This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2018.2855668, IEEE
Transactions on Antennas and Propagation

TRANSACTIONS ON ANTENNAS AND PROPOGATION, VOL. X, NO. Y, MONH 201X 1

A Reconfigurable Antenna with Beam Steering and
Beamwidth Variability for Wireless
Communications

Md. Asaduzzaman Towfidstudent, IEEEIsrafil BahceciMember, IEEE Sebastian Blanch,
Jordi RomeuFellow, IEEE Lluis Jofre,Fellow, IEEE,and Bedri A. CetinerMember, IEEE

Abstract—A reconfigurable antenna (RA) capable of steer- The gains with RA systems are typically achieved at the
ing its beam into the hemisphere corresponding tof € cost of increased structural (or hardware) and algorithmic
{—40°,0°,40°}, ¢ € {0°45%,90% —45°}, and of changing 3- o goftware) complexities as compared to a legacy single-
dB beamwidth, where 0545 € (40°,100°), ¢ € {45°,90°, —45°} functi t t Theref it i critical to desi d
for broadside direction is presented. The RA operating in 5 .unc Ion antenna sys gm. ere ore'! 'S_C” ICal 1o design an
GHz band consists of a driven patch antenna with a parasitic implement an RA equipped communication system where the
layer placed above it. The upper surface of the parasitic layer hardware and software complexities are kept at minimal, and
has two pixelated metallic strips, where each strip has four this is the main motivation behind this work. An RA system

pixels. The pixels connected via PIN diode switches enable toy,4t i5 capable of joint beam-steering and beamwidth control
change the current distribution on the antenna providing the

desired modes of operation. A prototype RA was characterized enables t_he network to V?SPQ”d to S_pat'al user variations in
indicating an average gain of 8 dB. Measured and simulated @ dynamical manner, which is prominent for many 5G use

impedance and radiation patterns agreed well. The proposed case scenarios [15]. In particular, hot-spot and ultra dense
RA offers an efficient solution by using less number of switches deployment, and the associated spatia-temporal user and traffic

compared to other RAs. The system level simulations for a 5G | 4iations for typical 5G technologies [16]-[18] require the
orthogonal frequency division multiple access system show that

the RA improves capacity/coverage trade-off significantly, where radio access network to_dynam'ca"y_ control its covgrage area
the RA modes and users are jointly determined to create proper [19]-[21]. The RA of this work facilitates the creation of a
beamwidth and directivity at the access point antennas. For a multitude of element radiation patterns that can be used to
hotspot scenario, the presented RA provided9% coverage and reshape the coverage area as desired in accordance with the
16% capacity gain concurrently. network and channel variations.
_Index Terms—Reconfigurable antennas, beam steering, para-  There are a number of approaches for accomplishing an-
sitic antennas, antenna radiation patterns, antenna leEI’SIty tenna reconﬁgurab”ity [22]_[32] The approach adopted in
[30]-[32] provides an efficient solution by separating the
|. INTRODUCTION driven antenna from a reconfigurable parasitic layer. In [30],

NCREASING demand for high data rate and extrenf® reconf_igurable para_sitic_pixel layer placed in the_ near-figld

broadband wireless services along with scarcity of fré)—f th_e _dnve_n ant.enna is utilized to phange the reqcnve Io_admg
quency spectrum and explosive user growth have promp a)wdmg nine d|ffer(_ant beam steering modes. This wprk mt_ro-
researchers to explore suitable methodologies to optimi %cgd a relatively simple method_ for pattern reconfiguration,
the use of the wireless medium. Reconfigurable anten eit with a Iqrge_number of SV\."tCheS (e.g.,_ at least 12 PIN
(RAs) capable of dynamically changing their properties, e. _|’odes) resgltlng n manufacturlng compIeX|ty_ and reduced
radiation pattern, operational frequency and polarization ha gtenna gain due to the ohmic losses of diodes. Another

received a great deal of attention [1]-[12]. In particular, thgpproach to control antenna pattern is to employ partially

RAs with radiation pattern reconfigurability help improve théeflective surface (PRS) in the vicinity of a driven antenna.

%‘s shown in [33]-[35] that the beamwidth of the antennas

system performance [13], communication security and ener loving PRS be d icall lied by changi
efficiency by directing signals towards intended directio ploying s can be dynamically controlled by changing

while reducing interference in unintended directions [14 e reflective properties of the surface. These antennas offer

Ligh gain at the cost of using a large number of varactor diodes
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Fig. 1: (a) 3D exploded view of the RA, (b) DC biasing scheme of the PIN diode, and 4¢)plane cross section of the RA
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twelve modes of operation. In addition, this work proposes the stub length (microstrip line extension beyond aperture) and
use the RA in conjunction with a practical mode selectiosubstrates’ thicknesses.
and user scheduling scheme that enables this RA for usdhe parasitic layer structure, which is formed by a
in 3GPP 5G and beyond cellular access where orthogom{D4003C substrate of 0.41 mm thickness supported by four
frequency division multiple access (OFDMA) is employed atertical posts with 6.59 mm thickness at its four corners, is
5 GHz band [38], [39]. For example, system level simulationdaced on top of the driven antenna layer. The main role of this
assuming 5G urban-micro deployment scenarios indicates thtiticture is to provide a mechanical support for the parasitic
the presented RA, when used at the access points, can proléger, where the 6.59 mm air gap underneath acts as a low
up to 29% coverage gain and 16% capacity gains at thess medium. The upper surface of the parasitic layer has
same time. The presented RA architecture (hardware) aldmg pixelated metallic strips where each strip comprises four
with its control algorithm (software) enabling to choose thequally spaced rectangular metallic pixels (active pixels). The
optimal modes of operation (the 3-dB beam-width and beametallic strips are placed symmetrically with respect to the
steering direction) with respect to the dynamically changingenter of the driven patch. A grid df x 5 square metallic
spatial user deployments are designed and implemented witkels (passive pixels), which are not interconnected, is placed
minimal hardware and software complexities, and this is theetween the two pixel strips. This pixel grid acts as PRS [33]
main novelty of this work. whose surface impedance reduces the reactive component of
input impedance in the driven antenna, and thereby improving
II. ANTENNA STRUCTUREAND WORKING MECHANIsM  the impedance matching of the RA. The multiple reflections
resulting from the PRS increase the gain of the RA in the
broadside direction. In terms of beam steering, the variation of
The RA of which schematics are shown in Fig. 1 consistairrent distribution over the passive pixels of the PRS surface
of three main layers, namely feed, driven antenna (apertusenegligible when the active pixels are connected/disconnected
coupled patch) and parasitic layers. Aperture coupled anteryeturning ON/OFF the PIN diodes. Therefore the PRS surface
offers a relatively broad bandwidth and a high degree of fredees not play any significant role in steering the main beam
dom in impedance tuning [40]. The radiating patch is placedt the RA. Pixel size and inter-pixel separation have been
on the top surface of the antenna layer, where a microstrip lioptimized to obtain high gain and improved matching for
with 5002 characteristic impedance and a ground plane with aadiation in the broadside direction.
etched aperture slit are formed on the bottom and top surface3he rectangular metallic pixels in each strip are connected
of the feed layer, respectively. Both antenna and feed layaia PIN diode switches, which are controlled by dc voltages
use Rogers R04003C substrate [41], which has been choapplied through control lines placed on the bottom surface
for its mechanical robustness (tensile strength = 139 MPa), l@i the parasitic substrate. The plated vertical vias, which run
cost and good electrical properties& 3.55,tand = 0.0027). through the parasitic substrate, connect the control lines on
The desired band of operation has been achieved by jointhe bottom surface to the PIN diode switches on the top
optimizing the driven patch, size and position of the apertursyrface. The typical biasing mechanism of the RAs has been

A. Geometry of the Antenna System
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explained in details in our previous works [4], [30]. As showparasitic strip elements are changed by switching ON/OFF the
in the magnified section of Fig.1(a), a DC grounding inductanterconnecting PIN diodes, making them to act either reflector
has been placed between each pair of adjacent pixelsotodirector, thus beam-steering is obtained. Similar to the case
provide a common DC ground for the interconnecting PINf wire antennas, a parasitic patch element with slightly longer
diode. To ensure proper RF and DC isolation, a DC blockidgngth compared to the resonant element acts as a reflector
capacitor has been used between the PIN diode and the Dhile that with slightly shorter length acts as director [46].
grounded pixel. RF chokes have also been used in the bidse parasitic element acting as director or reflector presents
lines to minimize RF current and hence undesired mutusdpacitive or inductive effect, respectively, which changes the
coupling effects of the bias lines with the radiating elemerphases of the surface current densities on the parasitic and
The complete bias circuit for the PIN diode is shown in Figlriven elements. This phase difference causes the main beam
1(b), which was designed to provide a constant 10mA curresftthe RA to be steered away from its broadside direction.
to the PIN diode at 1.3V while in ON state. Based on the above basic EM principles, the total far-field
An electromagnetic(EM) full-wave analysis tool [42] wagadiation pattern of the RA structure shown in Fig. 2(a) can
used to determine the geometrical dimensions of the overadl expressed as [47],

structure and surface mount device (SMD) component values Iy ik deim(@)[1 Reot(®)
resulting in the desired beam-steering and beamwidth variabi-  £a(6) = F1(6) + 7 Fa(f)e™"" e

lity capabilities. The critical geometrical dimensions and the I _%k dain(0)[14 1229)]

manufacturer details of the SMD components are provided in I—1F3(9)€ Jrode a 1)

Tables | and II. .
Inegn. (1),l,,, n» = 1,2 and3, is the complex current value for

elementr andk; is the free space phase constant at 5GHz. The
lateral distance between driven and each parasitic element is

TABLE I: Critical Design Parameters (in mm)

Variable Value Variable Value : . .

5x,57) (60,67) | (Px,Pr) (12.8,12.8) d = 20mm and vertical separation between the driven antenna
(SPx,SPy) | (48) DPx 6 and parasitic layers i8 = 7mm. The field pattern of the RA
(Dx,Dy) [ (142) | Wx 182 elements in isolation can be approximated using the radiation
(Ax,Ay) (10,0.8) | (Sax,SBy) | (60,60) . .

My 65 pattern of a typical patch antenna [48],whdrg6) for ¢ =

1,2, 3 are given as follows,

sin[E2 sin(0)]

TABLE II: Capacitance/inductance/resistance values affd se Fi(0) = cos(f) 2)
i kUW“‘ sin(6)
resonant frequencies (SRFs) of the lumped components used
in the RA sin kon sin(6
Fy(6) = By(6) = cos(e) 225 OL )
Component Type Model Value SRF “2 P szn(@)
PIN Diode MAZAGFCPI10 N/A N/A ) . "
RE Choke CQWI5ANISNGOOD 15nH | 5 GHz In egn. (2) and (3), The widths of the driven patch and parasitic
DC grounding inductor]| LQW15AN39NHOOD | 39nH | 5GHz | element ardV,; = 13mm and W, = 6mm, respectively. The
DC block capacitor GQM1885C2A1R6BB0O1D 1.3 pF | 5 GHz design parameterd/;, W,,, d and h are jointly Optimized to
Bipolar Junction Tran-| 2N3904 N/A N/A - VP Lo
sistor (BJT) perform effective beam-steering in the targeted 5GHz band.
Resistor &1) N/A 9.83 N/A The range fo® angle is,0° < 6 < 180°.
— - ’;(?7 - The complex currents],,,n = 1,2 and 3 are calculated
esistor {2z) PRy by integrating the magnetic fieldd,, H> and H3 along the
Resistor 3) N/A 3840 | N/A closed curveg’;, Co and C3 containing element surfaces as

shown in Fig. 2(a). Calculated current ratios for obtaining
the radiation patterns, as shown in Figs. 2(b) and 2(c),

corresponding to beam-steering and different beam-widths
The working mechanism of the RA can be explained basgge given below, respectively.

on the classical Yagi-Uda principle [43]-[45], where the EM

energy is _coupled from d_r|ven _eIer_nent through space |r!to L _ .8¢=917 and| 2|~ 0 for beam steering

parasitic dipoles resulting in a directional beam. A microstrip 10— 7 T I . L

Yagi antenna capable of tilting its main beam away from T — T\ — 0.8e for beamwidth variability

broadside direction, where a driven patch antenna and parasi-

tically coupled reflector and director patches are all placed inFigs. 2(b) and 2(c) show that the approximate analytical

the same horizontal plane was developed [46]. approach for beam-steering and beam width variability agree
In the presented RA, a driven patch antenna is mutualigasonably well with full-wave analysis results.

coupled with two reconfigurable pixelated parasitic strips that Let us use egn. (1) and first describe the principle of beam-

are placed above the driven element with vertical distansteering inz — z plane, where the beam-steering in all other

between driven antenna layer and parasitic layer btz at  planes can be easily explained based on this. As depicted in

5GHz. Since a patch antenna radiates primarily in its broadsigig. 2(a), when the switcheS;, S, and S; are turned ON,

direction, this configuration increases energy coupling witnd S, S5 and S¢ are turned OFF, the effective electrical

the parasitic elements. The effective electrical lengths of tkength of the element-2 becomes larger and that of element-

B. Working Mechanism
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F.(0) = Fy(6) + %FQ(Q)e—jkodsm(e)[l_mTﬂm] @

Eqn. (4) represents the total field pattern of a two-element
linear array with individual element patterns &f () and
F5(0) and excitation currents df andl,. Also notice that the
array axis, on which the centers of the elements are placed,
is the z—axis. The excitation current§ and I, are complex
numbers, where their ratio can be expressed as,

2= Xe IV (5)

hereX is the magnitude angl is the phase of the current ratio.
By substituting egn. (5) into (4), we obtain the following:

F.(0) = F1(0) +XF2(g)efjkodsin(e)[lfmofi(e)],j,y ©)

While F; and F; are not identical, they have been obtained
from same equation (see eqns. (2) and (3) ). Therefore, they
have similar patterns, which can be taken to be approximately
same,F(0) = F1(6) = F»(0), for the ease of analysis. The
parasitic elements have been optimized such thats ||

and hencéX |~ 1. Now, (6) can further be simplified as

F,(0) =F(6)(1+ e—jkodsm(e)[l_%]_m) @

[147 hc?;(e)]

It can be readily observed thét + ¢ ~7kodsin(9)
in eqn. (7) is the array factor of a two-element linear array con-
sisting of element-2 (parasitic) and element-1 (driven antenna)
of which centers lie on the—axis, which is the array axis.
The beam steering is performed in the plane that contains and
is orthogonal to the array axis, which is the— z plane. In
egn. (7),v is the phase gradient which controls the steering
angle of the main beam of the array, which in this case is

*jW)

—— i i . . . . . .
o ayical Broad boarmmeith mode. the RA. With this analysis, it can be readily seen that while
— © — Full- imulation, b idth mod 1 1 1
B — Fulwave simiaton, Broad beameeith mode turning 51, 5> and.S3 ON, and keeping, .55 and S in OFF

0N o 120 state steers the beam toward direction, keeping;, S and

Ss in OFF state, and turning,, S5 and Sg ON steers the
beam toward x direction. The corresponding representative
radiation patterns for these cases are shown in Figs. 4(a) and
4(b).

210 150
180

(©)

Fig. 2: (a) RA structure consisting of driven and parasitic
elements.C; denotes the curve enclosing eleménter i =
1,2,3. 5; for i = 1,2...6 denotes the interconnecting RF
switches (b) Field patterns corresponding to beam steering
in x — z plane obtained by analytic method and full-wave
simulation 1, .52, S3 are ON & Sy, S5, Sg are OFF) and (c)
Field patterns for beam width variability in-z plane obtained

by analytic method and full-wave simulation

3 becomes smaller than the length of the driven element-1.

Induced currents in the parasitic elements are proportionaFig. 3: RA configurations for beam steeringgjrz plane

to the effective electrical lengths and henke>> I3. The

individual size of a parasitic pixel has been optimized such By using eqns. (1(7), one can see that the beam-steering
that I3 ~ 0. So, in this case, Eqn. (1) can be simplified as along +. and « axes are achieved, when the centers of array
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Fig. 4: Representative radiation patterns in dB scale for beam steering toward (B) + (c) +u (d) -u (e) +v (f) -v (@) -y
and (h)+ direction, and (i) narrow and (j) broad beamwidth. Yellow colored pixels are disconnected and red colored pixels
are connected.

elements lie on the.—axis, i.e., the array axis iz—axis. |ll. PROTOTYPECHARACTERIZATION AND NUMERICAL
For beam-steering towardu+direction, switchSs is turned EXAMPLES
ON and all other switches are turned OFF, and for beam- pmeasurement And Simulation Results

steering toward direction, switchS; is turned ON and all tot RA tabricated based tandard orinted
other switches are turned OFF. The corresponding patterns ar’é‘ protolype RA was fabricated based on standard printe
rcuit board fabrication processes and measured to validate

shown in Figs. 4(c) and 4(d). In an analogous way, the bearnj- . . .
steering along—axis, i.e., toward # and « directions, can e theoretical analyses and simulated results. Fig. 5 shows

be explained, where the corresponding patterns are as sh phptograp_h of th? RA measu_rement set-up wher.e the six
in Figs. 4(e) and 4(f). diode switches interconnecting the adjacent pixels are

numbered in order to identify the switch status for each mode
The beam steering along the-axis can be achieved byof operation.The switch configurations and associated modes
creating an array geometry where the parasitic elements afdperation are shown in Table IIl.
the driven element are aligned along both theaxis and . ] . ]
v—axis (see Fig. 3). In this case, the resultant field pattefABLE Ill: Switch Configuration for desired modes of
becomes the vector summation of the patterns alongxis ©Peration(1=ON,0=OFF, ¢) indicate peak gain angles)

andv—axis, thus one can obtain a steered-beam pattern alongodes 0 (297 @ S1 ]| S2| S5 S1a] S5 Se
y—axis. This can be accomplished in two ways: (1) Switches 1 0° 40° 0 10 ]0 |0 O JO O
. o O

S; and Sg are turned ON and all other switches are kept g _4200 80 (1) (1) (1) (l) 5 (l)
in the OFF state, thereby element-4 parasitic and elementi7 200 75 10 [0 10 o 10 |1
driven patch are aligned along-axis, and element-5 parasiticc 5 —40° 45° |1 [0 [0 |0 |0 |0
and element-1 driven patch are aligned alangaxis. This 6 30° 9° 10 10 11 10 10 11
, : . . o 7 —30° 90° |1 |0 |0 |1 |0 |O
configuration results in beam steering towarglgirection, and 3 100 5T o To 11 To To 1o
(2) SwitchesS; and S, are turned ON and all other switches—g —10° “45° |0 |0 |0 |1 [0 |0
are kept in the OFF state, thereby beam is steered towards + 10 0° 100° | 45° |1 |0 [0 O O |1
direction.The corresponding patterns are shown in Figs. 4(g) ‘. 00 p100° | 90° 11 11 /1 |1 111
P 9p 9 2712 0° 100° | —45° |0 |0 |1 |1 [0 |O

and 4(h).

The 3-dB beamwidth of the presented RA can be broadened’he measurements included the reflection coefficients and
in y — z plane by turning all switches ON. In this case, theealized gain patterns, which are cut at 5 GHz, for all twelve
induced current magnitudes in both elements-2 and 3 becomedes of operations. For the gain patterns, only the co-pol
close ﬁ—f|: |§—§|= 0.8) to element-1. Elements-1,-2 and -Zomponents are plotted as the cross-pol components are at
form a linear array along—axis, as shown in Fig. 2(a). Dueleast -10 dB less than the co-pol components. The simulated
to the phase differences between the element currents, resultamtt measured results for modes 1-9 are shown in Figs. 6,
radiation pattern using egn. (1) can be shown to broaden th8&,9 and 10 with good agreement between simulations and
3-dB beamwidth iny — z plane compared to the case whereneasurements. For all these modes, the common bandwidth
all switches are in OFF state corresponding to a patch patteovers4.9-5.1 GHz band, and the maximum realized gain of
with a narrow beamwidth. The corresponding representativé dB is achieved. Fig. 11(a) shows the variations of simula-
radiation patterns for narrow and broad beam widths are shotd realized gains at the associated steered an@les—{40°
in Figs. 4(i) and 4(j), respectively. and 40°, for modes2 and 3, respectively) with respect to
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Fig. 5: Photograph of the RA measurement setup showing nwedbeter-pixel PIN diode switches

frequency. These results demonstrate that the steered angéls. We assume that each cell is equipped with the RA that
are maintained and gains stay reasonably flat over the entiem createl/ different radiation patterns whose complex field
frequency band for both modes. In Fig. 11(b), simulated Ej(9,¢;u) with © € {1,..., M} denoting the index of
axial ratios with respect to frequency are shown for modéise RA mode at cell~. The users are randomly distributed

2 and 3, indicating that the RA maintains linear polarizatiowithin the cell’s coverage area and each user is equipped with
over the entiret.9-5.1 GHz band. Other modes show similama standard half-wavelength dipole antenna. Let us investigate a
behavior in terms of gain flathess and polarization puritgingle-cell servingL users,U;, | = 1,..., L. Let hy(n, k; p,)
Fig.11(c) shows the effect of the parasitic layer on the coepresent the channel gain from AP RA (with madg- to

and cross-pol patterns of the RA. While the cross-pol pattettme U; at timet,, and frequencyfy.

remains relatively unchangee: (—20dB), the small reduction  We consider the OFDMA transmission scheme described in
in the co-pol component can be attributed to the RF lossB&PP TS 38.211 [49] with a subcarrier spacing/of = 15

of the PIN diodes and the bias circuitry. The beamwidtiHz. For resource block-(RB-b) in a SF (consisting ofV,
variability modes, i.e., modes)—12, are shown in Figs. 12, subcarriers and with a duration 8% » secs), the instantaneous
13 and 14, again with good agreement between simulation aahievable throughput (using the Shannon capacity formula)
measurement results. From these figures, an averagé°of can be obtained fol/, as

increase in the 3-dB beamwidth ih = 45°,90° and—45° DN

planes as compared to the beamwidth of madéstandard ribip) = (1= O)NoeTsr iy x ,
patch mode) can be observed. LS log, (1 n Pi|[hu(n, ks pa)| ) (®)

1
The efficiency of the RA has been measured, where the |D| Thm

efficiency with parasitic layer reduces to 81% compared to
95% without the parasitic layer, which corresponds to théhere i, is the interference plus noise power at subcar-
efficiency of the driven patch antenna. This reduction can B€' (k,n), P; is the transmit power at serving cell, and
attributed to the RF losses of the PIN diodes, associated bfas= [P|/|D| with P and D denoting the set of pilot and
circuitry and the parasitic substrate. data subcarriers in RB; respectively. For a fixed RA mode

1, the proportionally fair (PF) scheduler determines the user

B. Performance of Proposed RA in OFDMA System index [* at RB+ according to
71(b; 1)

The availability of multiple radiation patterns with an RA I*(b; ) = arg max ——— 9)
results in different signal strength coverages complicating its ’ Ub,u R

ut|I|z§1t_|0n in cellular networks. Here, we develop a mEt_hOQ/hereﬁ(b;u) is instantaneous achievable throughput estima-
to utilize the proposed RA for a 5G cellular communicagq pased on the pilot subcarriers in the resource block, and
tion system employing OFDMA-based transmission. Witlp is the average throughput. Note that with a fixed RA mode
OFDMA, selection of the RA mode (i.e., radiation pattern}; (he access point, the PF scheduler maximizes the sum of
in conjunction with user scheduling is critical to cultivate the, - ithms of the rates of the users corresponding to that mode.
frequency selective scheduling gains along with the spatia?z) Mode-selection and Schedulingach RA mode creates

diversity provided by the RA mode optimization. a different signal-to-noise ratio distribution, and thus, results
1) System ModelAssume a wireless network & access

points (APs) each witly sectors amounting to a total &f.S LFor brevity, we drop the SF time index.

(k,n)eD
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in different long-term rates for each user. This complicates the set of users enrolling in the PF prioritization. For
an exact derivation of the PF scheduler. Here, we develogach subframe, the AP estimates a weighted sum-rate for each
mode-aware modified PF scheduler that imposes a constraimide assuming PF scheduling, and then selects the méile (
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maximizing the weighted sum-rate, i.e., based subset selection scheme
« (b; A 7.
l(bﬂ)—argmaszRu) Uy ={l:p e Mi}
M 1
ne b R S.t../\/llﬁ{ :Mthh,l—l,...,L} (12)
T F1(b; 1) max,, gi(4)
s. t. I"(b; u) = argmax ————
tett, o F whereg; (1) = En {3, [lhi(n, k; 1)||? } is the average channel

whered, C U is the user subset that are allowed to beower for Ui, and g;, € [0,1] is a threshold parameter

scheduled when the RA assumes modeThe members controlling the cardinality ot/,. Note that this scheme first

and size ofi, determine a trade-off between gains due tgetermines the set of suitable RA modes for each user (e.g.,

frequency selective scheduling and the pattern optimizatighodes that can provide acceptable signal quality to the user),

To achieve this for each mode, we propose S|gna| Stren@ﬂd then for each mode, aggregates the users that can be served
by that mode. This approach ensures that each user can be
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TABLE IV: System level simulation parameters. scenario and up t85% coveragel4% capacity improvement

Parameter Value Parameter Value for the case of uniform user distribution. The improvements
Number of APs 19 Sectors per AP 3 are pronounced more for hotspot scenarios as beam-steering
AP-AP distance 250 m AP-UE channel | UMa [50] and beamwidth control can provide better signal coverage
Average number of| 20 UE deployment Uniform . . . .
UEs per cell or Hotspot | 10 the hotspot areas while maintaining lower interference to
Average number of] 4 Number of UEs per| 5 unintended users. The results withh = 0 indicates that when
hotspots per cell hotspot a user is served with the RA-mode providing the strongest
min AP-UE distance| 10 m min  inter-cluster | 50 m . . . L

distance signal quality (e.g., corresponding to activation of average 4
Number of RA mo-| 12 AP Tx Power 30 dBm modes in each cell under the studied scenarios), the system
des _ can achieve significant improvements. In this case, the gains
Channel bandwidth | 10 MHz Number of SCs (N)| 600

are mainly due to the pattern control offered by the RA.
With lower g, values, the gains from multi-user diversity is
enhanced for each RA mode, and along with the gains from

served using at least one RA mode whgp > 0, and by any RA pattern diversity, further improvement is obtained.

of the modes whem,;, = 0.
3) Numerical ExamplesSystem level simulation parame- A comparison between the presented RA and similar other
ters for the network are provided in Table IV. Two spatial us&®As in terms of the number of modes generated, number
deployments are studied: (1) Uniform user density where usefsswitches used and reconfigurable antenna properties such
are dropped uniformly randomly within the coverage area, and beam-steering capability, beam-width variability, pattern
(2) hotspot deployment where users are dropped wizdim  purity, average gain, etc is given in Table V. It can be observed
of cluster centres that are spatially randomly distributed. that the RA of this work is advantageous for achieving
Performance is analyzed for 3 cases: APs employ (1) legdayger number of modes per the number of switches used. In
patch antennas, (2) RAs where UEs report the strongest moglriticular, compared to [30], this RA does not only provide
and (3) RAs where UEs report modes having signal strendétrger number of modes with less number of switches, greater
within 3 dB of the strongest mode. Fig. 15(a) compardseam-steering range and better pattern purity but also the
the radiation patterns for various RA modes and the patakierage antenna gain, which is 8dB, is increased-yb5dB.
antenna in a typical cell serving several UEs for the hotsplibtice that the largest average gain of 14.7 dB for work
scenario. It is seen that the RA can provide an enhangegsented in [37] uses & x 2 antenna array as its driven
set of beam patterns that can be adapted to spatial UEetement, thereby having a complex driven antenna structure.
traffic distribution. Average capacity-coverage performance favhile this work achieve analog beam-steering with a range
the two deployment cases is illustrated in Fig. 15(b). Thef ~ 20° and small beam-width variability, thé x 2 array
coverage is defined as the 5-percentile of the cumulatisgucture with phase shifters and the PRS with exceedingly
distribution function (CDF) of per-user rates. It is seen that fdarge number of varactors and associated biasing circuitry
both deployment scenarios, the RA system achieves superisults in very complex antenna structure and high RF losses.
capacity/coverage trade-off against the system using legafyother significant advantage of the RA presented in this work
patch antennas. For example, the RA system can provicmpared to the ones given in Table V is that the proposed
up to 29% coveragé$% capacity improvement for hotspotcontrol algorithm enables to choose the optimal modes of
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TABLE V: Comparison among various RAs

Publications No. of | No. of | Beam Beam Beam Pattern Average Efficiency | Frequency | Joint opti-
Modes Switches Steering Steering Width Purity Gain (dB) BW mization of
Range Variable (Cross (GHz) RA modes
Polari- and control
zation algorithm
Level)
30 9 12 Yes —30°,30° | No <-10dB 6.5 N/A 2.4-25 Yes
37 N/A 100 Yes —10°,10° | Yes -12dB 14.7 N/A 19-2.1 No
9] 4 8 Yes —17°,14° | Yes -15dB 7 N/A 3.32-3.62 | No
10] 9 4 Yes —22°,22° [ No N/A 7.5 76% 2.36-2.39 | No
This work | 12 6 Yes —40°,40° | Yes <-20dB 8 81% 4.9-51 Yes

operation (the 3-dB beam-width and beam-steering directiong] S. V. Hum and J. Perruisseau-Carrier, “Reconfigurable reflectarrays

in an efficient way with respect to the dynamically Changing and array lenses for dynamic antenna _beam control: A revilrEE
Transactions on Antennas and Propagatienl. 62, no. 1, pp. 183-198,

spatial user deployments. Jan 2014.
[9] W. Q. Deng, X. S. Yang, C. S. Shen, J. Zhao, and B. Z. Wang, “A
IV. CONCLUSIONAND FUTURE WORK dual-polarized pattern reconfigurable yagi patch antenna for microbase

it ; ; ; stations,” IEEE Transactions on Antennas and Propagatiaol. 65,
A new parasitic coupling based RA design that can provide no. 10, pp. 50955102, Oct 2017,

beam'Stee”ng an_d beamwidth control on a smgle comp?f(;] M. Jusoh, T. Aboufoul, T. Sabapathy, A. Alomainy, and M. R. Ka-
antenna platform is developed. The proposed RA can generate marudin, “Pattern-reconfigurable microstrip patch antenna with multi-

9 beam-steering and 3 beamwidth variable modes. With a directional beam for wimax application|EEE Antennas and Wireless

. .. Propagation Lettersvol. 13, pp. 860-863, 2014.
novel RA mode-aware PF SChedu“ng scheme that jon yl] J. Hu, S. Lin, and F. Dai, “Pattern reconfigurable antenna based on

determines the RA pattern and scheduled users, the proposedmorphing bistable composite laminatetZEE Transactions on Anten-
RA can provide significant improvements against the system nas and Propagatignvol. 65, no. 5, pp. 2196-2207, May 2017.

using legacy patch antennas, e.g., up to 29% coverage and 169 N- H: Chamok, M. H. Yimaz, H. Arslan, and M. Ali, *High-gain pattern
reconfigurable mimo antenna array for wireless handheld terminals,

thrOUg_hpUt gains for a hotspot scenario. The improvements |Egg Transactions on Antennas and Propagaionl. 64, no. 10, pp.

are critical for 5G wireless access where extreme broadband 4306-4315, Oct 2016.

along with ubiquitous coverage is mandated by the 5G r@3] B. Cetiner, H. Jafarkhani, J.-Y. Qian, H. J. Yoo, A. Grau, and F. De Fla-
. h d hi hard | viis, “Multifunctional reconfigurable MEMS integrated antennas for

qt_ure_ments. The pre_sente RA arc 'teCtur_e (hardware) along adaptive MIMO systems,IEEE Communications Magazineol. 42,

with its control algorithm (software) enabling to choose the no. 12, pp. 62-70, 2004.

optimal modes of operation (the 3-dB beam-width and bear4] \é ';an' YMHOU' M. !_ii R-,?/'- Getfdfisy K. Zeng, '\f A. TﬁWfiq,l agd B-tA-_

. . . . . . etiner, * essage Integrity protection over wireless channel: Countering
steerlng direction) with respect to_ the dynamlca”y Chang'”9 signal cancellation via channel randomizatiofEEE Transactions on
spatial user deployments are designed and implemented with Dependable and Secure Computimp. 1-1, 2017.
minimal hardware and software complexities. We conclud&] 3GPP, “TS 22.261: Service requirements for the 5G system - Stage 1

P ; ; ; : ; ; (rel. 15),” [Online]. Available: http://www.3gpp.org/ftp//Specs/archive/
that designing RAs in conjunction with signaling schemes 22 series/22.261/22261-130.zip, Dec. 2017,

and network requirements with low overhead is essential @] ETSI, “ETSI TR 138 913  v14.2.0  (2017-05)
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