
 

 

  
Abstract—Narrow bandwidth and high loss performance limits 

the use of reflectarray antennas in some applications. This article 
reports on the feasibility of employing strategic reflectarray resonant 
elements to characterize the reflectivity performance of reflectarrays 
in X-band frequency range. Strategic reflectarray resonant elements 
incorporating variable substrate thicknesses ranging from 0.016λ to 
0.052λ have been analyzed in terms of reflection loss and reflection 
phase performance. The effect of substrate thickness has been 
validated by using waveguide scattering parameter technique. It has 
been demonstrated that as the substrate thickness is increased from 
0.508mm to 1.57mm the measured reflection loss of dipole element 
decreased from 5.66dB to 3.70dB with increment in 10% bandwidth 
of 39MHz to 64MHz. Similarly the measured reflection loss of 
triangular loop element is decreased from 20.25dB to 7.02dB with an 
increment in 10% bandwidth of 12MHz to 23MHz. The results also 
show a significant decrease in the slope of reflection phase curve as 
well. A Figure of Merit (FoM) has also been defined for the 
comparison of static phase range of resonant elements under 
consideration. Moreover, a novel numerical model based on 
analytical equations has been established incorporating the material 
properties of dielectric substrate and electrical properties of different 
reflectarray resonant elements to obtain the progressive phase 
distribution for each individual reflectarray resonant element. 
 
Keywords—Numerical model, Reflectarray resonant elements, 

Scattering parameter measurements, Variable substrate thickness. 

I. INTRODUCTION 
EFLECTARRAYS are proposed as the best alternative to 
mitigate the various disadvantages of bulky parabolic 

reflectors and expensive phased arrays [1]. The need for 
finding an alternative arises due to some of the limitations 
associated with the conventional structures. For example the 
use of parabolic reflectors is limited particularly at higher 
microwave frequencies [2], due to the curvature of reflector 
resulting in an increased weight and size of the antenna. 
Moreover it is difficult to achieve the wide-angle electronic 
beam scanning. However high gain array antennas utilize the 
controllable phase shifters making them feasible of wide-angle 
beam scanning as compared to the parabolic reflectors. They 
also require high cost amplifier modules which make them a 
very expensive solution for various high gain applications [2]. 
On the other hand flat structure, low cost and easy deploy 
ability of reflectarrays projected them as a promising 
candidate for future high gain applications.  

A Microstrip reflectarray consists of an array of resonant 
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elements printed on top of dielectric substrate backed by a 
ground plane [3]. A feed antenna is placed at a particular 
distance to illuminate the array, whose individual elements 
scatter the incident field with proper phase distribution 
required to make a planner wave in fort of the aperture of 
reflectarray [3], [4]. Various approaches have been proposed 
in the past for the progressive phase distribution of the 
reflectarrays such as, square patches of variable size [5], [6], 
identical patches of variable-length stub [7], identical planar 
elements of variable rotation [8], cross dipoles [9], [10], ring 
elements [11], [12] and the liquid crystal based reflectarray 
antennas [13] to vary the effect of different path length. 
Despite number of advantages the bandwidth and reflection 
loss performance are considered as the main shortcomings of 
reflectarrays [14], [15]. The bandwidth is limited mainly due 
to the narrow bandwidth of the resonant elements and 
differential spatial phase delay due to the extended path length 
between the feed and reflectarray [16]. The feed antenna 
bandwidth and array element spacing are also among the 
factors responsible for limited bandwidth performance, but 
they are not of serious concern if the bandwidth requirement is 
less than 15% [3]. Many researchers have been working on 
various possible techniques to increase the bandwidth and up 
to 15% bandwidth has been reported in [17].  

In this work the effect of using variable substrate thickness 
on the performance characterization of reflectarrays has been 
demonstrated. The practical validation of predicted results 
obtained from commercially available CST computer model 
based has been carried out using waveguide simulator 
technique. A mathematical model has also been developed for 
progressive phase distribution of various reflectarray resonant 
elements.  

 

 
(a) 
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(b) 

Fig. 1 (a) Built model of reflectarray unit cell (b) Dielectric 
absorption in reflectarrays 

II. THEORETICAL ANALYSIS 

A. Reflectarray Losses 
Reflectarrays attribute dielectric loss due to the dielectric 

absorption in the substrate and conductor losses due to the 
conductivity of the conducting material utilized for the design 
of reflectarray resonant elements [4], [18]. Thus the reflection 
loss performance of the reflectarrays depends on the material 
properties and thickness of the dielectric substrate. The 
reflection loss can be given as (1). 

 
                           L d cR α α= +                                (1) 

 
where, RL is the reflection loss and αd and αc are the 
attenuation due to the dielectric substrate and conductor loss 
respectively which can be calculated using (2) and (3) as: 
 

                      ( ) tan
2d rο ο
ωα μ ε ε δ=                     (2) 

 

                        8.68 ( )
2c

m c

db cm
WZ

οωμα
σ

=                  (3) 

 
A unit cell reflectarray element with proper boundary 

conditions is shown in Fig. 1 (a). Fig. 1 (a) shows that the 
incident electric fields create E-walls (top and bottom walls) 
and H-walls (side walls) around the resonating structure. 
Moreover, the dielectric absorption into the substrate region of 
reflectarray antenna is depicted in Fig. 1. It can be seen that 
the port excitation is placed at a distance of λg/4 to incident the 
electric fields on the reflectarray resonant element and the 
dielectric substrate (t). These incident fields are being 
absorbed by the substrate region resulting in multiple bounces 
phenomenon. Thus the intensity of dielectric absorption in a 
particular substrate determines the reflection loss performance 
which can be seen from Fig. 1 (b). For thinner substrates, a 
number of rapid multiple bounces will occur due to higher 
dielectric absorption which contributes the higher reflection 
loss performance. Whereas, the number of multiple bounces 

can be decreased in order to obtain low reflection loss 
performance by increasing the substrate thickness. 

B. Design and Simulations 
A thorough investigation has been carried out based on 

Finite Integral Method (FIM) using commercially available 
CST computer model to realize and demonstrate the effects of 
variable substrate thickness (0.508mm, 0.787mm, 1mm, 
1.57mm, and 2mm) on the reflectivity performance of various 
reflectarray resonant elements. Three strategic resonant 
elements including dipole, square loop and triangular loop 
have been utilized to serve the purpose for operation in X-
band (8-12GHz) frequency range. These reflectarray resonant 
elements under investigation are made to resonate at 10GHz in 
[19] for the characterization of reflection loss and reflection 
phase performance.  

III. NUMERICAL MODEL 
Realization of progressive phase distribution is an important 

parameter in reflectarray antenna design which is required to 
make a planar wave in front of the periodic aperture. 
Therefore, in this work a novel numerical model based on 
Periodic Method of Moment (MoM) has been derived to 
estimate the reflection phase values depicted by each 
individual resonant element. Material properties of the 
dielectric substrate, reflection area and surface current density 
of reflectarray resonant elements have been taken into 
consideration for an accurate implementation of the model as 
shown in (4): 

 

                                 
tan2 r s

g r

I
W A t

ε δϕ π=                           (4) 

 
where φ is the desired reflection phase, 2π is the total phase 
range, εr is the relative permittivity, tanδ is the loss tangent 
value, Is is the surface current density, Ar is the area of 
resonant elements, t is the substrate thickness and Wg is the 
conditional arbitrary constant known as the guided wavelength 
factor whose range for the resonant elements mentioned in 
above section is given by (5) as: 

 
                              0.02 2.5g g gWλ λ≤ ≤                       (5) 

 
Whereas, the reflectarray antennas possess maximum 
reflectivity at the resonant frequency (fr), hence the value of 
phase will be 0° at the point of maximum reflection. 
Remaining reflection phase values at (f< fr) and (f> fr) can be 
calculated by using (6): 

 

                   

tan2

0
tan2

r s

g r

r s

g r

I
W A t

I
W A t

ε δπ

ϕ
ε δπ

⎧
⎪
⎪⎪= ⎨
⎪
⎪−
⎪⎩

                                  (6) 

;     f<fr 

;     f=fr 

;     f>fr 

World Academy of Science, Engineering and Technology
International Journal of Electronics and Communication Engineering

 Vol:8, No:2, 2014 

313International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
le

ct
ro

ni
cs

 a
nd

 C
om

m
un

ic
at

io
n 

E
ng

in
ee

ri
ng

 V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

75
63

.p
df



 

ph
su
In
co
ph
be
tri
co
sm
ex
re

fa
R
ta
m
ke
el
str

F

Fig. 2 Compar

The above e
hase values fo
ubstrate thickn
n order to 
omparison bet
hase curves o
een presented
iangular loop 
ompared to t
moother reflec
xist a good ag
eflection curve

IV. 

A. Unit Cell C
Two patch u

abricated by u
ogers RT/D

anδ=0.0012) i
mutual couplin
eeping the sub
lements. Fig. 
rategic reflect
 

Fig. 3 Fab

ig. 4 Dimension

Δφ

rison of predict
c

quations can 
or reflectarray
nesses by subs
validate the
tween the pre

of dipole, squ
d in Fig. 2. It 

element depi
the dipole el
ction slope. M
greement betw
es.  

FABRICATION

Configuration
unit cells for 
utilizing two 

Duroid 5870 
in order to v
ng effects have
bstrate dimens

3 shows the
tarray resonan

bricated unit cel

n measurement

Δf 

φ 

ted and formula
curves 

 
be used to fin

y resonant ele
stituting the ap
e devised nu
edicted and f

uare loop and
can be seen 

cts the steepe
ement which

Moreover, it ca
ween the predi

N AND MEASU

ns 
each resonan
different sub

dielectric 
verify the the
e also been ta
sions constant
e fabricated s
nt elements. 

l reflectarray re
 

 
ts for the approx
errors 

ated reflection p

nd out the ref
ements with d
ppropriate val
umerical mo
formulated ref
d triangular lo

from Fig. 2 t
est reflection s
h is shown t
an be seen tha
icted and form

UREMENTS 

t element hav
strate thickne

material (ε
oretical resul
aken into acco
t for all the de
samples of d

esonant element

ximation of fab

 

 
phase 

flection 
different 
lue of t. 
odel, a 
flection 
oop has 
that the 
slope as 
o offer 
at there 
mulated 

ve been 
esses of 
εr=2.33, 
lts. The 
ount by 
esigned 

different 

 
ts 

 
brication 

can
Sin
car
ma
of 
Th
cel
usi
fab
the
sub
ma
me
shi
va

tw
car
5. 
ref
X-
Ag
cel
ap
gro
sub
ref
ref

A

pe
ba
an
ba
10

B

pe
ref

Fig. 5 S

B. Dimension
The digital v
n be used to 
nce the fabri
rried out man
ay result in fa

f conductor pa
herefore the g
ll reflectarray
ing digital v
brication erro
e unit cell ele
bstrate. There
aximum discr
easured dimen
ifting of res

alues of the ref

C. Measureme
The scatterin

wo patch unit 
rried out usin

The scatter
flection phase
-Band wavegu
gilent coax to
ll resonant el
erture of the 
ound plane o
btracted from
flection phase
flection phase

V. M

A. Reflection L
Reflection l
rformance ch

andwidth perf
nalyzed by the
andwidth perfo
0% above the m

B. Reflection P
Reflection p
rformance pa
flectarrays. M

Scattering param

s Measuremen
vernier caliper
measure the d
ication of th
nually using 
abrication erro
atch (copper)
geometrical d
y resonant el
vernier calipe
rs as shown i
ments vary w

e exist a minim
repancy of -0.
nsions. These

sonant freque
flectarray reso

ent Setup 
ng parameter 
cell reflectarr

ng vector netw
ring behavior
e has been ana
uide simulator
o waveguide a
ements are th
waveguide si
f each elemen

m the measure
e to get the ac
e response.  

EASURED RES

Loss Curves
loss is an
haracterization
formance of t
e reflection lo
ormance, the 
maximum refl

Phase Curves
phase is con
arameter used

Moreover pha

meters measure

nts  
r is a precisio
dimensions ex

he designed s
photolithogra
ors to due to 
on top of the 

dimensions of
ements have 
er, in order 
in the Fig. 4.

with the thickn
mum discrepa
48mm betwe

e fabrication 
ency and hig
onant element

measurement
ray resonant 
work analyzer
r including r
alyzed by conn
r with the netw
adaptor [20]. 
hen inserted i
imulator as sh
nt is taken as
ed values of 
ctual curves o

SULTS AND DIS

important p
n of reflectar
the reflectarra

oss curve. In o
bandwidth is 

flection loss va

s 
nsidered to b
d to analyze 

ase errors can

 
ements setup 

on instrument 
xtremely accu
samples have

aphy process, 
random distri
dielectric sub

f the fabricate
been measur
to incorpora
 The dimensi

ness of the die
ancy of 0.07m
en the design
errors will re

gher reflectio
s. 

ts of the fab
elements hav
r as depicted 
reflection los
necting the st

work analyzer
The two patc
nto 15mm × 
hown in Fig.
s a reference 
reflection lo

f reflection lo

SCUSSION 

parameter fo
rrays. Genera
ay antennas c
order to analy
 defined by m
alue.  

be another 
the reflectiv

n also be ob

which 
urately. 
e been 
which 

ibution 
bstrate. 
ed unit 
red by 

ate the 
ions of 
electric 

mm and 
ned and 
esult in 
on loss 

ricated 
ve been 

in Fig. 
ss and 
tandard 
r via an 
ch unit 
30mm 
5. The 
and is 

oss and 
oss and 

or the 
lly the 
can be 
yze the 
moving 

crucial 
vity of 
bserved 

World Academy of Science, Engineering and Technology
International Journal of Electronics and Communication Engineering

 Vol:8, No:2, 2014 

314International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
le

ct
ro

ni
cs

 a
nd

 C
om

m
un

ic
at

io
n 

E
ng

in
ee

ri
ng

 V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

75
63

.p
df



 

us
ph
an
th
ex
 

 

 

F
th

 

re
lo
th
ho
sh
IV
re
el
re
su
el
fie
re
m
re
co

sing reflection
hase performa
nd static phase
he reflection p
xpressed by us

Fig. 6 Compari
hick substrate (a

Fig. 6 shows
eflection phase
oop element o
he resonant e
owever; the 
hifted because
V. It can be se
eflection loss 
lement where
eflection loss 
ubstrate is uti
lements, and 
elds cause ra

eflection loss 
measured refle
eflection loss.
onnectors are

n phase curve
ance can be in
e range. FoM 
phase to the 
sing (7). 

FoM

son of measure
a) Reflection lo

s the measured
e curves for d

on 0.508mm t
elements wer
resonant freq

e of the fabrica
een from Fig. 
of 20.25dB i

eas, dipole el
of 5.66dB. Th
ilized for the
the dielectric

apid multiple
performance. 
ction loss is 
. The losses 
e the main r

es. The comp
ndicated by Fi
is defined in 
change in fre

( MM
f
ϕ °Δ

=
Δ

(a) 

(b) 

ed and predicted
oss curves (b) R

d and predicte
dipole, square
thick substrat
re made to 
quency of fa
ation errors as
6 (a) that the 

is depicted by
lement offer 
his is due to 
e design of r
c absorption 
e bounces, th
Moreover it 

slightly highe
in the waveg

reason for th

parison of ref
igure of Merit
[21] as the ch
equency and 

)MHz       

d results for 0.5
Reflection phase

ed reflection l
e loop and tri
te. In simulati
resonate at 

abricated sam
s explained in 
maximum me

y the triangul
minimum me
the fact that t
reflectarray re
of incident 

hus offering 
can be seen t

er than the pr
guide simulat
his discrepan

 

flection 
t (FoM) 
hange in 

can be 

        (7) 

 

 

508mm 
e curves 

oss and 
angular 
ions all 
10GHz 

mples is 
section 
easured 
lar loop 
easured 
the thin 
esonant 
electric 
higher 

that the 
redicted 
tor and 

ncy. As 

dep
loo
wh
it c
the
 

F
th

 

S

all
pre
the
0.7
ele
ref
to 
an 
cu
ste

picted in Fig.
op element is
hich is shown
can be observ
e trend of both

Fig. 7 Comparis
ick substrate (a

COMPARISON O

Resonant 
Elements 0

Dipole 
Square Loop 
Triangular 

Loop 
 
The measured

l the resonan
esented in Fig
e substrate 
787mm the m
ement decrea
flection loss v
3.70dB. Mor

n increase in 
urves for all th
eep slope to si

. 6 (b) the ref
s steeper as 

n to offer smo
ved that there 
h predicted an

son of measured
a) Reflection los

TA
OF 10% BANDWID

10% 
Bandwidth 

(MHz) 
0.508
mm 

0.787
mm 

39 64 
27 48 

12 23 

d reflection lo
nt elements o
g. 7. It can be
thickness is 

measured reflec
ased from 20
value of dipole
eover it is dem
the substrate

he resonant e
ignificantly sm

flection phase
compared to 

ooth reflection
exists a good

nd measured re

(a) 
 

(b) 

d and predicted
ss curves (b) Re

ABLE I 
DTH, STATIC PHA

Static 
Phase Range

(°) 
0.508
mm 

0.787
mm

260 250
270 260

290 280

oss and reflect
on 0.787mm 
e seen from F

increased 
ction loss valu
0.5dB to 7.02
e element dec
monstrated in
e thickness th
elements chan
moother slope

e slope of tria
the dipole e

n slope. Furthe
d agreement be
esults. 

d results for 0.50
eflection phase 

SE RANGE AND F

 
Figure of M

(FoM
(°/MHz

7
m 

0.508 
mm 

 0.97 
 1.03 

 1.16 

tion phase cur
thick substra

Figs. 6 and 7 
from 0.508m
ue of triangula
2dB and me

creased from 5
n Fig. 7 (b) tha
he reflection 

nge their trend
. 

angular 
element 
ermore 
etween 

 

 

08mm 
curves 

FOM  
Merit 
) 
z) 
0.787 
mm 
0.93 
0.97 

1.12 

ves for 
ate are 
that as 

mm to 
ar loop 
easured 
5.66dB 
at with 

phase 
d from 

World Academy of Science, Engineering and Technology
International Journal of Electronics and Communication Engineering

 Vol:8, No:2, 2014 

315International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
le

ct
ro

ni
cs

 a
nd

 C
om

m
un

ic
at

io
n 

E
ng

in
ee

ri
ng

 V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

75
63

.p
df



 

 

C. Bandwidth, Static Phase Range and Figure of Merit 
(FoM) 

Table I summarizes the measured 10% bandwidth, static 
phase range and FoM values of all the resonant elements 
under investigation. From Table I, it can be observed that 
dipole element with the minimum FoM value of 0.97°/MHz 
and 0.93°/MHz offers a minimum static phase range of 260° 
and 250° with maximum 10% bandwidth of 64MHz and 
39MHz whereas, triangular loop with maximum FoM value of 
1.16°/MHz and 1.12 °/MHz is shown to give maximum static 
phase range of 290° and 280° with minimum 10% bandwidth 
of 23MHz and 12MHz. Therefore it can be concluded that as 
the substrate thickness increases the 10% bandwidth increases 
whereas, static phase range and FoM decreases. 

VI. CONCLUSION 
Dielectric absorption in the substrate region of reflectarrays 

has been exploited by mounting various strategic reflectarray 
resonant elements on variable substrate thicknesses. It has 
been demonstrated that the dielectric materials plays and 
effective role in enhancing the reflectivity performance of 
reflectarrays. Moreover a numerical model has been 
established to realize the progressive phase distribution of 
reflectarray resonant elements. Two patch unit cell reflectarray 
have also been fabricated to carry out the waveguide simulator 
technique for the performance realization of each thickness 
separately. It can be observed that the reflection loss decreases 
with an increase in the substrate thickness. The dipole element 
is shown to offer the minimum measured reflection loss of 
3.70dB with the highest 10% bandwidth performance of 
64MHz. Whereas, the triangular loop element depicts the 
maximum measured loss of 20.25dB with the highest static 
phase range performance of 290°. Therefore it can be 
concluded that by employing thick substrate the feasibility to 
enhance the bandwidth performance can be realized. However 
the increase in the bandwidth performance has to be traded-off 
with the static phase range performance of the reflectarrays.  
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