using a fractal geometry antenna,
where the shape is repeated in a limited size, in a way that increases the total length
of the antenna to match, for example, half of the wavelength of the corresponding
desired frequency, the size limitations can be overcome in this case. Many fractal
geometries such as the tree, Koch, Minkowski, and Hilbert fractals are used in
designing this type of antenna.

There are many geometries used in designing fractal antennas such as: Fractal
slot [2], Giuseppe Peano Fractal Geometries [3], Fractal loop [4], Fractal Cantor [5],

65 IntechOpen



Modern Printed-Circuit Antennas

Minkowski Fractal [6], Koch Fractal [7], H-Fractal [8], Sierpinski gasket arrange-
ment [9], Fern Fractal leaf [10], Mandelbrot Fractal antenna [11], Amer fractal slot
[12], Sunflower Fractal [13], Flame Fractal [14] and Butterfly Structure [15].

2. Compact fractal antenna

One of the most widely used structures in fractal antennas is Sierpinski gasket
[16]; it consists of equilateral triangles. There are two ways to build this structure,
either by the decomposition method or by a multiple copy method. In this research,
the second method is used in designing the fractal antenna; Figure 1 represents this
method.

At the first iteration, the structure made two copies of the same triangle in the
Oth iteration, one of them located on its side while the other located above them.
In the second iteration the same process is repeated, but with all first iteration
structure. So the dimensions of the next iteration increased by factor 3 compared
with the dimensions of the previous iteration. The above transformation of the
triangle to generate any order of iterations can be represented by the mathematical

formula [16]:
x 0 —
w _ |:V c?s s 'cos %) ]
y rsind s sin@

where r and s are the scale factor, 6 and @ are the rotation angles, and x¢ and y,,
are the amounts of translation. If the factors 7, s are either reductions or magnifica-
tions, the transformation process is called self-affine, while, if » = s and 0 = @, the
transformation is called self-similar.

The structure of the proposed antenna is new; the initiator is a square patch as
shown in Figure 2a; the two arms of the patch are equal and unity, i.e., x =y = 1. In
Oth iteration, four symmetrical slots are cut in the square patch as shown in
Figure 2b. The modified patch (Figure 2c) is configured by cutting increasable
slips to change the dimensions of the arms at the corners in a way to configure
asymmetrical corner dimensions:

X X0

+ 1

y Yo

X rcos@ —scos@||X X0
w =1 , + (2)
y rsind s sin@ y Yo
//\‘
,-,’/ \\\
A N7 >
//, - \-. \\ /" - \\.\..
; & /\\—‘ i ; /\"-.! . \ Wy ;/‘\\
Ve - 74 ‘-‘\ y S e . b ~ o b . // b
Oth iteration 1st iteration 2nd iteration

Figure 1.
Multiple copy approach of Sierpinski gasket arrangement.
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Figure 2.
Configuration of fractal antenna. (a) Initiator patch. (b) oth iteration. (c¢) Modified patch.

The upper arm in Figure 2c has total length 0.43x + 0.3y + 0.1x + 0.16y + 0.33x
=1.32x, where x = y. The left arm’s length is 0.45y + 0.28x + 0.1y + 0.26 +
0.39 = 1.48x. The lower arm length is 0.41x + 0.24y + 0.22y + 0.1x + 0.35x = 1.32x.
The right arm length is 0.37y + 0.2x + 0.1y + 0.18x + 0.35y = 1.2x. So, each arm in the
square patch (Figure 2a) has unity length (x = y), while the lengths of the arms in
the modified patch expand to 1.32x, 1.4x, and 1.2x. This expedition gives two
additional properties in designing the fractal antenna.

Firstly, different electrical lengths of the arms generate many resonant frequen-
cies which can be integrated to have wide operating bands.

Secondly, different lengths of both sides of each corner, for example, the lengths
of the two sides of the right-upper corner, are 0.35y and 0.33x; this difference in
lengths is useful to generate two orthogonal modes with phase shift 90° which are
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very important requirements to create circularly polarized radiation. The modified
patches will be arranged in a cascade arrangement to increase the total electrical
length of the antenna to generate resonant frequencies have wave lengths>> of the
physical length of the antenna. Figure 4 represents the arrangement of the cascade
modified patch (two symmetrical structures). According to Eq. (1), the affine
transformations will be:

[x] 025 0.25 [x] [ 0]
W, = |: :| + 3)
y 0 0 Iy 6.375

If the x-axis is the bottom of the left modified patch and y-axis passes through
the center of the left modified patch in Figure 3, W, configures by adding a half
size of the modified patch in Figure 3 to both structures (left and right sides). The
dotted yellow line in Figure 3 is on the y-axis and passes through all centers (black

points) of the transformation structures (W1, W, and W3), so the scale factors are
(r =5 = 0.5), the rotation angles are § = @ = 0, and the translation factors are

(x0 =0,y,=425):
x 05 05]|x 0
w =
1M [ Y } M ' [4-25] @

While W3, is done by adding quarter size of the modified patch, the scale factors
are (r = s = 0.25), there are no rotation angles, and the translation factors are
(x0 = 0,y, = 6.375):

Centre

Figure 3.
Fractal dual-input antenna.
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Figure 4.
Process of fractal antenna configuration.
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And for W3, the scale factors are (r = s = 0.1250) and the translation factors are
(x0 = 0,y, =7.4375):

wal® {0.125 0.125] N 0 ©)
ly] Lo o |y] T 7437

The antenna had dual operating bands that meet the specifications of the Wi-Fi
and WiMAX applications. The structure of the antenna was carefully studied and
analyzed so as to achieve a diversity of circular polarization (RHCP and LHCP) by
switching the inputs.

The proposed antenna consisted of two symmetrical fractal structures as shown
in Figure 4. The radiated plate is etched on a FR-4 substrate with er = 4.3, tan § =
0.027, and compact size of 18 x 18 x 0.8 mm?, while the dimensions of the ground
plate are 18 mm x 14.5 mm. Figure 4 shows the initiator; it is a square patch with
dimensions of (L,= W, = 8.5 mm). The square patch is modified by cutting equal
slots (0.1L, = 0.1W,) in the middle of each arm and then modifying the dimensions
of the arms at the corners by cutting increasable slips to change the dimensions of
the arms at the corners in a way to configure asymmetrical corners, so the dimen-
sions of each corner are not matching the others to generate different resonant
frequencies that collected together to have wide impedance bandwidth. This
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modified square patch looks like the logo of Microsoft Office; it is the basic struc-
ture for the construction of the proposed antenna. All dimensions are illustrated in
Table 1.

Figure 4 shows that antenna 0 (Oth iteration) is made through the integration of
two square patches. The first iteration consists of dual modified square patches,
while the second iteration is made by adding a half size of the modified patch to the
first iteration. The same procedure is to be applied to the third iteration, except for
the fact that the additional modified patch has quarter size of the original one and
antenna 4 (the fourth iteration) is configured by adding } of the size of the original
modified square patch to antenna 3. In this way, the modified patches are arranged
in cascade arrangement so as to increase the total electrical length of the antenna of
the same size. Figure 4 represents the arrangement of the cascade modified patch
(two symmetrical structures). According to Eq. (1), W; configures by adding a half
size of the modified patch in Figure 4 to both structures (left and right sides). The
dotted yellow line in Figure 5 is in the Y-axis and passes through all centers (black
points) of the transformation structures (W1, W, and W3) which are calculated
previously.

From Eq. (4), for the transformed function W, the scale factors are 7 =s = 0.5,
the rotation angles # = @ = 0, and the translation factors (xo = 0,y, = 4.25).

Eq. (5) represents the values of scale factor (v = s = 0.25), the values of the rotation
angle (0), and values of scale factor (xo = 0,y, = 6.375) for the transformed struc-
ture W». According to Eq. (6), the values of scale factor (» = s = 0.125), values of
the rotation angle are (0), and values of scale factor are (xo = 0,y, = 7.4375) for
the transformed structure W3 .

So, antenna 1 (first iteration) is formed by the integration of two modified patch
antennas—each is fed by symmetrical strip lines F; and F,—the second iteration is
made by adding half size of the modified patch to antenna 1 to configure antenna 2.
The same procedure is applied in the third iteration except for the fact that the
additional modified patch has quarter size of the original one (see Figure 5).
Antenna 4 (fourth iteration) is configured by adding } of the size of the original
modified patch to antenna 3.

2.1 Resonant frequencies

The resonant frequency for the square patch antenna (the initiator) can be
calculated by empirical Eq. (7), which is almost equal to ~ 8.6 GHz. Since antenna 0
(Oth iteration) is configured by the integration of twin square patches, there are two
resonant frequencies, for one patch 8.5 GHz and for twin patch 4.3 GHz, which is
matched with the notched resonant frequencies 4.5 GHz and 8.97 GHz observed in
Figure 6 (the dotted curve). By modifying the square patches in the first iteration

Para mm Para mm Para mm Para mm Para mm Para mm

w 18 Fwl 1 L1 4.25 w4 29 Sé6 1.76 D1 0.7
L 18 FI2 2 w2 3.9 L4 11 S7 15 D2 0.7
S1 29 Fw2 1 L2 35 S3 2.4 S8 1 D3 0.7
S2 29 h 0.8 w3 31 S4 1 S9 1.7 D4 0.7
Fl1 2 w1 4.3 L3 3.25 S5 2.1 S10 1.45

Table 1.

Dimensions for the dual-input fractal antenna (mm).
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Figure 5.
The translation processes [17].

(antenna 1), the resonant frequency is shifted to 3.3 GHz, and the second band
disappeared (the black curve):

c

2L/5

The perimeter of the modified patch (Figure 2¢) is 42 mm, while the perimeter
of the square patch (Figure 2a) is 34 mm, and it is well known that different
dimensions create different resonant frequencies. If the perimeter of the square
patch is denoted by PO, the perimeter of the modified patch is P1, and the perimeter
of the first iteration is P2, so:

fr= @)

1 1 1
4:— = — = —
P 2P3 4P2 8P1 (8)

The perimeter of the cascade modified patches PC; at each iteration can be
calculated as:

1
PC;i =3PCia +PCi1i=1,2,3 and 4 9

The term (2L) in Eq. (7) represents the half perimeter of the square patch, so
Eq. (7) can be rewritten as:

2C
P,/ng

f.=~ (10)

71



Modern Printed-Circuit Antennas

the perimeter of modified Patch _ 42 _
But, the perimeter of square Patch 34 — 123

Eq. (10) will be:

2C
fir 1.23P;, /€4 a
Let 25 =k, and Eq. (11) will be:
€
k
fir 1.23PC; (12)

According to Eq. (12), the resonant frequency of the modified patch (the first
iteration) is 3.2 GHz. While the resonant frequencies for first iteration, which are
presented in Figure 6 (the black curve), are 3.3 and 7.1 GHz. However, these
resonant frequencies are not useful for Wi-Fi and WiMAX applications. For second
iteration, the resonant frequency calculated by Eq. (12) is 5.2 GHz and the lower
resonant frequency is 2.6 GHz, which matched the lower resonant frequency shown
in Figure 6 (the blue curve). In this way, the resonant frequencies that are calcu-
lated using Eq. (12) approximately matched the values of the resonant frequencies,
as presented in Figure 6.

Certain dual operating bands of 2.5-2.6 GHz and 5-6 GHz in the third iteration
(antenna 3) are observed in the return loss curve (the red curve; Figure 6). The
proposed antenna (fourth iteration) has a lower operating band of 2.4-2.6 GHz
around resonant frequency 2.5 GHz and an upper operating band of 4.9-6 GHz
around resonant frequency 5.1 GHz as shown in Figure 6 (the dashed curve). These
operating bands meet the specifications of Wi-Fi and WiMAX applications. So, the
required operating bands are achieved by using novel fractal geometry at the fourth
iteration in the same size of the Oth iteration.

0-
- . ‘
-10- ‘
m : P
° . . H
< /! s
i P / it
. 3.3GH 4.3GH - = =4th Iter.
—3rd Iter. i
— 2nd lter. §
-30 - —1st Iter. }
cesees Oth Iter.
L} L] v L v 1 v 1

o 2 4 6 8 10
Frequency, GHz

Figure 6.
Simulated return loss values for all antennas (S, = S,,) [17].
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2.2 Effect of the ground size

Figure 7 shows the effect of ground size on the impedance bandwidth of the
proposed fractal antenna. Given that modifying the ground dimensions can change
the antenna impedance and the matching factor between the antenna and the
excitation port, the dimensions of the ground plate can be modified to select the
operating band.

When the dimensions of the ground plate are set to 18 mm x 10 mm, the lower
operating band shifts to 3 GHz and the upper operating band disappears as

0-
-5- Ll E‘
0
T -10- L
i I
n %

*ss833s

-15 4
¢ |p---c=18x18
:,' — G =18x14.5
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Figure 7.
The effect of ground plate size on reflection coefficient.
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Figure 8.
The effect of ground plate size on the gain and the radiation efficiency [17].

73



Modern Printed-Circuit Antennas

Iteration 1stBW 2nd BW Efficiency ARBW Gain (dB) State
(2.4-2.6) (5-6) % (GHz)
Oth (4-45) (8.1-9.4) 40 — —12to 0  The resonant frequencies are out of the
required, LP
1st (3.1-3.6) — 40-55 0.1 —8to0  2nd band disappeared, ARBW around
3.4 GHz

2nd (2.6-27) (5.4-6.4) 50-60 0.07 —2tol Does not cover all required
frequencies, ARBW around 5 GHz

3rd (2.5-2.6) (5-6) 55-68 0.2 —15t01.6  Does not cover all frequencies at the
1st band, ARBW around 3.5 GHz

4th (2.4-2.6) (4.9-6) 65-85 0.1,0.3 0-2.4 Optimum

Table 2.

The radiation properties for all iterations of the dual-input fractal antenna.

Figure 9.

Surface currents at 2.45 GHz for both inputs. (a) First input at 0° and 180° phase references. (b) First input at
90° and 270° phase references. (c) Second input at 0° and 180° phase references. (d) Second input at 90° and
270° phase references [17].
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indicated by the dotted curve in Figure 7. The dashed curve in Figure 7 represents
the value of return losses when the dimensions of the ground plate are 18 mm x 18
mm, the lower band shifts to 2.3 GHz, while the upper band covers the 4.4-5.6 GHz
frequency range. These bands are not suitable for Wi-Fi, WiMAX, and ISM appli-
cations. The solid curve in Figure 7 indicates that the ground plate has optimum
dimensions of 18 mm X 14.5 mm and that the dual notched bands meet the purpose
of designing the fractal antenna.

Figure 8 presents the effect of ground size on the radiation efficiency (black
curves) and gain (blue curves) of the proposed antenna. As shown in Figure 8, a
fully grounded antenna (18 mm x 18 mm) has a low radiation efficiency (blue
dotted curve) and gain (black dotted curve), especially at the lower operating band.
The values of simulated gain and radiation efficiency are improved by reducing the
size of the ground plate to 18 mm x 10 mm as indicated by the dashed curves in
Figure 8. The gain increases to 0-1.5 dB at the lower operating band and to 1.5-2.5
dB at the upper operating band. Meanwhile, the radiation efficiency increases to
70-90% when the ground size is set to 18 mm x 14.5 mm as indicated by the black
solid curve in Figure 8. Therefore, the optimum dimensions of the ground are 18
mm X 14.5 mm.

Table 2 illustrates some important radiation properties for each iteration, such
as impedance bandwidth, efficiency, gain, and ARBW.

2.3 Surface current and circular polarization

Figure 9 shows the simulated surface current at the resonant frequency of 2.45
GHz for phase references of 0°, 90°, 180°, and 270°. When the first input for phase
references at 0° and 180° is excited, most of the surface current direction on the
feed strip line is along the +Y before circulating counter clockwise, as shown in
Figure 9a.

= B =0th Iter.
=@ =15t Iter.
== 2nd Iter.
=@ = 3rd Iter.

g 4th Iter.

Frequency,GHz

Figure 10.
Simulated axial ratio for all iterations [17].
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Figure 11.
Left (black curves) and right (ved curves) polarization at 2.5, 3.5, 5, and 5.8 GHz [17].

Figure 12.
The prototypes for all iterations [17].
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For phase references at 90° and 270°, the surface current flows towards the —Y
direction along the strip feeding line and then circulates clockwise, as shown in
Figure 9b. Contrary to that, when the second input is excited, the surface current
direction on the feed strip line and the circulating direction of the current changed,
as shown in Figure 9¢ and d. RHCP and LHCP can be achieved by switching the
two inputs. The signals of LHCP and RHCP can be received simultaneously. Thus,
the proposed antenna has a dual circular polarization.

Figure 10 presents the AR values for all iterations. The AR values at the Oth
iteration are too high, especially at the lower operating band as indicated by the
dashed black curve. These values have changed during the configuration of the
proposed antenna as shown in Figure 10. The ARBW of 0.09 GHz, which is
approximately 66% of that of the lower operating band, is indicated by the solid
black curve. Meanwhile, the ARBW of 0.35 GHz is approximately 30% of that of the
upper operating band. The ARBW values in Figure 10 match those that have been
reported in previous circular polarization studies as shown in Figure 10.

Figure 11 shows the left and right polarizations at the frequencies of 2.5, 3.5, 5,
and 5.8 GHz. The phase differences between the radiation patterns at 3.5 GHz and 5
GHz are 170° and 15°, respectively, whereas the LHCP and RHCP patterns at 2.5
GHz and 5.8 GHz shift by 88° (almost perpendicular to each other). Therefore, the
antenna demonstrates circular polarization around the frequencies of 2.5 and 5.8
GHz. The antenna structure has zigzag edges that are configured by the arrange-
ment of modified patches and creates lengthy paths for the surface current. At some
frequencies, such as 2.5 and 5.8 GHz, the components of the surface currents are
perpendicular to each other, thereby exciting orthogonal electric fields that, in turn,
result in circular polarization [18]. The AR values in Figure 10 and the current
distribution in Figure 9 match each other. The circular polarization is improved by
the special design and arrangements of the modified structure during the antenna
configuration, and the orthogonal components are generated at the resonant
frequencies of 2.5 and 5.8 GHz.

S-Parameters,dB

— Sim $1,18S2,2
204 -:--Mea $1,1
- = = Mea S2,2

-25 — — .
2 3 4 5 6 7
Frequancy,GHz

Figure 13.
The simulated and measured S-parameters for the proposed antenna [17].

77



Modern Printed-Circuit Antennas

2.4 Measurements and results

The five iterations are fabricated as shown in Figure 12. The compact size of the
proposed fractal antenna is clear in this figure. The physical dimensions of the Oth
iteration are the same of that for the fourth iteration, while the electrical length of
the fourth iteration is much greater than the Oth iteration.

Figure 13 illustrates the simulated and measured reflection coefficients of the
proposed fractal antenna. Generally, good matching is observed between simulated
data (the solid curve) and the measured data (dashed and red dotted curves).
However, several resonant frequencies in the experimental results are shifted unlike
those in the simulated curve. Shifting occurs due to the impurity of materials used

= - =H-plane, Mea
-« = E-plane,Mea

=\ H-plane, Sim
E-plane, Sim

Figure 14.
Simulated and measuved radiation patterns in E¢»H planes [17].
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in the prototype. The impedance bandwidth of the first input (the red dotted curve)
expanded to the range of 2.4-2.63 GHz and 4.8-6.4 GHz.

The measured reflection coefficient for the second input Sy, is represented in
Figure 13 by the dashed curve. The measured impedance bandwidth expanded to
the frequency band of 2.38-2.6 GHz and 4.9-6.1 GHz with low values of the
reflection coefficient. Since the antenna is not MIMO antenna, the mutual coupling
between the dual inputs Si; and Sy; is not important in these measurements.

Figure 14 presents the simulated and measured radiation patterns on the E and
H planes. The red or black solid curves represent the simulated data, while the red
or black dashed curves represent the experimental results. The measured and sim-
ulated radiation curves in Figure 14 show an acceptable agreement.

The measured radiation patterns on the H plane (the red dashed curve) at all
resonant frequencies are almost omnidirectional. The E and H planes measured at
2.5and 5.8 GHz when phi = 90 are perpendicular to each other, which matches the
CP characteristics and the results of previous theoretical works on CP generation
as shown in Figures 11 and 12. Meanwhile, the radiation pattern at the lower
resonant frequency of 2.5 GHz is almost omnidirectional because the length of the
surface current path is approximately half the wavelength of this frequency.
Therefore, no side lobes are observed in its radiation pattern. As the frequency
increases, the surface current path becomes greater than the wavelength of this
frequency, thereby producing many side lobes at their radiation patterns. The
radiation pattern is almost omnidirectional at resonant frequencies lower than 2.5
GHz because the length of the surface current path is approximately half the
wavelength of this frequency. Therefore, side lobes are not observed in its radia-
tion pattern. As the frequency increases, the surface current path becomes greater
than the wavelength of this frequency, causing many side lobes at their radiation
patterns.

The proposed fractal antenna displays an ARBW of 2.48-2.55 and 5.6-5.9 GHz,
which is lesser than 3 dB as shown in Figure 15 (the blue squared points) which is
about 35% of the first operating band 2.4-2.6 GHz and about 30% of the second
band 5-6 GHz. The values of the measured gain (the black circular points) vary

e-Gain
A- Efficiency

Gain,Efficiency (dB)

Frequency,GHz

Figure 15.
The measured gain, efficiency, and AR [17].
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between 0 dB at 2.5 GHz and 2.7 dB at 5.8 GHz. Meanwhile, the maximum effi-
ciency (the red triangle points) is —0.7 dB (85%) at 5 GHz.

3. Meandered ring fractal antenna

The universal serial bus (USB) dongles are used in many portable communica-
tion devices such as laptops and pads in order to transmit and receive the data with
a high bit rate. Since USB dongles are used with portable devices, the desired
antenna must solve serious challenges such as the size, multiband, and the stability
of radiation characteristics during the notched bands (gain and efficiency).

The aim of this study is to design a fractal ring antenna with a compact size and
low profile, configured by three iterations, which covered the frequency range that
meets the specification of the upper operating band for Wi-Fi and WIMAX appli-
cations and has high efficiency and stable radiation properties.

3.1 Antenna design

In this study, the proposed antenna with a compact size of 24 x 9 x 0.8 mm>
was configured by a three-step process. The radiator of reference antenna
(Figure 16) is a square patch with dimensions x =y =9 mm and is separated from
the ground by a gap of 0.3 mm. According to empirical Eq. (7), the dimension of the
square patch will be equal to 36 mm for the resonant frequency (f, = 5 GHz) and
substrate FR-4 with ¢, = 4.3. To miniaturize the dimension of the antenna, let X =
Y =1x 36 mm = 9 mm. The ground plate features a rectangular shape with
dimensions of 9.7 x 9 mm? The radiator and ground are printed on the same side of
commercial substrate (FR-4) with ¢,= 4.3, tan § = 0.027, and thickness = 0.8 mm.
Figure 16 shows the first iteration in the design of antenna with square slot cuts in
the radiator plate to configure the square ring with arm width equal to 0.1x. In the
second iteration, the square ring is modified as a meandered ring to increase its
electrical length to generate more resonant frequencies, which are collected to
obtain a notched operating band of 4.4-6.7 GHz which is shown in Figure 16 (the
solid curve). All dimensions of the meandered ring are denoted as a function of x,
which corresponds to the dimension of the square ring in the first iteration, as
indicated in Figure 16. The length of the square ring in the first iteration equals 4x.

Length of the upper arm = 0.5X + 0.3X + 0.1X + 0.12X 4 0.34X = 1.36X (13)
Length of left arm = 0.34X + 0.17X + 0.1X + 0.22X + 0.38X = 1.21X  (14)
Length of bottom arm = 0.4X 4 0.13X + 0.1X 4 0.17X + 0.47X = 1.27X (15)
Length of right arm = 0.44X + 0.1X 4 0.1X + 0.13X 4 0.52X = 1.29X  (16)

Thus, the total length of meandered ring equals 5.13X. The length of meandered
ring increases by a factor of 1.28 compared with the length of the square ring of the
same size in the first iteration. Of course, the increase in length of the four arms
leads to increase in the length of the surface current paths and thus generates new
resonant frequencies which collected together to give a wide impedance bandwidth,
and this is clear in Figure 17 (the solid curve) where the operating band increased
when the ring becomes meandered at the second iteration.

Figure 17 depicts the real (black curves) and imaginary (blue curves) parts of
the impedance values for the three antennas. The values of real-part impedance
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Figure 16.
The process of configuring the meandered ring antenna [19].

for all antennas are almost equal at frequencies < 4.7 GHz. Thereafter, the values
of real-part impedance for the second iteration are closer to the input

impedance of excitation port (50 ohms red line), especially in the frequency
range of 5.1-6.4 GHz.

Figure 18 shows that negative imaginary values (capacitance) are observed in
the curves of imaginary part impedance for all antennas at frequencies < 4.4 GHz.
In the frequency band of 4.4-6 GHz, the values of the imaginary part are closer to
zero (red line), that is, only real-part impedances for the three antennas are resis-
tant. This property provides stable matching factor that leads to stable gain and
efficiency in the operating band.

Table 3 illustrates some important radiation properties for each iteration, such
as impedance bandwidth, efficiency, gain, and ARBW. It is clear that most of the
required specifications that can be achieved at the second iteration are due to
improving the values of radiation properties during the progress of antenna
configuration, especially the impedance bandwidth, efficiency, gain, and an ARBW
as shown in Table 3.
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Figure 17.
The simulated reflection coefficient for the oth iteration, first iteration, and the second iteration [19].
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Figure 18.
The impedance values of the three iterations [19].
Iteration BW Efficiency ARBW Gain Lower S1, State
(GHz) (%) (GHz) (dB) 1 (dB)
Oth (5.2-6) 50-65 — —12to 0 -10 Low efficiency, low
gain, and LP
1st (4.7-6) 60-75 — 1-3 —-14 Does not have stable
value of gain, LP
2nd (4.4-6.7) 85-90 0.083 2.2-2.4 —-20 Optimum

Table 3.
The radiation properties for all iterations of the meandered ring fractal antenna.
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3.2 Current distribution

The maximum distribution currents at 5 GHz for the Oth iteration are mainly
concentrated close to the feeding point on the patch and ground plates, as shown
in Figure 19. In the first iteration, the currents are distributed in the additional area,
especially on the square ring, which leads to the generation of new resonant fre-
quency. The operating band is expanded compared with that at Oth iteration.

The distribution of the surface current on ground plate is the same in all iterations
because there is no change in surface current path at the ground plate during the
progress of antenna configuration compared with the radiator plane.

Figure 19 (second iteration) shows that the surface current has two paths. The
first path begins from the feeding point F and then passes through the right arm to
point A, which has a total length equal to 1.79X = 16 mm, which is approximately
one-fourth of the wavelength for the resonant frequency at 5 GHz.

The total length of the other path, which is almost perpendicular to the first and
begins from feeding point F and then passes through the bottom arm to point B, is
equal to 1.87X = 17 mm, which is approximately one-fourth of the wavelength for
the resonant frequency at 5 GHz. Thus, two equal components of surface current
normal to each other provide circular polarization radiation at 5 GHz.

3.3 Circular polarization

The length of the first surface current path from feeding point F to point A is 16
mm, which is almost equal to the length of the second surface current path from the
feeding point to point B. These normal components are approximately % of the
wavelength for 5 GHz generated CP, as shown in Figure 20, which represents
surface current distributions for phases at 0°, 90°, 180°, and 270° at 5 GHz resonant
frequency. Surface current circulates clockwise along the upper and lower right
quarters and counterclockwise along the lower left quarter for 0° and 180° phases.
Figure 20 shows the circulation direction of surface current when the phase
becomes 90° and 270°.

Radiator

i

Ground

529

Oth Iteration 1st Iteration 2nd Iteration 18

Figure 19.
The surface current at 5 GHz for all iterations [19].
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Figure 20.
Surface current for sequential phases (0°, 90°, 180°, and 270°) at 5 GHz [19].

Figure 21 depicts the left and right polarizing radiation in E-plane at 5 and 5.8
GHz, which show that the phase differences at 5 and 5.8 GHz is approximately 86°
and 180°, thereby indicating that CP is radiated at 5 GHz only. This study matches
the surface current distribution, which indicates that a circular polarization radia-
tion at 5 GHz is generated by dual orthogonal components of electrical field created
by the surface currents that flow along the perpendicular arms of the meandered
ring at the feed point, as shown in Figure 20.

3.4 Measurements and results

Figure 22 represents the photographs of the all iteration prototypes; it is clear
that the size of the proposed antenna is compact that can be used for portable
communication devices.

The measured impedance bandwidth for the proposed antenna compresses to
the frequency band of 4.8-6.7 GHz compared with the simulated impedance
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Figure 21.
Simulated left (black curves) and right (ved curves) polarization in E-plane at 5 and 5.8 GHz [19].

Oth Itr.

Figure 22.
The prototypes of all fractal antenna iterations [19].

bandwidth of 4.4-6.7 GHz, and the resonant frequency shifted to 5 GHz compared
with 5.8 GHz for the simulated value as shown in Figure 23. That takes place due to
impurities of some of the materials that are used in prototypes and due to the
soldering.

Figure 24 shows a distinguishing agreement between simulated (solid) and
measured (dashed) patterns. Radiation patterns in the H-plane (black curves) for
the proposed antenna are almost omnidirectional at 5 and 5.8 GHz. Figure 24b
shows that the radiation pattern at 5.8 GHz is similar to that at 5 GHz, but the
former is more directional. At E-plane (when phi = 0), the radiation patterns looked
like number 8 where two major lobes observed shifted by an angle of 180° as shown
in Figure 24a (the red curves), while at 5.8 GHz, the radiation pattern in E-plane
had dual asymmetrical major lobes.

Figure 25 depicts the measured values of the gain, efficiency, and an axial ratio.
At frequency bands of 5-6 GHz, gain values are almost constant 2.3-2.4 dB, and
efficiency reaches —0.45 dB (90%), whereas axial ratio bandwidth measures 83
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Measured (dashed) and simulated (solid) S, , for the proposed antenna [19].
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Figure 24.
Simulated (solid) and measured (dashed) radiation pattern. (a) At 5 GHz. (b) At 5.8 GHz [19].

MHz (approximately 8.3% of operating band) around a resonant frequency of
5 GHz.

Although the meandered ring fractal antenna has impedance bandwidth that
covers only the upper band required for Wi-Fi, WiMAX, and ISM applications, it
has stable radiation properties especially the gain and the efficiency. Furthermore,
the meandered ring antenna has high efficiency (90%), highly compact size, and
omnidirectional radiation pattern in H-plane that can be used for portable Wi-Fi
and WiMAX devices.
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Figure 25.
Measured gain, efficiency, and AR for the antenna [19].

4. Conclusion

Fractal geometry is another type of micro strip antenna used in designing
antennas. Two fractal antennas, namely, dual-input fractal antenna and meandered
ring antenna, were investigated. All antennas are fabricated on commercial and
cheap FR-4 substrate. The proposed fractal antennas are CP radiated by generating
orthogonal components of electrical field.

The prototype of the dual-input fractal antenna has a compact size, which is
approximately 9 and 16% of the Q-slot [20] and crescent slot [21] antenna size,
respectively. The measured operating bands for the first input of the fractal antenna
are 2.38-2.62 GHz and 5-6 GHz, whereas those for the second input of the fractal
antenna are 2.4-2.65 and 4.8-6.2 GHz. The prototype of the dual-input fractal
antenna displays an ARBW of 2.48-2.55 and 5.6-5.9 GHz, which is approximately
35% of the first operating band 2.4-2.6 GHz and approximately 30% of the second
band 5-6 GHz. The values of the measured gain vary between 0 dBi at 2.5 GHz and
2.7 dBi at 5.8 GHz. The maximum efficiency is —0.7 dB (85%) at 5 GHz.

The fourth investigated antenna in this study is the meandered ring fractal
antenna with compact size, which is approximately 9% of that of the Q-slot
antenna, 10% of the crescent slot antenna size, and 66% of dual-input fractal
antenna size. However, the meandered ring antenna only covers the upper band-
width of 5-6 GHz used for Wi-Fi and WiMAX applications. The proposed antenna
in this study has a small size, low profile, high measured efficiency (90%), stable
gain (2.3-2.4) dBi, and CP radiation with an ARBW of 0.083 GHz, which is
approximately 6% of the measured operating band at 4.8-6.2 GHz. Thus, the
meandered ring monopole antenna is suitable for the requirements of portable
communication devices.

Table 4 shows that the previous fractal antennas have circular polarization
radiation, such as those reported in [3], which is the Giuseppe Peano fractal
antenna that covered the frequency band of 1.5-4 GHz and ARBW of 0.2 GHz,
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Ant. BW (GHz) Gain ARBW Size Effie. Weak points
(dB) (GHz) (mm) (%)
[3] (1.5-2.7) 3-4 0.2 60 x 60 40-80 Does not cover all required bands,
x 10 low efficiency at lower frequency,

used air gap

[6] (2.32-252) 05to-6 0.06, 50 x 50 —  Used RT/duroid substrate, does not
(3.37-3.45) 0.09, x 3.2 cover all frequencies in the upper
(5.6-5.9) 0.3 band
[23] (2.7-10.3) — 11 54 x 36 85-95 No values of gain, missed 2.5 GHz
x 1.5 band
[24] (3.4-3.6) 6 0.1 40 x 40 91 Missed 2.4 GHz and 5 GHz bands
x 1
[22] (2.2-2.6) 1.8t-4.6 0.6 100 x — Covered only 2.4 GHz band, large,
100 x 13 no efficiency values
Fractal (2.4-2.6) 0-2.4 0.07, 18 x 70-85 Missed 3.5 GHz band
antenna (4.7-6.5) 0.3 18 x 0.8
Meander (4.8-6.2) 23-2.4 0.083 24 x9x 8590 Missed 2.4 GHz and 3.5 GHz bands
ring 0.8
Table 4.

Comparisons between proposed fractal antennas and previous velated works.

and the fractal antenna proposed in [6] whose size is approximately twice as that
of the proposed fractal antenna is used in this study. The antenna has an ARBW
of 0.06, 0.09, and 0.3 GHz at the three operating bands, but it does not cover all
of the required frequencies, especially at the band of 5-6 GHz.

The meandered line fractal antenna is CP with an ARBW of 0.6 GHz reported in
[22]. This meandered line antenna only covered the first band. The size of this
antenna is very large and its efficiency has not been mentioned in the report.
Modified Koch curve is used in designing the antenna based on Fibonacci sequence
reported by [23]. The antenna is miniaturised to 54 x 36 x 1.5 mm and covered the
frequency band (2.7-10.3) GHz with an ARBW of approximately 1.1 GHz around
resonant frequency 6 GHz. The antenna does not cover the lower band (2.4-2.6)
GHz, its CP radiation around 6 GHz, uses unbalanced feeding coaxial, and no gain
values.

Therefore, the two proposed fractal antennas in the current study (dual fractal
and meandered ring antennas) have specific characteristics better than the previous
related antennas in Table 4. They are the best when possibly applied for Wi-Fi,
WiMAX, and ISM communication purposes for the following reasons:

Firstly, the dual-input fractal antenna has dual operating bands for Wi-Fi (IEEE
802.11b,g,n) and WiMAX (IEEE 802.16e), Wi-Fi (IEEE802.11y), Wi-Fi (IEEE
802.11a,h,j,n), and WiMAX (IEEE 802.16d). The meandered ring fractal only
covers the upper band (5-6) GHz.

Secondly, acceptable and greater values of gain for both antennas than the
specified gain for fractal antennas in Table 4 compared with their compact size.

Thirdly, the two types of fractal antennas are highly efficient (>80%), which
matched the specific efficiency in Table 4. Despite the small size of the proposed
antennas compared with many of the previous fractal antennas in Table 4,
the manufactured antennas in the present study are characterized by superior
and stable efficiency, thereby making them suitable for Wi-Fi and WiMAX
applications.

Fourthly, the circular radiation properties at some operating bands for both
proposed fractal antennas, that overcome the limits of generation CP with wide
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ARBW in a compact size, especially the dual fractal antenna, which has CP radiation
during the first and third bands, can avoid many serious problems, such as
mismatched polarization and multipath interferences.

Fifthly, the highly compact size and omnidirectional radiation patterns in
H-plane, especially the meandered ring antenna, facilitated the possibility
of using the proposed antennas for mobile Wi-Fi and WiMAX
communication devices.

Sixthly, aside from being low profile and easy to fabricate and the use of
commercial FR-4 substrate in addition to existing features, these antennas can be
adopted for the purpose for which they are designed.
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Chapter 5

Radiation Pattern Synthesis of

Planar Arrays Using Parasitic
Patches Fed by a Small Number of
Active Elements

Jafar Ramadhan Mohammed and Kavam Mudhafar Younus

Abstract

In this chapter, several planar array designs based on the use of a small number
of the active elements located at the center of the planar array surrounded by
another number of the uniformly distributed parasitic elements are investigated.
The parasitic elements are used to modify the radiation pattern of the central active
elements. The overall radiation pattern of the resulting planar array with a small
number of active elements is found to be comparable to that of the fully active array
elements with a smaller sidelobe level (SLL) at the cost of a relatively wider
beamwidth and lower directivity. Nevertheless, the uses of only a small number of
the active elements provide a very simple feeding network that reduces the cost and
the complexity of the array. Simulation results which have been computed using
computer simulation technology-microwave studio (CST-MWS) show that the
sidelobe level of the designed array pattern with parasitic elements is considerably
better than that of the similar fully active array elements. The proposed array can be
effectively and efficiently used in the applications that require wider antenna
beams.

Keywords: planar arrays, parasitic elements, driven elements, mutual coupling,
feeding network, array pattern synthesis

1. Introduction

By properly controlling the design parameters of the antenna arrays, it is possi-
ble to generate the desired radiation characteristics such as higher directivity and
lower sidelobe level. The most design parameters that have been given an increased
attention for many practical applications are the amplitude and the phase excita-
tions of the individual elements [1-3] in addition to the element’s spacing [4, 5].
However, the practical implementation of the feeding networks in such arrays is
known to be very complex and expensive.

Recently, the feeding networks were made very easy and practically efficient by
controlling only a certain number of the active elements rather than all of the array
elements [6, 7]. Other methods used a number of parasitic elements illuminated by
a single active element to simplify the complexity issue of the feeding network.
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These methods are of special interest because they are capable of introducing

extra degrees of freedom that could effectively contribute to synthesize the desired
array patterns without making any modification in the feeding networks of the
active elements [8, 9]. Particularly, in [8], a planar array of complete parasitic
dipoles which was placed under a single active A/2-dipole element to modify its
radiation pattern was studied, while in [9], the authors considered a circular array
of parasitic dipoles centered by one active dipole. The desired pattern was obtained
by properly changing the spacing between the parasitic elements and the length

of the parasitic elements, while the position and length of the driven element were
kept fixed.

This chapter presents a new method for array pattern configuration with a low
sidelobe level. The element type of the considered planar array is designed to be in
the form of a simple rectangular patch. The feeding points of the active patches are
optimally chosen such that the value of the VSWR becomes minimum. Moreover,
the location of the feeding point has been obtained by the use of an optimization
algorithm supported by the CST-MWS. In the proposed array, the elements are
divided into two sub-arrays. The elements of the first sub-array which are located
on the center of the planar array is referred as an active array, which contains only a
small number of the array elements (usually one active element for an array of 3 x 3
elements and four active elements for other array sizes), whereas the second array
subset contains the majority of the array elements which are parasitic, and their
distances from the active ones need to be carefully chosen. Moreover, the second
array subset may be selected either as a single or multiple rectangular rings
according to the design requirements. The CST software is used to choose the most
effective distances between the active and the parasitic elements (i.e., the most
appropriate perimeter of the outer rectangular ring) such that the greatest reduc-
tion in the sidelobe level could be obtained with a smaller scarifies in the directivity.

2. Problem formulation

In order to highlight the major contribution of the proposed work, first we plot
the radiation pattern of the fully active planar array elements that are designed with
nonuniform amplitude excitation according to the Dolph polynomial to get the
desired sidelobe level. For comparison, the uniformly excited planar array with
6 X 6 active elements is also included. Figure 1 shows the radiation patterns of the
Dolph excited planar array with SLL = —40 dBi and the uniformly excited planar

150 =t Tgg
180
= Dolph exated planar array

w— Uniformly excited planar array

()

Figure 1.
Results for 6 x 6 fully active array elements: (A) uniformly excited planar array; (B) Dolph excited planar
array with SLL = —40 dBi; (C) radiation patterns in polar plots.
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array. In this figure, both array sizes are chosen to be 6 x 6 active elements, and the
separation distance between any two successive elements in X- or Y-axis is chosen
to be A/2. Table 1 shows the corresponding element excitations for the
nonuniformly Dolph-distributed array.

From Figure 1, it can be seen that the Dolph excited array has a pattern with
wider beamwidth and lower directivity than that of the uniformly excited planar
array. More important, it can be seen that the Dolph excited array needs to be
designed with a very precise values of the amplitude excitations to get the desired
sidelobe pattern. Any simple variations from those computed values will lead to
significant changes in the corresponding radiation pattern. In practice, the main
reason for such variations in the amplitude excitations is due to the use of digital
attenuators which are associated with the quantization errors due to the limited
number of the quantized levels. Thus, the actual patterns are usually different from
the desired ones.

In order to solve such an important problem in practice, the authors suggest an
alternative method for obtaining the desired radiation pattern that does not need
any digital RF components for amplitude scaling. In the proposed array, the
magnitude excitations of the central active elements are assigned to the values of
1, while the parasitic elements are assigned to the values of 0. As the number of
the active elements in the proposed array is chosen to be small, the value of
the obtained gain is expected to be lower than that of the fully active array
elements.

Moreover, the effect of the scattering, the mutual coupling, and the element
type is all considered with the proposed array. Thus, the desired and the actual
patterns are both expected to be in a good agreement.

Figure 2 shows the results of applying the proposed method under the use of
only 4 active elements out of 36 elements (i.e., the number of the parasitic elements
is 32). As can be seen, the proposed method with only four active elements is still
capable to provide an acceptable radiation pattern as compared to that array of fully
active elements.

As mentioned, the corresponding amplitude excitations of all of the
abovementioned arrays are shown in Table 1.

50 "]

180

050 0 0

4 centered active elements

o o o o alb

= [Jniformly excited planar array

(A) (B)

Figure 2.
Results for the proposed planar array with 4 centered active elements and 32 parasitic elements; (A) current
distribution and (B) radiation patterns in polar plots.
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3. Description of the designed array

In this section, the procedures of designing a single patch element are presented;
then it is straight forwarded to construct a required two-dimensional planar array.
Generally, there are three methods in the design of a single microstrip patch: the
transmission line model, cavity model, and full-wave model [1]. Among them, the
transmission line model is considered in this work. This is mainly due to its sim-
plicity and popularity. First, the patch dimensions (width and length) are designed

according to the following:
. 1 2 Vo 2
h = = 1
Widt 2fi/igeo Ver+1 2f Ve +1 W

where vy is the velocity of the electromagnetic wave in the dielectric and f, is the
resonant frequency. On the other hand, the patch length usually seems to be
electrically greater than its physical dimension due to the fringing effects. Conse-
quently, the effective length (L), effective dielectric constant (e.f), and the
length extension (AL) have been computed as given by

ot = ;— ! erz;l [1 + \1/\%] o (2)
Legt = ﬁe@ (3
a0 e @
Then, the accurate length value of the patch is computed from
Length = Leg — 24L = %ﬂ —24L (5)

Figure 3 shows a single patch element.

Note that, in this work, the coaxial probe is used to feed the single patch
element. It is designed such that the value of reflection coefficient (S11) is
minimized at selected frequency value 2.4 GHz as shown in Figure 4.

Finally, to get the required planar array, a number of the designed patches are
uniformly distributed along the X- and Y-axis. The radiation pattern of such array is
then obtained by the vector addition of the radiation pattern of each individual

Patch Width

F 3
) 4

Pa
tc
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ng

Figure 3.
Single patch element.
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S-Parameters [Magnitude in dB]

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Frequency / GHz

Figure 4.
Reflection coefficient (S11) of the proposed patch antenna.
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Figure 5.
Results for 3 x 3 planar arrays: (A) current distributions on both active and pavasitic elements and
(B) radiation patterns in the polar plot.

patch, taking into account the effect of mutual coupling between the array elements
and the scattering effect.

4, Simulation results

To illustrate the effectiveness of the proposed method, different array configu-
rations have been considered. In all examples, a rectangular planar array has been
considered with (N x M) elements distributed on the XY-plane. The operating
wavelength is chosen to be A = 125 mm, and the separation distance between any
two adjacent patches in both X- and Y-axis is d = A/2 = 62.5 mm. The target angle is
assumed to be at (6, ¢) = 0°.

In the first example, an array with 3 x 3 elements has been considered, and only
the center element is chosen to be active, while the others are set to be parasitic.
Figure 5 shows the current distributions on the active and parasitic elements for
both the fully active elements and the proposed array with only a single active
element at the center of the array. For the fully active elements, the directivity (D)
was 14.85 dBi, the sidelobe level was —16.69 dBi, and the half-power beamwidth
(HPBW) was 33.6°, whereas for the proposed array these values were found to be
D =5.41dBi, SLL = —13.22 dBi, and HPBW = 97.30°.

In the second example, a planar array with 4 x 4 elements has been considered,
and the separation distances between any two elements on the X- and Y-axis was set
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to M2. Here, for the proposed array, only four centered elements are chosen to be
active, while the other elements which are located on the perimeter of the array are
chosen to be parasitic.

Figure 6 shows the results of the fully active array elements and the proposed
array with only four active elements. For the former array, with all its elements
being active, the D was 17.1 dBi, SLL was —14.4 dBi, and HPBW was 25.5°, while for
the latter array with only four active elements, the D was 11.2 dBi, the SLL was
—28.5 dBi, and the HPBW was 49.8°.

In the next example, an array with 5 x 5 elements is considered. For the pro-
posed array, the elements that were located on the inner rectangular ring are chosen
to be active (i.e., a number of eight elements), while the remaining elements are
chosen to be parasitic as shown in Figure 7. For fully active array elements, the
D =19.1dBi, SLL = —13.9 dBi, and HPBW = 20.3°, while the values for the proposed
array are found to be D = 14 dBi, SLL = —13.9 dBi, and HPBW = 31.5°.

In all of the aforementioned examples, although the gain of the proposed array is
relatively smaller than that of the fully active array elements, the radiation patterns
are still in an acceptable shape. Moreover, these radiation patterns are produced
with a very simple feeding network. Furthermore, the peak of the first sidelobe was
significantly reduced down compared to that of the fully active array elements.

Finally, the performance of the proposed array with four active elements on the
center of an array with size 6 x 6 elements is considered. The performance in terms

=30 Phi=180

180
—— 4 Center Active Elements
— Al Avtive Elements

(A) (B)

Figure 6.
Results for 4 x 4 planar arrays: (A) current distributions on both active and parasitic elements and
(B) radiation patterns in the polar plot.
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Figure 7.

Results for 5 x 5 planar arrays: (A) current distributions on both active and pavasitic elements and
(B) radiation patterns in the polar plot.
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Spacing in (mm) Spacing in (1) Directivity (dBi) SLL (dBi) HPBW (°)
43.75 0.35 x A 10.60 —26.05 54.5
56.25 0.45 x A 11.21 —35.80 50.9
62.50 0.50 x A 11.30 —37.60 50.4
68.75 0.55 x A 11.30 —33.95 50.6
81.25 0.65 x A 11.32 —30.86 47.8
93.75 0.75 X A 11.60 —34.20 46.6
Table 2.

The performance of the proposed array versus separation distances between active and parasitic elements.

of D, SLL, and HPBW is investigated under various values of the separation
distances between the active and the parasitic elements as shown in Table 2.

5. Conclusions

Various planar array configurations are designed to produce radiation patterns
with various characteristics, such as various beamwidth and low sidelobe level. It is
shown that the radiation pattern of a small number of the active elements can be
improved by properly selecting the most efficient configuration of the parasitic
elements which are usually chosen from the outer elements of the array. Unlike the
existing array pattern synthesis methods which usually use the digital phase shifters
and/or attenuators, the proposed method needs only switches to turn the array
elements either on (active) or off (parasitic). Therefore, it is robust to the excitation
errors and simpler and cheaper to implement. However, when some elements of the
array are switched off, then the obtained gain will be reduced.
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Abstract

Reconfigurable beam steering using circular disc microstrip patch antenna
with a ring slot is proposed. The overall dimension of the antenna is 5.4 x 5.4 mm
printed on 0.504 mm thick, RT5870 substrate with relative permittivity 2.3 and loss
tangent 0.0012. The designed antenna operates at the expected 60 GHz 5G fre-
quency band with a central coaxial probe feed. Two NMOS switches are utilized to
generate three different beam patterns. Activating each switch individually results
in a 70° shift in the main beam direction with constant frequency characteristics.
The power gain is 3.9-4.8 dB in the three states of switch configurations. Simulated
results in terms of return loss, peak gains and radiation pattern are presented and
show good performance at the expected 60 GHz band for 5G applications.

2

Keywords: beam steering, 5G antennas, microstrip antennas, NMOS, reconfigurable
antennas

1. Introduction

Ideally, reconfigurable antennas must be able to change their operating
frequency, polarization and radiation pattern independently to provide vary-
ing operating requirements [1]. Moreover, the progress of these antennas faces
significant challenges to both antenna modelling and system designer. However,
these challenges will come not only from the antenna design only but also from the
surrounding technologies that enable reconfigurability [2-5].

Nowadays, there exist extensive research areas covering reconfigurable
antennas usually that concerned on the design and the technological perspectives.
Radiation pattern and polarization-reconfigurable antennas are also very attrac-
tive topics because they can provide various characteristics which lead to a better
signal to noise ratio (SNR) as well as higher quality of service (QoS) of the whole
systems.

Recently, theoretical and measurement results of 5G communications operating
at mmWave were studied and discussed [6, 7]. In [7], the researchers presented
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and designed the unprecedented hardware challenges and essential design consid-
erations concerned with the antenna system methodology for future communica-
tions. The designed antenna provides a good and useful isotropic radiated power
with minimum loses for practical use in 5G cellular communications.

In modern wireless communications systems, antennas may be required to have
several angles of the main beams, and one of the methods to achieve this property is
using multiple elements of a single antenna in array forms to make pattern diversity
[6]. Pattern diversity of an array can be accomplished by setting the so-called array
factor [7]. However, mutual coupling between antenna elements in array antennas
has a significant effect on wireless radio links, causing undesirable effects on system
performance. Thus, one of the efficient methods to overcoming these drawbacks
is using radiation pattern-reconfigurable antennas. These antennas can diverse the
main lobe direction or null direction at specific angles. In addition, it provides a
wider coverage area with less interference and noise signals by controlling the main
beam locations.

Generally, PIN diodes [8-10] and RF-MEMS [10, 11] are used as switching ele-
ments in order to alter the antenna radiation patterns. In [9], pattern and frequency
reconfigurable annular slot antenna were presented. Matching stubs are used to
achieve a planar antenna operating with three different frequencies, 5.2, 6.4 and
5.8 GHz. PIN diodes are used as switches to activate or deactivate the stubs, creating
a reconfigurable matching network. In [12], the author explained the integration
of the radio frequency microelectromechanical system (RF MEMS) switches with
radiation pattern-reconfigurable antennas. In another design [13], a radiation
pattern switchable parasitic array antenna at 60 GHz band was proposed. NMOS
transistor switches are used to alter the main beam direction of the antenna with a
constant frequency. Beam scanning angle of this antenna can deviate at + 56,

However, the radiation pattern-reconfigurable antenna must be able to alter
its radiation pattern without a significant change in other characteristics such as
operating frequency, impedance bandwidths, and polarizations, which can be
considered as the first challenge facing the designers of the radiation pattern-
reconfigurable antenna [1]. There are another two challenges for the simulation tool
necessary to modelling the reconfigurable antennas [14]:

1. Modelling the switch requires a new design technology considering all the
switch characteristics. Where the practical switches may have different
properties and factors to be considered to get more agreement between the
simulation and measurement performance.

2. The same antenna with multiple operating configurations, all of them might
affect the performance of the others, must be designed and optimized simul-
taneously. Thus, a single structure has to be modelled to perform all different
state of operations, and this involves a professional simulation technology.

The main difference between the present article, and that of other researchers
dealing with reconfigurable planar antennas, is that a new design technique is used
to simulate, modelling and optimize the structures, leading to a reconfigurable
radiation pattern with constant impedance bandwidth and polarization characteris-
tics at mmWave spectrum.

The work presented here introduces a new pattern-reconfigurable planar circu-
lar disk microstrip antenna capable of controlling the main beam direction using
two NMOS switches. The design investigations initiate from a conventional disk
antenna with a ring slot. The operational configurations are achieved through inde-
pendently controllable switches, in which, each one of them is implemented as an
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NMOS switch. The designed antenna alters the radiation pattern according to three
switch combinations, which can alternate the main beam into three different radia-
tion angles. The proposed antenna is printed on the top of a 0.504 mm thickness

of Roger RT5870 substrate with relative permittivity 2.3 and loss tangent 0.0012 of
size 5.4 x 5.4 mm”. The radiation pattern of the designed antenna alters about 70’

in yz-plane at 60 GHz frequency. CST studio simulation software [15] is used to
optimize antenna and simulate the design, with hybrid co-simulation between CST
MWS and CST DS used to implement the designed antenna taking into account the
SPICE model for the NMOS switch and the effect of the biasing circuit.

2. Radiation pattern-reconfigurable antenna application

The range of wireless communication technologies that have emerged in the last
two decades is immense. Nowadays, the tendency is to study new methods of inte-
gration and interoperability between devices. The electronics for wireless devices
are being designed in the perspective of shrinking and group multiple functions
in one single integrated circuit; also, the software and firmware on the processing
units are being developed to be faster and less energy consuming. Besides stream-
lining the electronics and processing techniques, one can do improvements in the
radio interface, namely in the antennas [16].

There are already different solutions to address the interoperability capabili-
ties of the antennas. From multi-band antennas to wideband and ultra-wideband
antennas, many approaches have been presented in the past years. However, this
type of antennas has some disadvantages. Multi-band antennas are not versatile,
they are difficult to design and not always present a good performance for all the
bands, besides, and most of them are not very small, which can arouse size con-
cerns. Ultra-wideband antennas can cover very large frequency bandwidths with
seeming performance, however, this performance is not good for any particular
band, which leads to low moderate gains and they are quite large as well [17].

Another way to achieve versatility is with the application of reconfigurable
antennas, which allow reducing the number of antennas present in a given device,
ensuring the interoperability between systems. However, this can also be integrated
with more complex systems such as MIMO (multiple-input multiple-output) and/
or cognitive radio systems, also known as SDR (Software Defined Radio) [18, 19].
The concept of antenna selection in MIMO systems may be explored in terms of
reconfigurable antenna elements as shown in Figure 1. The complexity in terms of
feed chains is less for the reconfigurable setup with a reduced number of antenna
elements. The different configurations of the reconfigurable antennas give the
antenna array a more possible option than with a conventional two-element array.

Reconfigurability allows an antenna to adapt in real time different parameters
like the resonant frequency, the polarization or even the radiation pattern to some
extent. These are extremely useful features for mobile devices when considering
the expansion of the different communication systems in the near future. Given
the versatility and advantages these antennas can provide for new wireless devices,
these have been subject of much attention in the investigation field in the past few
years and there are already many different solutions presented to acquire different
reconfigurability to different systems. Reconfigurable antennas are designed to be
implemented on various platforms which cover various wireless services that are
spanned over a wide frequency range. In particular, reconfigurable antennas are
proposed for higher efficiencies in various implementations that involve cogni-
tion and continuous adaptation to the environment such as in cognitive radio and
MIMO systems.
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Figure 1.
Block diagram representing a MIMO antenna array with conventional antenna elements (left) and
reconfigurable antenna elements (right).

A MIMO system employs multiple antennas at both the transmitter and the
receiver frontends. The advantage of using such configurations is that different
information can be sent simultaneously, thereby increasing the communication
spectral efficiency in a multipath environment. According to the varying channel
conditions and user’s need, a MIMO system can adjust the modulation level, coding
rate, and the transmission signalling schemes. Radiation pattern/polarization recon-
figurable antennas add an additional degree of freedom in a MIMO environment and
thus improve the system performance. The use of this type of antennas increases the
capacity significantly by allowing the selection between different pattern diversity
and polarization configurations. Reconfigurable antennas can also be used in
modern space applications. In such cases, it is required to be able to reconfigure the
antenna radiation pattern to serve a new coverage zone, limit fading in rainy areas,
and maintain high data rate at as many frequency bands as possible [20].

Most of the advanced wireless communications’ applications (cognitive radio,
MIMO, Space communications) require highly efficient software controlled
dynamic antennas. These antennas that can be reconfigured using software and
based on users’ requests have to be highly reliable as well as able to achieve the
required functions. Therefore, an antenna designer proposing a new reconfigurable
antenna design for an advanced application has to present a design that has minimal
losses in its structure and operation. The antenna has to exhibit software accessibil-
ity as well as be able to be controlled using programmable controllers. Most impor-
tantly, a designer must ensure that the proposed antenna is able to operate under
unforeseen circumstances continuously; thus, a reliability study is required from
reconfigurable antenna designers.

3. Radiation pattern-reconfigurable antenna design

The first step is to design the antenna without the inclusion of reconfigur-
ing property. This achieved by designing a circular patch antenna, by adopting
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Rogers RT5870 as the dielectric substrate with h = 0.504 mm, &, = 2.3, tangent
loss = 0.0012, and Lgyp, = Wyyp = 5.4 mm. The antenna is designed and optimized to
operate at a particular frequency of 60 GHz. This frequency is chosen because it is
suitable and widely used in 5G applications. Other than the rectangular patch, the
configuration used in this paper is the circular patch or disk, as shown in Figure 2,
where R represents the actual disk radius. Based on the cavity model formulation
[9], a design procedure is outlined which leads to practical designs of circular
microstrip antennas for the dominant 7a;,, mode.

The procedure is as follows:

The actual radius of the patch (R) at the resonant frequency f, can be calculated
as [9]:

_18412xC
fo = 27R+E, @
where c is the speed of light in free-space?
The resonant frequency of Eq. (1) does not take into account the fringing effect.
Therefore, for the circular patch, a correction is introduced by using an effective
radius R, to replace the actual radius R as:

R =R { 1+ 73’7[171 (2R 4 1.7726] }1/2 )

Thus, the resonant frequency of Eq. (1) should be modified by using Eq. (2) and
expressed as:

_ 18412 xC
fo = 27R E, ®)

Then, a first-order approximation to the solution of Eq. (2) for R is given by:

R = F 172 (4)
{1 N %[ln (ghi) " 1.7726] }
where, g
_ 8791 x10°
F= Sfover (5)

Figure 3 shows the schematic diagram of the proposed antenna. An annular
slot ring circular disk planer antenna is designed. The feeding network used here
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Figure 2.
Circular patch antenna.
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Figure 3.
The geometry structure of the proposed antenna.
W (mm) L (mm) S (mm) R; (mm) R, (mm)
54 54 0.06 1.85 091

Table 1.
Detailed dimensions of designed antenna shown in Figure 3.

is a coaxial probe with a radius equal to 0.07 mm. The circular disk has an outer
radius R; = 1.85 mm and the inner radius R, = 0.91 mm. Detailed dimensions of

the proposed antenna are shown in Table 1. The dimensions of this antenna are
optimized to operate at the resonance frequency 60 GHz to cover 2 GHz bandwidth
with a return loss less than 10 dB.

4. Parametric study and a hybrid EM-circuit co-simulation

In this section, the influences of various positions of the switches on both
the response and radiation pattern of the designed antennas are discussed. Firstly,
the switches are modelled as a metal tab that is represented by the ideal state of the
switches. The metal tab is rotated along the slot ring of the antenna by an angle ¢
(¢ = 00, 300, 1500, 1800). In addition, both the return loss and radiation pattern
are observed. Figure 4 shows the simulated reflection coefficient as a function of
frequency for various sweep angles of ¢. As the position of the switch is shifted, the
resonance frequency of the antenna changes slightly around 60 GHz. In fact, this
frequency shifting can be neglected since the resonance bandwidth around 60 GHz
is kept unaffected. On the other hand, the effect of the parameter sweep on the
radiation pattern in the yz-plane is studied and presented in Figure 5. It is clear that
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the reconfigurable property is achieved at two important and symmetrical angles
(¢ = 30 and 150°) along yz-plane.

Secondly, two NMOS transistor are used as switches to replacing the metal tab,
in which, switch 1 is located at a position shifted by (¢ = 30") from the y-axis, when-
ever the switch 2 is shifted by (¢ = 150°) from the y-axis. It should be noted that by
using the computer simulation technology (CST), the NMOS transistor switches
are modelled with a lumped element network with R,, = 10.2 Q, C,,, = 47.1 pF,

Rof = 13.3 MQ, Cofr = 39 pF as shown in Figure 6. The figure shows the equivalent
circuit for the switches in the ON and OFF states.
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50 52 54 56 38 60 62 64 66 68 70

Frequency (GHz)

Figure 4.
The frequency response of the input reflection coefficient for different angles of ¢ using the metal tab as a
switch (¢ = o: dotted line, ¢ =30: solid line, ¢ = 150: dashed line and ¢ = 180: dotted/dashed line).

Figures.
Radiation pattern at yz-plane for diffevent angles of ¢ using the metal tab as a switch (¢ = o: dotted line,
@ =30: solid line, ¢ = 150: dashed line and ¢ = 180: dotted/dashed line).
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Figure 6.
Simplified electrical model of the NMOS transistor switch in ON and OFF states.
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Figure7.
A hybrid EM-circuit co-simulation of the antenna.

Finally, the co-simulation between CST MWS and CST DS for the designed
radiation pattern-reconfigurable antenna are modelled and achieved, as shown in
Figure 7. The simulation takes into account the spice model for the NMOS switches.
The manufacturer-specified parasitic inductance and capacitance of the packaging
are included as well.

5. Simulation results
The simulation results achieved by the CST microwave studio software. The
performances of the proposed antenna, in terms of return losses, radiation patterns,

efficiencies and gains, with different states of switches have been studied as follows:
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5.1 Impedance bandwidth for S11 < -10 dB

Figure 8 shows the simulated results for the designed antenna. It is clear that
(SW1 ON, SW2 OFF) state has —18 dB reflection coefficients at resonance fre-
quency 60 GHz with impedance bandwidth of 3.4%. In (SW1 OFF, SW2 ON) state,
the reflection coefficient is —16 dB at 61 GHz resonance frequency, with corre-
sponding impedance bandwidth of 3.3%. Whenever, in (SW1 ON, SW2 ON) state,
S11is equal to —30 dB at 60.8 GHz resonance frequency, with impedance bandwidth
5.7%. The main difficulty of the designing of radiation pattern-reconfigurable
antenna is that this type of reconfigurability must be accomplished without signifi-
cant changes in the impedance or frequency characteristics. The achieved results
overcome this difficulty by maintaining a single resonance frequency for all states
of configurations.

5.2 Radiation patterns and directivities

Figures 9-11 show the simulated radiation patterns at 60 GHz in the yz-plane
(E-plane). When the proposed antenna operates at (SW1 ON, SW2 OFF) state, the
beam’s maximal direction in the yz-plane is 35". At (SW1 OFF, SW2 ON) state, the
beam’s maximal direction in the yz-plane is —35". At (SW1 ON, SW2 ON) state,
the beam’s maximal direction in the yz-plane in (35, —-35"). (“+” indicates that the
radiation pattern tilts toward the positive y-axis and “-” indicates that the radiation
pattern tilts toward the negative y-axis).

As aresult, the radiation patterns of the proposed antenna operating at different
switching states can divers by 70 shifted along yz-plane (E-Plane). Due to the sym-
metry characteristics on both the antenna structure and switches positions, the
single main beam direction can be altered symmetrically around the z-axis in the
yz-plane as shown in Figures 9-11. Figures 12-14 show the 3D simulation results
for beam directivities, which correspond to the three configurations of the switches
in both ON and OFF states.

5.3 Antenna gains and efficiencies

Simulation results for the realized gains of the proposed antenna as a function of
frequency are shown in Figure 15. Simulated maximum realized gain at (SW1 ON, SW2

—— OFF-ON
o) [ A SRR SN SR SRR, 2 A IS S s ON- OFF

...... ON- ON
-35 T

50 52 54 56 58 60 62 64 66 68 70
Frequency (GHz)

Figure 8.
Simulation results for the proposed antenna for different states of switching.
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Figure 9.
Radiation pattern at yz-plane in the ON-OFF state.
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Figure 10.
The radiation pattern at yz-plane in the OFF-ON state.
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Figure 11.
Radiation pattern at yz-plane in the ON-ON state.

Figure 12.
3D radiation pattern in the ON-OFF state.

OFF) is 4.5 dB. At (SW1 OFF, SW2 ON) state, the maximum gain is 4.8 dB. In addi-
tion, at (SW1 ON, SW2 ON) state, the maximum gain and directivity are 3.9 dB. Total
efficiency for the designed antenna is studied and plotted as a function of frequency in
the useful bandwidth of 60 GHz at different state of each switch as shown in Figure 16.
It is clear that the achieved efficiencies are better than 95% at all the states of switches.
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Figure 13.
3D radiation pattern in the OFF-ON state.

Figure 14.
3D radiation pattern in the ON-ON state.

6. Conclusion

A new design for pattern-reconfigurable circular disk antenna loaded with
an annular slot ring has been presented for 60 GHz mmWave applications. The
antenna is reconfigurable between three different radiation patterns by employing
two NMOS switches. The achieved results show that the proposed antenna can
redirect the main beam at —35 and 35 in the yz- plane with the maximum achieved
gains are 4.5, 4.8 and 3.9 dB, and impedance bandwidths about 3.4, 3.3 and 5.7% in
the (SW1 ON, SW2 OFF), (SW1 OFF, SW2 ON) and (SW1 ON, SW2 ON) states,
respectively, at the resonance frequency 60 GHz. Antenna’s efficiency better than
95% was achieved in the three states of switching configurations. The antenna beam
pattern characteristics, efficiencies, peak gains and impedance bandwidths are
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Figure 15.
Realized gain in different states of switches for the proposed antenna.
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Figure 16.

ifferent states of switches for the proposed antenna.

Total efficiency in d

due to the simple construction and beam pattern

suitable for 5G applications. Also,

diversity, the designed antenna can find different applications in MIMO systems.
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Chapter 7

Ultra Wide Band Antenna with
Defected Ground Plane and
Microstrip Line Fed for
Wi-Fi/Wi-Max/DCS/5G/Satellite
Communications

Ashish Singh, Krishnananda Shet and Durga Prasad

Abstract

In this chapter, ultra wide band angular ring antenna has been proposed for
wireless applications. It has been observed that antenna resonate from 2.9 to
13.1 GHz which has 10.2 GHz bandwidth. Further, it is observed that antenna has
nearly omni-directional radiation pattern for E and H-plane at 3.5, 5.8, and 8.5 GHz.
The theoretical analysis of the proposed has been done using circuit theory analysis.
It was also found using simulation that antenna has good input and output response
of 0.2 ns. Proposed antenna measured, simulated, and theoretical results matches
for antenna characteristics, i.e., reflection coefficient and radiation pattern. Band-
width of antenna lies between 2.9 and 13.1 GHz, so this antenna is suitable for
Wi-Fi, Wi-Max, digital communication system (DCS), satellite communication,
and 5G applications.

Keywords: ultra wide band (UWB), angular ring, finite ground plane, microstrip
line fed, circuit theory

1. Introduction

Wireless communication systems are highly desired in various fields of security
systems, Wi-Fi, Wi-Max, and mobile communication. These applications have spe-
cial common devices, i.e., an antenna for efficient transmission and reception
information. Presently, antennas are equipped in all communication devices and
these devices are size and volume constrains. This leads to reduction of size for
antenna in existing communication device. All communication devices have patch
antennas for transmission and reception of signals. Scientists and researchers are
investigating on these antennas since 1972 for reduction in size and increase in
bandwidth. To achieve this, numbers of patch antenna designs and techniques were
proposed. It was found by researchers that angular ring patch antenna is an efficient
antenna which gives both size reduction and increased bandwidth.

Angular ring patch antenna was first reported in year 1985, by IJ Bahal for
biomedical application. Thereafter, only few research have been reported on these
antennas such as, theory and experiment on the annular-ring microstrip antenna,
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shared aperture microstrip patch antenna array for L and S-Bands, analysis of a
gap-coupled stacked annular-ring microstrip antenna, compact stacked circularly
polarized annular-ring microstrip antenna for GPS applications, annular-ring
microstrip patch antenna with finite ground plane for ultra-wideband applications,
compact concentric annular-ring patch antenna for triple-frequency operation,
comparison of several novel annular-ring microstrip patch antennas for circular
polarization, analysis of two-concentric annular-ring microstrip antenna, and
broadband circularly polarized annular-ring microstrip antenna [1-10]. All above
reported papers has some limitations such as complicated geometry, lacks theoret-
ical analysis for defected ground with microstrip line feed, circuit diagram at Radio
frequency were not proposed for designed antenna and theoretical, simulated and
experimental results were not compared.

In this chapter, ultra-wideband microstrip patch antenna is proposed for Wi-Fi,
Wi-Max, DCS, and 5G applications. Partial ground plane with microstrip line fed
techniques is used to achieve UWB band for various wireless applications. Detail
descriptions of proposed antenna design are discussed in next section.

2. Geometrical consideration

The microstrip line fed angular ring patch antenna with rectangular ground is
shown in Figure 1 and the antenna is fabricated on FR, substrate and its top and
bottom view is shown in Figure 2. The proposed antenna has been designed on
FR, substrate of height “h” and overall dimension of designed geometry is
(12 x 14 x 1.57) mm?. The proposed strip line fed angular ring antenna comprises
of ground plane of dimension (W¢ X Lg), and strip line of dimension (W, x Lp).
Further, antenna is excited via SMA connector fed via strip line. The design speci-
fication of complete antenna design is given in Table 1. Fabricated antenna picture

Wy

Figure 1.
Radiating structure for proposed antenna.
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Coaxial connector

- S/

Angular Ring patch

——=Feeding point
d ——=> Dielectric substrate
_% Ground Plane

(a) (b)

Figure 2.
Designed antenna (a) top view (b) fabricated antenna on FR4.

FR-4 lossy, €, 4.4

Radius of angular ring inner, p 3.5mm
Radius of angular ring outer, g 8.5 mm
Circular path, x 5.0 mm
Strip line length, L, 5.0 mm
Strip line width, W, 3.5mm
Ground plane width, Wg 2.5 mm
Ground plane length, Lg 12 mm
Height of the substrate, / 1.57 mm

Table 1.

Design specification of angular ring antenna.

is shown in Figure 2(b). It can be observed from figure that antenna is very
compact in size and can be utilized for compact communication devices.

3. Theoretical investigations

The resonating frequency of angular ring [11] is given as

_ Xum
f = )

where c is the velocity of light in free space, y,,,, = Rump> kum is for the resonant
TM,,,, modes.

The inner and outer radii of angular ring are given as p, = p — (x. — x)/2 and
q, =q — (x. — x)/2, respectively. The pe, q., and x. are the effective increase in
length of inner, outer, and path width, respectively.

The angular ring patch antenna can be represented in circuit diagram as combi-
nation of inductance, capacitance and conductance, as shown in Figure 3. The
values of inductance L, capacitance C, and conductance G are calculated as.

L—_ Hh
7k’ [n,m]

U (k1€)G, (kip,) — Gu(kae)], (kip,)], 2)
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L cm RgDzm.

Figure 3.
RF circuit vepresentation of angular ring.

_ HEQE,
Lk’

2 2
G- % ~ Re [;l—” { (g—p) g(pop) + <%) £la.9) - Z%fqy(p,q)}] . @

where [1’[, m] = 2]%% [(k%qe - 1) {]n (que) Y:’L (klpe) - Y, (que)];l (klpe) } -

#ﬁ% (k%qf—l)] ,¥(p,q) is mutual admittance for angular ring between inner and

(3

outer radii, g(p,p) is conductance across inner periphery of angular ring, g(q,q) is
conductance across outer periphery of angular ring, E,, is the radiation field around
inner periphery of angular ring, E, is the radiation field at outer periphery of
angular ring, E, is the radiation field considered due to ground plane.

Input impedance for the angular ring is given as,

1

Zan = G +jwC + 1/joL’ )

Angular ring is connected to strip line; the strip line can be represented into RF
circuit as combination of L;, C, and Z,. The RF circuit of the strip line angular patch
antenna is shown in Figure 4, where L, and C; are inductance and capacitance of
strip [12, 13].

L, — 100k (4\/Ws/h _ 4.21),nH (6)
C, = W,{(9.5¢, + 1.25)W, /h + 5.2¢, + 7.0}, pF @)

O

Figure 4.
RF circuit diagram for strip line.
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o

[+,

Figure 5.
RF circuit representation for ground plane.

The resonating frequency of the strip line is given as

[ =¢/2Le\/res (8)

The ground plane patch is represented as RF circuit combination of Resistance
Rg, inductance Lgg, and capacitance Cg. The RF circuit representation of the
ground plane is shown in Figure 5, Rg, Cg, Lgg can be calculated as [12, 13].

Ce = I%G:OEE cos? (i;) s 9)
Ro= e (10)

Lo = oo (1)
Quality factor,Q = C;J{;_e. (12)

g is the effective permittivity of the medium.

Further, there will be strong electromagnetic field between top patch (i.e.,
angular ring and strip line) and ground plane (rectangular patch). Due to which
inductance and capacitance are developed between them and its RF circuit repre-
sentation is shown in Figure 6. Thereafter, on excitation of antenna the impedance
is also developed between top and bottom patch [12-14] and represented as,

Zew = 1/L, . jwcee] (13)

. ee
Ly X Ly

=2 L 14
ee LngLM—i— ‘gan (14)

Figure 6.
RF circuit diagram of electromagnetically coupled between ground plane and radiating patch.
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Cg + Can) X Cgan
Cg + Can + Cgan

c. =\ (15)

L., and C,, are the equivalent inductance and capacitance developed because of
electromagnetic coupling.

L,, and C,, are electromagnetically developed mutual inductance and capaci-
tance for angular ring.

12
(L + Lan) + [l (L + Lan)” + 485 (1= k2 ) oL

L an — 5 (16)

¢ 2(1-k2)

1/2
—(Cy+ Can) + | (Can + Co)* + (1= 1/k2) ConC
Cgan = ( £ ) [( gz) ( g) g} > (17)
P (18)
g — T >
V%

Q = Rey/1.2, (19)

Qg = Run /%:, Qg and Q,, are quality factor for both the resonators, R.,

impedance of microstrip.

The input impedance of strip line feed angular ring with defected ground
plane and its RF circuit representation is shown in Figure 7 and is calculated using
Egs. (2)-(19)

1

1,1, 1.1
ZG+Z;+Z,M+Z

ee

Zin = (20)

Using Eq. (20) the input impedance of proposed has been used to calculate
reflection coefficient (RC), return loss (RL) and voltage standing wave ratio
(VSWR) can be calculated as,

Z —Zy
Z+Zy,

Reflection CoefficientI” = s (21)

o L1 1 o

Figure 7.
The equivalent RF circuit diagram of microstrip angular patch antenna.
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where Z is the input impedance of the microstrip fed (50 £).
1+ 1

1-r)’

Return loss (RL) = 201log|I| (23)

VSWR = (22)

Using Eqgs. (21)-(23) the theoretical plots for RL, VSWR, and RC with respect to
frequency (GHz) can be plotted. In this chapter, theoretical plot for RC with respect
to frequency (GHz) is plotted.

4, Result and discussion

The comparison between simulated [14], measured, and theoretical results is
shown in Figure 8(a). It is observed from the figure that these three results are in
approximately close with each other. Further, the bandwidth of theoretical, mea-
sured and simulated results is 10.63, 10.6, and 10.2 GHz, respectively. Bandwidth of
antenna lies between 2.9 and 13.1 GHz, these bands are suitable for Wi-Max, Wi-Fi,

Theoretical
Simulated (CST)Y  A\f

-40 Measured T
'50 L L 1 1 i L L L L 'l
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)
(@) (b)
Figure 8.

(a) Comparative vesults of proposed antenna; (b) measured result on VNA.

Input
Qutput |

sqrt (W)

] 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (ns)

Figure 9.
Input and output response for the excited proposed antenna.
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Figure 10.
Radiation pattern for H-plane (a) anechoic chambers with antennas; (b) 3.5 GHz, (c) 5.8 GHz, and
(d) 8.5 GHz.
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Figure 11.

Radiation pattern for E-plane (a) 3.5 GHz, (b) 5.8 GHz, and (c) 8.5 GHz.

digital communication system, satellite communication, and 5G applications. Mea-
sured result picture on Vector Network Analyzer (VNA) of proposed antenna is
shown in Figure 8(b).

From Figure 9, it is observed that maximum input amplitude of the antenna is
1sqrt W at 0.1 ns time interval, whereas maximum output amplitude is 0.34 sqrt W
at a response time of 0.38 ns with phase reversal. The output response is not smooth
because angular ring structure with rectangular ground plane.
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Radiation pattern of the proposed antenna are shown in Figures 10 and 11 for E
and H-plane, respectively. Figure 10(a) shows the radiation pattern measurement
setup, proposed antenna under test is kept 200 cm apart from the horn antenna.
Figure 10(b) and (c) are measured and simulated radiation pattern at 3.5 and
5.8 GHz, respectively. Measured and simulated radiation pattern are in close agree-
ment in both cases and omni-directional patterns are observed. Figure 10(d) shows
radiation pattern at center frequency. Major and minor lobes have been observed of
same beam width for measured, theoretical, and simulated antenna at center fre-
quency 8.5 GHz for H-plane. Figure 11(a)-(c) shows the radiation pattern for E-
plane at 3.5, 5.8, and 8.5 GHz, respectively. Antenna shows nearly omni-directional
radiation pattern at 3.5 and 5.8 GHz; whereas at 8.5 GHz, it is partially eight shaped.
Electric field intensity is more toward 180° for E-plane and antenna 3 dB beam
width is 87.4°. Slightly mismatch is observed in radiation pattern results because of
partially open anechoic chambers and fabrication defects. It has omni-directional
pattern so this antenna can be utilized for mobile communication.

Figures 12-14 show the surface current distribution of proposed antenna at
center frequency for 90 and 0° phase, respectively. Further, from Figure 12, the

Figure 12.
Current distribution at 90° phase.

Figure 13.
Current distributions at center frequency at 0° phase.
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Figure 14.
Gain and divectivity of proposed antenna.
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Figure 15.
Radiation efficiency of proposed antenna.

maximum surface current of 86.4766 A/m is observed at the outer perimeter of
angular ring near the edges of strip line and surface current is evenly distributed
along length of antenna at 90° phase. Whereas, the surface current at 0° phase is not
evenly distributed along the length of antenna and more surface current observed
near feed as shown in Figure 13.

Figure 14 shows the gain and directivity of the antenna in dBi. It is observed that
maximum gain of 2.75 dBi is achieved at 10.2 GHz; whereas, average gain of
antenna is 2.1 dBi. Further, the directivity of the antenna at 10.2 GHz is maximum,
i.e., 4.1 dBi and average directivity is 2.98 dBi.

The maximum radiation efficiency is achieved —1.5 dB (70.79%) at 10.2 GHz
frequency as observed in Figure 15 and total radiation efficiency of proposed
antenna at 10.2 GHz is found to be (—2.2 dB) 60.25%. This is because the loss occurs
due to skin effect and conduction loss in antenna device.
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5. Conclusion

From the above theoretical analysis, it is found that angular ring patch antenna
can be utilized for UWB antenna. Further was observed that antenna cover fre-
quency band between 2.9 and 13.1 GHz which has 125% bandwidth. From the
results, it was also observed that antenna has good radiation characteristics and
input and output response. Antenna has the gain and efficiency of 2.2 dBi and
70.79%. Simulated, measured, and theoretical results are matching for radiation
pattern and reflection coefficient. Further, this antenna is suitable for digital
communication system, satellite communication, and 5G applications.
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Chapter 8

Noise Characteristic Analysis of
Multi-Port Network in Phased
Array Radar

Yu Hongbiao

Abstract

Noise figure and noise power are detailedly analyzed and deduced in theory for
multi-port network in active phased array radar. The mathematical expressions of
output noise power and noise figure of network are given out under various condi-
tions. Accordingly, this provides a basis of theories for multi-port network and
radar receiver system design, the test method of array noise figure. Finally, two
application examples are given to verify the accuracy of the formulae. Making use
of these formulas, the designer can use to calculate the dynamic range of the radar
receive system, and the designer can also constitute a measure scheme of the array
noise figure for active phased array radar.

Keywords: noise power, noise figure, active network, passive network,
active phased array radar

1. Introduction

In modern active phased array radar, the active antenna array is generally
composed of dozens to tens of thousands of active transmit/receive (T/R) modules.
However, the feeding of T/R modules (receiving echo signal and transmitting
excitation power) is usually realized by a multi-port feeding network. The calcula-
tion of noise power and the measurement method of system noise figure of active
antenna array including multi-port feed network are essential work for radar sys-
tem designers and receiver designers. Understanding the analysis and calculation of
noise power and noise figure of multi-port network is the basis for design specifi-
cation such as system dynamic range, so how to correctly analyze and calculate
noise power and noise figure of active antenna array is an important factor in radar
system design. Next, the analysis and calculation of noise power for multi-port
network and the calculation and measurement method of system noise figure in
active phased array radar will be described in detail.

2. Noise power and noise figure of two-port network

For a two-port linear network as shown in Figure 1, suppose that G(L) in the
figure is the gain (loss) of the two-port network and NF is the noise figure of the
two-port linear network. BW is the signal bandwidth, then the equivalent noise
temperature of the two-port linear network is [1].
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judmere——ae| P GRS e
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Figure 1.
Noise characteristics of a two-port network.

T. = (NF—1)Ty (1)

where T, is the equivalent noise temperature and Ty is the room temperature,
equal to 290 K.
The white noise power PNy is [2]:

PN, = kToBW Q)

where k is the Boltzmann constant, equal to 1.381x 10> J/K.
Assuming that the noise temperature of the input port is T}, the input noise
power PN; is:

PN; = kT;BW 3)

The noise power PN, of a two-port linear network caused by equivalent noise
temperature is:

PN, = kT.BW (4)

The noise figure NF is expressed by noise power as:

PN,
NF=1
+ PN, (5)
The output noise power PN, of the two-port linear network is:
PN, = GPN; + GPN, (6)

Note that T; in the formula is not necessarily equal to T.

3. Analysis of noise characteristics of passive two-port linear network

We first analyze the noise characteristics of the passive two-port linear network
as shown in Figure 2. In the figure, L is the insertion loss of the passive two-port
network, BW is the operating bandwidth of the passive two-port linear network, T;
is the noise temperature at the input of the passive two-port network, PN; is the

PN:CT) PN,
— L >

Figure 2.
Passive two-port linear network.
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noise power at the input of the passive two-port network, and PN is the noise
power at the output of the passive two-port network.
Let:

Ty =To + Tei @)
Then:
PN; = kTiBW = k(To + Tei) BW (8)
The noise power generated by PN; at the network output is:

_ kT;BW

PNoi L

9)

The equivalent noise temperature of the passive two-port lossy network
converted to the input of the two-port network is:

Te, = (L~ 1Ty (10)

The noise power generated by the passive two-port lossy network at the
output is:

PN, = (1 - %) kToBW (11)

Therefore, the total noise power generated by the passive two-port lossy net-
work at the output is PN, = PN; + PNgp,

_ kT;BW 1 _ kToBW  kTBW 1
PN, = . +(1 L)kTOBW— Tt t\1-1 kToBW
B
:kTOBW+kT‘“LW

(12)

4. Analysis of noise characteristics of multi-port linear passive
networks

Next, we will analyze the noise characteristics of the multi-port linear passive
network as shown in Figure 3. It is assumed that the multi-port linear passive
network has # input ports and one output port, the active power loss of the network
is L, and the signal bandwidth is BW.

Let the noise temperature of the jth input port of the multi-port linear passive
network be:

Tij =T+ Teij (13)

Then the noise power generated by the jth input port at the output of the multi-
port linear passive network is:

k(To + Tej)BW
PN, = B(To + Tey) BW +nL i) (14)
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Figure 3.
Multi-port linear passive network.

Then the total noise power generated by the z input ports at the network
output is:

" kBW & kT BW ka
PNy, = » PNy = n—LZ(T0 + Tef) = —2 o (15)

j=1 =

The equivalent noise temperature of the multi-port lossy passive network
converted to each input is of the same formula (10), and then the noise power
generated by the lossy network at the output is:

PN, = M = <1 — ) kToBW (16)
nL L

The total noise power generated at the output of the multi-port linear passive
network is:

kBW &
PN, = PN,, + PNy, = kToBW + —Z Tej (17)

If T,;j of each input port of the multi-port linear passive network is the same as
T.;, then:

kTBW
PN, = kToBW + — (18)

By comparing Eq. (12) with Eq. (18), we can find that when T; = 0, i.e., each
input port of the passive lossy network is connected to a matching load with a noise
temperature of T, the noise power generated by the passive lossy network at the
output port is equal, i.e., PN, = kT(BW.

5. Analysis of network noise characteristics after cascade of two-port
active network and two-port passive network

If the two-port active network and the two-port passive network are cascaded,
as shown in Figure 4, what is the noise characteristic of the cascaded two-port
network? For the convenience of analysis, we make the noise figure of the two-port
active network to be NFy, the gain G, and the insertion loss L. For the convenience
of analysis, it is assumed that the operating signal bandwidths of both are the same
and both are BW.
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Figure 4.
Cascade of two-port active network and two-port passive network.

The equivalent noise temperature of the two-port active network converted to
its input is [3]:
Tea = (NF1 —1)To (19)
The equivalent noise temperature of a two-port passive network converted to its

input is of the same formula (10). The noise power at the output of the two-port
active network is thus:

PN, = kT BWG + kT.,.BWG (20)

The noise power PN, at the output of the two-port active network produces the
following noise power at the output of the passive network:

kToBWG kT, BWG
PNoy =+

(21)

The noise power generated by the two-port passive network itself at the output
is shown in Eq. (11), so the total noise power at the output of the two-port synthetic
network is:

PN, = PN,, + PN, = kTO]zWG + kT"aLBWG + (1- %) kToBW
— kToBW (1 + 8 L_ 1) + kT“fWG (22)

The total noise figure of the synthetic network after the two-port active network
and the two-port passive network are cascaded is:

PN, L+G-1 Te L-1
kToBWG/L G T, 1t (23)

NF

6. Analysis of network noise characteristics after cascaded two-port
active network and multi-port passive network

Cascade 7 two-port active linear networks and a passive linear network
with z input ports, as shown in Figure 5. Next, let’s analyze the noise
characteristics of # two-port active networks and multi-port passive networks after
cascading.

As before, we assume that the active power loss of the multi-port passive net-
work is L, the noise figure of the ith two-port active network is NF;, and the gain is
G;. To facilitate analysis, if the operating signal bandwidth of both networks is BW,
the equivalent noise temperature of the ith two-port active network is:

Teai = (NF; — 1)T (24)
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Figure 5.
Cascade of n two-port active networks and multi-port passive networks.

The noise power of the ith two-port active network at its output is:
PN, = kToBWG; + kT .,;BWG; (25)

The noise power generated by the ith two-port active network at the output of
the passive network is:

kToBWG; + kTe,iBWG;

PNoaz - nL

(26)

The total noise power at the output of the synthesis network is obtained from
Egs. (16) and (26):

kToBWG; + kT, BWG;
nL

PN, = PN, + Z PN,y = <1 - —) kToBW + Z

i=1 =1

<1 - —> kToBW + KBW

i3 Z(To + Teai)Gi

i=1

(27)

We can calculate the total noise figure NF of the synthetic network as follows:

} / <kTOBW§%>

5 5)e] /S

PN,
NF = WG = PN/(kToBWZ—>

(o

:n(L—1)/i:Gi+

EBW
T Teai [
L ;( 0+ Teai)G

(28)

where Gy- is the gain of the synthetic network.
If the gain and noise figure of the two-port active network are the same, i.e.,
G; = G and NF; = NF;, then Eq. (28) is simplified as:

Tei L—1 L-1
eal‘i—i:NFl‘i—T (29)

NF — 1
T, TG
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6.1 Analysis of noise characteristics of active and passive synthetic networks
with # — 1 input ports connected to a matching load with a noise
temperature of T

The previous analysis is to analyze the noise characteristics of # two-port active
networks under normal operation. If the # — 1 input ports of the synthesis network
are connected to a matching load with a noise temperature of T and all two-port
active networks operate normally, what will happen to the noise characteristics of
the synthesis network? At this time, the multi-port synthesis network degenerates
into a two-port network, but the total noise power at its output remains
unchanged, the same as Eq. (27). At this time, the total noise figure NF of the
synthesis network is:

PN, kToBWGZ
NF=-—-° = PN,/ (-2
1 EBW kToBWG;
= { (1 — Z) kToBW + T;(TO + Teai)Gl' }/ (T)

=n(L—1)/G; + Z<1 + 7;5;")(;,»

i=1

/Gi (30)

If the gain and noise figure of the two-port active network are the same (G; = G,
NF,; = NF;), the above equation becomes:

Tew L-1) L-1
NF_n(1+T0+T>_n(NFl+ G ) (31)

6.2 It is stated in Section 6.1 that if # — 1 two-port active networks are not
operating, the noise characteristics of the synthetic network are analyzed

Following the previous analysis, when the n — 1 two-port active network input
ports in the synthetic network are connected to a matching load with a noise
temperature of Ty and the #n — 1 active networks do not operating, what will happen
to the noise characteristics of the synthetic network at this time? In order to facili-
tate the analysis, it is assumed that the two-port active network matches the passive
network in both operating and nonoperating states. At this time, the synthetic
network degenerates into a two-port network with z#L loss. As mentioned in Section
5, the noise power of the two-port active network at the output port of the synthetic
network is:

_KToBWG | kTBWG

PN
o nL nL

(32)

As mentioned in Section 4, the noise power of the passive network at the output
port of the synthetic network is:

nk(L — 1)ToBW  (n — 1)kToBW
_|_
nL nL

PN, =

= kToBW <1 — 1) (33)
nL

Then the total noise power at that output port of the synthetic network is:

PN, = PN,, + PN, =

k(To + Te)BWG | (1 _i> kToBW (34)
nL nL
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The noise figure NF of the synthetic network is:

nL —1
G
(35)

NF

PN, kTOBWG> _ (1 , Tew  nL—1

= RToBWGs TN/ ( nL +

=NF
To G ) 1+

when 7 = 1, the synthetic network degrades to section 5 state, that is, the cascade
of two-port active network and two-port passive network.

7. Design, application, and verification
7.1 Calculation of array receiving dynamics of phased array radar

An active phased array radar is composed of 64 identical T/R modules and a 64:1
multi-port passive in-phase power synthesis network. Its structure is similar to that
of Figure 5. In the engineering design, the design specification of the gain and noise
figure of all T/R modules are the same, so we use the same noise figure NF; and gain
G in the analysis and calculation. The error caused by the inconsistent indexes of
different T/R modules is always acceptable and reasonable in the engineering design
and calculation. Then the total noise power of the synthetic output received by the
radar array can be calculated from Eq. (27):

+1—-= (36)

PN, = kToBW <NF1G i)

Using Eq. (29), NF; is expressed by the total noise figure NF of the synthesis
network and substituted into the simplified equation above to obtain:

PN, = kTﬁW? (37)

Assuming that the baseband signal bandwidth of the receiver is 4 MHz, the noise
figure of the T/R module is 2 dB, the gain is 25 dB, and the active power loss of the
64:1 power synthesis network is 5 dB, the total output noise power of the synthesis
network can be calculated by using Eq. (36) as follows:

PN, = —114 + 6 + 22.02 = —85.98 dBm (38)

In order to facilitate calculation in engineering application, we use T/R module
noise figure NF; to replace the total noise figure NF of the synthesis network and
use Eq. (37) to calculate the total output noise power of the synthesis network, then:

PN, = —114 + 6 + 2+ 25-5 = —86 dBm (39)

We compare the calculation results of the above two different methods and find
that the difference between them is only 0.02 dB. Therefore, as long as the gain of
the active network is much larger than the active power loss of the passive network
in engineering application, the error caused by using the noise figure of the active
network instead of the noise figure of the synthesis network to calculate the total
output noise power of the synthesis network can be ignored, which is enough to
meet the requirements of engineering design.
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Next, we will calculate the dynamic range of the output signal of the synthesis
network.

We assume that the input signal power received by each T/R module of the array
is —105 dBm and the phases of the input signals are the same, then the output signal
power of the synthesis network is:

So = —105+25-5+ 18 = —67 dBm (40)

The input dynamic range of signal power relative noise power (regardless of
noise introduced by antenna) is:

DR; = —105 — (—14 + 6) = 3dB (41)

After the signal is synthesized by the network, the output dynamics of the signal
power relative noise power is as follows:

DR, = —67 — (—86) = 19 dB (42)

Note that when calculating the input and output noise power above, the band-
width of both must be the same; both are 4 MHz.

Through the calculation of the above practical examples, we can draw a conclu-
sion that when calculating the dynamic range of the network output signals syn-
thesized by the active network and the multi-port passive in-phase network, we
must remember that the total noise power output by the network is not added, only
the in-phase signals can be added, and the dynamic range of the signal to noise will
increase after passing through the synthesized network.

7.2 Method for testing noise figure of synthesis network after cascading
two-port active network and multi-port passive network

In the active phased array radar, we design a T/R module, which consists of four
identical receiving channels. Finally, the four receiving channels are output through
a 4:1 power synthesis network. How to measure the noise figure of the T/R module
in practical engineering application? Our common noise figure instruments, such as
HP8970B and Agilent N8975A, have only one noise source. At first, engineers
measured the noise figure of each receiving channel to be about 8 dB under the
condition of normal operation of the four channels. This measurement data is quite
different from the actual design specification, and there are obvious problems.
Later, when measuring the noise figure of one receiving channel, we turned off the
other three receiving channels and measured the noise figure of each channel in
turn. At this time, the noise figure of each channel was measured to be about 2 dB,
and the result basically met the design requirements.

It is not difficult for us to understand the above phenomena by using the
previous analysis and derivation results. Obviously, it can be seen from Eq. (29)
that the noise figure of the synthetic network is basically close to that of a single
active channel (when G is much larger than #L). Looking at Eq. (31), we find that
when all four channels are operating, if we measure the noise figure of one channel,
it will increase by # times than the theoretical value, where # is 4, i.e. 6 dB, so the
noise figure we measure is about 8 dB. When one receiving channel is measured and
the other three receiving channels are turned off, the noise figure measured at this
time is the result given by Eq. (35), and the measurement result is close to the noise
figure of a single active channel (when G is much larger than #L). Therefore, when
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fi f f3 Sfa
Noise figure in single-channel operation/dB 2.28 2.20 2.26 2.24
Noise figure in four-channel operation/dB 8.20 8.12 8.16 8.15

Table 1.
Noise figure of multi-port active synthesis network under different test conditions.

G is much larger than #L (which can be realized in engineering), it can be consid-
ered that Eq. (35) is close to Eq. (29). See Table 1 for noise figure of multi-port
active synthesis network under different test conditions.

In engineering applications, we use the existing noise figure test instruments and
adopt the above method to measure the noise figure of the multi-port active syn-
thesis network. We must remember that there is a condition that the gain of a single
active channel is much larger than the loss of the passive synthesis network
(including the distribution loss at this time); otherwise the measurement result will
be greatly different from the theoretical value. We can also average the measured
values of each channel to characterize the noise figure of the whole synthetic
network. For example, the active channel gain G is only 15 dB, while the passive
network is 32:1. When the noise figure of the synthesis network is measured by the
above test method, the result will cause a large error. The specific reason can be seen
in the previous correlation analysis and calculation formula (35). Of course, we can
also correct the measurement by setting the loss of the DUT in the noise figure
testing instrument, so that we can also obtain the correct measurement value. For
specific operation settings, please refer to the relevant operating instructions of the
noise figure test instrument.

In this chapter, the mathematical expressions of the total output noise power
and noise figure of the multi-port network in many common cases are given. Using
these formulas, designers can calculate the dynamic range of the active phased array
radar receiving system and can also use the calculation formula of noise figure to
formulate the testing scheme of the active phased array radar noise figure [4, 5].
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Wearable Textile Antennas with
High Body-Antenna Isolation:
Design, Fabrication, and
Characterization Aspects

Nikolay Atanasov, Gabriela Atanasova
and Blagovest Atanasov

Abstract

This chapter provides a brief overview of the types of wearable antennas with
high body-antenna isolation. The main parameters and characteristics of wearable
antennas and their design requirements are discussed. Next, procedures (passive
and active) to test the performance of wearable antennas are presented. The electro-
magnetic properties of the commercially available textiles used as antenna substrates
are investigated and summarized here, followed by a more detailed examination
of their effects on the performance of wearable antennas with high body-antenna
isolation. A trade-off between substrate electromagnetic properties and resonant
frequency, bandwidth, radiation efficiency, and maximum gain is presented. Finally,
a case study is presented with detailed analyses and investigations of the low-profile
all-textile wearable antennas with high body-antenna isolation and low SAR. Their
interaction with a semisolid homogeneous human body phantom is discussed. The
simulations and experimental results from different (in free-space and on-body)
scenarios are presented.

Keywords: wearable antenna, flexible antenna, textile antenna, design requirements,
SAR, antenna measurements, antenna performance, human body phantom

1. Introduction

The wearables are identified as 1 of the 10 technologies which will change our
lives [1]. They offer attractive solutions in diverse areas including healthcare, educa-
tion, finance, sport, and entertainment. For example, in the area of the healthcare,
wearable devices can collect data (on blood pressure, temperature, heart rate, steps,
calories burned, and even glucose levels) in real-time and send this information to
nearby node (on-body communication between two wearable devices) or remote
station (off-body communication between a wearable device and mobile phone,
tablet, or personal computer) using body area networks (BANSs). In order to realize
remote monitoring and real-time feedback to the user, the wearable device needs
to be equipped with a sensor, processor, memory, power unit, transceiver, and an
antenna.
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The wearable antenna plays a significant role in the overall performance of each
wireless wearable device because it determines the reliability of the wireless link
and directly influences the energy efficiency and battery life of the device [2, 3].
However, because the wearable antenna operates in a specific environment (on or
near to the human body), the effects due to lossy body tissues (as impedance mis-
matching, radiation-pattern distortion, radiation efficiency reduction) make the
design of a wearable antenna a difficult task. Therefore, care is needed in designing
antennas for wearable devices [4, 5].

2. Wearable antenna design issues, requirements, measurements,
and testing

2.1 Design requirements for wearable antennas

The design of wearable antennas for body-centric communications is discussed
in [2-8], and the most important requirements are summarized Table 1.

2.2 Design procedure

Generally, in wearable antenna design, electrical, mechanical, and safety
requirements should be taken into account. Moreover, to obtain the best antenna
performance, the antenna-human interaction needs to be taken into account during
the first stage of the wearable antenna design process. As the body is composed
of different tissues with different material properties, the choice of a proper body
model (called phantom) is critical in ensuring a good trade-off between simulation
accuracy and complexity [4]. For the initial design, the simplest and fastest option
is to use a homogenous flat phantom of the human body. A detailed review of vari-
ous types of human body models is presented in [3, 11, 12].

Requirements

Electrical Bandwidth: sufficient to cover the frequency bands over which the wearable
device is intended to operate (|S11| < —10 dB within the frequency band of interest

in both on-body and free-space operation conditions)

High efficiency: more than 50% in both on-body and free-space operation
conditions

Appropriate radiation patterns that reduce the electromagnetic radiation toward
the human body

Mechanical Low-profile

Lightweight

Compactness

Flexibility

Robust

Safety Low specific absorption rates (SAR): below worldwide standard limits

(1g-SAR < 1.6 W/kg [9] and 10 g-SAR < 2 W/kg [10])

Manufacturing * Low cost in both materials and fabrication

Simple structure for ease fabrication and mass production

Table 1.
General design requirements for wearable antennas.
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The selection of materials for the conductive and non-conductive elements of
the antenna is also an important factor to consider, especially when the antenna is
required to possess characteristics such as low-profile, lightweight, compactness,
flexibility, and robust. Hence, flexible, thinner, and low-cost materials should be
chosen to make the antenna conformable to the person wearing the wearable device
and to meet mechanical and manufacturing requirements. Materials like polymers
[3, 13], non-conductive fabrics [4], paper [14], and flex film [5, 6] have been used
as the substrates in the existing wearable antennas [3, 15]. The choice of material
for the antenna’s substrate is a critical factor in the performance of the antenna
and is examined in depth in Section 3. After the selection of a suitable material for
the antenna substrate, its electromagnetic properties (complex permittivity and
permeability and loss tangent) must be characterized via measurements [4]. Several
(resonant and non-resonant) methods described in [16] can be used for charac-
terization of the electromagnetic properties of flexible materials. For conductive
antenna elements, thinner copper or brass foils, electrically conductive fabrics,
threads, or ink can be chosen.

Finally, the impact of wearable antennas on the human body also needs to be
considered. To study possible effects on body tissues, we must examine the rate at
which energy (W) is deposited in a given volume (V) of tissue with specific density

(p), as shown in Eq. (1):
s 4(25) [ o

SAR can be also calculated from the electric field (E) within the tissue, as shown
in Eq. (2):

o’ [W
SAR = °E- [E] 2)

where o is the electrical conductivity of the tissue [S/m].

To control the possibility of high local peaks, the maximum permitted SAR is
specified as applying to any 1 g or 10 g of tissue [17].

Therefore, the antenna topology with high body-antenna isolation is required
to guarantee satisfactory performance and to reduce the SAR when the antenna is
placed on the human body. Several antenna designs with a high degree of isolation
between the antenna and human tissues have been reported. These designs use a
full ground plane [15, 18], an artificial magnetic conducting surface [19], a reflector
[13], an electromagnetic bandgap structure [20], or substrate integrated waveguide
techniques [2, 21].

Based on the above requirements, a flexible wearable antenna with a low profile,
high radiation efficiency, and low SAR can be developed using the algorithm for
numerical design and optimization proposed in [3].

After that, a prototype of the optimized design of the wearable antenna can
be fabricated using the methods for fabrication of flexible and wearable antennas
presented in [5, 8, 13].

Finally, the antenna designs need to be confirmed by both numerical simulations
and experimental measurements, first in free space and after that, when antennas
are placed on a human body model.

2.3 Measurements and testing

During the wearable antenna design and development process, measurements
of classical parameters that describe the antenna’s performance such as reflection
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coefficient magnitude (|S11|), bandwidth, gain, radiation efficiency, and radia-
tion patterns need to be performed using passive approaches. In passive antenna
measurements, the prototype is connected to the measuring equipment (a network
analyzer, signal generator, receiver, or spectrum analyzer) using an external coaxial
cable. Moreover, full verification of the antenna design requires more extensive
testing, such as flexibility tests (described in [4, 5]) and tests which represent the
behavior of the antenna in real working conditions (also called active antenna
measurements). In these measurements, a wearable device simulator (or a radio
communication test module) is used to set up a connection to the antenna under
test, which is embedded into a complete operating wearable device (or connected
to a radio communication module) to reproduce real-world behavior. In order to
conduct accurate and repeatable measurements, a test (anechoic or reverberation)
chamber with a controlled environment is required. The schematic setup for passive
(cable-fed) and active testing of antennas in an anechoic and reverberation cham-
ber can be found in [22].

Moreover, different measurement scenarios should be investigated to guarantee
optimal antenna performance in a variety of operating conditions: free-space (the
antenna is in an isolated test fixture made from foam, placed away from the human
body) and on-body scenarios (the antenna is very close to the human body phantom
or in direct contact with the phantom).

For wearable applications, the effect of antennas on the human body also must
be quantified [8]. The SAR distribution can be measured by the thermographic
method (described in [23]) or by a commercial DASY-4 system (presented in [24]).

3. The effect of electromagnetic properties of the substrate materials
on the performance of wearable antennas with high body-antenna
isolation

The major challenge of designing wearable antennas is to make an antenna that
is invisible and unobtrusively integrated inside a garment as well as comfortable
and non-hindering for the wearer [7, 25]. The integration of antennas into clothes
involves using textile materials as dielectric substrates [7].

The substrate material offers not only ergonomic properties and ease of integra-
tion into the users’ garments, but it impacts on the antenna performance. Moreover,
the thickness of the substrate also influences the overall antenna dimensions [26].

A brief survey on electromagnetic (EM) properties of textile materials used in
wearable antennas can be found in [4, 26, 27]. However, little information can be
found on the effect of EM properties of the substrate materials on the performance
of wearable antennas with body-antenna isolation. The following subsections
describe the characterization of the EM properties of textile materials (polar fleece,
polyester, polyamide-elastane, cotton, and denim) and their effects on performance
(resonant frequency, bandwidth, radiation efficiency, and maximum gain) of wear-
able antennas with body-antenna isolation.

3.1 Characterization of electromagnetic properties of the textile materials

The EM properties (real (¢') and imaginary (¢”) parts of the relative permit-
tivity and loss tangent (tan6)) of the textile materials were measured by the cavity
perturbation method using a rectangular cavity resonator. This method was chosen
because it is well known for extracting EM properties of dielectrics, semiconduc-
tors, and magnetic and composite materials [16]. All measurements were performed
at 2.564 GHz, at temperature 24 + 1°C. For each textile material, five readings were
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EM properties
Thickness mm Material 4 " tané Density
layers glem®
Polar fleece 15 One 1.21831 0.00221 0.00183 0.20
Polyester 0.35 One 1.49797 0.00578 0.00389 138
15 Four 1.62022 0.00824 0.00509
Polyamide- 0.5 One 1.52389 0.03103 0.02040 114
clastane 15 Three 154927 0.02268 0.01463
Cotton 0.52 One 1.63850 0.10199 0.06218 1.52
15 Three 1.63215 0.08049 0.04930
Denim 0.5 One 1.86986 0.11786 0.06310 1.54
15 Three 1.87813 0.11166 0.05942
Table 2.

Parameters of the textile materials and results from measurements of their EM properties.

taken, and the average value is given in Table 2. To see how material thickness
affects the EM properties, we measured €' and &” of the materials at two thicknesses.
The first one corresponds to the thickness of one layer of each material. The second
was fixed (1.5 mm) for all textile materials—in this case, three/four layers of each
material were assembled by an iron-on hemming strip added in between the martial
layers to form a 1.5-mm-thick sample.

From the results presented in Table 2, it can be observed that the EM properties
of the textile materials show a variation with increasing number of layers in the
sample. Moreover, the ¢’ shows small variations with respect to the sample thickness
in comparison to ¢” and tand. For all materials are observed that with increasing of
the thickness of the textile sample, the real part of relative permittivity increases.
The ¢’ value was found to vary between 1.50 (one layer) and 1.62 (four layers)
for polyester and between 1.87 (one layer) to 1.88 (three layers) for denim fabric.
Another interesting behavior observed is that ¢” and tané of the polyester increase
with increasing number of layers (thickness) of the textile sample, while ¢” and
tané of the polyamide-elastane, cotton, and denim decrease. These increases are
attributed to the presence of glue (in iron-on hemming strip added in between the
martial layers), having a high tané compared to the polyester. Indeed, the use of an
interface to assemble the layers, such as glue or an adhesive sheet, can lead to varia-
tion in EM properties of the textile materials used in the wearable antenna design.

A comparison of different textile materials at the same thickness (1.5 mm) shows
that denim has the highest values of ¢/, €”, and tané. Moreover, the denim and cotton
show higher values of tané than polar fleece, polyester, and polyamide-elastane.
The higher values of tané can be related to the fact that these textiles are built up
from natural fibers. We conclude that the fabrics made from synthetic fibers (polar
fleece, polyester, and polyamide-elastane) have a lower relative permittivity and
tané than the fabrics made from natural fibers (cotton and denim).

3.2 Effect of textile substrate electromagnetic property variation on the
performance of wearable antennas with body-antenna isolation

Based on the EM properties provided by the above subsection, five textile wear-

able antennas with high body-antenna isolation were designed using the xFDTD
(xFDTD, Remcom Inc., State College, PA, USA), a finite-difference time-domain
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(FDTD) method-based simulation software. The configuration of the wearable
textile antenna with a substrate from denim fabric is illustrated in Figure 1a. It
consists of a hexagonal shaped monopole on the top of the substrate and a planar
rectangular reflector on the bottom. The antenna is fed by a coplanar waveguide
(CPW) feed line. This antenna structure is chosen due to its advantages of light-
weight, low-profile, low-cost, and easy fabrication, which satisfies the requirements
for wearable antennas presented in Table 1.

Then, five antennas were manufactured by a cost-effective and time-saving
fabrication technique, as described in [28]. The radiating elements of the antennas
were built using a highly conductive woven fabric P1168 (supplied by Adafruit,
Italy) with a thickness of 0.08 mm and sheet resistance of 0.05 Q/sq. Figure 1b—f
shows the fabricated prototypes of the antennas.

Two scenarios were investigated in this subsection to study the effect of the EM
properties of the textile substrate on the antenna performance.

At the first stage, a wearable antenna with a substrate from polar fleece was
designed (Figure 2) to operate in the 2.4-2.48 GHz industrial scientific and medi-
cal (ISM) band. The geometrical dimensions of the monopole, CPW, and reflector

Figure 1.

The (a) 3D numerical model of the textile antenna with a substrate from denim fabric and photographs of the
fabricated prototypes, (b) antenna with a denim substrate, (c) antenna with a cotton substrate, (d) antenna
with a polyester substrate, (e) antenna with a polyamide-elastane substrate, and (f) antenna with a polar
fleece substrate.
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were tuned by numerical simulations, following the optimization procedure in
[3], to achieve the optimal impedance match, high radiation efficiency, and high
front-to-back (FB) ratio at the targeted ISM band. The dimensions of the antenna
are listed in Table 3.

For comparison purposes, five different numerical models of the wearable
antenna with different substrates (from cotton, denim, polyester, polyamide-
elastane, air) and geometrical dimensions as that of the antenna with a substrate
from polar fleece were built. The resonant frequency of the antennas calculated by
the simulations is compared in Figure 3a.

01
3
=l &
« w
L x|
G F D P
c
A
Figure 2.
Configuration of the wearable antenna.
Antenna Antenna Antenna with Antenna Antenna Antenna
withan witha apolyamide- witha witha witha
air-filled polyester elastane cotton denim polar fleece
substrate substrate substrate substrate substrate substrate
A 141.0 141.0 141.0 141.0 141.0 141.0
B 103.5 103.5 103.5 103.5 103.5 103.5
C 134.0 110.0 112.0 109.0 103.0 123.0
D 21.0 21.0 21.0 21.0 21.0 21.0
E 59.0 47.0 48.0 46.5 435 53.5
F 2.5 25 25 25 25 25
G — 16.5 15.5 17.0 20.0 10.0
H — 16.5 155 17.0 20.0 10.0
I 90.0 78.0 79.0 775 74.5 84.5
) 2.0 2.0 2.0 2.0 2.0 2.0
K 1.0 1.0 1.0 1.0 1.0 1.0
O 17.0 17.0 17.0 17.0 17.0 17.0
0, 17.0 17.0 17.0 17.0 17.0 17.0
Ry 138.0 127.0 127.0 127.0 127.0 127.0
R, 93.0 87.5 875 875 875 87.5
Table 3.

The geometrical dimensions of the optimized antennas.
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As expected, the antenna with a substrate filled by air (e; =1) shows the highest
value of resonant frequency (f,o) of 2.66 GHz. For antennas with substrates from
textile materials, the resonant frequency drops (to a value of f,o/Ve;) as the e/
increase, because more energy is coupled into guided waves inside the substrate.

Next, the effects of the EM properties of the textile substrate on the bandwidth
were evaluated and illustrated in Figure 3b-d. The bandwidth of all antennas was
defined for |S11| = —10 dB. Figure 3b shows the bandwidth as a function of the e,
of the textile substrates. It is observed that the ¢, of the textile substrate does not
strongly influence the bandwidth. This effect can be attributed to the fact that e; of
the textiles are within the range between 1.2 and 1.9 (see Table 2). Moreover, the
bandwidth increases with an increase in the ¢, (see Figure 3c).

As shown in Figure 3d, the antennas with a substrate from denim and cotton
have the largest bandwidth (150.5 MHz) because these two fabrics have the highest
values of ¢, and tans at a thickness of 1.5 mm (see Table 2) and, thus, the highest
dielectric losses. As expected, a decline in the bandwidth is observed as the dielec-
tric loss of the substrate is decreased. Hence, it can be concluded that the antenna
bandwidth is proportional to the textile substrate loss tangent.

From the results mentioned here, it also can be concluded that fabrics made
from synthetic fibers (polar fleece, polyamide-elastane, polyester) exhibit a
narrow bandwidth compared to the fabrics made from natural fibers (cotton and
denim).

Moreover, it is well known that the bandwidth and radiation efficiency
not only are determined by the substrate’s EM properties and thickness but
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Figure 3.
Variation of (a) resonant frequencies and (b) bandwidths with the €, ', (c¢) bandwidths with e, and e, "', and

(d) bandwidths with the loss tangent of the textile substrates used in wearable antennas with the same geometrical
dimensions.
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also depend on the size of the antenna radiating elements and matching.
Consequently, it is necessary to know the effect of the EM properties of the
textile materials on antenna performance when antenna elements are optimized.
For this reason, in the second scenario, the structure of the antennas with a poly-
ester, polyamide-elastane, denim, cotton, and air-filled substrate was optimized
for the maximum impedance bandwidth, radiation efficiency, and high FB ratio
at the 2.4-2.48 GHz frequency band. The optimized dimensions are listed in
Table 3.

To illustrate the effects of textile materials on the antenna performance, the
optimized antenna designs considered in Table 3 were evaluated in the free
space and when placed on a flat phantom. First, a flat homogeneous semisolid
phantom of the human body with dimensions 265 x 50 x 350 mm to emulate 2/3
muscle tissue was fabricated accordingly to the recipe and technique described
in [29]. After the phantom mixture had solidified, EM properties were measured
at2.564 GHz: ¢/ =40.805 and ¢ = 2.33 S/m. Next, a numerical flat homogeneous
human body model (called flat phantom) with dimensions and EM properties as
those of the fabricated phantom was developed. The fabricated experimental and
numerical phantoms used in this chapter are illustrated in Figure 4.

The results from numerical simulations in both free space and on-body are
presented in Figures 5-9. Figure 5 displays the bandwidth as a function of the
loss tangent of the textile substrate. As seen in these plots, the bandwidth remains
unchanged in both free space (Figure 5a) and on-body (Figure 5b) for the antennas
with a polyester, cotton, and denim substrate. A slight bandwidth broadening is
observed when the optimized antennas with an air-filled, polar fleece and poly-
amide-elastane substrate are placed on the flat phantom. The reason for this effect

(b)

Figure 4.
Flat phantom and the antenna with a denim substrate: (a) a photograph and (b) numerical models.
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Figures.

Variation of the bandwidth with the loss tangent of the textile substrates used in optimized wearable antennas
with geometrical dimensions listed in Table 3, in both (a) free space and (b) on-body.
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is that the real part of the relative permittivity of these materials (at a thickness of
1.5 mm, see Table 2) is between 1 and 1.55. Consequently, we can conclude that the
performance of the wearable antennas with substrates made from fabrics with real
part of the relative permittivity small than 1.6 will be influent from the proximity of

the human body.
Frequency (GHz)
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Figure 6.

Simulated vadiation efficiency curves versus frequency of the wearable antennas: in the free space (FS) and on
the flat phantom (FP).

Maximum gain (dBi)

Figure 7.

Simulated maximum gain curves versus frequency of the wearable antennas: in the free space (FS) and on the
flat phantom (FP).
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Figure 8.
Simulated three-dimensional radiation patterns at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with a polar
fleece substrate (a) in the free space and (b) on the flat phantom.

Figure 9.
Simulated three-dimensional radiation patterns at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with a denim
substrate (a) in the free space and (b) on the flat phantom.

A comparison between the simulated radiation efficiency of the antennas is
displayed in Figure 6. The radiation efficiency is defined as the ratio of the power
radiated from the antenna to the net input power, which is the radiated power plus
material losses [30]. The comparison shows that the antennas with polar fleece,
polyester, and polyamide-elastane substrates achieve a much better radiation effi-
ciency than the antennas with substrates from cotton and denim. These differences
are attributed to the fact that fabrics made from synthetic fibers have lower tané
than the fabrics made from natural fibers. Moreover, it can be observed that the
simulated radiation efficiency of all antennas is quite stable in the target frequency
range, on both the free space and on-body.

From the results presented in Figure 6, a slight reduction of radiation efficiency
when the antennas are placed on the flat phantom (FP) also can be observed. For
example, across the operating band, the radiation efficiency of the antenna with
a substrate from polar fleece is estimated to be —0.47 dB (90%) in the free space
and — 1.1 dB (78%) when it is placed on the phantom.

The maximum gain of the optimized antennas was also evaluated and illustrated
in Figure 7. As seen, in the target frequency band, the gain varies between 11 and
7 dBi (for the antenna with a polar fleece substrate) and between 1 and —1 dBi
(for the antenna with a denim substrate). The variation in maximum gain values
is related to the maximum directivity (see Figure 8) and is primarily due to the
coupling between radiating elements and the reflector. The gain difference between
the antennas with substrates from fabrics made with synthetic fibers and fabrics
made with natural fibers can be associated with the differences in their radiation
efficiency (see Figure 6). Moreover, the maximum gains of the antennas mounted
directly on the flat phantom are not strongly affected by the phantom (human
body).
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Figures 8 and 9 compare the three-dimensional (3D) radiation patterns of the
optimized wearable antennas with polar fleece and denim substrates, at 2.4, 2.44,
2.46, and 2.48 GHz. These frequencies approximately correspond to the lower,
middle, and upper end of the 2.45 GHz ISM band. As shown in Figures 8 and 9, the
radiation is unidirectional for the antennas at all frequencies. Three-dimensional
patterns show that a small amount of the energy is radiated in the backward direc-
tion (i.e., behind the antenna) into the human body. Moreover, it can be observed
that in the free space, the E¢ is the dominant field component at 2.4, 2.44, and
2.46 GHz for the antennas. At 2.48 GHz, the E0 is the dominant field component for
these antennas. Hence, we observe that the directivity is decreased with increasing
frequency because more energy is radiated in 0 direction.

As can be seen in the figures, the radiation patterns of the antennas are not
significantly modified by the presence of the flat phantom.

Figure 10 shows FB radio as a function of frequency both in free space and on
a phantom. As seen, in the target frequency band, the FB ratios vary between 12
and 33 dB in the free space and between 18 and 36 dB on the phantom, depend-
ing on the antenna’s substrate. A FB ratio of about 30 dB is achieved for the
antennas with denim and cotton substrates in the free space, in the frequency
band of 2.4-2.46 GHz, indicating a small amount of radiation behind the
antenna.

As seen in Figure 10, both antennas with polyester and polyamide-elastane
substrates have FB ratio better than 17 dB in the free space and better than 23 dB
on the phantom. Moreover, the antennas with cotton, polyester, polyamide-
elastane, and denim preserve their FB ratios when placed directly on the flat
phantom. In the case of the antennas with polar fleece and air-filled substrate,
we see a FB ratio between 12 and 20 dB in the free space and between 25 and
35 dB when antennas are placed directly on the flat phantom; this will result in an
increase in SAR values (see Figure 11). Comparing the FB ratios of the antennas,
it can be concluded that the cotton and denim textile substrates improve FB ratio
of the antenna.

3.3 Effect of wearable antennas with textile substrates on the human body

Because the wearable textile antennas are designed to operate near to the human
body, in this subsection, we investigate the effects of these antennas on the human
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Figure 10.
Simulated front-to-back radio as a function of frequency in both (a) free space and (b) on phantom.

154



Wearable Textile Antennas with High Body-Antenna Isolation: Design, Fabrication...
DOI: http://dx.doi.org/10.5772/intechopen.91143

°
=
T ¥ | T T T e T T T =TT T
3.00 - g 2.75x10° 4 - *“‘--
275 ’ E . _ - ™
2 2.50 s = 25021077 . .= =Antenna with an air-filled substrate
§ : - ¥l 225:‘0.3_' ~+-+ Antenna with a polar fleece substrate
= 225 - - - =Antenna with a polyamide-elastane substrate
X 2004~ B 2.00x10° 3 = Antenna with a polyester substrate
5 e o ... 2 " - Antenna with a cotton substrate
£ v g 178x107 =_Antenna with a denim substrate
S 150 = =Antenna with an air-filled substrate o 150x10% 4
E 4251 | Antenna with a polar fleece substrate 2 .
® . =« = Antenna with a polyamide-elastane substrate = 1.26x10° L 3
= 1.00 = « Antenna with a polyester substrate D{: a1 i I I NN (Y SR Yo Sy ]
0.75 k= =Antenna with a cotton substrate g 100x10 e
0504 *_Antenna with a denim substrate ) 7501074 7 E
0.25 4 g sooxtoy = 3
0.0 e Te-an A z PF 2mele ol bl i s M ] el Il
AT AT 247 2 T4 25 248 247 148 2408 250 A0 T TRy S 734 T 95 2T N 358 Tho
Frequency (GHz) Frequency (GHz)
(a) (b)
B ooas T T T I B 018 e IIas s
5 i s o i
= 0.404 P -~ <= 0.16 - ~
o PRt ~ x 0.15 - ~
L 035 e ~ < 014 4... 7 ~
cdn.l ™~ - .-"')-’ @ 0.13 4~ """-( o
2, 0304 ~ ] 2 01 -
© = =Antenna with an air-filled substrate @ (0114 = =Antennawith an air-filled substrate
] 0.254 +«=== Antenna with a polar fleece substrate ] 0.10 ==+++ Antenna with a polar fleece substrate
m - = Antenna with a polyamide-elastane substrate| % 0.09 =« = Antenna with a polyamide-elastane substrate
o 0201 = Antenna with a polyester substrate o 0.08] r— = Antenna with a polyester substrate
b 1 = Antenna with a cotlon substrate ,O_ 0.07 § — =-Antenna with a cotton substrate
g 0.154 = Antenna with a denim substrate £ 0.06 = _Antenna with a denim substrate
E 010 5 008 E— e -
= 0104 £ oo B I S S
= 0.057 F 003 rm
= 0.02
0.0 T T T T T T T T 0.01 e 2oy ooy s,y o= 3 T2 T T
T TR T T A T A T T 250 2503 HT 257 343 244 245 2.6 247 248 3.4 2.50
Frequency (GHz) Frequency (GHz)
) )

Figure 11.
SAR as a function of frequency (a) the maximum local SAR, (b) average SAR in exposed flat phantom,
(c) maximum 1 g average SAR and (d) maximum 10 g average SAR.

body by evaluating the SAR. For these computations, each antenna was placed
directly on the numerical flat homogeneous human body model as presented in
Figure 4b.

Figure 11a—d shows the maximum local SAR, average SAR in exposed flat phan-
tom, and maximum 1 g and 10 g average SAR as a function of frequency. The results
presented in Figure 11a—d were normalized to net input power of 100 mW. As can
be seen in the figures, the SAR values from the antennas with air-filled and polar
fleece substrates are higher than the SAR from the other antennas. Moreover, the
maximum 10 g average SAR is 0.18 (antenna with a polar fleece substrate) and
between 0.04 and 0.1 W/kg for the rest of the antennas. Therefore, maximum 10 g
average SAR for all antennas is 90% lower than the specification required by the
ICNIRP [10] and also smaller than most of the previously proposed wearable textile
antennas.

The differences in SAR distributions between the antennas are illustrated in
Figure 12a—f. For all antennas, the peak SAR in the phantom occurs in the region
near the antenna edges. Moreover, the SAR distribution of the antenna with a polar
fleece substrate is similar to that of the antenna with an air-filled substrate. Also,
the SAR distribution of the antennas with a substrate from cotton and denim is
quite similar.

SAR values presented in Figure 12 were averaged over a volume of 0.125 mm’®
containing a mass of 0.14575 mg.

Measurements were carried out to validate the simulations. Figure 13 shows
the simulated and measured reflection coefficient magnitudes of the wearable
antennas in the free space and on the phantom. A small difference between
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simulated and measured results was observed. This difference can be attrib-
uted to fabrication and assembly inaccuracies (due to the manual assembly).

2.460Hz

Magnitude SAR displayed

0dB =0.07373 W.fki at net iniut iowgr 1.6 mW
-48.
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dB

Figure 12.
SAR distributions at 2.4, 2.44, 2.46, and 2.48 GHz for the antenna with (a) an air-filled substrate, (b) a
polar fleece substrate, (c) a polyamide-elastane substrate, (d) a polyester substrate, (e) a cotton substrate, (f) a

denim substrate, and (g) scale.
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[S11] curves versus frequency (a) simulated in the free space, (b) measured in the free space, (c) simulated on
the phantom, and (d) measured on the phantom.
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Moreover, the coaxial cable and U. FL connector were not integrated into the
FDTD simulations, which also lead to a difference between the simulations and
measurements.

We can conclude that the antennas demonstrate stable performance on both in
the free space and when placed directly on the flat phantom.

4, Conclusions

In this chapter, the main parameters and characteristics of wearable antennas
and their design requirements have been presented. The electromagnetic properties
of the textile substrates also have been examined. From the results mentioned here,
it is concluded that fabrics made from synthetic fibers (polar fleece, polyamide-
elastane, polyester) have a lower relative permittivity and tané than the fabrics
made from natural fibers (cotton and denim). It is interesting to note that for the
wearable antennas with high body-antenna isolation, an increase in the real part of
the relative permittivity of the textile substrate had minimal impact on the antenna
bandwidth. Moreover, the loss tangent of the textile substrate affects the wear-
able antenna’s bandwidth and radiation efficiency: the higher the loss tangent, the
broader the bandwidth and the lower the radiation efficiency. We conclude that the
EM properties (e;, e, , tand), thickness of the textile substrate and radiating element
geometry, play an important role in determining the antenna’s performance and
need to be taken into account when designing a wearable antenna with high body-
antenna isolation.

Five low-profile all-textile antennas with high body-antenna isolation have
been presented. The in-depth performance evaluations on both in the free space
and on the flat phantom of these antennas indicate that they cover 2.45 GHz ISM
band and the maximum 10 g average SAR for all antennas is 90% lower than the
specification.
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