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Abstract- Influences of variations in the structurd or computed data. The most common errors incluge th
parameters (or antenna dimensions) of the five eleents  systematic and random errors [1-3].
circular switched parasitic array (SPA) antenna at2.4
GHz are investigated in this paper. Variations in he Systematic errors are frequently associated witd th
structural parameters are assumed to model random uncertainty in the experimental and/or measurement
errors in such parameters. The effects of these viations ~ instruments. Systematic errors are normally predie; and
on the performance of the SPA antenna are investiged therefore they can be compensated for [4]. On aoptr
using a numerical approach. Mutual coupling between random errors are the results of random deviatibthe
the array elements is taken into consideration. The parameters of a system from their design values TBis
variations are modelled assuming both uniform and Paper focuses on the effects of the latter on &#réopnance
Gaussian distributions, and they are simulated usip Of the circular switched parasitic array antennthis paper.

MATLAB. The simulation results demonstrated that )
variations in each structural parameter can either ~ Recently, researchers have studied the effectsrafam

increase or decrease the SPA antenna gain and input &0'S in linear and planar arrays, with focustengide-lobe
impedance depending on the given specifications. &h level [1], directivity (or gain) [2], [5], [6], andbeam
gain and input impedance sensitivities per unit vaation ~ Pointing accuracy [1]. In addition, the effectstbé mutual
in each structural parameter are computed to deterrime ~ COUPling error on the input admittance of antennays
the level at which the gain and input impedance cavary have been studied in [7]. However, the analysisidened a

for a small predefined change (or error) in the stuctural ~ c@Se where mutual coupling between the antennzeelss
parameter. not desirable, as it is the case also in [8]. in ¢thse of the

parasitic arrays, mutual coupling is fundamental the

Index Terms— Switched parasitic arrays (SPA); SPA functioning and performance of the antenna [9]].[10
antenna structural parameters; Random error modelirg

and analysis. Numerous studies have shown that although suchiserro

maybe minimal, they do have influence on the ardenn
. INTRODUCTION performance attributes such as gain, side lobes, b@am

Smart antennas are recommended for the performarﬁ:oes'tlomng precision [4-8]. However, most stu sider

improvements in throughput, capacity and coveragehe d case of the linear or planar arrays consistingrdy the
wireless networks [13]. However, the usual smatem@mmas active elements [1], [4-6].

involve complex signal processing and hence ressula
power hungry system. Also, each array elementisected
to the feed circuitry and requires impedance matland

In this work, we numerically investigate the effecf the
variations in the structural parameters on the gaith input
phase control. These factors result in increasediepo MPedance of the circular SPA antenna. These vam@are
consumption, complexity, the size of the array andrall assumed to model uncertainties with parametereeofSPA

system cost. They make smart antenna systems aioisuit antennae. The degree at which variations in t.macmrali
and unaffordable for some applications, especialljarameters of the SPA antenna alter the gain apdt in
considering network deployment in rural areas whapst Impedance will be shown. Also, the sensitivity meas of
network devices are battery powered. the attributes (gain and input impedance) of theA SP

antennas could be used during the design and netorifey

In order to customise the design so that the amengt yhe circular SPA antennas to obtain the dessigstem
remains feasible in energy efficient applicatiosystem configurations
I

analysis commonly starts the design process. This
typically followed by the numerical tests (e.gti form of  The rest of the paper is organized as follows. iSedt

simulations). Thereafter, the system is manufadiiaed oytlines the basis of our formulation of randomoerr
experimental tests are performed. Throughout thighalysis. In section Ill, analysis of random errors the

development chain, there are always uncertainiearors  antenna performance attributes are introduced.idety
associated with the measurement data. There is atigrm

more than one type of error associated with theexgental



presents simulation procedure, results and analyale Table 1 presents the mean values of the investigate

conclude the study with section V. antenna system as demonstrated in Fig. 1. All piaras
elements are of equal length for the symmetricabpses of
II. BASIS OF RANDOM ERROR ANALYSES the circular SPA antenna. Also, all elements (actand

Randomness from measurement data can be introdiycedparasitic) are of the same thickness for simplicity
assuming that, such data consist of two compongijts
[11]. The first component is considered to be ¢sémated ~ Table 1: Mean values of the structural parametdrthe

average valueof the parameter, and the second component investigated circular SPA antenna.
is the error associated with the measurement data. Th¢ Parameter Value
two measurement components can be combined ininib&r | | Length of active element, L 52 mm
additive model and denoted by the error equatigin [2 Length of all parasitic elements, L 56 mm
Radius of all the array elements, Wr 0.8 mm
1) Placement of parasitic elements from active eleptent62.5 mm

wherey; is thei® repeated measurement of jﬂ‘evariable B.Problem formulation

in the function, fori = 1,2,..., mand j= 1,2,..., n; is the

estimated average value of the variale & is the  The performance of the SPA antennas is dependetiiteon
measurement error of th¥ replicate observation on th8  mutual coupling amongst the array elements. Tomedé
variable. the performance of the SPA antennas, firstly, aesyof the
impedance matrix are carried out [9]. Examples ethuds

Furthermore, if an assumption is made that theofet - .
S that can be used to compute the impedance miaiiude
errors & is independent and equally probable, then, for

every single observation of tii8 variable, there exists a setﬁn ana:%/tl\l/lcsl teckr]]nlgue S'UCh as the llnduhce.d Elm(t;;ne
of merror components. The result of single observatizm orce ( ) method and a numerical technique ssdine
be presented as [2]: Method of Moments (MoM) [12].

@) The solution of either the induced EMF method orMVo

X=00Y0 Yoo Y ) depends on the length of the element$, (the radius

whereg(y) is a particular function of interest. The entriés : L
vector y are defined by (1), which are the repeate&thmkness) of the element®/() and spacing in between the

measurements of one specific variable. Expressidn (;aletr;]]entslc@t: Thefct)ﬁergt:jonal dfrélc\]/lu'fncf/)ﬂ(]alzo '\(jlonstltnges
indicates the sampling distribution of the resgtirectorx, 0 the solution of the induce method. Moreovae

and the randomly subjected varialewhich is in turn also 2ntenna performance attributes are dependent on  the
subjected to random variation. Therefore, the itiistion currents in all the elements, which are in turnesheent on

properties ofx depend on both the assumptions about t€ Structural parameters. The self and mutual trapees
nature of the functiog(y) andy itself [2]. of the antenna array are dependent on the dimension

(structural parameters) of the array. Errors in stvectural
1. RANDOM ERRORS IN SWITCHED PARASITIC parameters of the SPA antenna will lead to errars i
ARRAYS solutions of the Induced EMF method, and hence ialsbe

A. System model antenna performance attributes.

We consider a single ring circular switched paiasitray Numerical _Vaf'a“"”s mtrod_uced n th? struptural
parameters signify manufacturing or experimentatimn

SPA) antenna, consisting of five dipole elemerts5): i ; Y
( ) g P o even environmental dynamics. If we distinguish leswthe

one central active element surrounded by four ft&ras ;
elements® = 4). The system configuration is such that onl{fNgth of the active element) and the length of all the
one parasitic element is open circuited while thet rare Parasitic elementsLf), the variance in each structural

short-circuited as illustrated in Fig. 1. parameter can be formulated based on (1). The tpeah
frequency ) also has influence on the performance

2 attributes of the SPA antennas. Therefore, we waldo
study the performance of the SPA antenna over metbf

}\/ frequency range.

@ y Thus, variations in the studied parameters are Heabas:

L, =L°+AL;
Where .
+ Open-circuited : L,=L,+AL;
« Short-circuited d=d°+Ad; )
_ Wr veaxis i
X-axis « Active element [] Wr=Wr®+AWr;

f=f°+Af,

Fig. 1: Modelled SPA antenna geometry with fivenglets: 4 parasitic ) ]
elements surrounding 1 central active elenjeht where each parameter with superscript zero (&4)

represents the assumed mean valtvespecifies the random
error associated with a specified parameter.



C. Random error modelling distributions

Random errors can be described by using the pridlyabi
density functions [2], [4]. The two probability tigutions
that are assumed and used to model the randons énrtiris
paper are the Gaussian (normal) and uniform (rgctan)
distributions [2], [4]. The normal distribution thosen for
ease of studying the spread of errors from meamegaland
also for generating random numbers. However, witly o
the use of the Gaussian distribution, it is notyemsrelate
the correlation between the input and output pateraeAll
the values are distributed around the mean andhmwing
the direct correlation of the change in the inpatameter
versus the change in the output parameter. Theretbe
uniform distribution is chosen for
investigating the correlations between
parameters and attributes of the SPA antenna.

the

Using equation (1), the expressions for the twaorerr

distributions can be formulated. The measuremewot éﬁ,
can be presented in such as way that it is modeidg
either the Gaussian or uniform distribution. If wensider
one variable at a time, for the uniform error dlsition, the

variable Y; is uniformly generated with the maximum
deviationz h [2]:

Yy, =+ hu, -1), (4)
where U; is thei™ entry in the vectolU of the variables
uniformly distributed in the interval 0 to 1. Anciremental
step for the interval can be definek.is the maximum
possible deviation from the mean valye y; is the i
repeated uniformly distributed subjected variable.

Alternatively, if the measurement errors are mastell
using the normal distribution, the randomly distitiéd

subjected variablg is formulated as [11]:

Y, =H+OR, (5)
whereR is thei" value in the vectoR of the normally
distributed random numbers, for 1,2,..., mu is the mean
value for the varied parameteris the standard deviation of
measurements.

For easier comparison of the two distributions, litmét of
deviations is presumed to have some relation incahere
the Gaussian and uniform distributions are usedddel the
same measurement data. This relation is consideesal in
as:

h= 40, (6)
where h and o are the error limits for the uniform and
Gaussian distributions respectively.

Table 2 summarizes the varied parameters basesl) dor(
error modelling using Gaussian distribution. A &aldf
specification for variation in the structural paeters based
on uniform distribution can be obtained using Tabland

(6).

Table 2: Gaussian distribution specifications fariation in each
parameter

Structural Mean value, p Standard deviation,
Parameter STD

Lai 52 mm 2.5

Lpi 56 mm 2.5

Wr; 0.8 mm 0.195

di 62.5 mm 25

f; 2.45 GHz 0.0013

D. Influences of the random errors on the performaofce
SPA antenna

The analysis for random errors on the performaridheo

the purpose otintenna may be developed from the expression a&mur
studiethoth amplitude and phase) excitations [1], [4]; [5

I = 1R@+0,)e, ™
where | ° is the assumed non-error current amplitude for
the antenna array oN elements, forn 1,2,....N

en represents the phase in each current excitatltte A,
indicates the associated error with the currenttztan.
Regardless of the type, geometry and size of treyathe
radiation pattern is a function of the current rilisttion [4].
Thus, if there are errors in the current amplitade phase,
then all the antenna performance attributes wilafiected.
In this paper, the current excitation is a com@atity, and
therefore the amplitude and phase excitations arér@ated
separately. Therefore, (7) can be represented as:

L= 10+ (A1), ®)

Deviations in the current excitations might be doe
variations in the dimensions of the antenna assaltref
manufacturing errors or environmental change.
consider the far field of the circular switched gmitic
arrays, it is a function of: the length of the eéts (both
active and parasitic), the current along each eitraed the
placement of the parasitic element from the actleenents
as well as the vertical and azimuth angle [9]:

coskL, co# ¥ codL, )_

E6(61¢) = IO SinH
Nf' coskL, cod )y co¥(, ))(
=i sing . 9)

e(jkdsianos(o—qq] )

Substituting (3) and (8) into (9), the error-incles
representation of the radiation field of the ciesulSPA
antenna can be obtained. Thus, all parametergsomatitute
to the far radiation field are assumed to have smandom
errors, which are introduced using either Gaussign
uniform distribution.

Based on (2), we also assume that equations used fo
solving the impedance matrix can be represented to

accommodate the error. The relation of the curramd
impedance matrix can be presented in matrix for®|,[1
[12]:

l=2V™. (10)

If we



where Z is the square impedance matrix, ahdis the The standard deviations of the SPA antenna gaputi
current vector. The statistical representatiorfl®) can be impedance and the structural parameters are usddfitze

modelled as: sensitivity measures in this study. The antennebates
sensitivity per given parameter is defined as:
[I+Al]=[Z+ AZ]V ™. (11)
where AZ is the matrix of the associated random errors in Att Par Sens ST1P(AY (14)
- - STD( Pan ’

the impedance matriAl is the vector of associated errors in ) )
the current vector. These changes lead to the ehamthe WhereParis a particular SPA antenna structural parameter.

associated with the input impedance can be expiesse The sensitivity measure is expressed in termseittits of
the antenna attribute per the measurement unit given
z, = Zf; +AZ (12) structural parameter.

in?
where Zf] is the assumed non-error input impedancs, is Although we have tried to use equal samples anielim
the random error associated with the input impeeanc the variations in the structural parameters to almsame
interval by the use of (6), Gaussian responsendam. The
in terms of thdesponses of the uniform distribution also yieldhtioear
curves. These explain the differences betweenehsitvity
measures computed using the two distributions (as
illustrated in Tables 3 and 4).

Antenna directivity can be defined
radiation intensity which is a function of the ratibn
pattern [10], [12]. If there are errors in the emts of the
array elements and hence errors in the radiatitterpa the
will be errors in all antenna attributes. The autha [1], [4-
6] have shown in general that the antenna dirégti(or
gain) can be represented as:

Statistical results can not be generalized; howewer
presume the sensitivity measure can assist in siagethe
influences of the variations in the structural paeters on
the SPA antenna gain and input impedance. In Talie
Table 5, the sensitivity measures of the SPA arteyain

nd input impedance are presented. The tablesrianegad
n an ascending order starting with lesser seirisitiv
' measures.

D=D°+AD, (13)
where D° is the computed average directivity value
assuming non erroréD is the random errors associate
with the average directivity. If a lossless antersnassumed
then the directivity of the antenna would be coesd as

the antenna gain. Table 3 demonstrates the influence of variationghia

length of the active element, length of the pai@siements,
thickness of all elements, placement of parasitnents
. . . . from the active element and the operational frequeihe

Five case studies are carried out, where in eash $i@dy, (egyts indicate that change in the thickness efelements
only one parameter is varied. All other structyatameters s minimal since the expected error in the thicknet the

are fixed as per the specifications in Table 1,hwite glements can be of the micro-millimetre magnitude the
operating frequency being 2.4 GHz. However, for ¢thee given specifications.

study of variations in the operating frequency, flegjuency

is varied as in Table 2. For each case study, Woéh  The |ength of the active element does not have much
uniform and Gaussian distributions are used to tt®  fuence on the antenna gain as compared to thgtHeof
variations in the structural parameters. We asstiag o parasitic elements. The SPA antenna gain dog¢s n
errors associated with the antenna gain and imppéedance change significantly with the change in the opersl
are as the result of the propagation of the eifeasations) frequency. Variations in placement of the parasitements
in any of the structural parameters of the SPArarde from the active element have an average influencéhe

) ) ) _ SPA antenna gain as compared to the influence foérot

tool. During simulations, 1000 samples are assuimeloth

the uniform and Gaussian distribution modelling. Taple 4 and Table 5 present the sensitivity measiitiee

Expression (3), (5) and the error-inclusive repnéstion of gpa antenna input impedance. For accuracy, the(RZit)

(9) are used together with relevant expressiorabtain the 5ng imaginary InZin) component of the input impedance

antenna performance attributes [9], [13]. are computed separately. Table 4 presents the senhsitivi
] ] o ] measures of the real component of the input impsslan

S|mulat|qn results for variations in the structqqarame;ters Variations in the length of the parasitic elememise less

(of the circular SPA antenna) are presented insbiion. jnfluence as compared to the influence of variation the

structural parameters on the SPA antenna gain aput i rea| and imaginary component).

impedance. The mean value and standard devia8di)(
can be used to describe the performance of theerayst
Therefore, a sensitivity measure is introducedhis study
for the analysis and comparison of the effects loé t
variations per each studied parameter. We defmsisvity
as the change in antenna performance attribute yeit
variation in the structural parameter

IV. SIMULATION PROCEDURE RESULTS AND ANALYSIS



Table 3: Sensitivity measures of the circular SRfeana gain per
variations in the structural parameters.

Gain . . . e
Sensitivity Units () Uniform | Gaussian | Average b_etvyeer]
distributions
Wr_Sens| dB/um 0.0005| 0.0004] 0.00045 25%
La_Sen | dB/mm | 0.000¢ | 0.000¢ | 0.000¢ | 0%
f_Sens | dB/MHz | 0.0041| 0.0041] 0.0041 0%
d_Sen dB/mm | 0.055¢ | 0.062¢ | 0.058¢ | 11%
Lp_Sens| dB/mm | 0.0979| 0.1244 0.11115 21%

From both Table 4 and Table 5, it can be notice, th

variations in the lengths of the elements (bothivacand

parasitic) have much influence on the antenna input

impedance as compared to the other structural pHesm
Generally, the results modelled using both distidns

indicate that any variations in the structural paeters have
input

some influence on the SPA antenna gain and
impedance.

Table 4: Sensitivity measures of the real compoagtite input
impedance per variations in the structural parametaf the SPA antenna.

Error

Gain q 5 .

L Units () | Uniform | Gaussian | Average | between
Sy distributions
Wr_Sens| Q/um 0.0114| 0.009 0.010p 26.67%
f Sens | Q/MHz | 0.0484| 0.0914| 0.0699 47.05%
d_Sens | Q/mm | 2.2725| 2.9643| 2.6184 23.34%
Lp_Sens| O/mm | 2.4364| 4.0508| 3.2436 39.85%
La Sens| Q/mm | 4.2395| 4.1488| 4.1942 2.19%

Table 5: Sensitivity measures of the imaginary aomept of the input
impedance per variations in the structural parametef the SPA antenna.

Error

Gain

Sensitivity Units (&) Uniform | Gaussian | Average g;esttvrsfgﬁgons
Wr_Sens| Q/um 0.036 0.0287| 0.0324 25.44%
f Sen Q/MHz | 0.18: 0.155: | 0.1697 | 17.91%

d _Sens | Q/mm 3.6093| 4.459 4.034P2 19.06%
Lp_Sens| Q/mm 3.1397| 5.9884| 4.5641 47.57%
La_Sens| Q/mm | 7.8686| 7.7986| 7.8336 0.90%

Fig. 2 and Fig. 3 illustrate the influence of véina in the
thickness of the elements on the SPA antenna gainngut
impedance. These are parametric plots. The
demonstrate a continual increase in antenna gairthi®
increase in the thickness of the elements in therval of
Wr >0.4 mm. However, for the given specification, .Fy
shows that variations in the thickness of the el@mean
either increase or decrease the SPA antenna ghough at
a minimal level. Fig. 3 shows that variations ie thickness
of the elements have minimal influence on bothrted and
imaginary components of the input impedance.

The resonant frequency of an antenna is deterntipetle
antenna dimensions. The closer the operationaliémegy is
to the resonant frequency, the better is the pedoce of
the antenna. As the structural parameters vary, SRé
antenna turns to match or mismatch its resonaguéecy.
Thus, the antenna elements can be either stromgleakly
interacting with the fields. In Fig. 2, we notideat as the
thickness of the elements increases, the gain @fSRA
antenna becomes higher. This implies that, at thesen
operational frequency (2.4 GHz), the SPA antenmastto

match the resonance frequency of the investigated S

resu

antenna. Also, the minimal change in the input idgmee
demonstrated in Fig. 3 illustrated a better tunegrna as
the thickness of the elements increases.

Fig. 4 to Fig. 6 illustrates the results of theluehces of
the variations in the placement of the parasitirant from
the active element. The results are modelled ushe
Gaussian distribution.

Gain{dBi)

35
0

0z 04 06 08 1 12 14 16
Elementsradius(mm)

Fig. 2: Change in gain due to variations in thickadradius) of all the
SPA antenna elements, based on the uniform dissibu
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Fig. 3: Change in input impedance due to variationthickness (radius) of
all the SPA antenna elements, based on the unistmbution.

The distributions of the SPA antenna gain and input
impedance are in half form of the Gaussian distidin as
can be seen from Fig. 4, Fig. 5 and Fig. 6. Thiicates the
non-linearity of the uniform distribution curves.deFig. 2
and Fig. 3). Nonetheless, different values of gaid input
impedance in these figures indicate that tuning A

ntenna into and out of its resonant frequency hes t
Sttuctural parameters vary.

Occurrences

52 54 56 58 6
Gain(dBi)

Fig. 4: Distribution of the SPA antenna gain duevéwiations in the
placement of the parasitic elements from the adleement, based on the
Gaussian distribution.



350 ; ; SPA antenna gain and input impedance. Random eraors
either increase or decrease the SPA antenna penficen
attributes with certain magnitude depending on ghesn
specifications. The sensitivity measures for thén gand
input impedance have been quantified to determhe t
degree at which the gain and input impedance camggh

per specified variations in each structural paramet

300

250

200

150

Occurrences

100

50

Future work can still be done to compare the resesn
and performance of various SPA antenna geometrieesnw
experiencing variations in their structural paraenet

30 40 50 80 90 100

60 70
Real Z,, (Ohms}

Fig. 5: Distribution of the real component of tmput impedance due to
variations in the placement of the parasitic eletadrom the active
element, based on the Gaussian distribution.
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V. CONCLUSIONS AND FUTURE WORK

The effects of variations (random errors) in theictural
parameters of the circular SPA antenna have been
statistically investigated. The results indicatatthariations
in each structural parameter have some influencahen



