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Abstract: A novel scheme is introduced to design the high gain beam scanning reflectarray antennas for limited scan
range application. At first, various existing schemes for beam scanning reflectarray antennas design are reviewed and it is
concluded that as a convenient design scheme, the feed displacement technique is preferred for limited scan range applica-
tions. In order to improve the scan range, a bifocal single reflector aperture phase is introduced for reflectarray aperture
phase design, and in order to further improve the performance, a circular path for feed displacement is introduced to take
the place of the conventional lateral path. Based on the introduced scheme, a Ku band bifocal single reflectarray antenna
is designed for limited scan range application. The scan performances of the designed reflectarray are analyzed numerical-
ly and compared with conventional parabolic design. Numerical results show that the bifocal design shows significant im-
proved scan performance with less 0.8 dB gain loss and lower than -13 dB side lobe level over entire scan range -30° to
+30°, which illustrates that the bifocal design for limited field of view beam scanning reflectarray is a promising attempt.
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1. INTRODUCTION

High gain antennas play an essential role in the long dis-
tance wireless communication link systems, and it is well
known that the reflectors, lens and phased arrays are the
conventional candidates for the antennas in these systems
[1]. As one important capability, the beam scanning ability
of antennas can enable the multi-function performance of
these systems and improve the efficiency of these systems.
The markets for high gain beam scanning antennas are pri-
marily dominated by military radar and tracking platform,
however, there are some other demands in commercial appli-
cations such as low earth orbit satellite communications and
collision waning systems [2, 3].

In general, for high gain beam scanning applications, a
reflector or a phase arrays is chosen in terms of the factors
relating to scan speed, scan range and cost [4]. In order to
scan the beam of these aperture antennas, the phase distribu-
tion on the aperture must be adjusted according to the direc-
tion of the scan beam. Although the methodology for both
designs is similar with each other, the schemes for realizing
beam scanning are distinguished for reflectors and phased
arrays.

Since the 1980’s, microstrip reflectarray antennas, which
combine the favorable features of both microstrip phased
arrays and reflector antennas, have emerged as a new genera-
tion of high gain antennas with low-profile, low-mass and
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low-cost features [1, 5]. In addition, because of the hybrid
nature of the reflectarray antennas, they offer more flexibility
in aperture phase control and the beam of a reflectarray an-
tenna can be scanned by means of the reflectors nature or the
phased arrays nature. The phase distribution for each element
on the reflectarray aperture consists of two components [1].

¢,(x,y,) = kR +¢,(x.,y,) )

In this equation, the first term -kyR; corresponds to the
spatial delay, which is the electrical distance between the
phase center of the feed and the element position on the aper-
ture. The second term ¢ . (x; y;) is the reflection phase of the
element on the aperture. Since these two terms can be con-
trolled almost independently in a reflectarray antenna, two
different methods are available for the design of the beam
scanning reflectarray antennas.

In the first method, the aperture phase distribution of re-
flectarray antennas can be adjusted by changing the spatial
delay. This beam scanning scheme is similar to the technique
used to scan the beam of the reflector antennas [6], which is
categorized as the feed displacement method. As the place-
ment of reflectarray aperture is generally fixed, the adjust-
ment in the spatial delay can be realized by displacing the
feed phase center. Depending on the scan speed requirement,
the availability of feed antenna and the overall system cost,
beam scanning performance can be realized mechanically by
using a single movable feed, or electronically by using a feed
array. The second method is adjusting the reflection phase of
the element to achieve the adjustment of the aperture phase
distribution of reflectarray antennas [7]. This methodology
is basically similar to a phased array design, which is
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categorized as the element phase tuning method. It is worth-
while to point out that reflectarray antennas with individual
phase control for each element can achieve a dynamic pat-
tern without the need of an RF feed network. This can poten-
tially improve the gain and allow for greater flexibility in
array configurations, since beam scanning performance can
be achieved by implanting low loss phase shifters into each
reflectarray element without the need for T/R modules [3, 4].

In recent years, various investigators have done investi-
gations on the design of the beam scanning reflectarray an-
tennas. However, almost all of the investigations have con-
centrated on the element phase tuning method, such as beam
scanning reflectarray antennas with phase controlled ele-
ments using micro-machines [8], MEMS switches [9], di-
odes [10], and exotic materials [11]. Although some of these
designs can achieve a good beam scanning performance, the
major disadvantage of these designs is the high loss of the
element phase control mechanism, particularly at high fre-
quencies [12]. In addition, these designs also have need of a
control board to offer control voltages or rotation angles to
each element, which makes the designed system more com-
plicated. In the meantime, the beam scanning performance of
reflectarray antennas realized by lateral displacement of feed
is investigated in [13]. From a comparative study on the per-
formance of these two methods [14], it is concluded that for
the limited field of view system in beam scanning applica-
tions, feed displacement method is the suitable choice since
the loss and complexity of this type of design is much lower.
On the other hand, element phase tuning reflectarray anten-
nas are preferable for wide angle beam scanning, despite
their high loss and low efficiency.

It is well known that a bifocal dielectric lens shows wider
scan coverage than a single focus dielectric lens, because it
can focus quite well from near and between the two focal
points [15]. Moreover, it is also shown that a bifocal dual
reflector antenna has a better scan performance than a classi-
cal Cassegrain reflector [16]. A bifocal folded dual reflectar-
ray antenna using a feed array with seven elements has been
demonstrated in [17], which exhibits the scan capability with
scan range of about 27° (£13.5°). The scan range is further
improved to 49° (+24.5°) by designing a system with re-
stricted apertures for each beam. In addition, a dual reflectar-
ray with dual-offset feeds is also presented in [18]. It should
be noted that in all designs, the ideal bifocal reflectors or
lens require two surfaces for phase correction. Although the-
se designs have achieved some significant improvements of
beam scanning performance over the conventional single
reflector parabolic phase compensations, the primary draw-
back focuses on the design complexity and fabrication diffi-
culty of dual reflector system.

The aim of this paper is to design a high gain Ku band re-
flectarray antenna with 60° (+30°) scan range utilizing the
feed displacement method based on concept of bifocal single
reflector. Instead of the traditional parabolic type phase dis-
tribution, a novel aperture phase distribution based on the
concept of a bifocal single reflector is introduced for the re-
flectarray antenna. Moreover, in order to further improve the
scan performance, a novel path along a circular arc is intro-
duced to take place of the conventional lateral displacement
path for the feed displacement. The beam scanning perfor-

The Open Electrical & Electronic Engineering Journal, 2015, Volume 9 201

Feed#2

Feed#1

i"element

Fig. (1). Coordinate system for the bifocal single reflectarray.

mances of the designed bifocal single reflectarray antennas
are analyzed numerically and then compared with those of
the conventional parabolic type reflectarray antennas. Nu-
merical results demonstrate that for the limited scan range, a
bifocal design shows a significant improvement over the
conventional parabolic design, which illustrates that the bi-
focal single reflector scheme is a promising attempt for the
design of limited field of view beam scanning reflectarray.

2. CHARACTERIZATION OF A BIFOCAL SINGLE
REFLECTARRAY

It has been discussed that for the feed displacement
method to realize beam scanning performance, the reflectar-
ray aperture is passive and the phase of the elements on the
aperture are fixed with the assumption that the reflection
phase of elements are not very sensitive to excitation angle.
However, for beam scanning applications, the conventional
designs whose elements phase are adjusted based on the
phase compensation of a parabolic reflector antenna with a
same subtended angle, have shown a poor performance with
the scan range of just limited few beam widths [1, 13]. In
order to improve the scan performance, a new design scheme
for the aperture phase distribution of the reflectarray based
on the bifocal single reflector systems has been introduced.

2.1. Principle of a Bifocal Single Reflectarray

In order to model the question of designing a bifocal sin-
gle reflectarray system, the system parameters which should
be considered, are illustrated in Fig. (1), where the reflectar-
ray aperture is located on xoy plane and two offset feed an-
tennas, each with an offset angle of a°, are placed in xoz
plane.

For the two feed reflectarray system, the required aper-
ture phase distribution corresponding to each feed and beam
direction can be expressed as follows:

¢/ =ky(R/ ~sin®’ (x,cosp’ +y,sinp")) @

In this equation, the superscript /' denotes the correspond-
ing feed, and 0 and ¢ represent the direction of the scanning
beam. The difference between a single feed and a two feed
reflectarray system is that the aperture phase distribution
must compensate for two different feed positions and beam
directions. In order to simplify the question at hand, a sym-
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Fig. (2). Two different paths for feed displacement: (a) lateral movement (H/D is fixed), (b) circular arc movement (F/D is fixed).

metric system is considered. When the feed is at position 1,
the scanning beam is set in the direction of 0=0", »=0°).
Similarly, when the feed is at position 2, the scanning beam
will be set in the direction of (#=6%, ¢p=180°). It should be
noticed that for a symmetric system it has 6 = ' = 6*. For
this system, the phase requirements can be expressed as:

¢! =k, (R —x sinf)

) ) , 3)
¢ =k, (R’ +x,sin0)

It is obvious that for passive reflectarray design, the i™
element cannot realize two different phase requirements.
Therefore, an average phase is set for the i™ element to min-
imize phase errors,

_¢i1+¢i2
2

It is implied that since the far field beam direction 8 is
cancelled out in equation (4) because of the symmetry of the
system, the direction of the main beam of the reflectarray
will only depend on the feed offset angle a. Dealing with the
question of scanned beams, there is an important parameter
defined as the beam deviation factor BDF = 6/a, which is
expected to be less than 1 [13]. Nonetheless, it is possible to
achieve the required scanned beams by compensating for this
factor experimentally.

¢ 4)

2.2. Feed Displacement Path

In the previous investigation, it has been shown that
moving the feed antenna along the lateral path can be used to

scan the beam of reflectarray antennas [13]. In practice,
however, different paths can be used for the feed movement.
Since the feed is always set to point to the geometrical center
of the reflectarray aperture surface, a practical path would be
a circular arc with a radius of F. Fig. (2) illustrates two dif-
ferent paths for feed displacement, one is lateral movement
with fixed H/D, and the other is circular arc movement with
fixed F/D. A notable advantage of later paths is that the
change in the edge taper (ET) as a function of the feed angle
o can be improved. For a 104 aperture reflectarray (F/D=0.75)
with g;= 6.5, the ET of the two paths for various feed angles
a is plotted in Fig. (3). It can be observed that for lateral dis-
placement path, as the feed angle a increases, the change in
ET shows significant increase where the maximum ET in-
creases to about -4 dB in the extreme case. However, for
circular arc displacement path, the change in ET shows not
too much increase where the maximum ET increases to
about -10.5 dB which is still enough small to minimize the
effect of the edge diffraction. In addition, it is worthwhile to
point out that the spillover efficiency is also significantly
affected by the choice of feed displacement path. The spillo-
ver efficiencies for different feed displacement paths as func-
tion of various feed angles a are exhibited in Fig. (4). It can
be seen that as the feed angle o increases, the decrease of
spillover efficiency for the circular arc displacement path is
much smaller than that for the lateral displacement path.
Based on these parameter studies, it can be concluded that
the feed movement along a circular arc shows a much better
performance, and as results, this displacement path is used
for the feed movement to scan beam of the reflectarray an-
tenna.
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Fig. (3). Edge taper for various feed angles: (a) lateral movement (H/D is fixed), (b) circular arc movement (F/D is fixed).
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Fig. (4). Spillover efficiencies for different feed displacement paths as function of various feed angles.

3. BEAM SCANNING PERFPRMANCE ANALYSIS

In order to investigate the beam scanning performance of
the bifocal single reflectarray, a Ku band reflectarray with
main beam direction pointing to 30° off broadside has been
designed. By using the feed displacement technique, this
reflectarray antenna can achieve a 60° scan range (-30° to
+30°). The reflectarray aperture is a circular aperture with 10
wavelengths diameter at the design frequency of 12 GHz,
and the element space is set at the half wavelength to mini-
mize the effect of grating lobe. The feed displacement path is

set along circular arc with a radius of F. To further improve
the beam scanning performance of the reflector, the maxi-
mum attainable F/D has been selected for this design [19].
The maximum F/D of 0.75 is determined based on the feed
horn antennas which have the power ¢ = 6.5 of the feed horn
(cos #) 7 radiation pattern model, to ensure that the edge taper
is below -10 dB when the feed is tilted at o degrees.

To compare the scan performance of this design, a reflec-
tarray antenna with a broadside beam has been designed as
reference using the conventional parabolic equation. It is
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Fig. (5). Element phase distribution: (a) parabolic design, (b) bifocal design.

worthwhile to point out that for both investigated cases, the
radiation of the reflectarray is computed using the array theo-
ry method as discussed in [20]. The reflectarray required
element phase distribution for both designs are given in Fig.
(5). It can be seen that the element phase distribution chang-
es from circular ring shapes for parabolic design into ellipti-
cal ring shapes for bifocal design.

It should be noticed that for both design cases, the re-
quired offset feed angle is different and has to be obtained
experimentally to compensate for the BDF as discussed in
[13, 14]. For a 30° scan, the BDF for parabolic and bifocal
designs is 0.9036 and 0.8955, respectively. The scanning
normalized radiation patterns of both the parabolic and bifo-
cal designs are plotted in Fig. (6), and the comparison of the

both designs at the maximum scan angle is plotted in Fig. (7).

From Fig. (6), it can be seen that for the parabolic design, as
the beam is scanned toward the maximum scan angle, the
side lobe level increases and the main beam width broadens,
which results in significant pattern deterioration at the max-
imum scan angle. However, for the bifocal design, the side

lobe level increases slowly as the beam is scanned toward
the broadside direction, and eventually merges with the main
beam resulting in a relatively wide main beam. From Fig. (7)
it can be observed that compared with the scanning pattern
of the parabolic design at the maximum scan angle, the
scanning pattern of the bifocal design shows much narrower
main beam and reduced side lobe level which is below -13
dB and 6 dB lower than that of parabolic design.

The directivity, spillover efficiency and gain of the scan
pattern for both designs are calculated according to the
method discussed in [20], and summarized in Table 1. It is
worthwhile to point out that the antenna directivity listed in
the second column also takes into account the taper efficien-
cy. From Table 1, it can be concluded that a gain variation is
less than 0.8 dB across the entire scan range for the bifocal
design. However, in comparison, the gain loss for the para-
bolic design is more than 2.5 dB across the entire scan range.

Moreover, some other numerical studies which have been
done by the author, but are not listed here for brevity, show
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Parabolic Design
Scan Angle (Degree) Directivity (dB) Spillover Efficiency (%) Gain (dB)
+30 27.0002 86.94 26.3923
+20 28.3159 89.98 27.8574
+10 28.9387 91.79 28.5667
0 29.1728 92.38 28.8286
Bifocal Design
Scan Angle (Degree) Directivity (dB) Spillover Efficiency (%) Gain (dB)
+30 27.9294 86.84 27.1366
+20 28.2464 89.99 27.7884
+10 28.2026 91.80 27.8310
0 28.1997 92.38 27.8554

that although the bifocal designs can achieve a good perfor-
mance with the main beam not scanning far from broadside,
as the scan range increases, the SLL performance of the bi-
focal system degrades significantly. This is mainly because
of the fact that for a larger scan angle, the distinction in spa-
tial delay associated with the two feed reflectarray increases,
thus averaging these values results in a higher error in ele-
ment phase distribution. Similarly, this scheme will be less
effective as aperture size increases. Nonetheless, for limited
scan range system, a bifocal single reflectarray design
scheme shows a significant scan performance improvement
over the conventional parabolic design.

The numerical results presented here show that the scan
limitation of conventional reflectarray using the feed dis-
placement technique is primarily attributed to the parabolic
phase distribution on the aperture. With a single reflector
bifocal or multifocal aperture, the scan performance can be
improved beyond those of the parabolic phase distribution.

CONCLUSION

In this paper, different methods for designing beam scan-
ning reflectarray antennas are first reviewed and it is con-
cluded that as a convenient design scheme, the feed dis-
placement technique is preferred for limited scan range ap-
plications. In the next stage, a novel bifocal aperture phase
distribution has been introduced for a single reflectarray an-
tenna to improve the scan range. Moreover, a novel feed
displacement path moving along circular arc with radius of F
has been introduced to improve the illumination performance
of feed. Finally, a Ku band bifocal single reflectarray anten-
na has been designed based on the introduced design scheme,
and the scan performances of the designed reflectarray have
been analyzed numerically and compared with conventional
parabolic design. From numerical results, it can be conclud-
ed that the bifocal design shows significantly improved scan
performance beyond the parabolic design, which illustrates

that the bifocal single reflectarray design scheme for limited
scan range beam scanning reflectarray is a promising attempt.
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