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ABSTRACT

A new reflect-array antenna structure is proposed. This structure utilizes a perforated substrate as a reflecting surface
with the lattice of different holes. The effective electric permittivity of the dielectric substrate is altered by drilling holes
with different diameter and spacing, which provide an in-homogeneous dielectric layer. This in-homogeneous dielectric
layer can be controlled by these holes to collimate the reflected waves in the special direction. Absence of resonator
elements in this structure will reduce the dielectric and conductor losses, which are the main losses in reflect-array
antennas at resonance frequency. In addition, a simple method based on an equivalent circuit model is introduced for
designing and analyzing this kind of antennas. Using this method, the suitable values of the diameter and spacing of the
holes at each point on the reflecting surface are obtained. Some proposed antennas are designed at millimeter wave

frequency and simulated by full-wave analyzer; CST Microwave Studio software to verify theoretical results.
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1. Introduction

A reflect-array antenna is an array of resonator elements
that are placed on a surface and illuminated by a primary
feed antenna, which is placed at a particular distance
from the array. The reflect-array surface transforms the
field radiated by the feed into a phase-coherent beam in a
prescribed direction. The focusing effect can be obtained
by slightly modifying the shape or size of resonator ele-
ments, so that the phase of the reflection coefficient lo-
cally changes. Typically, only one relevant geometrical
dimension is modified. Therefore, a basic step in the de-
sign of reflect-array antennas is the calculation of the
phase diagram, which is the plot of the phase of the re-
flection coefficient versus the relevant geometrical di-
mension of the element. Due to the quasi-periodicity of
the structure, the phase diagram can be calculated under
the hypothesis of an infinite periodic array. For a good
design of reflect-array antennas, the phase diagram of the
selected element should cover a wide phase range, since
the focusing effect could require any phase of the reflec-
tion coefficient. Microstrip patch antenna is one of the
candidates, which used widely as resonator element in
the reflect-array antennas. This element has given several
configurations of reflect-array, in which, the required
phase diagrams are obtained by varying the shape and
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size of etched resonant conducting elements [1-5]. How-
ever, at millimeter waves, the mutual coupling between
microstrip elements printed on standard substrates be-
comes significant; in addition, the conductor and surface
wave loss are severe. To overcome these limitations,
other candidate, dielectric resonator antennas (DRA)
have been introduced due to their low loss, relatively
wide bandwidth, high radiation efficiency and low mu-
tual coupling [6-8]. However, these antennas have other
shortcomings such as complicated mechanical processes
to form the desired shape of the DRA or critical bonding
processes to locate the DRA element at exact location at
millimeter wave. Here, we have taken a rather new ap-
proach to reduce all mentioned short comes. The idea is
to construct an in-homogeneous dielectric layer as a re-
flecting surface. The dielectric layer with variable elec-
tric permittivity provides the required phase shift at each
point on the reflect-array surface to produce a reflected
beam in a specific direction. Using perforated substrate
with  variable holes distribution provides this
in-homogeneous dielectric layer. The effective permittiv-
ity of the substrate is controlled by drilling holes with
different diameter and spacing. If the period of the holes
is small compared to a wavelength, the quasi-static tech-
niques will result in a good estimate of the electric per-
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mittivity. So, at first the phase response of the infinite
substrate versus the variation of the electric permittivity
is plotted and modeled with an equivalent circuit. Then,
by implementing this phase curve and the effective elec-
tric permittivity relation, the proper diameter and spacing
of the holes at each element are calculated. Finally, the
usefulness of the proposed structure and its performance
are verified by two comprehensive examples. These ex-
amples are simulated by the CST Microwave Studio TM
package, which is based on the finite integration tech-
nique [9].

2. Analysis of Perforated Substrate

The critical feature of perforated reflect-array implemen-
tation is how the individual elements are made to scatter
the incident wave with the desired phases. Perforated
substrate with variable holes distribution is used to con-
trol the reflection phase. In practice, to implement such
in-homogeneous substrate, it must be subdivided into
small homogeneous elements with uniform holes distri-
bution. The geometry of a subdivided perforated sub-
strate and the corresponding homogeneous elements are
shown in Figure 1. The diameter (d) and spacing (g) of
the holes determines the effective electric permittivity of
each element. If the hole diameter and spacing remains
less than a half-wavelength, it has been observed that the
effective electric permittivity of the substrate will ap-
proximately be the volumetric average of the free-space
holes and remaining dielectric material [10]. The sub-
strate perforation considered is a two-dimensional array
of holes in the substrate. Each hole simply consists of
removal of the dielectric material down to the ground
plane. Within each column, the holes center to center
distance is (d+g) and column to column center sepa-
ration is 2(d +g)sin(7/3). Finally, the effective electric
permittivity can be obtained as follows

d ’ d ’

T T

Eg =& | 1— + 1
! ' 2\/§(d+9j 2\/§[d+9j M

where &, is the electric permittivity of substrate. This
effective electric permittivity can be varied between 1
and &, by changing the holes distribution. By using the
relation (1) each perforated element is replaced by an
equivalent dielectric element with electric permittivity of
&g - Instead of analyzing the perforated element, the
equivalent dielectric element is analyzed by simple
transmission line model, and in the next section, after
designing and finding the proper values of these effective
electric permittivities the suitable holes distributions will
be obtained. By assuming the normal incident of electric
field, there exist the following boundary conditions at the
surface of each equivalent dielectric element [11]
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E.,E, and H,,H are inner electric and magnetic
fields of dielectric element at z=0, and E' is the in-
cident field. In these equations, 77, represents the char-
acteristic impedance of the free space. Using these rela-
tions, equivalent circuits are obtained from the transmis-
sion line analogy as shown in Figure 2. In this figure, the
mn-th element, is represented as a short circuit transmis-
sion line, in which the characteristic impedance and
propagation constant are expressed as

o
\/‘geff mn
ﬁmn = kO \[geff mn (5)

where k;, is the propagation constant in the free space.
By considering the Figure 2 the reflection coefficient is
obtained as

Zomn = )

jZOmn tan(ﬂmnh)_ﬂo

(6)

™ jZOmn 1;an(ﬂmnh)-i_ﬂo

?_ Perforated
Substrate

Figure 1. Total view of the elements arrangement and coor-
dinate system for the inhomogeneous perforated reflect-
array antenna.

N transmissi on Line
) | [ ¢

Figure 2. Equivalent transmission line model of each ele-
ment.
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This reflection coefficient represents the exact reflec-
tion of the fields on the surface of the mn-th equivalent
dielectric element, in which both reflections from the top
layer of dielectric and the conductor plane at the bottom
are involved. The reflected field on each element is
computed by multiplying the reflection coefficient (I',,,)
to incident field. From relations (4)-(6) the phase of re-
flection coefficient is obtained as

ZOmn tan(ﬂmnh) _
o

] tan(ko | Eett ron ~h) @
\/geff mn

It is seen from (7) that the phase of reflection coeffi-
cient is dependent to the effective electric permittivity
&y of the element. It is notable, that the phase of reflec-
tion coefficient of each element has to cover 360° with
variation of its effective electric permittivity &4 in the
practical range. This fact can be seen in the Figure 3,
which shows a typical phase shift of an element with
respect to its effective electric permittivity &, at oper-
ating frequency 30 GHz with thickness h = 3.125 mm.
Also, Figure 3 shows that the theoretical calculations
result agree well with the result obtained by CST simula-
tion, in which a simple element with variable dielectric
constant is simulated with periodic boundary conditions.

It must be noted that, the in-homogeneity of the re-
flect-array’s surface was not accounted in the analysis of
elements. This assumption would not involve a signifi-
cant error at the final results because of the smooth varia-
tion of the effective electric permittivities in comparison
with wavelength.
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Figure 3. Phase of the reflected field for normal incidence
versus the electric permittivity.
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3. Design of Perforated Reflect-Array
Element

In this section, the designing approach of the perforated
reflect-array is introduced. A pencil beam in an arbitrary
direction is formed when the phases of the reflection co-
efficients on the surface of the elements compensate the
phase differences of elements in that direction. As shown
in Figure 1, the scattered field from the perforated sur-
face in desired main-beam pointing direction, U,, will
be in the form of

E(U) =3 S F(rn 1 ) Il

m=1n=

-exp{—jko Ur"‘” -T, |+ Mo 'uo]+ jg”mn}

®)

where F is the feed pattern function, I',,, is the reflec-
tion coefficient at the mn-th element position. Terms I,
and r, are the position vectors of the mn-th element and
the feed horn antenna, respectively. Phase ¢, is the
required phase of the scattered field from the mn-th ele-
ment. The condition for an array aperture distribution to
be co-phase in the desired direction, U, , is given by

Pon =Ko (R + Ty - Up ) +2Pm, p=0,£1,+2,--- (9)

where R, is the distance from the feed source to the
mn-th array element, i.e., R = lrmn -, | According to
the relation (7), the proper effective electric permittivity
of the mn-th element ( & ,, ) is obtained by equating the
required phase shift ¢, with the phase of reflection
coefficient ¢, . The key technique in the design of a
perforated element is how to select the holes distribution
to synthesize the element with special effective electric
permittivity. By considering the relation (1), there is two
degree of freedom to synthesize perforated elements: the
holes diameter (d) and spacing (g) between adjacent
holes (as shown in Figure 1). There is a restriction on
selecting the holes diameter by drill machines. So, the
perforated elements are synthesized by variable holes
spacing with the constant holes diameter. After manipu-
lating the relation (1), the required holes spacing of
mn-th element is calculated as follows

=d ﬂ_l 10
Jmn ’2\/§(geffmn_gr) (10)

To design perforated reflect-array element, there is a
factor worthy of mention. The element dimensions
d,xd,: at the relation (9) the required phase ¢, of
mn-th element is determined at the center of the element.
This causes a significant phase error, which will increase
the output side lobe levels. In order to avoid this phase
error, the elements size must be reduced. But there is a
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mechanical restriction by the holes diameter and spacing.
Simulation of different element sizes shows that selecting
d, =d, =4/2 is the best choice in constructing perfo-
rated reflect-array at operating frequency 30 GHz.

4. Design Examples

In this section, the performance of perforated reflect-
array antenna is verified through presenting some exam-
ples at frequency 30 GHz. In these examples both perfo-
rated substrates and equivalent inhomogeneous substrates
are simulated and the results are compared with each
other. As the total structures of antennas are very large,
these examples were modeled and simulated only by
CST Microwave Studio (MWS). In this paper, the perfo-
rated substrates in all cases are formed by holes drilled
into the dielectric material Arlon AR1000 with the elec-
tric permittivity 10, dissipation factor 0.003 and thick-
ness 3.125 mm. For the first example, we consider a
L=104, =100 mm square perforated reflect-array with
a broadside feed and a broadside main beam. The sub-
strate is subdivided into 400 elements of equal size of
d,=d, =4/2=5mm arranged in a lattice of 20 x 20
elements. A linearly polarized pyramidal horn is used for
a feed antenna, with its phase center located a
r, =L =100 mm. The holes with diameters d =1 mm
are chosen for this example. First, it is interesting to
know how much the phase diagram changes with fre-
quency. Actually, more frequency bandwidth occurs for
reflect-array antenna when the phase curves have small
variation toward the central frequency (+45°) [12]. Fig-
ure 4 shows the variation of phase curves for different
frequencies centered at 30 GHz. Based on this plot,
bandwidth of the reflect-array element are estimated to
be about 7%.
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Figure 4. Curves of the reflection phases at different
frequencies, to evaluate the element bandwidth.
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Figure 5(a) shows the required phase shift (¢, [deg])
of each element and the corresponding equivalent sub-
strate with effective electric permittivity (& ). Also, the
perforated substrate is shown in Figure 5(b); it consists
of 6208 holes which are drilled on the substrate. Each
hole simply consists of removal of the dielectric material
down to the ground. So, the dielectric mass covers only
51.3% of the perforated substrate, which equals to a solid
substrate with same surface and 1.6 mm thickness. This
reduction of dielectric mass causes the lower dielectric
loss, which is more significant at millimeter wave fre-
quencies [13].

Element in y - direction

(a)

&
v e b o 0D .....
oA

(b)

Figure 5. The design processes of broadside perforated re-
flect-array. (a) The required phase shifts of elements and
corresponding &, Vvalues; (b) The geometry of the de-

signed perforated substrate.
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Simulated structures beside the E-plane patterns of
these antennas are shown in Figure 6. Note that the
beams are broadside, and the maximum directivity of
perforated and equivalent structures are 26.9 dB, 27.48 dB,

respectively. The H-plane patterns are shown in Figure 7.

The directivity of the reflect-array is defined as the ratio
of the scattered intensity in the main beam direction from
the reflect-array to the scattered intensity averaged over
all directions. Figure 8 shows the simulated directivities
against frequency. The 1-dB directivity bandwidths of
the perforated and equivalent structures are 15.5%, 16.4%,
respectively.
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Figure 6. E-plane radiation patterns of broadside perfo-
rated and equivalent reflect-array.
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Figure 7. H-plane radiation patterns of broadside perfo-
rated and equivalent reflect-array.
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To avoid the horn blockage, the reflected beam must
be directed out of broadside. So, another example with
the 25° off broadside beam direction was designed. This
reflect-array consists of a square perforated substrate
with dimension L =104, =100mm . The substrate is
Arlon AR1000 with electric permittivity &, =10, loss
tangent of 0.0037 and thickness 3.125 mm. It is subdi-
vided into 400 elements of equal size of d, =d, =4/2
=5mm arranged in a lattice of 20 x 20 elements. A
linearly polarized pyramidal horn is used for a feed an-
tenna, with its phase center located at r, =L =100 mm .
The holes diameter is d =1 mm. The required phase
shift, effective electric permittivity of elements and the
corresponding perforated substrate are shown in Figure 9.
It consists of 7376 holes, which shows that only 42.06%
of the perforated substrate is covered by dielectric mate-
rial. This reduction of the volumetric dielectric mass will
reduce the total dielectric loses.
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Figure 8. Directivity variations against frequency for
broadside perforated and equivalent reflect-array.
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(b)

Figure 9. The design processes of 25° off broadside perfo-
rated reflect-array. (a) The required phase shifts of elements
and corresponding &, values; (b) The geometry of the

designed perforated substrate.

Figure 10 shows the patterns on the E-plane. Note that
the beams are 25° off broadside, and they achieve peak
gain of 24.2 dB and 25.4 dB for perforated and equiva-
lent substrates, respectively.

Figure 11 shows the directivity variations with fre-
quency for both perforated and equivalent substrates. The
corresponding 1-dB directivity bandwidths are 9.6%, 10.3%,
respectively.
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Figure 10. E-plane radiation patterns of 25° off broadside
perforated and equivalent reflect-array.
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Figure 11. Directivity variations against frequency for 25°
off broadside perforated and equivalent reflect-array.

5. Conclusions

A new reflect-array structure was presented, which con-
sist of a perforated substrate with lattice of holes and a
feed antenna. Perforated substrate with variable holes
distribution was used to control the reflection phase. In
the designing section, instead of analyzing the perforated
element, the equivalent dielectric element was analyzed
by a simple transmission line model, which has the dis-
tinct advantages of simplicity and rapidity in designing
of such antennas. Then, after designing and finding the
proper value of the effective electric permittivity for each
element, the suitable holes distribution was obtained.
Finally, the performance of proposed antenna was veri-
fied through presenting two examples at 30 GHz fre-
quency.
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