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Abstract—This paper presents an approach to simultaneous
beamwidth and beam-steering control using an array-fed
reconfigurable partially reflective surface (PRS) antenna.
Requirements and trade-offs regarding the design of such
antennas are discussed. The antenna operation is confirmed by
full-wave simulations.
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I. INTRODUCTION

Partially reflective surface (PRS) antennas have attracted a
significant attention due to their compact structure and high
directivity [1]-[5]. The basic structure of such antennas is
rather simple. A source antenna, typically a microstrip patch or
a dipole with a reflector, feeds a PRS located approximately
half of a wavelength above it. The PRS and the ground plane
form a cavity where the electromagnetic waves originating
from the source experience multiple reflections. At a given
frequency the waves partially transmitted through the PRS
interfere constructively and a highly directive pencil-beam is
obtained. The directivity of the PRS antenna depends strongly
on the PRS reflectivity [2]:

1+R
D=Dmume'_’ (1)
’ 1-R
where Dy, 1S the directivity of the source antenna, and R is
the PRS reflection coefficient magnitude.

The authors recently introduced a concept of dynamic
beamwidth control in PRS antennas where directivity and
beamwidth are controlled by electronic reconfiguration of the
PRS reflectivity [6]-[8]. This concept strives to be a valid
alternative to existing solutions for beamwidth control based on
a mechanical reconfiguration [9]-[11].

In addition to the above-mentioned single-element feeds for
PRS antennas, it is also possible to use an antenna array as a
feed [12], [13]. In these references the aim of the array+PRS
combination is array thinning—owing to the extra directivity
provided by the PRS, a certain number of the array elements
can be dismissed while total directivity is preserved. This in
turn leads to a simpler beam-forming network construction and
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overall cost reduction. Potential drawback of such an approach
is the directivity bandwidth reduction due to the frequency
dependence of the extra directivity enabled by the PRS.

In this paper we extend the above-mentioned concept by
utilizing a phased array as a feed for reconfigurable PRS
antenna, which results in a simultaneous beamwidth control
and beam-steering. To the authors’ knowledge, this is the first
study of this kind. In Section II the issues regarding the design
of such antennas are discussed. In Section III the results of full-
wave simulations are presented, confirming the intended
antenna operation. Finally, the paper is concluded in
Section IV.

II.  ARRAY-FED RECONFIGURABLE PRS ANTENNAS
DESIGN ISSUES

We begin this section by recalling some aspects of antenna
array theory that are critical in the context of reconfigurable
PRS antennas fed by arrays. The most important issues are
secondary lobes suppression, directivity enhancement, and
interelement coupling. Then, we discuss how the antenna
design and PRS reflectivity state affect these parameters and
point out the necessary trade-offs.

A. Secondary lobes suppression

Fig. la shows an N-element linear array with uniform
amplitude and interelement spacing. Its array factor reads [14]

N
AF = Zexp( i(n-138) )
n=l1
. 2n .
w1th§=—7'del -sin(0)+a,, , 3)

where 6 is the angle noted in Fig. la, d,, is the interelement
spacing, and a,, is the excitation phase difference between the
array elements. For the reasons that will be made clear later on,
the case of a large interelement spacing is especially relevant
here. As an illustration, Fig. 1b shows the array factor of a
linear four elements array with interelement spacing d,; = 4, for



two excitation phase differences. Notably, when all the
elements are fed in phase (a,, = 0°), the main beam of the array
factor points toward broadside 8= 0°, and there are grating
lobes pointing in the end-fire directions 6 =—90° and 8 = 90°.
Of course, a directive embedded element pattern would help to
suppress the grating lobes. Nevertheless, if the main beam of
the array factor is steered away from broadside by applying
some excitation phase difference, say a,, =60° the grating
lobes are also steered in the same direction. Actually, they are
steered ‘faster’ than the main lobe, as shown in Fig. 1b. Hence,
at some point of steering, the grating lobe will point in the
direction where the embedded element pattern is ‘strong’,
resulting in a poor secondary lobes suppression.
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Figure 1. (a) Linear four elements array with uniform amplitude and
interelement spacing; (b) Array factor of the four elements array with
interelement spacing d.; = 1.

B. Directivity enhancement

Another property of an antenna array that must be
addressed here is directivity enhancement. Given that the
coupling among the array elements is negligible, doubling the
number of elements in a linear or planar array fed in phase
doubles the directivity of the array. This rule stems from the
definition of directivity [14]. However, it holds only if the
array elements effective apertures do not intersect, as illustrated
in Fig. 2a. If the array elements effective apertures do intersect,
as shown in Fig. 2b, the directivity enhancement is less than
expected, because the total effective aperture cannot be equal
to a single array element effective aperture multiplied by the
number of elements.

directivity enhancement = +6 dB directivity enhancement <+6 dB
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Figure 2. Directivity enhancement (the case of four elements planar array):
(a) Element effective apertures do not intersect; (b) Element effective
apertures intersect.

C. Interelement coupling

Coupling issues can be clarified by observing Fig. 3, which
shows the array of four elements from the network point of
view. Following the notations in Fig. 3, the input reflection
coefficient at, say Port 1, reads

=8, +5, ~exp(j0{2)+S13 ~exp(ja3)+Sl4 ~exp(j0(4), 4

where a4 are the excitation phases at Ports 2-4, taken relative
to the excitation phase at Port 1. Therefore, the input
impedance of any port generally depends on the other ports
excitations. Since this complicates the design of a matching
network, it is important to have as low coupling as possible.
Then, all S-parameters representing the coupling
(Sy» i #J) can be neglected, and reflection coefficient at port
reads I'; = §;;. Furthermore, in the case of arrays that operate in
dual polarization, it is also important that all the S-parameters
associated with coupling between the orthogonal ports are
small. Otherwise, steering of the beam in one polarization
would affect the beam direction in orthogonal polarization.
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Figure 3. Four elements antenna array from the network point of view.



D. Discussion

A reconfigurable PRS antenna fed by an array of microstrip
patches is shown in Fig. 4. The effects introduced by a
reconfigurable PRS above are very different in the cases of
high and low state of the PRS reflectivity. The PRS effects can
be best understood by taking a single patch together with a
PRS above as an array element.

In the state of high PRS reflectivity, the array elements are
already rather directive due to the high extra directivity enabled
by the PRS. Thus, it is easy to achieve good secondary lobes
suppression, even in the case of larger interelement spacing d,;
and considerable beam-steering. However, coupling among the
elements, caused by strong reflections from the PRS, is critical
in this PRS state. In order to reduce it, the interelement spacing
should be enlarged. In addition, a larger interelement spacing
helps to improve the directivity enhancement because the array
element effective apertures intersect less (see Fig. 2).

On the contrary, when the PRS reflectivity is low, the array
elements should be close to each other. The main reason is that
due to the lower directivity of the array elements, secondary
lobes suppression is critical, especially when the beam is
steered. Setting elements closer would prevent the appearance
of grating lobes, or at least keep them in directions away from
the broadside direction. At the same time, coupling is not a
problem, because now the reflections from the PRS are weak.
Furthermore, as the array elements are now less directive, they
have smaller effective apertures and their cross-section is
relatively small even if the interelement distance d,; is small.

Therefore, unfortunately the requirements on the
interelement spacing d,; are completely opposite in the two
extreme reflectivity states of a reconfigurable PRS. Since the
antenna must be free of mechanically moving parts,
interelement spacing must be constant, and compromises must
be made. Nevertheless, these compromises still allow for
acceptable results, as demonstrated in the following section.

Figure 4. Structure of the array-fed reconfigurable PRS antenna.

III. SIMULATION RESULTS

The following simulation results were obtained in HFSS
with an array of four microstrip patch antennas operating in
dual polarization as the feed for a reconfigurable PRS antenna.
The patches are arranged in a planar array, as shown in Fig. 5.

Two values of interelement spacing are considered, namely
dyy =2, and d.p=12. The design frequency is f, =2 GHz.
Also, two reconfigurable PRSs set above the patch array are
considered. The ‘equivalent’ PRS models are employed since
they have been proven to enable rather efficient full-wave
simulations [7]. PRS, has variable reactance in the range from
=320 to —130 Q, and it is set at the distance d=82.21 mm
above the ground plane [6]. PRS,, set at the distance
d = 80.57 mm above the ground plane, is more reflective in the
high reflectivity state, having the reactance ranging from —320
to —95 Q. Both PRSs have modest ranges of reflectivity, which
stems from the requests discussed in the previous section: for
higher PRS reflectivity in the upper limit the coupling among
the ports would be too high, while for lower PRS reflectivity in
the lower limit the suppression of secondary lobes would not
be sufficient. Finally, the size of both PRSs is equal to 54 x 54
at the design frequency.

The most interesting results are listed in Tables 1 and 2.
Table 1 shows the results obtained for the antenna with PRS;
and d,; = A, while Table 2 shows the results for the antenna
with PRS; and d,, = 1.24. In both tables the patch array under
the PRS (4rray + PRS) is compared to the single patch under
the same PRS (Single patch + PRS) as the reference. The
results obtained for the Array + PRS confirm the discussion
from the previous section. The directivity and beamwidth
control is still present, although its range is somewhat smaller
than the same range obtained for the corresponding single
patch under the PRS. This is because in the high PRS
reflectivity state the array elements effective areas (Single
patch + PRS) are large and intersecting. Thus, combining these
elements in the array brings only about 1-3 dB of directivity
enhancement, instead of expected 6 dB. The enhancement is
evidently larger for bigger interelement spacing and lower PRS
reflectivity (see Table 2), since they both reduce the cross-
section of the array elements effective apertures. In the low
PRS reflectivity state the array elements effective areas are
smaller and intersect less, which leads toward higher directivity
enhancement of about 4-5 dB.

The main lobe can be steered in a limited range around the
broadside direction. The criterion for determining the steering
range is the secondary lobes suppression which has to be better
or equal to 10 dB. The beam-steering range is the result of
compromises mentioned in the previous section. Due to the
considerable interelement distance, high secondary lobes
emerge quite soon when the beam is steered away from
broadside. The results in Table 2 confirm this statement, since
the obtained beam-steering range in the low PRS reflectivity
state is smaller than in Table 1 due to the larger interelement
distance.

Fig. 6 shows the interelement coupling for the antenna with
higher reflectivity PRS and smaller interelement distance,
which is the worst case considered in terms of coupling.
Regarding the co-polarized ports, we found the coupling in
H-plane to be the highest (Ss;). As for the cross-polarized ports,
the most critical coupling is between the ports on the same
patch (Sy)).



Figure 5. Microstrip patch array as the feed for a reconfigurable PRS
antenna.

TABLE L ANTENNA WITH PRS; AND d,; =1
Structure Single patch + PRS Array + PRS
PRS reactance -95Q -320Q -95Q -320Q
Directivity 199dBi| 13.2dBi [20.8dBi| 17.7dBi
Beam- E-plane 15.1° 36.4° 14.1° 22.8°
width H-plane 16.5° 39.3° 14.8° 24.0°
Beam- E-plane NA —6...+6° | —8...+6°
steering | H-plane —6..+6° | —7.+7°
TABLE II. ANTENNA WITH PRS; AND d,; = 1.2
Structure Single patch + PRS Array + PRS
PRS reactance -130 Q -320Q —-130Q | —320Q
Directivity 18.0dBi| 13.4dBi |20.7dBi| 18.5dBi
Beam- E-plane 18.6° 35.9° 15.3° 20.1°
width H-plane 21.4° 39.8° 16.4° 21.2°
Beam- E-plane NA =7..47° | =5..+4°
steering H-plane —7..47° | —4.+4°
0.00 7 -
q — Co-pol coupling (S51); Xo=-95Q
-5.00 --- Co-pol coupling (Ss;); Xo=-320Q
] —— Cross-pol coupling (S); Xo=-95Q
-10.00 5 --- Cross-pol coupling (S3); Xo =—320 Q
g -15.00
9 ]
E -20.00
E ]
2 -25.00
= ]
-30.00*; T
-35.00—2 -
-40.00 ] : | | : | ‘ ‘ ; ,
195 1.96 1.97 198 199 2.00 2.01 2.02 2.03 2.04 2.05

Frequency (GHz)

Figure 6. Interelement coupling in the worst considered case (antenna with
PRSI and d.; = 7).

The results presented in Tables 1 and 2 were obtained by
exciting only the odd-numbered ports of the microstrip patches.
The even-numbered ports, which serve for exciting the antenna
in the orthogonal polarization, were terminated by the system

impedance of 50 Q. However, it has been observed that the
beamwidth control and beam-steering can be performed rather
independently in two orthogonal polarizations, owing to the
very low coupling between orthogonal ports.

Finally, Fig. 7 illustrates the dynamic beamwidth and
beam-steering control for the combination of the PRS; and
interelement spacing d,; =A1. The figure shows both beam-
steering in E-plane and H-plane. In addition, the required
excitation phases are stated for each shown result.

= XO =-95 Q, ((11, 03, Os, (l7) = (_9507 _9507 007 00); Dﬂnorm
-=-Xo=-95Q; (a, 03,05, 07) =(90°%90% 0% 0°;  Dgnorm
— Xo=-320 Q; (ay, 03, 05, 0i7) = (=75°, =75°, 0° 0°); Donorm
--= Xo=-320 Q; (ay, 03, 05, 07) = (60°, 60°, 0°, 0°);

D Onorm

-150 150

-180 (a)

— Xo=-95Q; (ala 03, Os, (17) = (_1000, —0°,-100°, 00);D¢norm

—— XO =-95 Qa (ala a3, Os, (17) = (1000, Oo’ 1000; 00); D(anorm

— XO =-320 Q, ((1], a3, Os, (17) i (_650’ 00’ —650, OO); D(anorm

-== Xo=-320Q; (0, a3, 05, 07) = (65°, 0%, 65°, 0%); D yorm
-150 150

Figure 7. Dynamic beamwidth and beam-steering control (for the
combination of the PRS; and interelement spacing d.;; = 1):
(a) E-plane; (b) H-plane.



IV. CONCLUSION

A novel approach to simultaneous beamwidth and beam-

steering control, based on an array-fed reconfigurable PRS
antenna, has been investigated. Essential design considerations
were discussed and the antenna operation has been confirmed
by full-wave simulations.
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