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Abstract-The paper presents results of a study focus the beam. A basic example of a parasitioyangenna

considering a 2.4 GHz low-cost low-power-consumptio
electronically switched parasitic array radiator (ESPAR)
antenna suitable for wireless sensor networks andural
applications. The paper discuses the effects of réestic
versus ideal loads in the process of modeling andesign
on the example of a four plus one elements antenn@he
realistic loading is found to have a significant ééct on
the design, e.g. reducing the gain by over 2 dB arttie
return loss by up to 6 dB. The paper presents sevalr
optimized designs, offering gain of 9 dBi and exdeht
impedance match.

Index Terms—parasitic arrays, antenna, ESPAR,
loading, antenna design

|I. INTRODUCTION

Parasitic array antennas normally require
semiconductor elements for beam control, are tylyid@ss
complex to manufacture, and have lower cost tharutual
phased arrays, yet offer most of their benefitds Thakes
the parasitic arrays an attractive choice for budgesitive

less

this work.
two states. In principle, it is possible to switbktween

is Yagi antenna [1] that has an active half-wavgtlen
dipole, reflector and directors. The reflector iparasitic
element slightly longer than the active element ainich

reflects the waves back towards the active elemEhgé

directors are shorter than the active element alg to

guide the radiation in one direction.

An electronically switched parasitic array radiator
(ESPAR) antenna [2-5, 8] has electronically cotefuée
loads terminating the parasitic elements as denaisst in
Fig. 1. This provides the means to control the fiomcof the
parasitic elements, e.g. to perform as a reflemtalirector.

In order tosteerthe beam, the load requires a fine control.
Usually, this is done by using a varactor contwlley a
digital-to- analog converter (ADC). Our applicatiencost
and power consumption sensitive, thus this choidendt
seem optimal.Switching the beam between a sufficient
number of different directions can require muchmgéenand
less power hungry circuitry and is the directiorogdn in
In our case, each load can be switdhettheen

open-circuit, short-circuit, inductive and capaatioads. In
this work, only the open and short circuiting loadsre
considered.

Most of the research papers on ESPAR known to the
author are based on the idealized loads. This papesiders
and discusses some of the effects of realisticslaad the
gain and input impedance of a 2.4 GHz band ESPAR

applications like wireless sensor networks (WSNXY an
communication for rural undeserved areas of Africa.

A parasitic array antenna usually includes onevacti
element and several parasitic elements. The aetament
is connected to a radio frequency (RF) waveguidee T
parasitic elements are used to capture the eleatypetic
waves incident upon them and to re-radiate themjragto

Active element

Impedance control
lines for parasitic
elements

RF power line (input / output)
a) to the active element N

Fig. 1. a) Schematic view of an electronically switell parasitic array radiator (ESPAR) antenna. b) Probtype.



antenna. The focus on four parasitic elements waghie
sake of simplicity and length of the paper.

The paper is organized as follows. Section |l idtrces
tools, approximations and notations and optimizatioteria
used later in the text. Section Il discusses t®es studied
and the results. The last section concludes therpap

IIl. METHODOLOGY, APPROXIMATIONS RESULTS AND
DisCUSSIONS

Table 1. Equivalent input impedance of the RF switchat

port 1, Zequv» When the other two ports are connected to
various terminating loads shown in the second colum(ports

are denoted with letter P and numbers, and the statis shown
as follows: O is an ideal open circuit,S is an ideal short circuit,

L is a via characterized as an impedance of 0.08 Ohand

1.34 nH connected in series to the groundC is an open
microstrip line with equivalent impedance of the sees

connection of 0.93 Ohm and 0.28 pF connected in &3 to the

ground, L2 and C2 are the same ad and C except for the

increase of values to 2 nH and 0.4 pF, respectivgly

To perform the full wave electromagnetic modelittgs

work relies on the numerical modeling tool WIPL-D6
Lite [6]. The model of a parasitic array antennas \kaild

using wire model [7]. The accuracy of modeling bg tool
has been verified by building a prototype showirig. 1b,

and performing radiation pattern measurements in

anechoic chamber. The results of the measuremexithed

the results of the modeling very well [4, 5].

The antenna is modeled as an array of monopolemon

infinite ground plane. The array has one centréiveded
element of heighitl,, and four parasitic elements with heig

H, placed uniformly around a circle of radiéswith the

Case | Switch termination Zequiv» Ohm | Switch
# scenario state
Oa No switch (ideal load) 0 (used On (SC)
0.010)
Ob No switch (ideal load) ot (used Off (OC)
5kQ)
an j Ideall: P25,P3=0 35+j19.5 | On(SC)
2 Ideal2: P2©,P3=S 2.8 -j60.4 Off (OC)
3 Non-ideal: P2k, P3=C 8.6 +j61.7 On (SC)
4 Non-ideal: P2€, P34 2.45—j42.7 | Off (OC)
5 Non-ideal: P2E2, 175+ On (SC)
t P3=C2 j104.6
6 Non-ideal: P2€2, 242 -j37.5 | Off (OC)
P32

centre at the active element. Wire radius of 1 nms wsed

for all elements in all models in this paper. Ihmabdels, it
is also assumed that each parasitic element isrtated in a
load which may be switched between only two stégas an
open-circuit high-impedance state and closed-dirtmw-
impedance state). In all models,
parasitic elements have the same load and the mamai
opposing two parasitic elements are in the othedsjte
state, as to obtain a strong single main beam T8k
parasitic monopoles of ESPAR are assumed to betbeich

a single pole dual throw (SPDT) radio frequency )RF

switch. Both ideal and non-ideal models of the chiare
considered. An idealized SPDT switch is assumedeo
located on the top of the ground plane, i.e. onstrae side
as the parasitic monopole elements, as per Fig. 1b.

The model of non-ideal SPDT switch used in thiskaisr
based on Infineon BGS12AL7-6. The latter conndutsRF
signal from RFin to either RF1 or RF2 — the notatiare as
per the datasheet [9]. The scattering matrix datatlie
switch was imported into WIPL-D and then used teate
the model as shown in Fig. 2. Ports 1, 2 and Jefmodel
correspond to the ports RFin, RF1 and RF2, respeyti

Optimization functionality built into WIPL-D [6] wa

@)

(b)
Fig. 2. Three samples of various non-ideal loading edels: (a), (b)
(c) non-ideal switch terminated by a short circuit(a via, i.e. inductor) and an open circuit (capacdr).

the two neighlgprin

used to tune the geometry of the antenna, via dnenpeters
R, Hp, andH,. As WIPL-D’s Lite version permits only 2
optimization variables, the weights per each caowlitvere
varied before changing the optimization variablesween
R, Hp andH, manually, and re-starting the optimization runs.
The following optimization criteria were used:

1) Maximum gain to be above 15 dBi;

2) Side lobes to be below 0 dB;;

3) Real part of the input impedance to be gredian tL0
Ohm / equal 50 Ohm (both cases were used);

4) Imaginary part of the input impedance to be kbss
10 Ohm / equal 0 Ohm (both cases were used).

The modeling was done in several stages. Firstdeal
switch was assumed, shown as the cases #0a andi@ble
1. The results are shown as the blue curves in Fignd
configurations A and C in Table 2. It is clear tkta ideal
loads offer the highest gain and a reasonable iz
match. For example, the input impedance of the
configuration C may be matched to the standard &th O
port using a method from [10].

R1=0.93 Ohm

2
£1=0.28 pF
N2

Z=50 Ohm R2=0.08 Ohm

(©)

non-ideal switch terminated by théeal open and short circuits
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Fig. 3. Power gain patterns for ideal and realistidoad models for a standard (a) and optimized (b) @pmetries.Legend entries with
L1, L3, andL5 correspond to the loading cases #1, 3 and 5 from Ble 1, respectively.

Next, the non-ideal models, i.e. the models inalgdi
losses and delay, were tested. In an ideal casgydtasitic
element is connected directly to the ground plavith no
losses or delays. In reality, the finite size o tlad,
composed of a switch, its termination, and intensmting
transmission lines, together with the losses insthikch and

wavelength distance array recipe indicated by

configuration A. Later, its geometry was optimizecobtain
a higher gain, shown in the configuration/design TGe
value of the highest gain of 10.39 dBi can be w4 figure
of merit. It may also be noted that the value of thput
impedance was significantly reduced, as the resflt

non-ideal termination, cause change in both phas# astronger coupling to the ground through the parasit

amplitude of the reflection coefficient. In ordermodel the
non-ideal switch, the scattering matrix parametefrshe
switch were obtained [9] and used in the microwaveuit
simulator WIPL-D Microwave [6].

elements, which are here much closer to the aetament.
Next, the realistic models for the loads were adietthe

design. Fig. 4 shows gain patterns for these nesigds.

The addition of realistic loads including effecfdasses and

The non-ideal switch, connected to an ideal opeth amlelays brought the performance of the initial desiy

short circuits, converts these ideal states inéostiates with
equivalent impedance of +j19.5 Ohm and —j60.4 Obm,
shown with the cases 1 and 2 in Table 1. This diffeom
zero and infinity Ohms of an ideal termination gbarasitic
element in both magnitude and phase, and was Kpeced
to degrade the performance of a non-optimized avaya
confirmation, Fig. 2 shows that such introductioh tie
realistic loading changes the radiation patterrestitrally,
not just reducing the maximum gain but also affertihe
direction of the main beam (easily seen for thenggtdes
L3 and L5).

Table 2 shows an overview of the key results. Tital
idealistic setup was based on the most commongualfter

significantly down. The gain was reduced by ovedR,
whilst the level of the side lobes rises to neadgch the
level of the main lobe (the effect is especiallyosgly
pronounced in the configuration B). Addition of temalistic
loads caused even greater problem with the optarissign
C. Its performance was reduced, as can be obséomdhe
performance of the configuration D. In comparisorCt the
configuration D has lost nearly 2 dB in terms ofngand
over 6 dB in terms of the return loss, making tbieim loss
as low as 3 dB.

Following these observations,
optimized, using various combinations of weights pach
optimization criterion. The geometrical parametans the

Table 2. Geometry and performance parameters for seval configurations.

Load and antenna | Name in Fig. 3 with | Ha, Hp, R, mm | Input impedance of Max gain SLL, dB
configuration # radiation patterns mm mm antenna Z,, Ohm Gnax 0B

(parantl+...)
A. Idealisticload std 28 28 60| 42.3-j20.4 (RL=12dB) 9.75 3.65
B. Realistic load std_L3 28 28 60 44.9-j10.6 (RL=18dB) 7.43 1,68
C. Idealisticload 26.21 32.7 26.51 24.5-j1.29 (RL=9dB) 10.39 18.39
D. Realistic load _L3 26.21 32.7 26.51 8.8 +j9.07 (RL=3dB) 8.78 1/98
E. Realistic load _L3_opt 2496/ 35.26 26.30 9.0-j0.3 (RL=3.1dB) 399, 7.14
F. Realistic load _L3_opt_A 26.21 334 40.41 72.4+j12.1 (RL=13.7dB .0%9 5.81
G. Realistic load | _L3_optl 2496/ 34.13 38.77 56.1+5.9 (RL=22dB) 69.0 7.06

the

the design D was
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Fig. 4. Gain pattern for various configurations naned in accordance to the first column of Table 2.

performance results are shown as designs E, F,Gaind
Table 2 and Fig 4. These designs show similar pedace
in terms of the gain, a slight difference betweerakd G
against F in terms of the side lobe level (SLL)J anlarge
difference in terms of the input impedance. Thagieg has
very low input impedance, which nevertheless id ezal
could be matched using, for example, a quarter-wave
transformer [10] with line impedance of 21.2 OhmhisT
transformer could in practice introduce a smalslosunder

0.15 dB. The designs F and G do not require anitiaddl

impedance matching circuitry, for most practical
applications. Out of the two designs, the lattezxpected to
provide a slightly better performance, due to Hotter side

lobes and better impedance matching.

. SUMMARY

An electronically switched parasitic array with fou
parasitic elements has been modeled assuming édeah-
RF switch. The model of the switch was based on .
combination of the measured data and simulationetsodt
was found that neglecting to include the realisiimdel may
lead to a large error in maximum gain or even irexir
prediction for the direction of the main beam. Muwrer, it
was found that the non-ideal load may reduce thendoss

by as much as 6 dB and possibly more.

22 dB at a 50 Ohm port.
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