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Abstract

Synthesis of a novel 8 � 8 beam-forming network (BFN) for broadband multi-

beam antenna arrays in the X-band has been proposed. The synthesized BFN

has 6 less path crossings than a classic Butler matrix. The BFN design is real-

ized using basic elements such as slot-line transition and magic-Ts. A numeri-

cal simulation for the analysis of the frequency characteristics of the proposed

BFN is carried out. In addition, we offer a design of an eight-channel multi-

beam antenna array consisting of the synthesized BFN and Vivaldi antennas.

Eight spatial beams cover approximately 120� in the azimuth plane with a

peak gain of 12 dB in the range of 8.3–11.7 GHz. The proposed broadband

multibeam antenna array has good performance, compactness, and ease of fab-

rication that would be an attractive candidate for radar, satellite communica-

tion, and wireless computer networks.
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1 | INTRODUCTION

New designs of multi-beam antenna arrays have attracted
a lot of attention in modern antenna technology to pro-
vide highly efficient operation and larger capacity in
communication systems. A typical multi-beam antenna
array consists of an antenna array, a beam-forming net-
work (BFN) and switches, each part of which has a differ-
ent function.1–3 The BFN is the most important part of a
multi-beam antenna array system. When the input signal
passes through the BFN, an equal-amplitude distribution
with a linear phase change is formed at its outputs. The
output signal with phase increment would feed the
antenna array and depends on the input number. The
BFN input port can be defined using switches with multi-
ple independent inputs. As a result, this system can form

multiple beam steering that fully exploits the efficiency of
the antenna array while the area of feed network is
smaller and more compact than a conventional single-
beam antenna.4–6

Desirable features of BFN designs are simplicity, com-
pactness, and low dissipation losses with reducing the
number of components for easy integration to the
antenna system. There are many practical multibeam
antenna arrays powering BFNs such as Nolen matrix,7

Blass Matrix,8 and Rotman lens,9 and Butler matrix.10

The Butler matrix has become the most popular due to
its simpler topology that requires the least number of
components and low power dissipation (theoretically
lossless). The classic Butler matrix allows the generation
of N independent beams of N � N network (N is usually
a power of 2) in combination with basic elements such as
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couplers, crossovers, and phase shifters.3,11–14 Application
of Butler matrices can be found in direction finding
systems,15 multichannel amplifiers,16 and multiport mea-
surement systems.17 Unfortunately, this network has dis-
advantages with the increase in the number of inputs.
For example, the development of classic 8 � 8 Butler
matrices is seldom reported due to their high complexity
and a significant number of path crossings in their topol-
ogy.18–23 The increase in the number of path crossings
leads to large dissipation losses in the BFN. To overcome
this problem is usually used the modified Butler matrix
having broadside beam, endfire beam, and intermediate
beams distributed evenly.24–27 The inputs and outputs of
such modified Butler matrix are located on all sides of
BFN that leads to technical difficulties in feeding with
the antenna array. Therefore, it is necessary to find a new
approach for the realization of BFNs with a minimum
number of path crossings and a simple connection with
the antenna array.

In this article, we synthesized and designed a novel
8 � 8 BFN for the broadband multibeam antenna array in
the X-band. The analytically synthesized BFN has 6 less
path crossings than the classic Butler matrix. The imple-
mentation of the BFN in the form of a three-layer printed
circuit board (PCB) using broadband slot-line transition
and magic tees (magic-Ts) is proposed. The designed BFN is
constructively simply connected to the eight-channel
Vivaldi antenna array. The characterization was performed
with numerical simulation for separate synthesized BFN
and with Vivaldi antenna array in the X-band.

2 | SYNTHESIS OF NOVEL
BEAM-FORMING NETWORKS

We aim to synthesize a new orthogonal BFN with
less number path crossings than in the traditional
Butler matrix. That allows us to simplify the BFN

topology and decrease dissipation losses. The con-
struction of BFNs involves the determination of their
structure, the composition of basic elements and
requirements to their denominations on the basis of
predetermined system parameters. There are different
approaches for the synthesis of BFNs with an arbi-
trary number of inputs and outputs.28,29 However,
the proposed methods include a large number of
path crossings in synthesized networks. We are inter-
ested in another approach to the synthesis of BFNs
with an arbitrary number of inputs based on the
scattering matrix.30 The advantage of this method is
the arbitrary choice of actions in the construction of
the BFNs, which gives a certain freedom in the
choice of the specified parameters to achieve the
final goal, for example, to reduce the number of path
crossings or phase shifters. Here, we adopt this
approach to synthesis a new 8 � 8 BFN with less
number of path crossings based on a specified scat-
tering matrix with the required amplitude-phase
distribution.

To synthesize the new BFN, we utilize a scattering
matrix with the described amplitude-phase distribution
at the outputs as follows:

SBFN ¼ O ST

S O

" #
ð1Þ

where O is an 8� 8 null matrix describing the mutual
isolation and matching of inputs, S is a scattering matrix
describing the distribution of signals in the output trans-
mission lines of the distribution multipole. The given
scattering matrix with a definite phase distribution has
the form:

Sm,n ¼ 1ffiffiffiffi
N

p e�jφm,n ð2Þ

φm,n ¼

202:5� 202:5� 225� 270� 112:5� 112:5� 135� 180�

45� 90� 157:5� 247:5� 135� 180� 247:5� 337:5�

247:5� 337:5� 90� 225� 157:5� 247:5� 0� 135�

90� 225� 22:5� 202:5� 180� 315� 112:5� 292:5�

292:5� 112:5� 315� 180� 202:5� 22:5� 225� 90�

135� 0� 247:5� 157:5� 225� 90� 337:5� 247:5�

337:5� 247:5� 180� 135� 247:5� 157:5� 90� 45�

180� 135� 112:5� 112:5� 270� 225� 202:5� 202:5�

2
66666666666664

3
77777777777775

ð3Þ
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where N = 8 is the number of outputs with output num-
ber m and input number n.

The network of a nondissipative distribution multi-
pole with a given scattering matrix (1) is composed in
the form of a cascade connection of the simplest distri-
bution multipoles of the same dimension. Each cascade
must be simple so that its structure can be recreated
using its scattering matrix and the denominations of
the elements can be determined. This requirement is
satisfied by distribution multipoles, which have an ele-
mentary unitary matrix as the scattering matrix, which
differs from the identity matrix E only by four elements
α, β, γ, δ, forming a unitary matrix of the second order as
follows:

TM ¼

1 2 k � � � l � � � N
1
2

k
..
.

l
..
.

N

1 0 ..
. ..

.
0

0 1 ..
. ..

.
0

� � � � � � α � � � γ � � � � � �
..
. ..

.

� � � � � � β � � � δ � � � � � �
..
. ..

.

0 0 ..
. ..

.
1

2
6666666666664

3
7777777777775

ð4Þ

where TM is multiplier-matrix of the elementary cascade
of the distribution multipole, M is number of the cascade,
(k, l) are matrix cell numbers. Parameters α, β, γ, δ can be
obtain from following formulas:30

αj j ¼ δj j ¼ Sm,kj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sm,kj j2þ Sm,lj j2

q ð5aÞ

βj j ¼ γj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� αj j2

q
ð5bÞ

arg αð Þ�arg βð Þ¼ arg Sm,lð Þ�arg Sm,kð Þ ð5cÞ

arg γð Þ�arg δð Þ¼�πþarg αð Þ�arg βð Þ ð5dÞ

with the arbitrary phase of parameters α, β, γ, δ.
The next multiplier-matrix TM�1, corresponding to

the penultimate cascade of the distribution multipole, is
selected so that another zero element is formed in the
first row. The procedure continues until, for example,
only one element is nonzero in the first row. Parameters
of the last multiplier-matrix TM�Nþ2 are determined from
the relations:

α¼ S0m,k,β¼ S0m,l, αj j ¼ δj j, βj j ¼ γj j ð6aÞ

arg γð Þ�arg δð Þ¼�πþarg αð Þ�arg βð Þ ð6bÞ

where S0m,k and S0m,l the elements of the matrix obtained
before multiplying by TM�Nþ2.

The matrix S is a unitary matrix of S�1 �S¼E due to
the absence of dissipation of an ideal distribution mul-
tipole. Therefore, we take the inverse matrix of S as
S�1 ¼T*

t . Let us choose the first of the elementary
matrices TM realizing the renumbering of outputs in
the form of segments of transmission lines of zero
length, which corresponds to the last cascade of the
multipole:

TM ¼

1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 0 1 0

0 1 0 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 1

2
66666666666664

3
77777777777775
: ð7Þ

As a result, we obtain the following matrix:

T*
t �TM ¼ 1ffiffiffi

8
p e�jφ1 ð8Þ

φ1 ¼

157:5� 67:5� 315� 225� 112:5� 22:5� 270� 180�

157:5� 247:5� 270� 0� 22:5� 112:5� 135� 225�

135� 45� 202:5� 112:5� 270� 180� 337:5� 247:5�

90� 180� 112:5� 202:5� 135� 225� 157:5� 247:5�

247:5� 157:5� 225� 135� 202:5� 112:5� 180� 90�

247:5� 337:5� 180� 270� 112:5� 202:5� 45� 135�

225� 135� 112:5� 22:5� 0� 270� 247:5� 157:5�

180� 270� 22:5� 112:5� 225� 315� 67:5� 157:5�

2
66666666666664

3
77777777777775
:

ð9Þ

Next, we choose the second of the elementary unitary
matrices TM�1 with parameters α, β, γ, δ in the first and
second columns and calculate so that the second element
of the first row vanishes. Substituting into the formulas
(5a)–(5d) of Sn,k ¼ 1ffiffi

8
p e�j157:5� and Sn,m ¼ 1ffiffi

8
p e�j67:5� , we

find that αj j ¼ δj j ¼ βj j ¼ γj j ¼ 1ffiffi
2

p , arg αð Þ�arg βð Þ¼ 90�,

arg γð Þ�arg δð Þ¼�90�. Assume for the definition that
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arg αð Þ¼ arg δð Þ¼ 0, we obtain TM�1 matrix in the follow-
ing form:

TM�1 ¼ 1ffiffiffi
2

p

e�j0� e�j90� 0 0 0 0 0 0

e�j90� e�j0� 0 0 0 0 0 0

0 0
ffiffiffi
2

p
0 0 0 0 0

0 0 0
ffiffiffi
2

p
0 0 0 0

0 0 0 0
ffiffiffi
2

p
0 0 0

0 0 0 0 0
ffiffiffi
2

p
0 0

0 0 0 0 0 0
ffiffiffi
2

p
0

0 0 0 0 0 0 0
ffiffiffi
2

p

2
66666666666664

3
77777777777775
ð10Þ

Such matrix corresponds to the elements of a direc-
tional coupler between the first and second inputs and
outputs while the remaining inputs are connected
directly to the outputs. A multiplier-matrix with a direc-
tional coupler can be written in the compact form as

TM�1 ¼ 1ffiffiffi
2

p �
1 2

1

2

e�j0� e�j90�

e�j90� e�j0�

" #
ð11Þ

The numbers above and on the side indicate the cell
numbers (k, l) of matrix with parameters α, β, γ, δ. All
off-diagonal elements are zero, and the remaining diago-
nal elements are equal to one.

The third elementary unitary matrix TM�2 is cal-
culated so that the fourth element of the first row in the
third and fourth columns vanishes. Parameters α, β, γ, δ

turn out to be similar to the previous ones, and the
matrix TM�2 can be written as:

TM�2 ¼ 1ffiffiffi
2

p �
3 4

3

4

e�j0� e�j90�

e�j90� e�j0�

" #
: ð12Þ

Further, we turn to zero the sixth and eighth element
of the first row:

TM�3 ¼ 1ffiffiffi
2

p �
5 6

5

6

e�j0� e�j90�

e�j90� e�j0�

" #
ð13Þ

TM�4 ¼ 1ffiffiffi
2

p �
7 8

7

8

e�j0� e�j90�

e�j90� e�j0�

" #
: ð14Þ

The next elementary matrix TM�5 implements
renumbering of outputs as follows:

TM�5 ¼

1 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0

0 1 0 0 0 0 0 0

0 0 0 0 0 1 0 0

0 0 1 0 0 0 0 0

0 0 0 0 0 0 1 0

0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 1

2
66666666666664

3
77777777777775
: ð15Þ

T*
t �TM �TM�1 �TM�2 �TM�3 �TM�4 �TM�5

¼ 1
2

e�j157:5� e�j315� e�j112:5� e�j270� 0 0 0 0

0 0 0 0 e�j247:5� e�j0� e�j112:5� e�j225�

e�j135� e�j202:5� e�j270� e�j337:5� 0 0 0 0

0 0 0 0 e�j180� e�j202:5� e�j225� e�j247:5�

e�j247:5� e�j225� e�j202:5� e�j180� 0 0 0 0

0 0 0 0 e�j337:5� e�j270� e�j202:5� e�j135�

e�j225� e�j112:5� e�j0� e�j247:5� 0 0 0 0

0 0 0 0 e�j270� e�j112:5� e�j315� e�j157:5�

2
666666666666666666664

3
777777777777777777775

:
ð16Þ
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As a result of the multiplying of all elementary matri-
ces, we obtain:

Next, we choose the seventh elementary unitary
matrices TM�6 with parameters α, β, γ, δ in the first and
second columns and calculate so that the second element
of the first row vanishes:

TM�6 ¼ 1ffiffiffi
2

p �
1 2

1

2

e�j0� e�j337:5�

e�j202:5� e�j0�

" #
: ð17Þ

Eighth elementary unitary matrix TM�7 is obtained
by vanishing the fourth element of the first row as

TM�7 ¼ 1ffiffiffi
2

p �
3 4

3

4

e�j0� e�j337:5�

e�j202:5� e�j0�

" #
: ð18Þ

Similarly, matrices TM�8 and TM�9 are obtained by the
vanishing of the sixth and eighth elements of the sec-
ond row:

TM�8 ¼ 1ffiffiffi
2

p �
5 6

5

6

e�j0� e�j292:5�

e�j247:5� e�j0�

" #
: ð19Þ

TM�9 ¼ 1ffiffiffi
2

p �
7 8

7

8

e�j0� e�j292:5�

e�j247:5� e�j0�

" #
: ð20Þ

Next, the matrix TM�10 implements renumbering of
outputs in the following way:

TM�10 ¼

1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 1 0 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 1

2
66666666666664

3
77777777777775
: ð21Þ

By multiplying all obtained elementary matrices, we
can write as

In the first row of this matrix, only one second
element remains to zero. Therefore, to deter-

mine the next elementary unitary matrix TM�11 it
is necessary to use formulas (6a) and (6b). Substituting
in these formulas S1,1 ¼ 1ffiffi

2
p e�j157:5� and S1,2 ¼ 1ffiffi

2
p e�j112:5� ,

we can find necessary parameters as follows:
αj j ¼ 1ffiffi

2
p e�j202:5� , βj j ¼ 1ffiffi

2
p e�j247:5� , δj j ¼ γj j ¼ 1ffiffi

2
p ,

T*
t �TM �TM�1 �TM�2 �TM�3 �TM�4 �TM�5 �TM�6 �TM�7 �TM�8 �TM�9 �TM�10

¼

e�j157:5�ffiffiffi
2

p e�j112:5�ffiffiffi
2

p 0 0 0 0 0 0

0 0 0 0
e�j247:5�ffiffiffi

2
p e�j112:5�ffiffiffi

2
p 0 0

e�j90�

2
e�j225�

2
e�j157:5�

2
e�j292:5�

2
0 0 0 0

0 0 0 0
e�j135�

2
e�j135�

2
e�j157:5�

2
e�j202:5�

2

0 0
e�j225�ffiffiffi

2
p e�j180�ffiffiffi

2
p 0 0 0 0

0 0 0 0 0 0
e�j270�ffiffiffi

2
p e�j135�ffiffiffi

2
p

e�j270�

2
e�j45�

2
e�j157:5�

2
e�j292:5�

2
0 0 0 0

0 0 0 0
e�j315�

2
e�j0�

2
e�j157:5�

2
e�j202:5�

2

2
6666666666666666666666666666664

3
7777777777777777777777777777775

: ð22Þ
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arg γð Þ�arg δð Þ¼ πþ202:5� �247:5�. Suppose for the def-
inition that arg γð Þ¼ 0, we obtain a matrix TM�11 in the
following form:

TM�11 ¼ 1ffiffiffi
2

p �
1 2

1

2

e�j157:5� e�j0�

e�j247:5� e�j225�

" #
: ð23Þ

Similar to the previous steps, the matrix TM�12 is
obtained by vanishing the fourth element of the third row:

TM�12 ¼ 1ffiffiffi
2

p �
3 4

3

4

e�j0� e�j315�

e�j225� e�j0�

" #
: ð24Þ

In the second row, there is only a single sixth element
left to zero. Using formulas (6a) and (6b), we obtain
matrices TM�13 and TM�14 in the following form:

TM�13 ¼ 1ffiffiffi
2

p �
5 6

5

6

e�j112:5� e�j0�

e�j247:5� e�j315�

" #
ð25Þ

TM�14 ¼ 1ffiffiffi
2

p �
7 8

7

8

e�j0� e�j225�

e�j315� e�j0�

" #
: ð26Þ

By multiplying all obtained matrices we can write
them as

Next, only one third element needs to convert to zero in
the third row and the seventh element in the fourth row.
These matrices TM�15 and TM�16 have the following form:

TM�15 ¼ 1ffiffiffi
2

p �
2 3

2

3

e�j270� e�j0�

e�j202:5� e�j112:5�

" #
ð28Þ

TM�16 ¼ 1ffiffiffi
2

p �
6 7

6

7

e�j225� e�j0�

e�j202:5� e�j157:5�

" #
: ð29Þ

It remains only to extract the penultimate matrix
TM�17 by renumbering outputs as follows:

TM�17 ¼

1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 0 0 0 1 0

0 0 0 0 1 0 0 0

0 1 0 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 1

0 0 0 0 0 1 0 0

2
66666666666664

3
77777777777775
: ð30Þ

The last multiplier-matrix TM�18 corresponds to the first
cascade of the network and defines as the inverse matrix
obtained by the multiplication of all elementary matrices as

T*
t �TM �TM�1 �TM�2 �TM�3 �TM�4 �TM�5 �TM�6 �TM�7 �TM�8 �TM�9 �TM�10 �TM�11 �TM�12 �TM�13 �TM�14

¼ 1ffiffiffi
2

p

ffiffiffi
2

p
0 0 0 0 0 0 0

0 0 0 0
ffiffiffi
2

p
0 0 0

0 e�j90� e�j157:5� 0 0 0 0 0

0 0 0 0 0 e�j135� e�j157:5� 0

0 0 0
ffiffiffi
2

p
0 0 0 0

0 0 0 0 0 0 0
ffiffiffi
2

p

0 e�j270� e�j157:5� 0 0 0 0 0

0 0 0 0 0 e�j315� e�j157:5� 0

2
66666666666664

3
77777777777775
: ð27Þ
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TM�18 ¼

1 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 e�j180� 0 0 0

0 0 0 0 0 e�j225� 0 0

0 0 0 0 0 0 e�j90� 0

0 0 0 0 0 0 0 e�j45�

2
66666666666664

3
77777777777775
: ð31Þ

The matrix TM�18 describes a set of different phase
shifters that are connected to the corresponding outputs.
The end result of the multiplication of all elementary
matrices must be the identity matrix E. Combining all
19 elementary cascades, we obtain the new BFN with
8� 8 outputs.

We choose a directional coupler in the form of Magic-
Ts with a scattering matrix as

ST ¼ 1ffiffiffi
2

p

0 0 e�j270� e�j270�

0 0 e�j90� e�j270�

e�j270� e�j90� 0 0

e�j270� e�j270� 0 0

2
6664

3
7775: ð32Þ

We achieved the final topology of the new BFN after
selecting the phase shifts at the inputs and outputs of

each magic-Ts in accordance with its multiplier-matrix
depicted in Figure 1. The squares represent 3 dB direc-
tional couplers with 180� phase shifts and circles indicate
phase shifters. The numbers at the bottom and top mean
the inputs and outputs of the BFN. Figure 1 shows that
the synthesized BFN has 14 path crossings if we exclude
the sequential numbering of the inputs. The total number
of path crossings is 22 which is 6 less than in the classical
Butler matrix. The synthesized BFN has a symmetric
topology similar to the Butler matrix.

Here, we analytically calculate the synthesized BFN
(Figure 1) using the described approach above and the
method of decomposition of symmetric eight-port networks
(method of in-phase and opposite-phase excitation) as well
as the cascade connection of two networks with known
scattering matrices.30 The main characteristics of the syn-
thesized BFN of 8 � 8 outputs in the frequency range were
analytically calculated in the range of 7–13 GHz.

FIGURE 2 Analytically calculated S-parameters of the

synthesized BFN. (A) reflection coefficients of inputs #1 to #8,

(B) transmission coefficients when port #1 is fed, and (C) isolations

input port #1

FIGURE 1 Topology of the synthesized 8 � 8 beam-forming

network
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Figure 2 shows the analytically calculated main charac-
teristics of BFN: the reflection coefficients at all inputs
(Figure 2A), the transmission coefficients from the first
input to the BFN outputs (Figure 2B), and the coupling
coefficients of the first input (Figure 2C). It is seen from cal-
culated results that the reflection coefficients are below
�15 dB in the frequency range 8.5–11.5 GHz. In the analyt-
ical calculation of BFN, losses were not taken into account,
therefore, the transfer coefficients from input #1 to outputs
#9–16 are in the range from �8 to �11 dB within the oper-
ating bandwidth. According to Figure 2C, the isolation of
input port #1 is �15 dB. Further, it can be seen that analyti-
cally calculated results (Figure 2) and numerically simu-
lated results (Figure 6) are in good agreement that confirm
the performance of the synthesized BFN.

3 | MULTIBEAM ANTENNA
ARRAY

3.1 | Basic elements analysis

An important feature in the construction of the BFN
topology is the choice of basic elements, their compact
placement on the board, as well as the implementation of

FIGURE 3 The design of the basic

elements. Slot-line transition: (A) General view

of the proposed slot-line transition and (B) top

view without dielectric Rogers with defined

structural parameters; (C) perspective view of

the magic-T and its (D) top view with structural

parameters

TABLE 1 Geometric parameters of slot-line transition and

magic-T which are depicted in Figure 1B,D. Given lengths are

in mm

Parameters Value Parameters Value

w 1.14 q 4.2

ds 2.1 f 1.4

as 2.9 s 2.5

bs 2.35 r 2.5

gs 0.8 h 1.85

ls 7.5 p 1.88

dt 2.35 t 1.47

at 2.65 u 3.3

bt 4.75 Δ 0.8

gt 0.8 α 50�

lt 7.05 β 60�

FIGURE 4 Simulated S-parameters of (A) slot-line transition

and (B) magic-T. S11, S22, S33, and S44 coefficients mean return

losses at ports; S34 is port-to-port isolation; S31 is in-phase

transmission; S32 and S42 are out-of-phase transmission coefficients,

respectively
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the network without path crossings. We propose to design
the BFN based on broadband slot-line transition and magic-
Ts as basic elements. The slot-line transition elements are
characterized by bandwidths from an octave31 up to one
decade in the 1–10 GHz range.32 In our case, we modified
and optimized by numerical simulation the slot-line tran-
sition element for X-band described in articles.33,34 The
traditional magic-Ts are four-port multipole that provide in-
phase and out-of-phase signal division between their two
output ports.35–37 They are similar to many different planar
basic elements such as branch-line, rat-race, or directional
couplers.38 Here we use one of the designs described in ref-
erence.39 Using these elements, it is possible to design a
compact topology of the proposed 8 � 8 BFN on a three-
layer printed circuit board.

The slot-line transition element for X-band is shown
in Figure 3A,B. Its conductors are located relative to a
narrow slot resonator with a length of λ0=4 (λ0 is the
wavelength at the central frequency of the operation
band) mirrored to each other and matched by rectangular
microstrips (plugs). A Rogers 4003 C dielectric with a
dielectric constant of 3.38 and a loss tangent of 0.0027
was used as a substrate. We use a standard thickness of
the dielectric substrate of 0.508mm and a copper layer
(microstrip) of 35 μm. The design of the proposed
magic-T is shown in Figure 3C,D. There is no capacitive
cutout between outputs #3 and #4 in this magic-T topol-
ogy. A narrow resonance slot at one end is made in the
form of a radial plug. Input #2 is matched with a transi-
tion to higher resistance and a radial plug on the end.

The structural parameters of the slot-line transition
element and the magic-T shown in Figure 3B,D are given
in Table 1.

The characterization of the proposed basic elements
of BFN was carried out using numerical electromagnetic
simulation based on the finite element method. Figure 4
shows the S-parameters of the slot-line transition and the
magic-T in the frequency range of 7–13 GHz. As seen
from Figure 4A, the reflection coefficient does not exceed
�28 dB in the entire frequency range which is 2 dB lower
in comparison with reference.39 The slot-line transition
element carries out only the transition of electromagnetic
energy from one side of the board to the other, therefore,
the transmission coefficient has an average value of
�0.55 ± 0.04 dB in the entire X-band. The basic element
does not introduce a phase shift at a central frequency of
10 GHz λ0 ¼ 30mmð Þ with the phase of 0.5�. The maxi-
mum phase imbalance is less than 4� in the operating fre-
quency range.

FIGURE 5 The design of the synthesized 8 � 8 BFN

connected with Vivaldi antenna array for broadband and wide-

angle multibeam steering

FIGURE 6 S-parameters of proposed BFN. (A) reflection

coefficients of inputs #1 to #8, (B) transmission coefficients when

port #1 is fed, and (C) isolations input port #1
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The simulated results show that within the frequency
range from 8 to 12 GHz for magic-T (Figure 4B) the inser-
tion losses S31(41) for in-phase and S32(42) for out-of-phase
excitation are less than �3.5 ± 0.4 dB, while the return
losses for ports #1 and #2 are more than �16 dB and
�18 dB, respectively. The isolations S34 and S21 are
greater than �16 dB and �40 dB, respectively.

3.2 | Analysis of the synthesized BFN

The three-layer PCB design of a novel 8 � 8 BFN based
on proposed slot-line transitions and magic-Ts for broad-
band multibeam antenna array is illustrated in Figure 5.
The basic elements are arranged in accordance with the

topology BFN in Figure 1. Sections of the transmission
line of the required length were used as phase shifters.
The BFN has the size of 140 � 97 mm2 or relative to the
central wavelength of 4:7λ0�3:2λ0. Power is supplied by
an unbalanced 50-ohm input impedance microstrip line.
The distance between adjacent inputs is equal to 16mm,
which is enough for attaching coaxial connectors. The
minimum distance between adjacent microstrip lines is
three strip widths.

Figure 6A shows the simulation results of the reflec-
tion coefficients at all inputs (#1–#8) of the designed
BFN. Analysis of the results shows that the reflection
coefficients are below �15 dB in the operating range of
8.3–11.7 GHz. Figure 6B shows that transmission coeffi-
cients from input #1 to outputs #9–#16 lead in the range
from �11.5 to �13.2 dB in the frequency range of 8.3–
11.7 GHz. The behavior of S-parameters is smooth with-
out any peaks in the operating range. Figure 5C

FIGURE 7 S-parameters of antenna array. (A) reflection

coefficients of inputs #1–#8. (B) Isolations input port #1 and

(C) input port #5

FIGURE 8 The radiation pattern of the proposed eight-beam

antenna array in the azimuth plane at (A) 8.3 GHz, (B) 10 GHz,

and (C) 11.7 GHz, respectively
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demonstrates the isolations of input port #1 which are
better than �20 dB within the operational bandwidth.
The phase distribution at the outputs of the proposed
BFN has the following form

It can be summarized from the obtained results that the
designed 8 � 8 BFN based on the slot-line transitions
and magic-Ts has the following characteristics: operating
frequency range from 8.3 to 11.7 GHz; the amplitude at
the outputs is �13.5 ± 2.5 dB; maximum phase imbal-
ance is ±20�; the isolation of all inputs is below �22 dB,
and the reflection coefficients are below �15 dB over the
operating range.

3.3 | Antenna array

We connect the proposed 8 � 8 BFN with a linear
antenna array comprising Vivaldi-type antennas. This

antenna has an ultra-wideband slotted traveling wave
radiator based on a slot with a smoothly varying profile.40

The ultra-wideband properties of the Vivaldi antenna are
provided due to a smooth transformation of the charac-

teristic impedance of the slot line to ensure the effective
radiation of the slot segments with dimensions on the
order of half a wavelength. For this kind of antenna, the
radiation is carried out along the PCB that leads to a defi-
nite advantage over other antennas. The topology of the
antenna array is shown in Figure 5. The dimensions of
the module were 140 � 120 mm2 4:7λ0�4λ0ð Þ. The dis-
tance between the radiators of the antenna array is
15mm. To improve the impedance matching of the
extreme radiators, the copper conductor at the edges of
the array is extended by a quarter of the average
wavelength.

Preliminary, we calculated the characteristics of an
eight-element antenna array based on used Vivaldi

TABLE 2 Comparisons with other previous 8 � 8 multibeam antenna arrays

References f0 (GHz) Bandwidth (%) Size (λ2)
Amplitude
imbalance (dB)

Phase
imbalance (deg.)

Scan
angle (deg.)

19 60 16.6 0:19λ0 � 0:29λ0
a ±2.5 ±22 ±60

20 29.5 10.2 13:5λ0 � 6λ0 ±2 ±15 ±55

21 28 18 3:9λ0 � 5:7λ0 ±2.2 N/A ±61

22 1.9 10.5 3:8λ0 � 2:9λ0 ±1.5 ±12 ±55

23 2.4 5.5 1:9λ0 � 1:4λ0
a ±1.9 ±12 ±54

24 60 16.4 12λ0 � 16λ0 N/A N/A ±56

25 3 33 1:7λ0 � 1:5λ0
a ±0.5 ±10 ±54

26 60 9.6 5:1λ0 � 6:5λ0 N/A ±29 ±40

27 2.4 5.5 3:3λ0 � 4:7λ0
a ±1.9 ±12 ±60

This work 10 34 4:7λ0 � 4λ0 ±2.5 ±20 ±60

Note: The bandwidth is calculated as 2 f p� f r
� �

= f pþ f r
� �

, where f p and f r is the upper and lower boundaries of the frequency range at the level of the
amplitude ≤�10 dB. N/A represents “not applicable,” which means the value is not found in the reference.
aRepresents the size of BFN without an antenna array.

φm,n ¼

199:5� 207� 216:8� 267� 113:8� 126:8� 131:7� 180:9�

24:2� 75:4� 132:3� 223� 117:7� 172:1� 222� 313:3�

232:4� 327:8� 66:4� 204:4� 143:7� 238:4� 341� 115�

87:6� 219:2� 15:3� 183� 178:1� 306:5� 104:3� 273:7�

290:9� 119:6� 310:4� 179:6� 208:7� 38:6� 219� 92:5�

137:2� 8:9� 242:4� 153:3� 228:3� 102:1� 333:8� 244:5�

341:7� 257:2� 173:4� 129:7� 251:2� 165:8� 90:2� 44:6�

197:2� 147:8� 121:7� 110:1� 286� 235:2� 213:4� 203:9�

2
66666666666664

3
77777777777775
: ð33Þ
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antennas. The voltage standing wave ratio (VSWR) at the
inputs is equal to 1.75 in the operating range. The beam
width of lobes exceeds 110� in the H-plane and no more
than 13� in the E-plane. The radiation in the opposite
direction does not exceed the level of �15 dB. As a result,
we obtain the eight-beam antenna array in the 120� sec-
tor by combining the proposed BFN with the antenna
array into a single structure.

Figure 7 shows the S-parameters of the uniform struc-
ture (BFN and Vivaldi antenna array) in the X-band.
Reflection coefficients from all ports #1–#8 are below the
level of �15 dB as shown in Figure 7A. The isolation
level is below �20 dB in the operating range
(Figure 7B,C).

The aperture of the antenna array forms a beam at a
certain angle with its own directional pattern when a sig-
nal is applied to one of the 8 inputs. Figure 8 shows the
azimuthal angle dependence of the gain at the central
frequency 10 GHz and boundary frequencies of 8.3 GHz
and 11.7 GHz, respectively. The gain peak reaches 12 dB
and the sidelobe level of the beams does not exceed 9 dB.
The average half-power beam widths vary from 13� to
25� in the azimuth plane and 107� to 113� in the eleva-
tion plane while the beam scan range is from �61� to 59�

in the azimuth plane.
Finally, the synthesized BFN with antenna array is

compared to several previously described designs early
which exhibit broadband wide-angle scanning character-
istics. Table 2 presents the comparative results of only
8 � 8 BFN with/without multibeam antenna arrays in
the characteristics of central frequency (f0), bandwidth,
dimension, amplitude and phase imbalance, and scan
angle. The proposed design has the superiorities of band-
widths, good isolation, compact size, and very simple
design in comparison with other 8 � 8 BFN and multi-
beam antenna arrays. We believe that the proposed eight-
channel multi-beam antenna array can be easily fabricated
using PCB technology and can compete with known sys-
tems based on the Butler matrix.

4 | CONCLUSION

In this work, we synthesized a novel 8 � 8 BFN for mul-
tibeam antenna array applications. The proposed BFN
has 6 less path crossings than the classic Butler matrix
when the inputs and outputs are sequentially numbered.
The BFN topology was proposed in the form of a three-
layer PCB with dimensions 4:67λ0�4λ0 mm using broad-
band slot-line transition and magic-Ts in the X-band. The
analysis of the frequency-dependent characteristics of the
BFN was carried out by numerical simulation. The BFN
was demonstrated a good performance in the operating

frequency range from 8.3 to 11.7 GHz. The amplitude at
outputs #9–#16 corresponds to �13.5± 2.5 dB. The isola-
tion of all inputs was below �22 dB, and the reflection
coefficients were at the level of �15 dB over the entire
operating range. Moreover, we presented an eight-
channel antenna array based on the synthesized BFN
and Vivaldi antennas, which forms a multibeam mode of
operation. The eight beams cover a spatial range of 120�

with a peak gain of 12 dB. The obtained results validate
that the proposed broadband and wide-angle multibeam
antenna array based on the novel synthesized topology of
BFN can be a good candidate for radar and satellite
communication.
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