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Abstract: - The reflectarray’s elements arrangement for generating an arbitrary phase distribution in the antenna
aperture and thus a wide beamwidth of the far field pattern is presented. The desired phase delay of reflectarray
elements, which duplicated the same radiating aperture as backscatters, is determined on the construction of the
curvature of a shaped backscatter surface with the help of Snell's law for beam forming to cover a broad area.
The Method of Moments (MoM) and the infinite-array are applied to calculate reflection phase characteristics.
The phase and radiation pattern synthesis method for microstrip reflectarray that has to illuminate a predefined
circular area are presented by using a variety of discretization of elementary geometrical functions such as,
triangular, quadratic, circular, gaussian, cosine, squared cosine, and parabolic distributions. These backscatter
functions are discussed in terms of merits and demerits to find appropriate radiation characteristics such as
radiation pattern, -3 dB beamwidth, and maximum gain for utilization in Wireless Local Area Network
(WLAN) application. The optimized feed distance is calculated from the aperture efficiency by considering
feed blockage efficiency and the influence of the feed position on the -3 dB beamwidth and gain performance
has been investigated. Having confirmed the validity of this approach, the X-band antenna prototype is
designed and developed. This reflectarray is tested experimentally and shows good performance.
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1 Introduction fabricated from the circular metal sheet that their
The characteristics of antennas (performance, surfaces are shaped to be geometric curvature. In
technology, and cost) are an important issue in case of WLAN systems, such antennas are improper
wireless communication systems. The shaped-beam because their structures suffer from mechanical
antenna for satellite communication was first drawbacks such as bulkiness and the need for an
developed to give approximately uniform coverage expansive custom mold for each coverage

of the earth [1]-[2]. Recently, the similar specification.
requirement but different application; that is, the
indoor high speed data transmission: Wireless Local
Area Networks (WLAN) operating in the millimeter

Reflectarray
on ceiling

wave, again has attracted considerable attentions e

[3]-[7]- Especially, the large-scale indoor base D] [D
station of such system requires the wider-beam
antenna for covering an effectively broad area. | T e
Therefore, the widely circular beam antenna is an [ g, oo, s
alternative for WLAN applications as shown in ;‘fm sac” Lo
Fig.1. The required important feature is the /o% '
transmitted power that has to be efficiently g SSaas g SaEaS uy genne
distributed over the coverage whereas, outside the Palaalale 00D oogog
coverage, the field strength has to fall off rapidly. ‘*“*'*i’ AARAR) ARRAA,
In [5], Smulders et al. presented the design of a 60 Csanaa dhessas Sansan

GHz shaped reflector antenna for WLAN access

points by using backscatter reflector, which was

fabricated from the modified parabolic surface.

From this design, the backscatters have been Fig. 1 Reflectarray for WLAN large-scale indoor
base station.
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A microstrip reflectarray that combines some of
the best feature of microstrip arrays and parabolic
reflector was presented in [8]-[14]. The reflectarray
antenna consists of a flat reflecting surface and an
illuminating feed as shown in Fig.2. On the
reflecting surface, there are many isolated elements
(e.g. printed patches, dipoles, or rings), which array
on flat printed circuit broad (PCB) without any
power division transmission lines. A reflectarray
configuration is attractive because it allows a single
mechanical design to be used repeatedly for a wide
variety of different coverage specifications without
the need for expensive fabrication of a new mold.
The only changes require that the printed reflecting
element dimensions can be changed for each design
in order to generate the different beams. Thus, many
of the high recurring costs associated with shaped
reflector antennas can be eliminated with flat
printed reflectarray [11]. The flat geometry of a
reflectarray also lends itself to easier placement and
deployment on the WLAN large-scale indoor base
station and also in terms of manufacture. In
addition, a flat printed reflectarray fulfils the
antenna requirements for low profile and light
weight.

In this paper, we propose the design techniques
of a wide-beam microstrip reflectarray antenna
using discretization of elementary geometrical
functions to synthesize the appropriated curvature
for forming a wide-beam pattern of reflectarray. An
effective technique for optimum reflectarray design
depend on the aperture efficiency by considering
feed blockage efficiency and the influence of the
feed position on the -3 dB beamwidth and gain
performance has been investigated. To achieve such
broad-beamwidth, phase of each array element in
the reflectarray antenna is designed specifically to
emulate the curvature of the backscatter function by
using patches of different sizes [11].

In the first section, we will present the general
design approach as far as it involves the reflection
phase characteristic (Section 2) that describes the
desired phase delay of reflectarray elements and the
phase calibration technique by using a full-wave
method of moment and the infinite-array. In Section
3, we apply this approach to calculate the radiation
pattern of the proposed antenna. Design
considerations of broad-beam microstrip reflectarray
and experimental results are described in Section 4.
Finally, the conclusions are given in Section 5.
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2 Reflection Phase Characteristic

2.1 Geometrical functions of backscatter

The geometry of a reflectarray antenna, which
duplicated the same radiating aperture as curved
backscatter reflector, fed with a feed antenna is
illustrated on Fig. 2. The distributions of backscatter
curvature using the geometrical function are shown
in Table 1. Where D is assumed to be the diameter
and 4 is the depth of the backscatter reflector,
respectively. The results of these functions will be
taken to find required phase delay and radiation
pattern.

Discretization of elementary

geometrical function

Reflectarray fl

Earth surface

Fig. 2 Synthesis model of broad-beam microstrip
reflectarray.

Table 1 Formulations of elementary geometrical

functions.

Backscatter Shapes Formulations
Circular 1) =4 1—(%/}
Gaussian £ = e 0
Quadratic )= A[l—(éz’) ]
Parabolic f(&)=z214f

Cosine &)= Acos(%z')
Squared cosine (&)= Acosz(%z’j
Triangular fz)= A(lfg‘z"]

With a given standard X-band horn as shown in
Fig. 3, the appropriate distance between the horn
and the center of reflectarray can be estimated by
considering the spillover and taper efficiencies
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relations given in [14]. At optimum value of
aperture efficiency, a feed distance to diameter ratio
(#7D) provides spillover and taper efficiencies of
76% and 84%, respectively. Thus, feed distance is
chosen to be of 21.25 cm at 104 reflector diameter.
This structure radiates the beam that illuminates a
predefined circular area without substantial spatial
variation.

Feed patterns

E-plane
H-plane

100

90+ T - -

80+ P

Efficiency (%)
o
o
4

Aperture efficiency

10+ —— - Taper efficiency

— — — Spillover efficiency
N

I I I 1
0 0.2 0.4 0.6 0.8 1 12
fiD

Fig. 4 Reflectarray efficiency.

2.2 Required Phase Delay

Fig. 2 illustrates the incidence of wave on the
surface of an analysis model of printed microstrip
reflectarray, which parameters used in this figure are
described below:

F the vector from the feed to the mn-th

mn,i

reflectarray element, which can be obtained
by using flat geometry;
7 the reflected vector from the reflectarray

surface to far-field;
B, the vector from the feed to the shaped

reflector surface, which can be obtained by
using curvature geometry;
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]

the reflected vector from the shaped
reflector surface to far-field;

0, incidence angle;

0. reflection angle;

D dimension of the reflector;

f distance between the feed and the center of

the reflectarray.

In general, the feed may be positioned at distance
from the reflectarray. The path lengths from the feed
to all reflectarray elements are all different, which
lead to different phase delays. In this paper, the
desired phase delay is determined on the
construction of the curvature of a shaped backscatter
surface with the help of Snell's law. The relations of
the microstrip reflectarray surface to the shape of
backscatter are two coordinate systems in this
figure: one describes the coordinates (x , y ,z )of the

reflectarray and the other describes the coordinate
(x,,v,.z,) Of the backscatter. The selected shaped

reflector is determined by using functions of
elementary geometric ( s(z’)) that aperture cross

sections of all backscatters are confined to be
circular, same diameter, and very small radius of
point source. Since the reflectarray is designed, the
following coordinate is used to find the point on the
backscatter surface at a given patch element position
on the reflectarray as given by (1).

X, =3, +H|f ()2,

Vo=, +|f(2)-z,

tan g, cos g, (1)

tan g, sin ¢,

where the phase center of the feed is located at
(0,0,0) and the incidence angle can be described in

terms of geometrical dimensions

- tan{\/xf; »? } @)

X

»

¢=mlpi. ©)

The total path length from the feed to the
reflectarray aperture is the sum of the distance from
the feed to a point on the backscatter surface and the
distance from that point to the corresponding point
on the reflectarray with the rays satisfying Snell's
law on the backscatter surface. In the analysis of
backscatter, it is desirable to find a unit vector that
is normal to the local tangent at the surface
reflection point

V[z-/@E)] 4
V[z-£(=)]

n=
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With the help of Snell's law of reflection, the
reflected angle for the backscatter can be expressed
in (5).

()

r

0 :2005{— b -ﬁ}—e..

The differential path length (az, ) and the phase
delay (a®,, ) for the mn-th reflectarray element are
given by

ALmnzﬁi-"_Z}i_.f_’_ﬁ;nni’ (6)
siné. '
. 360
AD indegree=|(1-N)kAL |—, (7)
mn g |:( ) (0) mn:| 272_

where N is integer. The above indicates that the
compensating phase can be repeated every 360 deg,
and the portion that is an integer multiple of 360 deg
can be deleted.

The required aperture phase delays of all
elements are calculated and will be used to design
the dimension of the reflectarray elements as shown
in Fig.5. These phase delays are duplicated the same
radiating aperture as shape of backscatter. To
compensate these phase delays, the elements must
have corresponding phase advancements designed.

700

\ Circular /x
\ —— - Gaussian
— — — Quadratic /
\ —=— Parabolic /
—= - Cosine

-3
S
S

T

x

x

a

=]

=]
T

— > — Squared cosine
—#— Triangular

400+

Required phase delay (degree)

I I I
-0.05 0 0.05 0.1

Patch position (m)

0.15

Fig. 5 Desired phase delay synthesis for reflectarray
elements using geometrical functions.

2.3 Element Characterization

The most important and critical segment of the
reflectarray design is its element characterization.
To compensate for above phase delays, the elements
must have corresponding phase advancements
designed. Its phase change versus element change
(patch size, etc.) must be calibrated correctly. If the
element design is not optimized, it will not scatter
the signal from the feed effectively to form an
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efficiently far-field beam. Also in this paper, the
phase calibration technique uses a full-wave method
of moment and the infinite-array approach to model
the effect of the finite grounded dielectric substrate
underlying the single radiator [12],[14].

In order to determine the solution used to design
and analyze a microstrip reflectarray, we assume an
incident plane wave with an electric field of the
form

Einc — Eoe—jko(xul+yv,—zw,), (8)
where the complex vector g defines the
amplitude and direction of the incident field and

u, =—sin6,cos @, v, =—sing,sin g, w, = —cos 6. %)

The phase reference for this and the following
fields are at the bottom of substrate. In the absence
of array elements, the reflected field from the
dielectric substrate and ground plane can be
expressed as

Egef _|:R00 0 :| Eoo ejko(xtli+}f\f,—26059,)
Ef’ 0 R, || E, .

_ 1:3 . E e/’ko (xu;+yv;—zc0s6,)
- 0

(10)

where g, and R, are the plane wave reflection

coefficients as given in [14].
The presence of the elements gives rise to an
additional scattered field component given by

scat

E‘g — |:SHH S9¢:| EOl‘/ e/ko(xuﬁyv,—zcosa,)
scat

E¢ SW S¢¢ E0¢

— 5. F ooty —zcost)
= ) .

11)

Evaluation of the total scattered field from the
microstrip reflectarray is based on the assumption
that each element of the finite reflectarray scatters as
a Huygens source with reflection coefficient
equivalent to the total reflection coefficient of an
infinite array of similar elements.

:|{E00:| ejko(.ru,+yv, -z€086;) . (12)

Etot _ |:R56' + SHH S6¢
Ey,

Sp Ryt Sy

From (12), the reflection phase required for the
design to compensate above phase delays can be
found from the result of this result.

The scattering coefficients (), defined in (11),
are found by using a full-wave solution. The method
of moment impedance matrix for infinite array of
uniform elements can be computed as

Issue 3, Volume 7, March 2008



WSEAS TRANSACTIONS on COMMUNICATIONS

Z,=-~ 5 S k-G k)T (k) - (13)

m=—00 n=—0

where s is center-to-center elements spacing in both
x and y directions, J is the Fourier transform of
the ith expansion mode current, and G is the
dyadic Green's function for the dielectric substrate.

The voltage vector elements can be expressed in
(14)

V.=J, -é(kou‘v,kovi)-jl.(koul.,kovi) ) (14)

where

_2| X(E,, cos ¢, — E,, C0s 6, sin ¢,)

- (15)
My | +9(EgySing, - Eqy, cos o, cos¢)

s0

Fig. 6 shows simulated results of reflection phase
of infinite array. The obtained results indicated that,
if the element size L is excessively small, either the
reflection phase cannot be made to cover the full
required 0° to 360° phase range, or it changes
excessively fast around the element resonance. This
available phase shift rang is limited by the
reflectarray antenna bandwidth (around 4%).

350
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a
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N
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i
a
=]

Reflection phase (Degree)

100+

50+

L !
105 11

! ! . .
8 8.5 9 9.5 10
Frequency (GHz)

Fig. 6 Reflection phase of total reflected field from
an infinite array of microstrip patches.

3 Radiation Pattern Synthesis

With the compensating phases of all elements
known, the far-field radiation patterns can be
calculated by the conventional array theory [13],
where the radiations of all elements are summed
together below. Considering a planar array
consisting of a xn elements that are nonuniformly
illuminated by a low-gain feed, the reradiated field
from the patches in an arbitrary direction, , will
have the form
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@)=Y F(F, i) AG-3,)-AG-0,),

m=1 n=1

-exp| ks (

(16)

,;nn

+f,.-ﬁ)—qu>m,,],

where F is the feed pattern function, A4 is the
reflectarray element pattern function, 7 is the vector

from the centre of reflectarray to mn-th element, ;
is the unit vector of reflected field, and aq, is the

required compensating phase of the mn-th element
calculated by (7).

The calculated results that indicate the different
radiation patterns for various geometrical functions
are shown in Fig.7. The steepness of the pattern
edges and the angular positions of these edges
confirm that the antenna efficiently illuminates the
target area to be covered (+65°). Radiation patterns
are different due to phase of reflectarray elements
which are duplicated the same radiating aperture as
backscatter. Because of phase change versus
element change, each reflectarray type (as
backscatter shapes) provides different characteristics
such as -3 dB beamwidth (HPBW) and relative
power, reported in Table 2.

From Table 2, it is observed that the HPBW of
seven backscatter reflectarray types are different.
For average consideration, it is apparent that the
squared cosine has the widest beamwidth and is
followed, in order, by gaussian, cosine, quadratic,
parabolic, and circular, which are 166°, 164°, 156°,
150°, 140°, and 133°, respectively, while HPBW of
triangular is about 27° on each main beam. Since the
relative power is strongly coincided with the HPBW
i.e., the narrower the beamwidth the higher the
relative power and vice versa. However, reflection
surface for reflectarray elements, which are
synthesized in this paper, are placed position near
centre of shaped backscatter. Thus, the circularly
geometrical function yields the highest relative
power and followed, in order, by parabolic,
gaussian, triangle, quadratic, cosine, and squared
cosine, respectively.

From all the aforementioned radiation
characteristics, it can be summarized that these
reflectarrays can be chosen according to the
characteristic requirements in practicable
applications. For example, if the widest HPBW for
large coverage area is required, then, the geometric
function of squared cosine should be the best
choice. But its advantage, which should be
concerned, is the highest ripple level. However, if
we need a very high gain reflectarray antenna, the
circularly geometrical function should be applied.
From view graphs of radiation patterns in Fig.7, it is
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easy to find the proper geometrical function at
which meets the requirement of the characteristic
specifications. To get more advantages in one
characteristic while sacrificing the merit of another
characteristic in the same backscatter function is
difficult to avoid.
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Fig. 7 H-plane radiation pattern synthesis for
microstrip reflectarray.

Table 2. Characteristics of reflectarray with various

geometrical types.

Backscatter HPBW | Maximum relative
Shapes (degree) power (dB)
Circular 133 30.29

Gaussian 164 28.49
Quadratic 150 25.58
Parabolic 140 28.87
Cosine 156 24.27
Squared cosine 166 22.01
Triangular 27 28.06
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4 Design Considerations of Broad-
Beam Microstrip Reflectarray and

Experimental Results

As an example, authors clinch to choose
compensating phase of reflectarray elements with
the parabolic backscatter function because it has
appropriate characteristics, i.e. low ripple level, high
relative power (high gain), and wide HPBW (wide
coverage area). To verify the theoretical calculation,
the reflectarray prototype is fabricated at the
operating frequency of 10 GHz. This frequency is
chosen corresponding to the available equipment.
The reflectarray of 30 cm dimension is designed and
measured with a standard X-band horn feed, which
is placed in front of reflectarray surface. The cell
elements of reflectarray are printed on a TACONIC
substrate with thickness 0.762 mm and permittivity
& = 2.33. The centre-to-centre elements spacing is
fixed at a distance s = 0.64, in both x and y
directions.

100

90 -~ R =
80| T
- >~
70t ~ ~ o
s N
< 6ol R
< - ~
> S
2 sof §
o
S -
o 40t
30
20l Aperture efficiency
—— - Taper efficiency
10k — — — Spillover efficiency
——— Feed blockage efficiency
0 . . . . I
0 0.2 0.4 0.6 0.8 1 12

fID

Fig. 8 Reflectarray efficiency by considering the
feed blockage efficiency.

It is easy to calculate efficiency for a feed horn
pattern and reflectarray due to illumination taper
and spillover as given in [13],[14]. However, there
are several other factors that can significantly
reduce efficiency. Because the feed horn and its
supporting structures are in the beam direction of
the reflectarray, therefore, some part of the radiation
is blocked. Also, considering the aperture, taper,
spillover, and feed blockage efficiencies relations
versus distance between the feed and the
reflectarray to a dimension (/D) ratio are calculated
and plotted in Fig. 8. As in the case of front feed
reflector, there is an optimum value of f/D that
maximizes aperture efficiency for a given feed
pattern. This maximum value is slightly lower than
the optimum aperture efficiency for the parabolic
case because of a slightly lower taper efficiency.
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When the feed blockage efficiency is considered,
maximum aperture efficiency is reduced and feed
distance is changed while a reflectarray dimension
is fixed. In this paper, we have investigated the
influence of the feed position on the -3 dB
beamwidth (HPBW) and gain performance before
the reflectarray is fabricated. Where the first feed
distance f is located at the point that maximizes
aperture efficiency (61%).

In order to optimize the feed position of broad-
beam reflectarray, the calculated results as shown in
Fig. 9 indicate the different radiation patterns for the
various feed positions. The total reradiation field is
computed as the summation of all the contributions
from each array element. The prescribed field
requirements have been satisfied by an appropriate
choice of the radiating patches selected from the
complex design curves obtained in the analysis
stage.

Table 3 Characteristics of reflectarray.

Feed HPBW Gain (dBi) | Maximum
distance (degree) @ 6 =0° | gain (dBi)
f-10%f 158 1.43 8.81
f-5%f 151 -6.13 9.35
f 144 0.32 10.75
f+5%f 144 1.99 11.10
f+10%f 145 1.52 12.16
Parabolic function
20 f-10%
— - 5%
15t N
f+5%
10l ’ X —— f+10%
h ' \/// \/\‘ // \\\ \\\
g 5 ,\//! N / \/\ / \1\\/\
g 0 \\'1 y - \‘
5 ,’/, \' \\\\
|
-10f H
' \
wllll o L
-80 -60 -40 -20 0 20 40 60 80

Elevation angle (Degree)

Fig. 9 Radiation pattern in H-plane of broad-beam
reflectarray for the various feed positions.

The steepness of the pattern edges and their
angular positions confirmed that the antenna
efficiently illuminates the target area to be covered
(£65°). The obtained radiation patterns are different
due to phase of reflectarray elements, which
duplicated the same radiating aperture as parabolic
backscatter. Moreover, the ripple appeared on the
top of each pattern can indicate that if the feed
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distance is reduced, then the ripple is increased.
Away from the main beam, the phase center may
move around and appear as multiple points, as stray
reflections and surface currents affect the radiation
pattern. Because of the phase change versus element
change, each feed distance provides different
characteristics such as HPBW and gain, which are
reported in Table 3.

From Table 3, it is found that the HPBW of
reflectarrays is different when the feed distance is
varied. For average consideration, it is apparent that
the feed position not far away in distance from
reflectarray provides the widest beamwidth. Since
the maximum gain is strongly coincided with the
HPBW, i.e., the narrower the beamwidth the higher
the maximum gain and vice versa. However, the
position of reflection surface for reflectarray
elements is placed near the centre of backscatter.
Thus, the enlargement of the feed distance yields the
lowest feed blockage efficiency and the highest gain
at 4= 0°.

However, it is generally observed that when the
antenna beam is enlarged, the antenna gain is
reduced. With the optimum design requirement, the
feed distance is chosen at 25 cm, which caused the
maximum aperture efficiency to be reduced by
approximately 2% but its gain is increased. In Fig.
10, the prototype of reflectarray antenna is realized
following this approach and measured. From the
measurement as shown in Fig. 11, the antenna has
the HPBW of 145° and maximum gain of 13 dB at
the frequency of 10 GHz. The measured gain
patterns have been corrected by 2 dB for loss in the
waveguide feed transition. An additional cause of
asymmetry observed in the patterns is fabrication
tolerance. The computed performances of this
reflectarray are in accordance with those of the
measured prototype. However, the measured and
computed radiation patterns taken along the strut
show a relatively much larger ripple of almost 3 dB
in amplitude.

Fig. 10 Reflectarray prototype.
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Fig. 11 Calculated and measured radiation patterns
of designed reflectarray at 10 GHz.

5 Conclusion

In this paper, we have investigated a theoretical
approach to design a reflectarray antenna usable of
WLAN applications. The reflectarray can be chosen
according to the characteristic requirements in
practicable applications by using the synthesis of
phase and radiation pattern of various reflectarray
types. The optimized feed distance is calculated
from the aperture efficiency by considering feed
blockage efficiency and the influence of the feed
position on the -3 dB beamwidth and gain
performance has been investigated. The simulation
of this reflectarray demonstrates that increasing feed
distance can enhance maximum gain but its HPBW
is reduced. From all the aforementioned radiation
characteristics, it can be summarized that if we need
to improve gain performance for broad-beam
reflectarray antenna, an optimum feed distance
would provide a feed radiation pattern which
completely illuminates the reflectarray with minimal
spillover. A test antenna built according to our
model is in agreement with our expectations both in
regards to coverage and maximum gain. The data
show that flat reflectarrays can also give a defined
footprint as a conventional antenna but without the
complicated tooling and other drawbacks inherent in
the latter.
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