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Parasitic Layer-Based Radiation Pattern
Reconfigurable Antenna for SG Communications

Mohammad Ababil Hossain, Israfil Bahceci

Abstract—The design, prototyping, and characterization of
a radiation pattern reconfigurable antenna (RA) targeting 5G
communications are presented. The RA is based on a recon-
figurable parasitic layer technique in which a driven dipole
antenna is located along the central axis of a 3-D parasitic layer
structure enclosing it. The reconfigurable parasitic structure
is similar to a hexagonal prism, where the top/bottom bases
are formed by a hexagonal domed structure. The surfaces of
the parasitic structure house electrically small metallic pixels
with various geometries. The adjacent pixels are connected by
PIN diode switches to change the geometry of the parasitic
surface, thus providing reconfigurability in the radiation pattern.
This RA is designed to operate over a 4.8-5.2 GHz frequency
band, producing various radiation patterns with a beam-steering
capability in both the azimuth (0° < ¢ < 360°) and elevation
planes (—18° < 6 < 18°). Small-cell access points equipped with
RAs are used to investigate the system level performances for 5G
heterogeneous networks. The results show that using distributed
mode optimization, RA equipped small-cell systems could provide
up to 29% capacity gains and 13% coverage improvements as
compared to legacy omnidirectional antenna equipped systems.

Index Terms—5G, antenna radiation patterns, beam-steering,
cellular radio, heterogeneous networks, parasitic antennas, recon-
figurable antennas (RAs), small-cell.

I. INTRODUCTION

G WIRELESS communications systems are creating a

paradigm shift for wireless services compared to 4G
and earlier predecessors. Challenging capacity, coverage, and
latency requirements [1] under a plethora of use-case sce-
narios with vastly different user and traffic loads mandate a
thorough system design. Small cell concepts and advanced
multi-input multi-output (MIMO) antennas are key approaches
that can meet the performance requirements of 5G systems.
However, satisfying these requirements with low power, low
cost, and complexity is challenging when MIMO systems use a
large number of legacy single-function antennas. As a single
reconfigurable antenna (RA) can perform multiple functions
by dynamically changing its properties (frequency, radiation
pattern, and polarization), it can replace multiple single-
function legacy antennas thereby resulting in lower power
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consumption and lower system cost [2]-[4]. Also, dynamically
reconfigurable properties of an RA can be used as important
additional degrees of freedom in an adaptive system, resulting
in significant gains [5].

There are various approaches and enabling technologies in
developing RAs [2]. Pixel antennas, also known as reconfig-
urable apertures, divide the radiating antenna region into a
number of electrically small segments, called pixels, which
are interconnected by means of switching, i.e., PIN diodes,
MEMS, and so on [6], [7]. By exciting different switch con-
figurations, the antenna architecture is reshaped, thus recon-
figuring its frequency and radiation properties. In this paper,
a 3-D radiation pattern RA is presented where a single driven
dipole antenna is enclosed by a 3-D reconfigurable parasitic
layer. In this approach, the driven antenna region remains
unmodified while a parasitic structure placed in the near-field
region of the driven antenna is discretized into a number of
pixels [3], [8]. The parasitic layer structure is similar to a
hexagonal prism in which the top and bottom bases of the
prism are formed by hexagonal domes. The driven dipole lies
along the central axis of the prism. The surfaces of the parasitic
structure house electrically small metallic pixels with various
geometries. This RA is designed to operate in the 5 GHz
band (4.8 < f < 5.2 GHz) and is capable of producing a large
number of different radiation patterns including dipole patterns
with up/down elevation tilts, and patch antenna patterns that
can be steered in both the azimuth (0° < ¢ < 360°) and
elevation planes (—18° < 6 < 18°).

A close relative of the RA presented in this paper is
the electronically steerable passive array radiator (ESPAR)
antenna [9]. ESPAR antennas are generally capable of yielding
steerable directive patterns in azimuth plane [10]-[12], where
~J./4 distance between the central active antenna element
and surrounding parasitic elements is needed. This makes
ESPAR larger than the presented RA for which this distance
is around /6. To introduce beam-steering in the elevation
plane, which is limited to the upper hemisphere, i.e., above
ground plane, an ESPAR antenna requires a ground plane with
variable dimensions [9], [13]. The RA presented in this paper
can perform beam-steering in a large portion of the 3-D space
corresponding to (0° < ¢ < 360°) and (—18° < @ < 18°).

Traditionally, the antenna and adaptive signal processing
fields have been treated as dichotomous fields, thus limiting
the optimal design space that could be explored for significant
performance improvement. The RA of this paper generates
various radiation patterns that can effectively be used in 5G
systems where spatial distribution of user and traffic loads may
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(a) Schematics of the RA. (b) Photograph of the fabricated prototype: front view of rectangular PCB face with pixels and switching circuitry and

back view of rectangular PCB face with bias lines. Dimensions (in mm): b = 10, PL = 10, PW = 2.5, h = 23, h =551D=5 X, =25, X =5, and

X3=1.

vary over time in 3-D space [14], [15]. Ultradense small cell
deployment requires low-cost access point equipment and can
achieve high capacity and coverage performance by exploiting
3-D beam-steering capability of the low-cost single-element
RA of this paper. To quantify potential gains, the system
level performance of a typical 5G heterogeneous network
in which femto cell access points (FAPs) are equipped with
the presented RA is investigated. A low-complexity and low-
overhead distributed mode selection scheme that can determine
the appropriate RA mode in response to changes in the channel
and user density is proposed. The results show that the RA
equipped FAPs with minimal complexity and overhead could
achieve up to 29% capacity and 13% coverage improvements
compared to legacy omnidirectional antenna equipped small
cell systems. Our efforts in this paper, in a sense, are a
step forward in developing a unified approach, where antenna
design, communications/signal processing and network aspects
are seamlessly integrated, and all system parameters (environ-
ment, EM wave properties, and communication algorithms)
are jointly optimized. This approach is key to achieve the
throughput and coverage performance required for 5G and
beyond communication systems.

II. ANTENNA STRUCTURE AND ITS OPERATING PRINCIPLE
A. Antenna Structure

The main components of the RA structure are the driven
dipole and the surrounding 3-D reconfigurable parasitic layer
with interconnecting switches and biasing circuitry as depicted
in Fig. 1.

1) Driven Antenna: A half-wave length dipole with an
impedance bandwidth covering the 4.8-5.2 GHz frequency
range is used as the driven antenna. It is designed by using
a full-wave EM analysis tool [16] and is constructed using a
coaxial cable (Amphenol RF, RG-316/U), where a very small
feed-gap of 0.15 mm is kept between the dipole arms to reduce
the quadrature component of current that can negatively affect
resonance [17]. The full-wave EM model of the dipole is
used to design the parasitic layer, where the pixel geometries
and switching circuitry are jointly optimized in obtaining
the targeted modes of operations corresponding to various
radiation patterns.

2) Parasitic Layer and Pixels: The geometry of the 3-D
parasitic layer structure, which encloses the driven dipole
antenna located along the central axis, is similar to a hexagonal
prism, which can be classified as octahedron with eight
faces. The top and bottom bases of the prism are formed by
identical hexagonal domes and the six side faces are formed
by rectangular-shaped planes. As shown in Fig. 1, the surfaces
of the eight faces have electrically small metallic pixels with
various geometries, and the adjacent pixels are interconnected
by PIN diode switches.

The construction of parasitic layer involves two steps. First,
a mechanical supporting structure, which consists of top,
bottom, and intermediate parts are 3-D printed and assem-
bled together. The material used is acrylonitrile-butadiene-
styrene (¢, = 2.1,tand = 0.05). Next, the parasitic pixels
are built. The pixels of the intermediate part that consists
of six rectangular faces are formed on separate rectangular-
shaped microwave laminates, (¢, = 3.35,tand = 0.0025)
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Fig. 2. Equivalent circuit models of the lumped components and PIN diode.

with a thickness of 0.5 mm by using typical printed circuit
board (PCB) processes. Each of these six rectangular shaped
microwave laminates with metallic parasitic pixels and asso-
ciated switching circuitry are slid into each of the grooved
faces of the supporting 3-D printed structure. As shown
in Fig. 1, a spiral shape is divided into three smaller metal-
lic pixels for each rectangular face. Each of the hexagonal
domes comprising the top and bottom parts of the supporting
structure contains six conformal curved pixels. These pixels
are first constructed by mechanically shaping copper metal
sheets and then bonded on to the surface of the domes.
The reconfigurability of the radiation pattern over the horizon
(0° < ¢ < 360°) is mainly controlled by the pixels of the
intermediate part, while the beam tilting over elevation angles
(—18° < 8 < 18°) is controlled by the top and bottom pixels.
Notice that the dome structure has a flat surface region that
houses the switching circuitry interconnecting the pixels of top
and bottom parts to those of the intermediate part.

3) Switching Circuitry: PIN diodes are used to interconnect
adjacent pixels. The biasing scheme, which is similar to the
one used in [18], is shown in Fig. 1, where all pixels are
mutually connected by dc grounding inductors. The anode
of each PIN diode switch is connected to one pixel and
its cathode is connected through a dc-block capacitor to the
adjacent pixel. The biasing lines are located on the back
side of the rectangular-shaped microwave laminates and are
split in short nonresonant sections by means of RF chokes to
minimize their coupling with the pixels as shown in Fig. 1(b).
The manufacturer details and properties of the PIN diode and
surface-mount device (SMD) lumped components are shown
in Table 1. Typically, 1 V dc power supply on the PIN diode
would be sufficient to turn on the switch, while 0 V will keep
the switch in OFF status. The equivalent circuit models of
these lumped components are obtained using their scattering
parameters provided by the manufacturers and are shown
in Fig. 2. These models are used in the design of the RA.

B. Working Mechanism

The working mechanism of this RA is similar to and can
be explained by traditional Yagi-Uda array principle [19].
The dipole acts as the driven element. The electrical length
of the connected/disconnected pixels, i.e., parasitic elements,
of the 3-D parasitic layer determines whether they work as
directors or reflectors. When the overall electrical length of any
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TABLE I
SMD COMPONENTS USED IN SWITCHING CIRCUITRY

Component Manufactu- | Device Value | SRF
model rer (GHz)
MA4AG910 MACOM RF switch NA NA
PIN diode
LQPO3TN Murata DC 4nH 5.3
4N0B02D Electronics grounding

inductor
LQPO3TN Murata RF chokes in- | 156nH | 5.3
15NH02D Electronics ductor
GRMO0225C1 Murata DC block ca- | 1.1pF | 10
H1R1WAO3L Electronics pacitor

Mode 2

Switch ID 112|345 ]|6|7]|8]9] 10
Model | A/A” |0 |O|O0|O0O]O0O]|O0O|O|O]|O 0
Mode2 | B/B" |0 |1][1|1]0]|0|0|O0O]|O 0
Mode3 | B/B"|O0|o0[1|1][1]1][0]0]O 0

A/AVloJofo]JofJofof1]1]1 0
Moded /BT 70000 0T [T 1 0
Fig. 3. Switch configuration for various modes of operation. For clarity,

four faces of the hexagonal structure are explicitly depicted. The pixels on
the other two faces are disconnected. The table indicates the switch states for
Modes 1-4, with 0 and 1 denoting OFF and ON states, respectively.

connected pixels becomes greater than 1/2 at the resonance
frequency, that portion starts to work as a reflector. For lengths
less than 1/2, the parasitic element works as a director.

This RA is capable of generating various radiation patterns
which can be classified under four cases that are illustrated
in Fig. 3.

1) Omni-Directional Mode: When all the switches are kept
at their OFF state, the individual pixels are electrically short
enough to be transparent to the radiated fields of the driven
dipole, from which the omni-directional dipole pattern is
obtained.

2) Azimuthal Beam-Steering Modes: These are similar to
patch antenna pattern, where the main beam direction is
steered in the azimuth over six different directions correspond-
ing to main beam directions ¢ € {30°,90°,...,330°}. For
a given beam-steering direction, the pixels on the surface of
rectangular-shaped face to which the beam-steering direction is
normal are disconnected while the pixels on the diametrically
opposite surface are all connected. The parasitic layer with
connected pixels becomes electrically long enough to work as
a reflector.
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3) Elevation Beam-Steering Modes: Similar to the patterns
of azimuthal modes, the beam-steering can be performed in
the elevation plane as well. The typical beam-steering range is
—18° < @ < 18°. For the azimuthal beam-steering, the axis,
which runs from the reflector to the director, is in the azimuth
plane (x—y plane) and is directed toward the beam-steering
direction. However, for elevation beam-steering, this axis is
tilted and directed along the direction of elevation beam-
steering angle. To this end, the pixel of the top (or bottom)
dome is connected to the adjacent first top (or bottom) pixel of
the intermediate part of the parasitic layer to form the director.
The reflector is formed by connecting the pixel of the bottom
(or top) dome with the adjacent two bottom (or top) pixels,
which are located on the diametrically opposite face with
respect to the director face. Therefore, the beam can be steered
in both upper and lower elevation planes. For example, in order
to create a downtilted beam toward Face A (see Fig. 3), switch
5 on Face A and switches 6, 7, and 8 on Face A’ are turned ON,
while an uptilted beam toward Face A would require switch
1 on Face A and switches 8, 9, and 10 on Face A’ to be turned
ON.

4) Modified Dipole Pattern Modes (Diversity Modes): This
RA generates other radiation patterns that can be categorized
as modified dipole patterns or diversity patterns. Some of
these patterns are obtained by combining the interconnecting
switch statuses of the above given three cases. For example,
if the pixels of faces A and B are disconnected to form the
directors, while the pixels of the diametrically opposite faces
(faces A” and B’) are all connected forming the reflectors,
the resulting beam-steering angle is obtained by the vector
sum of azimuthal beam-steering directions corresponding to
the modes of A & A’ and B & B’. One such example, Mode
4, is shown in Fig. 3. As is demonstrated in the system level
performance section of this paper, some of these diversity
modes may be the winning modes yielding the best system
level performances in terms of throughput and coverage for a
given communication scenario.

III. OPTIMIZATION OF 3-D RA STRUCTURE AND
SWITCHING CIRCUITRY

The overall antenna structure including the geometrical
shape and dimensions of the parasitic layer along with those of
the pixels and switching circuitry have been jointly optimized
in two steps. First, the 3-D parasitic layer’s geometry and
dimensions have been optimized, where the switch ON and OFF
states are taken as perfect short and open circuits, respectively.
In the second phase, the components of the switching circuitry,
namely, PIN diode, dc-block capacitor, RF choke inductor, and
dc grounding inductor properties [the values of capacitance,
inductance, and self-resonant-frequencies (SRFs)] used at the
parasitic layer are properly determined as these components
play roles on the performances of the targeted radiation pattern
modes.

A. Optimization of 3-D Parasitic Layer

The main design parameters are pixel length, PL, pixel
width, PW, the distance from the central axis to any of
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TABLE 11
IMPACT OF PL AND b ON THE REALIZED GAIN
AND FRONT-TO-BACK RATIO

PL and b | PW Resonance | Maximum | front to

(mm) (mm) Frequency | gain (dBi) | back ratio
(GHz) (dB)

8 2 5.1 4.2 5.3

10 2 5.1 3.7 4.1

12 2 5.1 3.4 3.3

8 2.5 5.0 4.8 7.3

10 2.5 5.1 4.1 5.1

12 2.5 5.1 3.5 3.7

the six rectangular faces, b, and pixel height, &, as shown
in Fig. 1(a). These dimensions and pixel shape are determined
by optimizing the azimuthal beam-steering performance of the
RA. The individual pixel shapes are obtained by dividing a
spiral shape geometry at three strategic locations, thereby only
three PIN diode switches are needed for each rectangular face
of the parasitic layer. Spiral geometry as opposed to straight
rectangular strip geometry is chosen as it provides longer
electrical path for the current.

First, h is fixed at 23 mm symmetric about the dipole center.
Then PL, PW, and b, are optimized. In Fig. 4, the effect of
variation of PL, b, and PW on the impedance bandwidth
and azimuthal beam-steering mode radiation characteristics of
the RA is shown. The results are summarized and compared
in Table II. It is seen that a smaller b value results in
improved resonance bandwidth, gain, and front-to-back ratio.
In addition, an increase in PW results in higher gain and
front-to-back ratio levels. The jointly optimized values for
PL, b, and PW are determined to be 10, 10, and 2.5 mm,
respectively.

The base of the dome structure is kept smaller than the
original hexagon base of the hexagonal prism to accommodate
the switch circuitry that connects the pixels of the top and
bottom dome surface with those of the intermediate part. The
top view of the dome structure is shown in Fig. 1(a), where the
distance from the edge of the dome base to the outer edge of
the hexagon base is chosen as /D = 5 mm. The geometry and
pixel dimensions of the dome surfaces, which are optimized
to improve elevation beam-steering capability, are found as
X] =25 mm, x =5 mm, x3 =1 mm, and 4’ = 5.5 mm.
Notice that for the sake of simplicity the ON/OFF switch states
for the top and bottom parts are used as perfect short/open
circuit.

B. Determination of SMD Components

By using the RA dimensions determined in the first step,
the PIN diode, dc-block capacitor, RF choke inductor, and dc
grounding inductor are chosen. The SRF of the RF choke is
chosen to be around 5.3 GHz, thus RF chokes would appear as
high impedance in the 5 GHz band. Inductors are also used as
dc grounding elements and are placed in between all pixels.
In this manner, all the pixels can be dc grounded together
to provide ground for dc biasing purpose. The SRF of these
inductors was chosen to be the same value as RF chokes.



6448

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 12, DECEMBER 2017

0 330

710 300

o

5

520

LS

8 270

© gg || ——PL=b=8, PW=2 j

c

S ——PL=b=10, PW=2 o

ks — PL=b=12, PW=2 —— PL=b=8, PW=2 i

©-40 1| - - - PL=b=8, PW=2.5 7 ——PL=b=10, PW=2 120

@ |- - -PL=b=10, PW=25 ——PL=b=12, PW=2

= = =PL=b=12, PW=2.5 - = =-PL=b=8, PW=2.5 L
-504 5 - 5‘5 5 - - -PL=b=10, PW=25 | v 150
: : - - -PL=b= 12, PW=2.5
Frequency (GHz) 180
(a) (b)
Fig. 4. (a) Reflection coefficient (S11). (b) Realized gain in azimuth plane at & = 90° for various PW, PL and b values.

0 Mode-2 indicated in Fig. 3), along with the pattern of omni-
& directional mode (Mode-1 in Fig. 3) in x—y plane are shown.
z The maximum realized gain in the steered beam direction is
é ~4.9 dBi, where the 3-dB beamwidth is ~110°. The front-to-
8 back ratio of these patterns is ~7 dB. Fig. 6(a) also includes
§- T 77 Simulation- Omni the measured radiation patterns for omni-direcitonal mode and
ks - = - Simulation - B-tit the azimuth beam-steering mode at ¢ = 30°, which are in good
@ et | ] agreement with the corresponding full-wave analysis results.

Moasuremont - 1t In Fig. 6(b), the simulated realized gain patterns corresponding

4 45 Frequengy (GHz) 55 6

Fig. 5.  Comparison of the reflection coefficients (S11) from the full-wave
analysis and those from the measurements using the prototype having the PIN
diode-based switching circuitry.

DC block capacitors are used to properly bias the PIN diode
switches as shown in Fig. 2. The dc block capacitor is selected
so that it has a low RF impedance in the 5 GHz band. These
values are given in Table I.

IV. NUMERICAL RESULTS
A. Simulation and Measurements

We have chosen three different types of radiation pat-
tern modes, which are omni-directional mode, azimuthal
beam-steering mode, and elevation beam-steering mode to
present the impedance and radiation characteristics. As shown
in Fig. 5, the measured and simulated reflection coefficient
results agree very well. It is worth noting that maintaining the
impedance matching while the radiation pattern is configured
is one of the main challenges of RA design. As seen in Fig. 5,
common bandwidth from 4.8 to 5.2 GHz exists for the three
modes of operation.

In Fig. 6(a), the simulated realized gain patterns corre-
sponding to six different modes of azimuthal beam-steering
(¢ € {30°,90° 150° ...,330°}) (corresponding to the

to four different modes of elevation beam-steering 6 €
{—18°,18°} for ¢ = 30 and 210°, and the measured pattern
for G = 18° at ¢ = 30° plane are shown. It is again seen that
the measured pattern is in good agreement with the full-wave
analysis result.

B. Radiation Pattern RA for Wireless Heterogeneous Network

1) System Model: We consider a ultra-dense heterogenous
network of K base stations (eNBs), each of which has §
sectors and L > K FAPs [20], [21]. Let B = {Bs4(-1)s>
k=1,...,K,s =1,...,8 and F = {F;,l = 1,...,L},
denote the set of all eNB sectors and FAPs, respectively.
User-i, Uj, i e U & {1,...,U) may be served by one of
the eNB sectors or FAPs. Let X; € X £ {BU F} denote the
serving station for U;. Furthermore, let U; = {j1, ..., j|u_,-|} -
U denote the set indices of the users being served by X ;.

It is assumed that the antenna radiation pattern at By is fixed
whereas FAPs are equipped with the RA antenna elements that
can dynamically be switched. Each user is assumed to have
omni-directional (standard half-wavelength dipole) antennas.
Let us denote the complex e-field radiation patterns at By, F;
and U; byB @, ¢; v) A0, b w1, and G, @, 9), respectlvely,
where v € Mp = {1,..., Mg} for Bj, and u € Mp e
{1, ..., Mg} for F;, denotes the indices of the selected antenna
pattern at B, and the RA excited mode at F;, respectively. The
wireless channel, /; j (#;), from transmit station X ; to receiver
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Fig. 6. Realized gain pattern for the optimized RA at 5 GHz. (a) Omni-mode and different azimuth steering modes at (x, y)-plane (§ = 90°) with beam-
steering toward ¢ € {30°,90°,...,330°}, along with measured patterns for omni-mode and azimuth steering mode at ¢ = 30°. (b) Different elevation tilting

modes at ¢ = 30° and ¢ = 210° planes, along with measured pattern for the elevation-tilt mode at iy = 18° and ¢ = 210°, where G, is the elevation angle

from x—y plane.

U;, is modeled as described in [22] and [23]

P
hij() =D cij(Gi(¥p), Ty X (Qp: nj)el > =1 (1)
p=1

where T, is the 2 x 2 matrix representing the polarization leak-
age between the orthogonal polarization components of the
E-field radiation, ¥, = (J,,¢p) and Q, = (), ¢,) denote
the angle-of-arrival and angle-of-departure, respectively, for
the pth path, and )?j(-) represents éj (+) for eNBs and Aj—KS
for FAPs, respectively. The argument of /; ;(#) indicates the
impact of underlying antenna mode to the channel gain with
n denoting the antenna mode.

The average signal-to-interference plus noise ratio (SINR)
at U; being served by X; is given by [24]

Pigii(n:)
j#i Pjgij(nj) + o’

pi(w) = 5 2

where g; j(n;) = E(Ihijj(nj)lz) is the long-term channel
power between U; and X ;. The achievable rate at U; is then

Ri(p) = log(1 + pi(n)). 3)

2) Combined Cell-Selection and RA Mode Optimization:
Due to the availability of multiple RA modes at FAPs, signal-
strength-based cell-selection schemes may fail to determine
the proper serving station. This is mainly because the average
signal-strength may significantly vary from one RA mode to
another (e.g., front-to-back ratio of ~7 dB as seen in Fig. 6) for
a given UE. Here, we develop a utility-based cell- and mode-
selection scheme that jointly determines the RA mode and
served UEs at each access point. The proposed approach com-
bines utility-optimization-based mode-selection with a biased
cell selection scheme [25] where the serving cell j* for U; is

decided using
j¥= argmax5ijgi,j (n;) )
J

with 6; denoting the bias toward access station- j. We consider
proportional fairness utility [26], which can be expressed as

KS+L %
Tw= D D log (W Ri (u)) 5)
J

j=1 iel;

where W and W;; = W/|U;| denote the total available
bandwidth at each station X;, and the bandwidth allocated
for Uj,, respectively.

We consider a distributed scheme where each FAP decides
on its RA mode of operation locally. To that end, assume
that each access point collects the signal quality measurements
from nearby users. For example, in 3GPP LTE-A, a reference
signal received power (RSRP) is evaluated at the users and
fedback to the associated access station [27]. Let V; denote
the set of users whose signal measurements are available at
access station-j. Note that, during cell-selection, F; employs
the signal measurements from UEs in V;.

The first KS and the last L terms in outer sum of (5)
correspond to sum-log throughput from the eNBs and FAPs,
respectively. Due to the relatively smaller transmit power
levels and lower antenna gains at FAPs, the impact of RA
mode variation over UEs served by eNBs is small. Therefore,
the mode selection can focus on the utility due to FAPs.
In addition, it is assumed that the aggregated interference from
all access points onto user-i, i.e., the summation in the denomi-
nator of (2), is fixed (=1p) for mode-selection purposes. Under
these assumptions, substituting (2) and (3) in (5), applying
Jensen’s inequality on expected value of Y (u), and after some
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manipulations, we obtain the RA mode optimization at F; as

Pigii(ur)

* = logl 1
Uy argmax Z og og( + o+ 02

) + V| log W
M 1%

—[Villog|Vi|. (6)

The optimization in (6) requires mode optimization for only
a single FAP and over the UEs in the vicinity of this FAP.

Note that cell selection in (4) depends on the RA modes
of FAPs. Some of the UEs appearing in the measurement
list V; of F; may end up being served by another station
due to the bias J; and the selected antenna mode at access
station-j. Thus, the antenna mode selected at F; under the
assumption that all UEs in }; would be served by this FAP may
create significant interference to the UEs which are actually
served by nearby access point. To combat this issue, one could
extend the optimization in (6) over all nonempty subsets of V.
Here, we provide a low-complexity alternative solution to the
exhaustive search approach. To that end, for each mode, let
us sort the users in measurement list V; in descending order
according to the received signal qualities. Let {i1,...,ipy}
indicate the UEs in the sorted set, with i; denoting the highest
signal quality, and i» the second one, and so on. The joint
optimization of RA modes along with the candidate served
UEs can then be expressed as

uj = argmax

J
Pigi:i(ur)
max E loglo l—}—L)—}—Jlo 74
i 7= ¢ g( Ip+ 02 ¢

[
J

—JlogJ. (7)

Hence, the RA mode at F; is selected such that those UEs in V)
contribute more to the local utility than the UEs receiving
lower signal quality from this FAP, and thus avoid the off-
loading of those UEs to the FAP for which the RA mode
optimization do not get utility improvement.

3) Examples: Let us next investigate the performance of
the parasitic RA and the proposed mode selection scheme
in a wireless heterogenous cellular network. Table III sum-
marizes the system level settings being used in this paper.
We assume a hexagonal grid-based deployment and a wrap-
around technique described in [28] to ensure accurate mod-
eling of intercell and intracell interference. UEs are deployed
according to the hot-spot scenario where a fraction of UEs are
uniformly randomly dropped within a number of clusters that
are also uniformly randomly created in the 57-cell area. Two
FAP deployment scenarios are studied: 1) random deployment
where FAPs are randomly dropped across the 57-cell area and
2) planned deployment where FAPs are dropped randomly
within 50 m of the UE clusters. We employ the spatial
channel model described by 3GPP in [23] and [29] targeted
for performance evaluation of 5G networks. We extended this
channel to the case of RAs that can assume different radiation
patterns. The 3-D radiation patterns are obtained from full-
wave analysis for various modes of operation as described in
Section III (see Fig. 3). The cell selection and mode selection
schemes use the RSRP calculation described in [23].

In Fig. 7, we compare the average capacity and coverage
performance for various systems. For comparison purposes,

TABLE III
SYSTEM LEVEL SIMULATION PARAMETERS
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Parameter Value Parameter Value
Number of | 19 Number of | 3
eNBs (K) sectors (S)
eNB-eNB 0.5 km eNB antenna | 15° (deg)
distance e-tilt
eNB antenna | 3D, sector eNB antenna | Vertical
pattern antenna [23] polarization
eNB Tx | 46 dBm FAP Tx | 30 dBm
Power Power
eNB-UE UMa [23] FAP-UE UMi [23]
channel channel
UE Hot-spot (6 Number of | 3or5 persec-
deployment UEs/cluster) hot-spots tor
Number of | 1710 (~ Number of | 0, 3 or 5 per
UEs 30/sector) FAPs sector
UE antenna Dipole FAP antenna | RA with 24
modes
Cell selection | Optimized RA modes Diversity
bias over 0, 3, 6 modes,
and 9 dB Directive
modes, Omni
6 T
29% capacity gain ®
st 13% coverage gain/ ]
A
4l 13% capacity gain$: )

11% capacity gain 71 v
7% coverage gain %

No Femto

3 Femto/cell -
3 Femto/cell -
5 Femto/cell -
5 Femto/cell -
3 Femto/cell -
3 Femto/cell -
5 Femto/cell - Dipole - Planned
5 Femto/cell - RA - Planned

0 | | | | T T T T

0 100 200 300 400 500 600 700 800 900
Coverage [Kbps]

Dipole - Random
RA - Random
Dipole - Random
RA - Random
Dipole - Planned
RA-Planned ||

Al

i 2.
2  12% capacity gain
5% coverage gain

Average Capacity [Mbps]
w

O PVALE O X

Fig. 7. Comparison of per UE capacity versus 5—percentile throughput
coverage. For both planned and random deployment, FAPs with RAs provide
performance improvement with distributed mode selection algorithm.

we include the case of no FAP in the system and the system
with FAPs employing dipole antennas. The average capacity is
defined as the average of 1710 UEs’ Shannon rates evaluated
using the resulting SINR values. For the coverage throughput,
'y, we set o = 0.05, i.e., 5-percentile capacity coverage
of the network. It is seen that in both planned and random
FAP deployment, the RAs at FAPs provide significant capacity
gains and coverage improvements. For example, in the planned
deployment, the RA antennas provided an additonal 29% per
UE percent capacity gain and 13% coverage improvement
over the gains from small cell deployment employing dipole
antennas. Even for randomly positioned FAPs, for which the
FAPs are randomly dropped anywhere in the 57-sector area,
the RA modes provide more than 10% capacity gains and 5%
coverage improvements for both 3 and 5 FAP/sector. We note
that in the simulations, omni-directional mode of operation is
also included during mode selection optimization at FAPs. The
omni-mode of operation becomes useful especially in random
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FAP deployment scenarios where UEs may be uniformly
distributed within the coverage area of the FAP.

V. CONCLUSION

A parasitic layer-based RA that is capable of 3-D beam-
steering is developed and presented. This RA consists of a
driven dipole antenna surrounded by a 3-D parasitic enclosure
comprising of small metallic pixels interconnected by PIN
diode switches. With different switch states, the geometry
of the parasitic surfaces can be modified to create various
radiation patterns. The RA geometry and the lumped com-
ponents for switching circuitry are optimized to attain 360°
azimuthal beam-steering and —18° to 18° elevation tilts along
with several diversity patterns. These resulting patterns can
effectively be utilized for interference management in 5G
wireless heterogeneous networks. The RA has been fabricated
and its resonance characteristics and radiation patterns have
been measured, which closely matched to full-wave analysis
results. Assuming a typical 5G heterogeneous network, where
the small cell access points are equipped with the presented
RA, a distributed low-complexity mode selection algorithm
is developed. Using the system level performance evaluation
methodology of 5G networks by 3GPP, the capacity and
coverage performance is studied. It is seen that up to 29%
throughput gains and 13% coverage improvements can be
attained. This paper attempts to develop a unified approach
with the goal of achieving 5G performance requirements,
where antenna design, communications and network aspects
are seamlessly integrated, and the critical system parameters
(environment, EM wave properties, and communication algo-
rithms) are jointly optimized.

This single-element RA is capable of creating desirable
directive beam patterns in both the azimuthal and elevation
planes. An immediate future research direction is to extend this
architecture to the case of reconfigurable MIMO antenna sys-
tems. Furthermore, other pixel shapes and parasitic enclosure
geometries can be investigated to create polarization diverse
patterns in addition to directionally diverse patterns. From our
system level performance results, we see that the presented RA
has also significant consequences for the design and optimiza-
tion of 5G and beyond networks. For example, interference
management, load balancing, and RA mode design/selection
can jointly be optimized to excel the 5G network performance.
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