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ABSTRACT

In recent years reflectarray antennas have received considerable attention due to their unique capabilities.
However, due to their large size, analyzing the performance of these antennas using traditional full wave
finite-difference and finite-element techniques requires considerable computational resources. In this paper,
we present an efficient method to accurately analyze these class of antennas which considerably reduces the
computational burden. First, the radiation properties of the unit cells of the antennas are obtained by
applying periodic boundary conditions, which corresponds to an infinite array. Then, a phase-only algorithm
is used to obtain required phase shift on the antenna surface. Next, different unit cells are used to achieve
the required phase on the antenna surface. Lastly, to confirm the validity of our approach, each designed

antenna is simulated by full wave method using method of moment and the full wave simulation results of

co and cross polarization levels are compared with those obtained using the proposed formula. There is
excellent agreement between the co- and cross polarization levels obtained by proposed approach and those
obtained using full wave simulation.
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1- INTRODUCTION

The planar reflectarray combines the advantages of
conventional parabolic reflectors and phased array
antennas. It provides some attractive features such as low
mass and small volume. Also, as reflectarray can be
implemented on a flat panel, without the need for molds
like reflector antennas, manufacturing process is easier.
Another advantage of reflectarray antenna is its capability
to use active elements, which enables one to control the
radiation pattern of the antenna. A microstrip reflectarray
antenna is a low profile planar reflector that consists of
microstrip patch arrays printed on a dielectric substrate.
Antenna surface is illuminated by a feed antenna which
imposes amplitude of electric field on the array.
Individual elements of the array are designed to generate
required reflection phase shift so that the reflected energy
from the array is collimated to form a main beam in a
given direction or to generate a shaped beam in the
coverage area. There are several methods to tune the
phase shift in each cell such as varying the size of the
resonating patches, [1-2] using a transmission line of
proper length, or aperture-coupled to the patches [3-6].
Additionally, the phase can be controlled by adding active
elements to the antenna [7-8]. Different methods can be
used to add reconfigurability to the reflectarray antenna,
using microstrip elements with an integrated electronic
control, like MEMs-based structures [9], varactor loaded
patches [10,11], PIN diodes [12-18] or liquid crystal
based structures [19]. The antenna beam can be switched
to different angles using PIN diode. Another method is
using ring elements with variable size like square ring,
circular ring, dual square rings, dual circular rings [20],
multi cross loop [21], and combination of cross and
rectangle loop elements [22].

In this paper, a few unit cells provide the best phase
response, are chosen to be studied and a comparison
between their performances is performed to give a good
view of different unit cell shapes response. We also
introduce a design procedure based on array theory and
derive analytical expressions to estimate co- and cross
polarization levels. To synthesize the radiation pattern in
the frequency band from 11 GHz up to 11.7 GHz, a
phase-only synthesis technique is used and the amplitude
distribution is imposed by the feed and required phase
shift on the antenna surface is evaluated. Next, different
unit cell geometries are designed and simulated using full
wave simulation software (HFSS). These cells are used to
impose the required phase on the antenna surface. Finally
to confirm our derivations, we compare our results with
those obtained using full wave simulations. Here it is
important to emphasize that the traditional full wave
analysis of reflectarray antennas is computationally very
expensive and not practical for large antennas, whereas
our method considerably reduces the computational
burden while generating accurate results.
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2- REFLECTARRAY DESIGN

The first step to design a reflectarray antenna is to
select an appropriate element with enough phase range.
After designing the element, antenna can be designed in a
four step process. First, size of the antenna should be
estimated using desired gain by:

G=n2 M

where G is the antenna gain, 7 is the efficiency, A is
the area of the antenna, and A is the free space wave
length. The feed location is calculated to have the
maximum efficiency. Next, electric field on the array
surface is determined, and lastly, compensating phase of
each element is determined to obtain desired pattern. After
these four steps and choosing the length of each element,
the antenna is designed and overall pattern can be obtained.

A. ELEMENTS DESIGN

In this part a few unit cell structures with different
geometries are simulated using HFSS software to obtain
their phase response. This simulation assumes infinite
array which gives a good approximation of the reflected
phase from the element using Floquet modes [23]. To
obtain the radiation properties of an infinite array, we
apply periodic boundary conditions to each unit cell. The
geometries of different unit cells which we consider for
our reflectarray antennas are shown in Fig. 1 and the
corresponding dimensions are given in Table 1. Element
length in Fig. 1 is a parameter of the unit cells, which
varies to produce different phase responses. Element
length in Fig.1 (a) is the patch length, designated by L.
Also, in Fig. 1(b), 1(c) and 1(d) the loop length L and in
Fig. 1(e) and 1(f) the stub length connected to the circular
patch L and Fig. 1(g) is the bottom layer patch length L1
are used to vary the pahse response. Designed unit cells
are rectangular patch [1], double square ring [20],
rectangle and cross ring [21], double cross ring [23],
three layer rectangular patch [24], circular patch with one
stub [25], and circular patch with two stubs[26].
Rectangular patch, double square ring, rectangle and
cross ring, double cross ring, and three layer rectangular
patch are dual polarized and have the same response to
the waves with orthogonal polarization but circular patch
with one stub, and circular patch with two-stub elements
are single polarized cells which make phase change to the
waves which are parallel to the line connecting the stub to
the patch. Phase of simulated reflected wave against
element length at 11 GHz for different unit cells is shown
in Fig. 2 and Fig. 3 and as an example of phase response
in the frequency band; phase response of double cross
ring element is shown in Fig. 4.

Fig. 3 shows that rectangular patch produce a phase
shift of about 300 degrees which is not good enough for
designing a reflectarray antenna. Moreover, double square
ring, rectangle and cross ring and double cross loop
produce a phase shift of about 600 degrees and three layer
patch has a phase variation of about 400 degrees.
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Moreover, Fig. 2 shows that circular patch with one stub
can produce a phase shift of about 900 degrees and
circular patch with two stubs can produce a phase shift of
about 600 degrees.

(e

Fig. 1. Different shape cells, (a) rectangular patch, (b)
double square ring, (c) double cross ring, (d) rectangle and
cross ring, (e) circular patch with one stub, (f) circular patch
with two stubs, (g) three layer rectangular patch

TABLE 1. UNIT CELL PARAMETERS

DIELECTR
CELL 1c HEIGHT CELL
UNIT CELL CONSTANT or
PARAMETER SIZE
SHAPE OF SUBSTRAT
(mm) (mm)
SUBSTRAT E (mm)
E
RECTANGULAR L 22 16 14
PATCH
DOUBLE wl=.6, w2=.6 217 3175 12
SQUARE RING g=5
b d1=0.3,d2=0.3
OUBLE CROSS | 41— 5 2.17 3.175 12
RING
w=2.8
Re d1=0.3,d2=0.3
ANf)Té‘RNgSLSE d3=0.3 2.17 0.144 b
gl=0.6,g2=0.3 1.067 3.03
RING
wl=1
CIRCULAR =3.9
PATCH WITH g=0.2 3.38 0.81 10
ONE STUB w=0.384
CIRCULAR =3.27
PATCH WITH g=0.2 3.38 0.81 8.6
TWO STUBS w=0.384
h1=0.144,
THREE LAYER h2=0.05, h3=3 2.7 0.05
RECTANGULAR L =09xL 22 0.144 14
PATCH 1.06 3
L=0.7x1L
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Fig. 2. Phase of simulated reflected wave against element
length at 11 GHz for circular patch with one or two stubs
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Fig. 3. Phase of simulated reflected wave against element
length at 11 GHz for different shape cells
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Fig. 4. Phase of simulated reflected wave against element
length at 11 GHz, 11.3 GHz, and 11.7 GHz for double cross
ring

B. ANTENNA DESIGN

Antenna surface is rectangular, and size of the antenna
is determined by (1). For a gain of about 27 dB,77=0.7
and at 11 GHz, required area of the antenna is 0.0424 m’.
Length of the antenna is determined from the square root of
its area that is 0.2059 m. The number of the elements of the
antenna is simply obtained by dividing the area of the
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antenna to the area of a unit cell. To avoid the appearance
of grating lobes, elements are linearly spaced with about
half a free space wavelength in both directions. Antenna
size, focal length, unit cell size, and number of elements of
different designed antennas are shown in Table 2.

The focal length of the antenna is designed to have
maximum efficiency. Therefore, efficiency for different
feed locations is calculated and then the best one is
selected.

TABLE 2. DESIGN PARAMETERS FOR DIFFERENT

ANTENNAS
FocaAL
CELL NUMBER
LENGT
UNIT CELL SHAPE SIZE OF H
(MM) CELLS ()
RECTANGULAR 14 15x15 26
PATCH
DOUBLE SQUARE 12 17x17 25
RING
DOUBLE CROSS 12 1717 25
RING
RECTANGLE AND 12 17x17 25
CROSS RING
Circular patch with 10 2121 2%
one stub
Circular patch with
. 2
two stubs 8.6 23x23 5
Three layer 14 17x17 30
rectangular patch

Next, each element’s position is computed and phase
of the feed is determined in these locations by calculating
the distance from the feed. Phase of the center element is
considered to be zero and other elements phase is
computed from the center element.

C. PHASE COMPENSATION
For our analysis, we assume monochromatic waves with

e/ time-variation. The compensating phase of each
element should be determined to have a focused beam in
the desired direction. We consider an antenna consisting of
N reflecting elements that are illuminated by a feed located
at the focal point of the antenna. Assuming a horn feed
illuminating the individual patches, the excitation terms are
proportional to the magnitude and phase of the electric field
at the n™ patch. The amplitude variations between elements
in negligible and thus we only consider the phase
variations. Hence, the main factor that affects the reflected
field from each cell is the distance between the feed phase

center and the n™ element phase center ( R ) . Also, the feed

has a certain angular taper over the antenna surface which
can be included in the pattern analysis by multiplying the
relative complex excitation term by a raised cosine factor
[8] that can be adjusted to match the pattern of the actual
feed by choosing the proper q.

Feed antenna is modeled by its radiation pattern both in
our approach and the full wave simulation. The angular
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o kR,
taper of the feed can be modeled as

q
cos @], where q

is the exponent of the feed pattern function represented by
cos? @ . The quantity q is determined from the taper factor

at the edges of the reflectarray, which is about -10 dB for a
focused beam 0 and therefore, q is calculated to be 13.
Consequently, by multiplying the complex excitation term

by the compensating phase factor e ™ resulted from
each element, the complex reflected field from each
element can be expressed in the form

q
cos b, & JUR =) 2)
IRl
in which y is the compensation phase of the "

element. In order to convert the spherical wave radiated by
the horn into a focused beam, the field must be reflected
from each element with an appropriate phase shift. This
phase shift is adjusted independently for each element to
produce a progressive phase distribution of the reflected
field on the planar surface that generates a pencil beam in a
given direction, as is known from classic phased array
theory. So, the required phase shift at each element to
produce a collimated beam in a given direction is [6]:

Wy =k(R, =(x, cos ¢, + y, singy)sin &) ®)

where 6,,¢, shows the beam direction, k;is the free

space wavenumber, and (X, Y,) is the coordinates of

element n. Accordingly, by considering the curve of the
phase change by element length change, the length of each
element can be determined. To have a wideband antenna
the achieved phase should be optimized in the required
frequency band. Thus, a cost function is used to reduce the
error in the frequency band which is:

C(H) _ Z |q)desired( fl-)(n) _ (Dachieved( f;)(ﬂ)| (4)

i=l,c,u

where ®*"(£)(n) is the desired phase in the

location of element n obtained by (3) in the lower, centre,
and wupper frequency of the frequency band and

@*“"*!( f£)(n)is the achieved phase. This cost function

compares the phase obtained from the element and desired
phase and chooses the best element length which reduces
the cost function.

3- ANTENNA ANALYSIS

After choosing size of the elements, antenna gain can be
calculated using the input power to the feed horn P,
according to [22] as:

471’

E6,9)| 5
P | | )

G(0,9) =
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where 77, is the intrinsic impedance of free space,
|E(9, g0)| is the amplitude of the far electric field, and the
input power of the feed horn is [22]:

T

P=— 6
"o A Q2g+D) ©
Total radiated far field is calculated from electric field
of feed antenna which is:
ke
B (0,p)="
( (p) 2rr

(Ocos? @ cos p+Peos? Osin p) 0

Equation (7) gives the field radiated by the feed in
spherical coordinates (r,0,¢) referred to the feed

coordinate system (F). Therefore, the Cartesian electric
field of the feed can be expressed as:

Ef sinfcos¢ cosfOcos¢gp —sing)l O
E; |=|sin@sing cosfsing cosg || E, ®)
Ef cos @ —siné 0 E;

Next, the Cartesian electric field of the feed is
transformed from feed coordinate system to reflectarray
reference system (R) by transformation matrix as described
in 0 by:

Ef Ef
Ef |=A|E] )
Ef Ef

and tangential electric field in the aperture is obtained
as:
Ere(x.9) = Ef (X, )X+ ES (x, )7 (10)
where RC refers to Reflectarray Coordinate. The
radiated electric field from the surface of the reflectarray

antenna can be obtained from the equivalent magnetic
current which is:

~ N =1 " Rz R =
M =2ixE. ==22x(Ef X +E}§)
_ Rz _AER:
=2E/Xx-2E'y
Using equivalent magnetic current, vector potential F is

obtained as described in [28] and far electric field radiated
by the reflectarray antenna is expressed as:

an

E(6,¢) = jk[(6cos ¢ —psin pcos ) ER (u, v)
o ar
2xr
where, u=sinfcos¢,v=sindsing, and b:f and

(12)

+(é sing— (13 cos ¢ cos H)El;(u, V)]

EI; are Fourier transforms of the Cartesian components

ERand E 5 of the tangential electric field defined as:
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Ey@w= [ B,y ady a3)

Considering that the reflected electric field in each
element of the antenna has uniform amplitude and phase,
we can write reflected electric field for each element as
[22]:

ERm.n(mdx’ndy) — Effl;’n =14X/ym,n eXp(j¢m.n (14)

xly xly

m,

Slash in (14) means x or y components and A™"and

@" represent the amplitude and phase of the reflected field

on the (m,n) element, and d, and d, are the element
spacing. In order to evaluate the integral in (13) element by
element, the following change of variables is defined for the
coordinates (X, y):

x= x’+mPX——(NX;1)PX ;

(N,-DP,

m=0,1,2,..,N, -1
(135)

y:}/+nPy— ; n=0,12,.,N, -1

In this equation central point of the element (m,n) is

(mP _(N,—-DP npy_(NY_l)Py); and X and ¥ are limited
X 2 7 2

T P P
to a periodic cell (-&g,{<&’__ys}/<_y),
2 2 2

2
N,and N, are the number of cells in the x and y direction.
Therefore, (13) is calculated as:

- u( N,—1)d, + _
By ()= o 2L (N0]

ko[ ump,+vp, |
NN : (16)
DI g .
poarfar I 2&[ 5 B (e lavay

20

So, after carrying out the integration on the periodic
cells, EXand E§ can be written as:

EX (u,v)=8Y A" expl g+ jk,(umd, +und,)]

m.n

(7
where S is obtained from (16) as:

S =4sin(0.5kud)sin(0.5kvd ) / kuv (18)

Feed gain is related to its g factor. Electric field on each
cell of the reflectarray antenna is obtained by (7) which is

related to q factor of the feed. A™"in (14) is the amplitude
of the reflected field on the (m,n) element which is equal to
the amplitude of Ef( X, y)ywhich is obtained from
radiated electric field in the far field region of the feed
antenna. Therefore, the effect of feed gain is considered in

(7) up to (12). As a result, radiated far field for x polarized
and y polarized feed can be written respectively as:
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E, (u,v) =J—k°S W, er LE"" expl jk,(umd, +und )]
2z (19)

+vvy2rx JE " expl jk,(umd, +und )]}

Ey(u,v):';—‘lj;}s{vﬁy,ZF”E;”" exp[ jk,(umd, +und )]
ma (20)
+W ZF} E™" expl jk,(umd +und )]}

where W, = (é cos p—psin pcosb) ,
W, = (@sing—geosgeosd), ' is the reflection coefficient

of x-polarization when unit cell is illuminated by x-
polarized wave, r,, is the reflection coefficient of x

polarization when unit cell is illuminated by y-polarized
wave, T' is the reflection coefficient of y polarization

when unit cell is illuminated by y-polarized wave and r,,

is the reflection coefficient of y polarization when unit cell
is illuminated by x-polarized wave. Moreover,

transformation from (9,¢) to co-polar (E,) and cross-

polar (E,) components for an x—polarized feed horn, is

given by:

EY cosp —sing\( E,
<7l (21)

E, —-sing —cosp )\ E,

and, the transformation for a y—polarized feed horn is:

E; ) (sing cos¢ )(E€] -
y |7 :

E, cosg —sing )| E,

Consequently, co-polar electric field in the far field
region is calculated for x polarized and y polarized feed
respectively by [22]:

W1-u?-v? -y’ |
u’ +v? | 23)
D AN expljgl" + jk,(umd, +vnd,)]

m,n

|EX|=

Logilis
27

B, |= g ofim =
Y 27 u +v (24)
> A expl ¢y + jky(umd, +vod,)]

m,n

Also, cross polar electric field in the far field region
is calculated for x polarized and y polarized feed
respectively by:

e (,|S||<JT |
‘ u’+v ‘ 25)
DA expLig" + jky(umd, +vnd,)]
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|E

cross—-Y |

|%(\/1 u’ 1)uV|

u’+v? \ 26)
ZA;M exp[ j¢}’,”’“ + jk,(umd, +vnd )]

4-RESULTS

After obtaining required phase shift in each cell of
the antenna, reflectarray antenna is designed using
different cells and their gain is computed using (5) for the
lower, center and upper frequency of the frequency band.
Next, each designed antenna is analysed by full wave
method to achieve co- and cross-polar levels of the
antenna. As an example for gain of the designed antenna
in the frequency band, gain of the antenna designed by
double cross ring is shown in Fig. 5 at 11 GHz, 11.3 GHz,
and 11.7 GHz. Also, in Fig. 6 to Fig. 12 the result of co-
and cross-polarization levels obtained by simulation and
full wave analysis for each designed antenna is shown. In
these figures the results are obtained using equations (23)
to (26) by written code in Matlab software and full wave
analysis of the designed antennas is performed using
FEKO software in which feed antenna is assumed as an
external radiation pattern defined by (7).

30

25

20

Gain(dBi)
(¢}

-20
-30 -20 -10 0 10 20 30

Angle off Broadside (deg)
Fig. 5. Antenna gain designed by double cross ring
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Fig. 6. Co-pol and cross-pol radiation pattern of the antenna
in frequency of 11 GHz in full wave analysis for the antenna
designed with rectangular patch cell
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Fig. 7. Co-pol and cross-pol radiation pattern of the antenna
in frequency of 11 GHz by full wave analysis for the antenna
designed with double square cell
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Fig. 8. Co-pol and cross-pol radiation pattern of the antenna
in frequency of 11 GHz by full wave analysis for the antenna
designed with circular patch with one stub cell
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Fig. 9. Co-pol and cross-pol radiation pattern of the antenna
in frequency of 11 GHz by full wave analysis for the antenna
designed with three layer rectangle patch cell
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Fig. 10. Co-pol and cross-pol radiation pattern of the
antenna in frequency of 11 GHz by full wave analysis for the
antenna designed with circular patch with two stubs cell
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Fig. 11. Co-pol and cross-pol radiation pattern of the
antenna in frequency of 11 GHz by full wave analysis for the
antenna designed with double cross ring cell
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Fig. 12. Co-pol and cross-pol radiation pattern of the
antenna in frequency of 11 GHz by full wave analysis for the
antenna designed with rectangle cross ring cell
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Moreover, in Fig. 13 cross polarization level of different
designed antennas is compared against broadside angle
which shows that circular patch with one stub has the worst
result and rectangle and cross loop has the best cross-pol
response.

= ,,,T,,,,
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Fig. 13. Comparing cross-pol level of different designed
antenna in frequency of 11 GHz by full wave analysis

Additionally, to see the results in the frequency band,
gain and cross-pol level of different designed antennas in
the frequency band of 10.5 GHz up to 12.5 GHz is
compared in Fig. 14 and Fig. 15.

Designed antenna with double cross ring cell in this
paper is compared with other published paper in Table 3.

g
T
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©
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12,5
frequency (GHz)

Fig. 14. Comparing gain of different designed antennas in

the frequency band of 10.5 GHz up to 12.5 GHz by full wave
analysis
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frequency (GHz)

Fig. 15. Comparing cross-pol level of different designed
antennas in the frequency band of 10.5 GHz up to 12.5 GHz
by full wave analysis

TABLE 3. COMPARING THE RESULTS OF THIS
PAPER WITH RESULTS OF OTHER PUBLISHED

RESEARCH.
THIS
WORK
REF. [21] 23] [24] [26] (DOUBLE
CROSS)
sup@wy | 20%40| 40540 | 105x99 | 28x21 | 42x42
MAXIMUM .
GAIN (DBI) 33 31.6 not given 26.2 27
1 DB GAIN
BANDWIDTH 24 25 10 4 17
(%)
CENTRE
FREQUENCY 12.6 12 12 11.8 11
(GHz)
CROSS POL not .
©B) =25 given not given -38 =25
MAXIMUM
CELLPHASE | 4 580 780 1000 610
RANGE
(DEGREES)

5- CONCLUSION

We have proposed an efficient method to analyze
reflectarray antennas. Our method utilizes the radiation
properties of infinite arrays of specific types of unit cells
which are obtained by applying periodic boundary
conditions to a single unit cell. These elements are then
used to design different high gain reflectarray antenna using
phase synthesis. We also derived analytical expressions for
obtaining co polar pattern of the antenna and calculating the
cross polarization level. To confirm our derivations, we
performed full wave simulations on the designed antennas.
There was excellent agreement between our results and
those obtained using full wave simulation. Full wave
analysis of large reflectarray antenna is a computationally
expensive task that is not feasible for very large antennas.
Our method on the other hand can be used to efficiently and
accurately model these antennas. Moreover,  cross
polarization level of different designed antennas against
broadside angle is compared which shows that the antenna
designed by circular patch with one stub cell has the worst
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result and the antenna designed by rectangle and cross loop
cell has the best cross-pol response.
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