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Abstract

Sub-beam concept is very useful for size reduction of multiple beam phased array antenna
(PAA) systems that are applied for high-throughput communication satellites. In this
paper, the synthesis procedure for a PAA with multiple sub-beams in two dimensions of
the coverage domain is proposed and analyzed. In the design procedure, the interleaved
sub-arraying technique has been applied to eliminate the grating lobes. The extremely short
angular distance between adjacent sub-beams is challenging. An innovative beam forming
network is proposed, which can generate multiple orthogonal sub-beams while keeping the
required angular distance between sub-beams. To demonstrate the effectiveness of the design
technique, an example considering the requirements derived from conceptual design of a
high-throughput communication payload is presented. The array is optimized using the gen-
etic algorithm while taking into account the technical requirements of the antenna. The gain
patterns exhibit a 0.4° angular distance between adjacent sub-beams. In addition, the number
of sub-arrays and element spacing guarantee the orthogonality of the sub-beams. The calcu-
lated carrier to interference ratio in the synthesized array shows that it has acceptable values in
each spot. The aperture size reduction in the synthesized array compared to a conventional
multiple beam array is more than 36.7%.

Introduction

New generation geostationary-orbit (GEO) communication satellites provide high channel
capacity by the cellular coverage technique. Cellular coverage provides frequency re-use cap-
ability and increases the overall communication system throughput [1]. A multi-beam antenna
can create spots of this coverage. Applying a phased array antenna (PAA) is one of the best
approaches for achieving simultaneous multiple beams [2]. Since spot beams in a GEO satellite
have high gains and large antenna size, the most important challenge in the realization of this
kind of antennas is size reduction. One of the most effective methods for decreasing the mul-
tiple beam array size is the sub-beam concept [3]. In this method, sub-beams with lower peak
gains are used resulting in an overall reduced aperture size of the array. It can be proved that
the sub-beams with lower gains and broader beam patterns do not raise the co-channel inter-
ference intensely. Digital beam-forming network (BFN) is the technique, which has been pro-
posed in [3] for the implementation of a multi-beam antenna in conjunction with the
sub-beam concept. This method is applicable for narrow-band signals, because the processing
speed of the digital processors is limited. To overcome these limitations, a microwave BEN for
implementation of a multiple beam PAA incorporating the sub-beam concept is proposed.

Implementation of a PAA with a large number of elements is practically impossible without
dividing it into several sub-arrays. In the conventional active PAAs, a large number of active
components are needed for feeding the array elements, and the configuration of the array feed-
ing network becomes very complex and usually unfeasible.

The radiation pattern of an array, which is divided into several sub-arrays differs from the
primary array. Excitation matching is a method which tries to minimize this difference by
adjusting the exciting sets of the sub-arrays. In this technique, the norm of the difference
between the optimum excitation set and the excitation set of the array (which consists of sub-
arrays) is minimized. Excitation matching technique was widely used for arrays, which gener-
ate the sum and difference patterns simultaneously [4-6].

As an alternative, the tile configuration was used for dividing an array into several sub-
arrays. In [7], a multiple beam PAA with super-tile composition was proposed. This approach
is cost-effective and provides reconfigurability for the satellite payload, but grating lobes
appear outside the coverage region.

Dividing an array into a number of sub-arrays has some consequences such as the appearance
of grating lobes, which is a result of increased distance between central points of the array divi-
sions. Several approaches were suggested for eliminating grating lobes. In the overlapped sub-
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arrays method, the grating lobes are filtered out by creating a rect-
angular sub-array factor. The rectangular sub-array factor is pro-
duced by exciting the sub-array elements proportional to a Sinc
function. As much as the Sinc function is extended, the sub-array
factor will be closer to an ideal rectangular function. For extending
the Sinc function, in addition to the main sub-array, the neighbor-
ing elements should be excited. The overlapped sub-array is efficient
in removing the grating lobes, but its BEN is very complex [8-10].

An alternative method for eliminating grating lobes is the
interleaved sub-arrays [11]. In this technique, each sub-array is
excited with a separate Butler matrix (BM) [12]. For retaining
the same main beam peak directions, specific extra phase shifts
were added to the input ports of the BMs [11]. By using skirt ele-
ments in two sides of the core array, the side lobe level (SLL) of
each beam decreases and the carrier to interference ratio
improves. Incorporating planar interleaved sub-arrays, multiple
beams in two dimensions, and orthogonal beam forming while
keeping extra small angular distance between adjacent sub-beams
are properties of the designed antenna in this paper which have
not been considered and discussed in [11], and thus make this
study distinct from others such as [11].

In this paper, a PAA that can generate multiple sub-beams has
been synthesized. The angular distance between the sub-beams is
smaller than that of the main spot beams, and it imposes severe con-
straints on the BFN that is intended for generating orthogonal
beams. The innovation of current paper is the application of the
interleaved sub-array technique for implementation of a planar mul-
tiple beam PAA incorporating the sub-beam concept in two dimen-
sions of the coverage domain. In this study, a novel microwave BEN
that can generate multiple orthogonal sub-beams and satisfy all the
requirements of the antenna will be designed and analyzed.

For further understanding, a numerical example with analysis
results is presented. In the first step, the requirements of an antenna
with multiple sub-beams will be derived from general constraints.
Next, an array, which is composed of interleaved elements will be
synthesized and optimized using genetic algorithm (GA).
Furthermore, the gain patterns of sub-beams and the carrier to inter-
ference ratios in one of the coverage spots will be calculated. In add-
ition, the amount of aperture size reduction in the sub-beam method
compared to a typical multiple beam array will be presented.

Array aperture size reduction

High gain of multiple beam antennas in GEO satellites has made
the aperture size reduction a necessity. The array aperture size
depends on the aperture efficiency of each array element, the
amplitude distribution of the array elements, and the main
beam peak gain.

In the case that the radiating element of the array is a micro-
strip patch antenna, the array should be decomposed into several
sub-arrays. The maximum aperture efficiency of each array elem-
ent would be achieved if the patch elements’ spacing is not more
than A [2], where A is the wavelength in free space.

The selection of a proper method for array amplitude distribu-
tion is important for array aperture size reduction. An array with
uniform amplitude distribution has the highest peak gain and
maximum aperture efficiency compared to other amplitude distri-
butions, but its SLL is not reasonable.

In the array with multiple spot beams, the required peak gains
for the main beams can be reduced by using the sub-beam
method [3]. In this method, each spot is composed of 3, 4, 7, 9,
and so on sub-beams [13]. The sub-beams of each spot have
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the same frequency band. The beam contour level (crossover
level) is the ratio of the peak gain to the gain at the edge of cover-
age (EOC). Sub-beams and main spots exhibit the same gain in
their EOC but their contour levels are different. Sub-beams
have lower contour levels and their beams are flatter in compari-
son with the main spot beams. It means that the beam peak gain
of the sub-beams is lower than the main spot beams. As a result,
the antenna aperture size is reduced. In the next sections, a proper
synthesis method for a reduced sized planar-phased array will be
described, which can generate multiple sub-beams.

Array synthesis concerning multiple sub-beam constraint

The most important constraint in the synthesis of an array that is
used for creation of sub-beams is the extra small angular distance
between adjacent sub-beams. In this paper, the synthesis technique
of a planar array with interleaved sub-arrays has been presented. The
present array is different from previous study [11] in: (1) exertion of
above-mentioned constraint and (2) creating multiple beams in two
dimensions. It has been shown that the above-mentioned constraint
affects the phase of lateral elements (skirt elements). In addition, it
has been demonstrated that this constraint obliges the designer to
specify unequal values for the number of elements in each sub-array
and the number of sub-beams. As a result, a BEN that is different
from the BEN in [11] has been developed in this paper.

An array with orthogonal beams requires conditions (1) and
(2) for angular distances between adjacent beams [2]. In (1)
and (2), P, and P, are the numbers of beams in the x and y direc-
tions. Asin 6peek, and Asin 0.4, are related to the angular dis-
tances between peak points of the adjacent beams in the x and
y directions. In a planar array which has been decomposed into
some sub-arrays with interleaved elements in both x and y direc-
tions, the spacing period of sub-array elements in the x direction
is dy, = Noxdy, and in the y direction it is dg, = Ny,d,, where d, and
d, are element spacing, and N, and N, are the number of sub-
arrays in the x and y directions, respectively:

Assin Bpeakx = A (Pydy) = /\/(Pstxdx) (1

Assin Opeaky = A/(Pydsy) = /\/(PyNsydy) (2

Since the number of beams is one of the design requirements,
Nyd /A and Ngd,/A should have values that satisfy (1) and (2).
This constraint results in large amounts of Nd,/A and Ny,d,/A.
These conditions make array synthesis difficult, because d, and
d, depend on N, and Nj,, respectively, and cannot be chosen
independently. Increasing the number of sub-arrays leads to
fewer elements in each sub-array. Therefore, in the present
array synthesis, P, and Ny and also P, and N, may attain separate
numbers. Under this condition, the designer would devise a BFN
with unequal numbers of beams and element ports for each
sub-array.

Calculation of array factor of a planar array with multiple
beams in two dimensions

In this sub-section, a planar array, which can generate multiple
beams in two dimensions (x and y directions) has been synthe-
sized. In [11], a planar array with multiple beams in one dimen-
sion (x direction) was analyzed. The array plane is coincident with
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Fig. 1. Model of a planar array with multiple beams in two dimensions.

the x—y plane as illustrated in Fig. 1. Decomposition of an array
into interleaved sub-arrays eliminates the grating lobes in the vis-
ible region. In [11], a planar array with interleaved sub-arrays in
each row (x direction) was analyzed. The array factor in this sub-
section is different from the array factor in [11] due to the inter-
leaved sub-arrays in two dimensions. Figure 2 shows an arbitrary
row of an array with interleaved sub-arrays and lateral elements
(skirt elements).

The o, and a, are the parameters, which depend on the beam
indexes in the x and y directions (a,; and @), respectively. These
parameters can be calculated using (3) and (4). In this design, the
origin of coordinate system is assumed in the middle of the beams
and the number of beams is even. The beam index in the x direction
(ary;) varies in the range of 1 to P,. Similarly, a,; varies between 1 and
P,. Figure 3 shows a, for eight beams in the x direction.

ax:axi_(Px+1)/2 (3

ayzayi_(Py+l)/2 (4)

Using (1) and (3), the main beam peak locations in the x dir-
ection (6,,) for each a,; can be obtained as follows:

sin (Oax) = ax A sin 0 pea,

= (_Px/2 —05+ axi)(A/Pstxdx) (5)

In a similar manner, the main beam peak locations in the y
direction (6,,) can be attained. The calculated main beam peak
locations have been used in the calculation of array factor. The
array factor of a planar array in the x-y plane with interleaved
sub-arrays in both x and y directions is expressed in (6). This
array can generate multiple beams in two dimensions.

Nox

AF = AFsubx (a)eitp(ax,-,a)+2Tri(a—l)dxu/)m
a=1

N,

X AFsub (b)ei'l’("‘yi»h)+277i(b—1)dyv/)‘ (6)
ol
b=1
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where u =sinf cos ¢ and v =sinf sin ¢. As depicted in Fig. 2, the
core array consists of the interleaved sub-arrays. Each sub-array is
excited with a different BFN. The phase differences y(a,;, a) and
w(a,;, b) should be added to the input ports of each BEN in the x
and y directions, respectively. AF;,;.(a) and AFg, (b) are the
array factors of each sub-array in the x and y directions, respect-
ively. The phase of elements in each sub-array is adjusted for cre-
ating orthogonal beams. The indexes of the sub-arrays in the x
and y directions are denoted by letters a and b, respectively.

The AF;,(a) is calculated using (7). g, is the element index in
each sub-array in the x direction, and vary from 1 to N,. N, and
N, are the number of elements in each sub-array in the x and y
directions, respectively. g, is shown in Fig. 2. B,(q,) is the excita-
tion amplitude of g element of a” sub-array in each row, and
B,(qy) is the excitation amplitude of q;h element of b sub-array
in each column. AF,,;, (b) can be obtained in a similar manner by
replacing gy, Ny, Ny, 4, @y, and By(gy) in (7) with g,, Ny, N, v, @y,
and B,(qg,), respectively.

Ny
AFy (a) = Z Bx(qx)e*((mexx(qr1))/Px)+2m(qu)Nsxdxu//\ 7)
a=1

w(a,, a) depends on the beam index (a,;) and the sub-array
index (a) in the x direction. This phase difference has been calcu-
lated using (8) [11]:

lrll(axh a) = —277(61 - 1)dx sin (Oax)//\ (8)

In a similar manner, y(a,; b) can be obtained for the y
direction.

Calculating phases of the lateral elements

As described in the section “Array aperture size reduction,” non-
uniform amplitude distribution of an array decreases the aperture
efficiency, but it may improve the other radiation parameters of
the array. Consequently, the choice of the proper amplitude dis-
tribution is a trade-off between the aperture size and the antenna
pattern requirements.

One of the techniques to narrow the beam-width and to
reduce the SLLs in a multiple beam array with interleaved sub-
arrays is the addition of some lateral elements (skirt elements)
to the right and left margins of the core array [11]. This technique
may improve the carrier to interference ratio and has been
adopted in our design. Numbers of right and left skirt elements
in the x direction are Ny, and Ny, correspondingly, and they
are equal to Ng/2. Similarly, N, =Ng,/2 and Ngg, = Ng,/2
are the numbers of right and left skirt elements in the y direction.
N and Ny, are the total number of skirt elements in each row
and column, respectively. The overall number of elements in each
row of the core array is shown with N, and is equal to NN,.
Also, Ny, is the total number of elements in each column of the
core array and is equal to Ng,N;,.

Figure 4 illustrates one row of an array with P, =8, N, =2, N,
=18, and Ny, =8 that consists of some core and skirt elements.
For each skirt element, a power divider is needed. As illustrated
in Fig. 4, for the right skirt elements, each power divider splits
the input power between the k” left core element and the k™
right skirt element (embedded in BFN1s). The value of k varies
from 1 to N in the x direction and from 1 to Ny, in the y dir-
ection. As a result, in the x direction, the amplitude coefficient of
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Fig. 2. Sample row of an array with interleaved sub-arrays and skirt elements.
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Fig. 3. a,, o, and r, for P,=8 and N,=2. x: 1 1 1 1 2 2 2 2

the k" right skirt element (Ag,.(k)) and the corresponding left
core element (A,(k)) are related as expressed in (9). Similar rela-
tion exists between the k™ right skirt element (Ag,,(k)) and the
corresponding left core element (A,(k)) in the y direction.

Ax(k)z + Aser(k)2 =1 (9)

To keep the peak locations of the beams, extra phase shifts
(A, _yign) must be added to the right skirt elements. This extra
phase shift arises from the difference in the distance between
the k™ core element and the k™ right skirt element. The extra
phase shift (A, ) for the beam with a peak location of 6,
is expressed in (10) using (5):

—27N, d, sin (0,y)
A‘Px,right = A

_ —27Nx(ax — 0.5P, —
= B,

0.5)

(10)

In [11], the number of beams (P,) and the number of sub-
array elements (N,) have been assumed to be equal, and the
needed extra phase shift has been obtained using this assumption.
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In this paper, it has been assumed that P, and N, are in general
unequal. The amount of phase difference in (10) depends on the
ratio P, to N, (M, =P,/N,) as presented in (11):

T
(—2ay + I)E; N, :even

Aqprighl‘ = lrs (11)
(—2ay + 1+ Mx)ﬁ; N, :odd

X

Therefore, Ag, i, depends on the beam index (a), and
under the condition of M, # 1 varies for different beams. The pre-
viously mentioned condition implies different numbers of beam
ports and elements in each sub-array. It can be deduced from
(11) that for even values of N, there are M, discrete phases,
which must be applied to the skirt elements for various beams.
As a result, the total beams in each row can be divided into M,
beam groups (BG). For each BG, the same Ag, ,p must be
added to the right skirt elements.

In Fig. 3, BGs of an array with P, =8 and N, =2 have been
indicated. In each row, the index of BGs is shown with ¢, and var-
ies between 1 and M,. In the same way, as illustrated in Fig. 4,
the power dividers used in the left skirt elements (devised in
BEN2s) split the input power between the m™ left skirt element
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Fig. 4. Designed array configuration for each row of the planar array (P,=8, N, =18,

and N, — Ny + m™ core element. The amplitude coefficients
of the left skirt elements and the corresponding core elements
in the x direction must satisfy (12). In a similar manner, the
amplitude coefficient of the m'™ left skirt element (Agiay(m))
and N, — Ny, + m™ core element (A)(Nyy — Ny +m)) in each
column are related.

Ax(Ntx - Nsklx +m )2 + Asklx("n)2 =1 (12)
Similar to the right skirt elements, the extra phase shifts which
must be added to the left skirt elements in each row can be calcu-

lated by using (13):

a
1)—
)Mx

T
~ M5y

X

Qay; — N, :even

>

A‘)Dx_left = (13)

Qay — 1 ; Ny:odd
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Ny =2, Nojx = 8)-

Similarly, the total beams in each column should be divided
into M, BGs (M, = P,/N,). The corresponding index is indicated
by c,, and has a value between 1 and M,

The extra phase shifts, which must be added to the right and
left skirt elements in each column (A, _in @, 1) can be calcu-
lated similarly using (11) and (13).

Devising the BFN

In [11], regarding equal numbers of beams and sub-array ele-
ments in each row and column, the BFN consisted of several
BMs as sub-array beam-forming networks (SABFNs). Devised
BEN in this paper consists of three types of SABFNs that can cre-
ate orthogonal beams, and are denoted BFN1, BEN2, and BFN3
blocks in Fig. 4. Each sub-array is excited with one of the previ-
ously mentioned SABFNS.

In contrast to the BEN in [11], the proposed SABFN in this
paper exhibits different numbers of beam ports and sub-array
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ports, and it has the ability of adding different phase shifts to dif-
ferent BG signals for excitation of skirt elements.

In each row, the first type SABFN (BEFN1) is designed for feed-
ing the right skirt elements and the first Ng,, core elements.
Consequently, it has P, input ports and N, + 1 array ports. In
the second type SABFN which feeds each row (BFN2), there are
P, input ports and N, + 1 array ports. It has been designed for
feeding the left skirt elements and the last Ny, core elements.
The third type SABFN (BFN3) has been designed for feeding
the other core elements. Therefore, it has P, input ports and N,
array ports. As shown in Fig. 4, some N, — way equal power divi-
ders are embedded for distributing input powers between the sub-
arrays. The number of these power dividers in each row is P,.

Similar SABFNs are needed for excitation of the sub-arrays in
each column: BFNI and BFN2 with P, input ports and N, +1
array ports, and BFN3 with P, input ports and N, array ports.

In each row, the excitation signals of the array elements, which
are fed by BFNl block can be obtalned from (14). The excitation
signal of the ¢ element of a” sub-array is denoted by E, (a). In
(14), A,(a) is the amplitude coefﬁc1ent of a™ sub- array, and V,,
is the corresponding voltage at the o/ beam which excites the
BFNI1.

Ad@) § Z V,, -2 Da—(BerD )P,

X =1

Ey(a) =

(14)

The signals, which are relevant to different BGs feed the right
skirt elements with different phase shifts, as denoted in (11).
Therefore, the signals which are relevant to different BGs should
be separated. As a result, E; (a) can be re-written in the form of
M, separated signals as shown in (15), which holds under the
condition of Ny, < Ny

M,

= E

=1

A (a _
Z Z Vi, €2 D e DM (Bt 1)/2)/ P

vV x o=1 r,=1

E, (a)

15)

where Ex is the component of E; (a). In (15), r, is a parameter
that points to the index of the beam in each BG of each row. The
1, parameter varies between 1 and N, and is obtained using (16):

(16)

In Fig. 3 the relation between r, and a,; has been illustrated for
P,=8, N, =2. Also, in each column, r, parameter is defined for
pointing to the index of the beams in each BG.

In each row, the excitation signal of a™ right skirt element is
denoted by Eg,.(a) and since g,=1 (right skirt elements are
fed by first sub-array elements), it can be obtained using (17):

C
Z E skrx

=1

a
Sk”‘( ) Z IAPx_right (¢x) Z Vet tre-1M,

=1 ry=1

Eser(a) =

17)
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Since in BFNI1, the input power of each beam is divided
between core elements and right skirt elements, Agy,.(a) and
A,(a) are the amplitude coefficients that must satisfy (9). Thus,
BENT1s that excite different sub-arrays may have unequal two-way
power dividers (Dividing ratio 1 = Ag,.(a)/A(a)). A(a) equals 1
for q.> 1.

Devised BEN in this paper can be realized by conventional
microwave circuits. In Fig. 5, the main parts of BFN1 based on
(15) and (17) are illustrated. As can be inferred, for each BG, sep-
arate N, x N, inner BFNs have been embedded. In addition, for
excitation of the skirt element, different phase shifts have been
added to the signals from various BGs.

The relation between input and output signals of each N, x N,
inner BFN is presented in (18):

P;’; — eiﬂ(qx—l)(vﬁx + Veam, e~ 2mi(g:=1)/Nx
(18)

b Vi, € GO DI/N

Accordingly, for N, = 2, the inner BFN becomes a 180° hybrid.
For N, =4, the inner BFN is realized by four 180° hybrids, as
depicted in Fig. 6.

Similarly, for the array elements, Wthh are exc1ted by BFN2
block, the excitation signal of the ¢ element of a™ sub-array
(Eq,(a))and m™ left skirt element ((Eg(m))) can be derived
using (19) and (20). Here, a is equal to Ny — Ny, + m. In (19)
and (20), Ag(m) and A,(Ny — Ny +m) must satisty (12).
Since the left skirt elements are fed by the last elements of the sub-
arrays in the core, A, (Ny — Ny, + m) equals 1 for g, < N,.

M.
: Ac(Nix — N +m
qu (a) _ Z E;ﬁ _ ( tx Nsklx )
=1 ¥ 19
v (19)
Z Z Vaxie(*Zﬂ'i(qxf1)(c,+(r,71)Mx* ((Py+1)/2)))/Py
o=1ry=1
it Cx Sklx(m) iApx_left(cy)
Egie(m) = Y Ef = Z o Z Va,  (20)

=1 =1 re=1

where E;Xx and Eg; are the components of E, (a) and Eg.(m),
respectively. Similar to BFN1, BFN2s that feed different sub-
arrays may be different in the dividing ratios of their power divi-
ders (Dividing ratio 2= Ag(m)/A.(a)). The block diagram of
BEN?2 is illustrated in Fig. 7.

Finally, excitation signal of the g element of each sub-array,
which is excited by BFN3, can be calculated as follows:

Z Vi el 2ma e (B2 (51

E
L \/ITxa

The excitation signals of the sub-array elements in each col-
umn (qu) can be calculated in a similar manner, and their corre-
sponding relations have not been repeated here.
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Ve E,' Total number of spots in the coverage domain is 16 and their
T 180° 180° beam width is 1°. These parameters are shown in Fig. 8. Since
Veszm | hybrid hybrid E' the cells in the coverage area are hexagonal, the angular distance
between spot beams in the x and y directions can be calculated
ro as: 0ux = +/36p/2 = 0.86°, and 6,,,=0.75 6, =0.75°. In Table 1,
Greoc is the minimum required gain for antenna at the EOC in
Voo 124 the case of maximum scan angle. The contour level of spot
180° 180° . beams has been selected to be 4 dB. It means that the antenna
Veas | phybrid 22— hybrid Es« should be designed for multiple beams with peak gains of 46 dBi.

c.: Beam group index

Fig. 6. 4 x4 inner BFN.

Antenna design example
Antenna requirements regarding sub-beam concept

Technical requirements of an antenna force the designer to select
the antenna type and proper techniques to implement the
antenna and feeding network. The requirements of a satellite
antenna are derived from the conceptual design of the satellite
payload. Satellite system specifications which are obtained from
mission definition and analysis are the input parameters for the
conceptual design of the payload [14].

The main requirements of the multiple beam antenna, which
can provide a frequency re-use factor of 4 for a high-throughput
GEO satellite, are listed in Table 1. In this table, 84 and 6, are
the angular distances between peak points of the adjacent
beams in the x and y directions, and 6, is the spot beam width.
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As described in the section “Array aperture size reduction,” by
dividing each spot beam into several sub-beams, the peak gains of
the antenna beams can be decreased. Consequently, the array
aperture size can be reduced considerably. Increasing the number
of sub-beams in each spot reduces the sub-beam peak gain; and
therefore, decreases the antenna aperture size. On the other
hand, increasing the sub-beam cluster-size increases the total
number of sub-beams in the antenna system and the BFN com-
plexity enhances. For this reason, an intermediate number for
the sub-beam cluster size is used (sub-beam cluster size is 4).
The configuration of the spot beams and sub-beams for a speci-
fied coverage domain is illustrated in Fig. 8. Sub-beams are
equally spaced in the x and y directions and the angular
distances between adjacent sub-beams in the x and y directions
are Oy = 0,4,/2 =0.43° and Oy, = 0,,/2 = 0.375°, respectively.

Regarding the sub-beam cluster size (which is equal to 4), the
contour level of multiple spot beams (4 dB), and the analysis
results in [3], the required contour level of the sub-beams
becomes 1dB. Therefore, the antenna should provide multiple
sub-beams with peak gains of 43 dBi. The design requirements
of the antenna with multiple sub-beams are presented in Table 1.
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Table 1. Requirements of a conventional multi-beam antenna and a
multi-beam antenna using sub-beam concept (sub-beam cluster size =4)

Traditional multiple beam Multiple sub-beam

antenna antenna

Parameter Value Value
Number of spots 4x4 8x8
Contour level 4dB 1dB
Geoc 42dB 42dB
Polarization Linear Linear
Beam width (6,) 1° 6,/2=0.5°
Oux 0.86° 0.43°
By 0.75° 0.375°
C/I (min) 8dB 8dB

Array optimization concerning sub-beam concept

Using the relations presented in previous sections, a planar array
of circular patches has been designed. In addition, the corre-
sponding directivity patterns for the planar array have been calcu-
lated. The directivity pattern of the array element versus 6 at an
operating frequency of 3.64 GHz is depicted in Fig. 9. In this
design, the circular patches have a radius of 1.24 cm. The substrate
is an RO4003 with a thickness and dielectric constant of 0.8 mm
and 3.55, respectively.
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Fig. 8. Spot beam and sub-beam configuration.

The peak locations of all sub-beams are depicted in Fig. 10.
Each sub-beam has been specified with a number. Furthermore,
contours of all main spots have been illustrated with different
color circles. Circles that are similar in color are co-channel
spots and operate in the same frequency bands and have the
same polarizations. The operating frequency band is 3600-3680
MHz and is divided into two sub-bands: 3600-3640 and 3640-
3680 MHz. Each sub-band is intended for two orthogonal linear
polarizations. Green and blue circles have been used for vertical
polarization, while red and purple circles have been used for hori-
zontal polarization.
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Fig. 10. Peak locations of all sub-beams and contours of the main spots.

As mentioned in (6), each sub-beam pattern depends on a;
and a,; and the selection of these two parameters depends on
the sub-beam location. For example, as illustrated in Fig. 10, in
the sub-beams 19 and 27, a,; is 3, and a,, takes the values 3
and 4, respectively. Also, in the sub-beams 20 and 28, a,; is 4
and a,; takes values 3 and 4, respectively.

To calculate the patterns of sub-beams 1-16, and 33-48, which
are asymmetrical with respect to the y coordinate axis, some
amount of phase shifts must be added to the excitation signals
of the related beam ports.

The carrier to interference ratio (C/I) is a figure of merit for
multi-beam arrays and determines the amount of interference
of co-channel spots in each spot. To calculate C/I, the location
of a specified spot should be extracted. In this way, in each con-
stant ¢ plane, the range of elevation angles (6) which are located
in the specified spot will be calculated. As all of these coordinates
(¢, 6) are located in a spot, the carrier and interfering signal in
each coordinate should be calculated.

For example, the carrier magnitude in spot 6 is a linear com-
bination of sub-beams 19, 20, 27, and 28. The co-channel inter-
ference in this spot is made of sub-beams 23, 24, 31, 32, 49, 50,
57, 58, 53, 54, 61, and 62, which are linearly added together. By
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this method, the desired C/I in all points of the desired spot
can be achieved.

The parameters which should be determined in the array
design process are Ny, Ny N Akt Askroo @ Ni» Npy Nogys
Askly) Askry’ and dy.

Regarding (1) and the requirements which are listed in Table 1
for the multiple sub-beam antenna, N;,d,/A and Nyd,/A take the
values 16.65 and 19.09, respectively.

Calculating the antenna parameters by an iteration method
subject to the previously mentioned conditions is very time con-
suming. In this paper, the GA has been used as an optimization
method in the array design. In the GA, solutions are individuals
of a population which change from one generation to the next
generation. Each individual consists of several genes, which are
parameters of the problem. Parents can be selected stochastically
with a strategy like roulette-wheel method. In each generation,
gene mutation is an activity, which avoids convergence to local
extremes. As a result, the GA optimization converges to the global
solution and stays away from local extremes. Details about the GA
and its related parameters were presented in [15-18].

The parameters in the GA optimization are selected in a man-
ner that best solutions are achieved in the shortest time. In the
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Table 2. Optimization results of a conventional multiple beam antenna and the
optimized multiple sub-beam antenna (sub-beam cluster size =4)

Conventional

multiple beam Multiple sub-beam

antenna antenna
Parameter Value Value
Nex 20 18
Ny 2 2
Nejo 20 8
dy/A 0.83 0.92
Askrx(K) (k=1,2,..., Norx) 0.7 0.7
Askix(k) (k=1,2,..., Nsxix) 0.7 0.7
Nq, 22 20
N, 2 2
Nk 22 8
d,/A 0.86 0.95
Asiry(k) (k=1,2,..., Neiry) 0.7 0.7
Asii{m) (m=1,2,..., Neqy) 0.7 0.7
Aperture size 49.81 x 56.764 40.481 x 44.161

present optimization, the population size, the probability of cross-
over, the probability of mutation and overlap are 20, 0.8, 0.07, and
50%, respectively.

The cost function is given in (22). In this expression, G, and
(CII) 4 are the goals that should be reached by Ggoc and (C/T)
min» Tespectively. The wl and w2 are optimization weights,
which take values corresponding to the importance of the previ-
ously mentioned parameters, and here they are taken to be 1. The
(C/1)in is the minimum amount of C/I in the spot region.

C C
cost = wl|Ggoc — G| + w2 (—) — <—> (22)
I g I min

The starting point for optimization is the first estimation of the
designer for the array parameter. At the beginning of the opti-
mization process, dy and d, were nearly equal to half-wavelength.
In addition, N, and N, have been chosen to satisfy Nd,/A=
16.65 and N,,d,/A =19.09. The N,, N,, Ny, and N, have been
roughly estimated with the required array gain (given in the
third column of Table 1). Therefore, the initial values for the opti-
mization process were N, =33, d,=0.5045A,N, =2, Ng,=2,
A =06, Ayre=06, Ny=38, d,=050242, N,=2, Ny, =2,
Agay=0.6, and Ag,,=0.6. The cost function at the starting
point was 1.9371. With the aid of the GA, the cost function has
been reduced to —0.3886. The final array parameters are
listed in the third column of Table 2. After optimization, the
(C/I) ,in has been improved by 2.569 dB.

The gain patterns of the optimized multiple sub-beam array in
the ¢=0° ¢ =22° @=45° ¢@=67° and ¢ =90° constant planes
are illustrated in Figs 11(a), (b), (c), (d), and (e), correspondingly.
As illustrated in these figures, grating lobes have been eliminated
in the visible region. It has been assumed that the coordinate
origin is located at the center of sub-beam 28 (refer to Fig. 10).
In Fig. 12, the sub-beams in the ¢ =0° constant plane for the
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6 between —10° and 10° are presented. As can be inferred, the
corresponding values of Gpoc and crossover level are 42 dBi
and 1 dB, respectively. The angular distance between the adjacent
beams in the x direction agrees with the antenna requirements in
Table 1 (third column). In this array, SLL has been decreased to
—16 dB, which is lower compared to the value of —13 dB observed
in the uniform excitation. This SLL improvement is the result of
adding skirt elements and optimum non-uniform amplitude
distribution.

C/I versus 0 in different ¢ planes of the desired spot are illu-
strated in Fig. 13. As depicted in this figure, the minimum
amount of C/I in the spot domain is more than 8.5 dB and satis-
fies the requirement listed in Table 1. Three-dimensional (3D)
gain pattern of the synthesized multiple sub-beam array is illu-
strated in Fig. 14. Design of a proper BFN for the optimized
array antenna will be described in the section “Designing the
block diagrams of BEN for multiple sub-beam array.”

Comparing a multiple sub-beam antenna with a conventional
multiple beam antenna

In this sub-section, an array with conventional requirements of a
multiple beam antenna (refer to Table 1) has been designed and
optimized by means of the GA. The aim of this design is the array
aperture size reduction using sub-beam concept. The results after
GA optimization are listed in Table 2. The consequence is 36.7%
reduction in aperture size and elements in the multiple sub-beam
antenna. Figure 15(a) shows directivity pattern of the beams,
which are located in the diagonal axis plane of the spots.
Figure 15(b) illustrates C/I for different constant ¢ planes in
spot 6. In this design, the coordinate origin has been located at
the center of spot 6.

Full-wave simulation

The full-wave simulation resembles the radiation characteristics of
an array in the praxis. For this reason, the planar array has been
simulated in Ansoft HESS, which is a full wave simulation envir-
onment. Due to the processor and memory constraints, only a
12x 12 array has been simulated. This simulation takes the
advantages of finite array domain decomposition method,
which enables the processor to use the distributed memory. In
this method, mutual coupling and edge effects of the array ele-
ments have been considered while reducing the modeling and
simulation time.

The phases of the array elements for each beam have been cal-
culated separately using the synthesis formulas in the section
“Array synthesis concerning multiple sub-beam constraint,” and
uploaded to the simulated model in HFSS. The simulation fre-
quency and the patch radius are 3.64 GHz and 1.21 cm, respect-
ively. For the substrate an RO4003 with 0.8 mm thickness has
been chosen.

In the simulation, the number of beams, the element spacing
in the x and y directions (d, and d,), the numbers of elements
in each sub-array in the x and y directions (N, and N,), the num-
bers of sub-arrays in each row and column (N, and N;)), and the
number of skirt elements in each row and column (N, and N,)
have been assumed to be 16, 0.54, 2, 4, and 4, respectively.

In Fig. 16, the total gain patterns of eight diagonal beams ver-
sus 6 in the diagonal axis plane (¢ =45° constant plane) are
demonstrated. In this figure, the analytical results of the AF cal-
culations presented in the section “Array synthesis concerning
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multiple sub-beam constraint” have been compared with the full-
wave simulation results. The analytical results have been plotted
by using MATLAB. These results are in agreement with each
other. The full-wave simulation results by HFSS verify the elimin-
ation of grating lobes in the visible region. The 3D radiation pat-
terns of the first beam and the array model are illustrated in
Fig. 17. The 3D radiation patterns of the other seven beams are
similar to the first beam in SLL and grating lobe aspects.
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Fig. 11. Optimization results of the multiple sub-beam
antenna, gain patterns versus 6 in the: (a) ¢=0° (b)
©=22°, (c) ¢=45° (d) ¢=67°, and (e) ¢=90° constant
planes.

To illustrate the effects of interleaving sub-arrays in the grating
lobe elimination, a planar array designed by tile sub-arraying
technique has been simulated in HFSS. This array is similar to
the array of Fig. 16 in the number of beams, number of array ele-
ments, and the angular distance between adjacent beams. The
amplitude distribution of this array is unique. In Fig. 18, the
simulation results of this array have been presented. As is seen,
the grating lobes have been appeared in the visible region.
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Fig. 12. Gain patterns of the multiple sub-beam —qO —9 —8
antenna versus 6 in ¢ =0° constant plane.

Designing the block diagrams of BFN for multiple sub-beam
array

Optimization results in Table 2 (third column) show that the
number of sub-array elements is not equal to the number of
beams. Consequently, the standard BM cannot be used to design
the BFN. To design the BFN, the relations presented in the section
“Devising the BFN” must be used.
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As presented in (11), the extra phase shifts that must be
applied to the right skirt elements are different for various
beams. In the following paragraph, the extra phase shifts of the
designed antenna array in the section “Array optimization con-
cerning sub-beam concept” will be calculated. Optimization
results showed that P,=4N,, and N, is even. Therefore, the
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extra phase shifts which should be added to the right skirt ele-
ments in each row are calculated using (23):

aw a
WNx_Z:_Z) ay =1, 5(Cx:1)
3 3
WNx_Z’]T:_IW; i =2, 6(cx =2)
Ay rign(¢:) = 57 5
7TNx = axi:3) 7(Cx:3)
4 4
7 7
TN, — 4 :_Z: =4 8(ck=4)
(23)

Since P, = 4N, and N, =2, Agoyﬂght (¢y) can be calculated similarly.

As indicated in (23), for the first BG which consists of
beams A and E, a phase shift of —7/4 must be added to the
right skirt elements. For the second BG, a phase shift of
—37/4 must be added to the right skirt elements. Similar con-
ditions hold for BG3 and BG4. The total number of BGs in the
x direction using (11) is equal to M,. The corresponding in the
y direction is denoted by M, =P,/N,. In this design, M, and
M, are equal to 4.
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Using (14)-(18), for P, =8 and N, =2, the excitation signals
of the first and second elements of each sub-array, which are
related to a right skirt element (in BFN1), have been obtained
as follows:

Er =05[(Vi+ Vs) + (Va4 Vo) + (V3 + V) + (Vi + V)]
(24)

Ey = e U=V 4 V5) + e PO (—V, + Vi)

n e_(i577/3)(_V3 V) + e—(i7'n-/8)(_y4 + Vi) (25)

Therefore, BFN1 consists of four 180° hybrids with sum-ports
exciting the first element of the sub-arrays and the corresponding
right skirt element. In addition, the difference-ports excite the
second element of the sub-arrays. There are four BGs, which
need four different Ag, .y, for feeding the relevant right skirt
element, as calculated in (23). In addition, two-way power divi-
ders are used to provide the required signals for the right skirt ele-
ments, consistent with (9). BFN1 block for the designed array is
illustrated in Fig. 19(a).
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Fig. 15. Optimization results of the multiple beam antenna: (a) gain patterns in the diagonal plane crossing beams 1, 6, 11, and 15 and (b) C// (dB) in the domain of

spot 6.

Using (19)-(20), the excitation signals of the first and second
elements of the sub-array, which are related to the left skirt elem-
ent (in BFN2), have been calculated in (26) and (27). The block
diagram of BEN2 for the designed array is plotted in Fig. 19(b).

Ei=WVi+Vs)+ (Vo + V) + (Vs + V7)) + (Va+Vg)  (26)

E, = 0.5[e"U¥(—V 4+ V5) 4+ e B8 (v, + V)
. . (27)
+ e—(zSTr/S)(_V3 + V7) + e_(1777/8)(_v4 + VS)]

Since the calculated A, (k) and Ay, (k) in Table 2 are unique
for all amounts of the k, all BFN1s have the same power division
ratios. Using similar reasoning, all BFN2s which are designed for
different sub-arrays are identical.

For feeding the core elements which are not connected to any
skirt element, the feed network in Fig. 19(c) has been designed.

The operating frequency band of the optimized antenna as
mentioned in the section “Array optimization concerning sub-
beam concept” is C-band. The designed BFN can be practically

https://doi.org/10.1017/51759078720001452 Published online by Cambridge University Press

implemented by planar microwave circuits. The BFN consists of
180° hybrids, phase shifters, crossovers, and power dividers,
which are usually realized by microstrip technology. In addition,
using microstrip technology, construction cost and size of the
structure are lower compared to the other microwave structures
similar to waveguides and substrate integrated waveguides. The
array row- and column-feeds can be easily stacked and integrated
to take the shape of a compact box for the antenna BFN.

The overall antenna system configuration is illustrated in
Fig. 20. In the array aperture, the row elements which are fed
by different types of BFNs are shown by different colors. Also,
the column elements which are fed by different types of BFNs
are indicated by different filling patterns.

As can be inferred from Fig. 20, each row is excited by a sheet
that consists of 18 SABFNGs, eight power dividers and some phase
shifters to provide the required phase for each SABFN. As indi-
cated in Fig. 20, input ports of the rows’ BFN sheets are fed by
the columns’ BFN sheets. In this way, the required phase shifts
between the rows have been provided.

The optimized multiple sub-beam antenna using interleaved
sub-arraying technique has been compared with some other
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12 x12 planar array with interleaved sub-arrays in
@=45° constant plane, P,=P,=8, Ng,=Ng, =4, Ny=
Ny: 2, Nojx = Nsky: 4, dx: dy: 0.52, Askrx :Asle:Askry
=Ag, = 0.7.
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Fig. 17. Array model in HFSS and the radiation pattern of beam 1 with interleaved sub-arrays, P, =P, =8, Noc= Ny, =4, Ny =N, = 2, Ny =

Askix = Askry \skly = =0.7.

synthesizing methods. The comparison criteria in Table 3 are
aperture size, BFN complexity, and SLL. The requirements for
multiple beam antenna in Table 2 have been used for comparison
purposes. As inferred from Table 3, the size of the proposed array
with multiple sub-beams is intensively lower compared to other
studies. In addition, BFNs which have been designed by other
approaches are more complex than the proposed BEN in this

paper.

Conclusions

An array antenna with interleaved sub-arrays for generating mul-
tiple sub-beams in two dimensions was designed. A comprehen-
sive example including some major technical requirements was

https://doi.org/10.1017/51759078720001452 Published online by Cambridge University Press
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Nsky =4, dy=dy=0.51, Agx =

presented. The main parameters of the array antenna were
selected after an optimization process by means of the GA.
Sub-arrays with interleaving elements must be excited with separ-
ate BFNs. Optimization results showed that the number of ele-
ments in each sub-array was not equal to the number of beams.
Consequently, a novel BFEN that consisted of three different
types of BENs with orthogonal beams and unequal number of
beam ports and element ports was devised. In addition, the pro-
posed BEN could satisfy the requirement of a very short angular
distance between adjacent sub-beams. Gain patterns of the sub-
beams and carrier to interference ratios in a spot domain are
the parameters that were calculated. The gain patterns showed
that the grating lobes were eliminated. Gain at the EOC for
sub-beams was 42 dBi, and the crossover level was 1dB. Using
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Fig. 18. HFSS simulation results of a 12 x 12 planar array with tile sub-arrays, P,=P,=8, No, =Ny, =3, N,=N, =4, d,=d,=0.51.
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Fig. 19. Block diagram of (a) BFN1, (b) BFN2, and (c) BFN3.

case, C/I reached a value of 8.5dB, and satisfied the antenna’s
requirement. As the decreased size of the payload did not
degraded the C/I appreciably and led in all aspects to satisfactory

sub-beam concept and the flat patterns for the antenna, the array
aperture size was decreased by 36.7%. In one of the spots, C/I in
different points of the spot domain was calculated. In the worst
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Fig. 20. Configuration of the designed antenna system.
Table 3. Comparison between multiple beam array synthesis techniques
Amplitude Grating
Number of distribution lobe free SLL
Ref. Array synthesis approach beams method Aperture size BFN complexity zone (dB)
[7] Supertile sub-arraying 4x4 Uniform 542 x 541 Number of 2-way Earth field —-13
dividers: 51 840 of view
[10] Overlapped sub-arraying 4x4 Uniform 542 x 541 Number of Visible -13
hybrids: 73 080 region
[11] Interleaved sub-arraying 4x4 Uniform 79.681 x91.24 Number of Visible -16
fed by BMs hybrids: 8000 region
Number of 2-way
dividers: 4800
This Interleaved sub-arraying 4x4 Adding skirt 49.81 x 56.761 Number of Visible -16.5
paper fed by devised BFN in elements hybrids: 5792 region
this paper Number of 2-way
dividers: 7040
This Interleaved sub-arraying 8x8 Adding skirt 40.48 x 44.161 Number of Visible -16
paper fed by devised BFN in sub-beams elements hybrids: 4096 region

this paper

Number of 2-way
dividers: 7392
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results, the proposed method is suitable for multi-beam antenna
design and implementation. Designed BEN and antenna array
are currently under construction, and implementation results
will be subject of future papers.
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