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Abstract— Multibeam antenna arrays are currently recognized
as one of the enabling technologies for the next-generation
communication standards. One of the key components of these
systems is the beamforming network (BFN) that implements
the array element excitations. This article addresses this issue
by presenting a novel strategy to realize an analog feeding
network, which allows an arbitrary linear array (LA) to radiate
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multiple arbitrary beams. In particular, an iterative procedure is
conceived to design a Blass matrix using an identical directional
coupler for all nodes, resulting in a very simple structure
suitable for large-scale production. Two applications with arbi-
trary directions are illustrated as proofs-of-concept for the
developed architecture: a dual-beam configuration with a null
involving an aperiodic LA, and a four-beam configuration involv-
ing a periodic LA. For this second application, the effectiveness of
the proposed solution is further verified by full-wave simulations
and experimental measurements carried out on a fabricated
prototype.

Index Terms— Analog beamforming, Blass matrix, feeding
network, multibeam antennas.

I. INTRODUCTION

THE basic idea of combining multiple antennas into a
single array to improve the electromagnetic performance

of a single element dates back to the very beginning of wireless
communication history [1]. In fact, over the last century,
a huge number of synthesis methods have been developed
to satisfy a wide variety of constraints [2], [3]. Therefore,
beamforming, in its massive multiple-input multiple-output
(mMIMO) context, is nowadays regarded as one of the
“big-three” enabling technologies for the forthcoming fifth-
and sixth-generation (5G/6G) ecosystems [4], [5]. Among
the possible applications, such as reconfigurability, scanning,
beam/null steering, and multidirectional coverage, the latter
one is expected to play a key role in increasing the 5G/6G
capacity and fostering the interoperability among the terres-
trial, aerial, and spatial 6G layers [6], [7]. In this context, the
capability of multibeam antennas to cover multiple angular
regions, thus enabling spatial multiplexing and multitarget
tracking, requires not only a careful design of the array
structure in terms of a single radiator and geometry, but
also specific attention to the realization of the beamforming
network (BFN) implementing the selected excitations.

A. Related Work

The current techniques for designing BFNs primarily rely
on either digital electronic platforms [8] or analog microwave
components [9], although hybrid solutions have also been
explored [10]. The digital approach offers greater versatility,
but is also more expensive and power-consuming. Thus, the
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interest of 5G/6G industry manufacturers in large-scale low-
cost equipment seems mainly oriented toward the analog
approach [11]. Cheap and efficient microwave solutions are
represented by the so-called “circuit-type” BFNs, which con-
sist of basic components, such as power dividers, couplers,
crossovers, phase shifters, and switches. Among them, the
Blass [12], [13], [14], [15], [16], [17], [18], [19], Nolen [20],
[21], and Butler matrices [22], [23], [24] are the most widely
diffused technologies.

The first of these techniques, conceived by Blass in [12],
represents the pioneering proposal for analog BFNs sup-
porting multidirectional uniform linear arrays (ULAs). The
Blass matrix, whose design requires a proper account for the
coupling among waves traveling in different lines [13], has
the advantage of being suitable for any number N of array
elements and any number M of arbitrarily shaped beams.
This leads to very versatile structures, which are easier to
build in some particular cases, such as when double or uni-
formly spaced beams are desired [14], [15]. A recent advance
enabling independent beam control has been proposed in [16],
by adopting generalized joined coupler matrices and particle
swarm optimization to allow a systematic BFN synthesis,
further modifying the original Blass configuration by placing
the phase shifters on the rows instead of on the columns.
It is worth noting that this latter modification was originally
proposed in the earlier work of Cummings [25]. A multibeam
algorithm for evaluating the phase shifts of a simplified Blass
matrix with identical couplers has been presented in [17]
and subsequently exploited in [18] to numerically derive a
preliminary BFN design with dummy antennas. In general,
the main disadvantages of the Blass approach lie in its high
number of components (couplers and phase shifters) and its
inherently lossy nature, due to the need of terminating rows
and columns on matched loads. To deal with this issue and
simplify the typical architecture, a modified Blass matrix
design has been presented in [19], where some components
have been removed, but at the cost of limiting the array
size and the number of obtainable beams. A more general
technique to address the same problem relies on the adoption
of a series-fed BFN, called Nolen matrix [20], [21]. This
structure, which is regarded as a lossless variant of the Blass
one, unfortunately is less flexible, due to the orthogonality
constraint resulting from the lossless requirement (this is the
same as with Butler matrices). In addition, it can synthesize
only N = M orthogonal beams, hence leading to a consid-
erable flexibility reduction compared to the Blass approach.
This constraint also affects the Butler matrix [22], which is
a parallel-fed BFN characterized by well-established design
procedures [23], [24], and a theoretical absence of losses.
However, its pattern control capability is limited since N = M
must be a power of two, and the amplitude distribution at the
antenna terminals must be uniform. The limitations imposed
by the lossless design on the number of beams and antennas
have been widely recognized so that over the years, many
researchers have tackled the problem. Interestingly, a Nolen
matrix proposal having M < N and maintaining its lossless
nature in transmitting mode has been developed and dis-
cussed in [26], however, it is lossy in the receiving mode.

Shelton and Kelleher [27] discussed the limitation of
the traditional Butler matrices employing hybrid couplers
(N = M = 2b) and proposed the usage of more complex
junctions allowing also other configurations (e.g., 3 × 3).

B. Motivation and Contribution

In terms of design efforts, Butler BFNs are the easiest to
realize since they rely on identical hybrid couplers. On the
other hand, the Blass and Nolen BFNs require a larger number
of unbalanced couplers, whose technology must be carefully
selected to achieve the necessary coupling range [11]. In terms
of construction complexity, the Blass and Nolen BFNs adopt
a higher number of phase shifters than those used by the
Butler matrix, whose implementation, however, requires a
large number of crossovers. This leads to a multilayer design,
which is more laborious to realize than the Blass and Nolen
planar structures, and is also inherently lossy because of
the layer transitions. In terms of flexibility, the Blass BFN
is the sole able to manage problems involving arrays with
any number of elements required to generate any number of
arbitrarily oriented beams. As a consequence, the derivation
of planar Blass matrix evolutions that achieve a satisfactory
versatility/complexity tradeoff may represent an interesting
advance for the realization of low-cost antenna systems.

To address this issue, this article proposes a systematic Blass
matrix design procedure for arbitrary linear arrays (ALAs)
generating multiple arbitrary beams. The BFN architecture is
planar and adopts identical directional couplers, making the
structure very simple. It relies on a properly developed iterative
method for the estimation of the phase shifters, which accounts
for the wave multipath within the network. With respect to the
preliminary studies in [17] and [18], the solution presented
here generalizes the design to ALAs supporting multiple
independent beams with nulls. Additionally, it includes full-
wave simulations and presents experimental measurements
derived from a fabricated array-BFN planar prototype.

The article is organized as follows. Section II describes the
addressed problem. Section III presents the developed pro-
cedure. Section IV discusses the numerical and experimental
results. Finally, Section V summarizes the main conclusions.

II. PROBLEM DESCRIPTION

With reference to a Cartesian system O(x, y, z), let us con-
sider an ALA consisting of N elements lying on the z-axis at
positions zn , where n ∈ N = {n|n = 1, . . . , N }, which has to
radiate M beams in arbitrarily selected directions. To perform
this task, a synthesis algorithm is adopted to calculate the
M × N matrix A = [amn], where m ∈ M = {m|m =

1, . . . ,M}, and the mth row am = [am1, . . . , am N ] identifies
the complex array excitations that generate the electric far-field
pattern

R(am; θ) =

N∑
n=1

amn fn(θ) exp
(

j
2π
λ

zn cos θ
)

(1)

where θ is the zenith angle, fn(θ) is the nth element pattern,
j =

√
−1 is the imaginary unit, and λ is the free-space

2



Fig. 1. M × N Blass matrix.

wavelength. Consider, in particular, the M × N synthesized
excitation phases

αmn = arg(amn), m ∈M, n ∈ N (2)

which allow R(am; θ) to point its main beam in the mth
desired direction. The topic addressed in this work concerns
the development of a simple Blass matrix design procedure
that realizes the values in (2), which will be referred to
as the desired phases from this point onward. It is worth
emphasizing that the desired phases are not optimized during
the proposed procedure; indeed, they are assumed to be known
a priori. Similarly, the antenna array (number of elements,
positions, and element type) is also assumed to be known.
The proposed design method focuses solely on the Blass-based
BFN architecture.

To this aim, we preliminarily introduce the general charac-
teristics of a Blass matrix. It consists of N vertical and M
horizontal lines interconnected through M × N nodes, where
each node comprises a directional coupler and a phase shifter
(Fig. 1). The M desired beams determine the input terminals
and thus the number of matrix rows, while the N antennas
determine the output terminals and thus the number of matrix
columns. Both vertical and horizontal lines are terminated by
matched loads to avoid reflections of the incident waves. The
power dissipated at these terminals necessarily reduces the
overall system efficiency, which can be, however, maintained
close to 90% [12]. When a generic mth desired beam must
be produced, the wave injected into the corresponding port
travels through all the N output ones. Along this path, the
transmission coefficient Tmn describes the amplitude and phase
of the signal injected at beam port m and arrived at antenna
port n, which, from the array perspective, can be seen as
the element excitation amn in (1). Therefore, the Blass matrix
design requires the characterization of its M × N nodes, that
is, its M × N coupling coefficients Cmn and phase shifts
φmn , to obtain proper Tmn values at the antenna terminals.
Within this process, the critical aspect is just represented by
the coupling coefficients, which can be different from each

other and identified by any numerical value. In fact, during
the evaluation stage, these components may be optimized [15],
but, in the subsequent fabrication stage, some coupling val-
ues might be difficult, or even impossible, to realize. This
limitation, whose extent depends on the adopted technology,
might finally prevent the actual implementation of the designed
BFN. Thus, two basic choices are made in this study to
foster the practical realizability of a planned structure. First,
in agreement with [13], an identical directional coupler is
adopted for all matrix nodes, hence considering

Cmn = C, m ∈M, n ∈ N . (3)

This common coupler is assumed to be lossless and character-
ized by good isolation, perfect matching, and full symmetry,
thus its scattering matrix can be expressed as

S =


0

√
1 − C2 Ce− jξ 0

√
1 − C2 0 0 Ce− jξ

Ce− jξ 0 0
√

1 − C2

0 Ce− jξ
√

1 − C2 0

 (4)

where ξ is the coupling phase between the input and coupled
ports, and between the direct and isolated ports (Fig. 1). The
choice of using an identical coupler also enables to express the
transmission coefficients of the Blass matrix as the functions

Tmn = Tmn(C, ξ ;φ1n, . . . , φmn), m ∈M, n ∈ N (5)

where φmn denotes the phase shift corresponding to node
(m, n). As a second basic choice, C and ξ are considered
given, since the existing coupler design techniques usually
focus on a limited set of values [28], [29], [30], typically
corresponding to C ∈ C and ξ ∈ 4, with

C =

{
1

1000
,

1
100

,
1

10
,

1
2
,

1
√

2

}
(6a)

4 =

{
−π,−

π

2
,
π

2
, π
}
. (6b)

The two choices imply that the amplitudes of the excitations
are not directly controlled, but derived from the coupling
values and the phase shifts. According to the scope of this
study, the same choices enable the control of the beam pointing
directions and, when required, of the possible null ones.

So, finally, the objective of this article is precisely the
derivation of the M × N phase shift values φmn of the Blass
matrix that allows one to satisfy the set of design equations

arg(Tmn) = αmn, m ∈M, n ∈ N (7)

when the coupling parameters C and ξ in (5), and the M × N
desired phases αmn in (7) are given. The method developed to
deal with this problem is presented in Section III.

III. DESIGN PROCEDURE

In a Blass matrix, a wave traveling from an input port m to
an output port n can take multiple paths, including the direct
one and the spurious paths, which are present for m, n ≥ 2.
In the direct path, the wave travels along the mth row until it
reaches the nth column and then turns to arrive at the nth
antenna. In a spurious path, the wave still starts traveling
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along the mth row, but turns before reaching the nth column,
so arriving at the nth antenna only after multiple additional
turns. Ignoring spurious paths is acceptable when considering
large arrays with low coupling values. Conversely, it may
result in poor approximations and inaccurate results [13] in
the case of small arrays with high coupling values. Therefore,
in the proposed design procedure, all possible paths are taken
into account. Moreover, since only the direct path is present
for m, n = 1, while spurious paths exist for m, n ≥ 2, the
procedure is divided into two main parts that correspond to
the two sets of ports.

A. Ports m, n = 1

Let us consider the first input port (m = 1), from which
the wave can reach a generic output port n through the sole
direct path. The corresponding transmission coefficient from
each output port may be expressed, for m = 1 and n ∈ N , as

T1n = Cn−1
√

1 − C2 exp
[
− j(φ1n + ψ1n)

]
(8)

where the second phase term is defined, for m ∈M∪{0} and
n ∈ N ∪ {0}, as

ψmn = (n − 1)(ξ + δz)+ (m − 1)(ξ + δy). (9)

Here, δz and δy are the given phase delays that account
for the propagation along the sections joining consecutive
couplers lying on the same row and column, respectively.
In (9), the indexes n = 0 and m = 0 are included for
mathematical purposes to improve the compactness of the
formulas illustrated in the sequel. By substituting (8) into (7)
and then solving for φ1n , one can obtain the searched phase
shift values on the first row as

φ1n = −(α1n + ψ1n), n ∈ N . (10)

A similar approach may be adopted to address the first
output port (n = 1), which can be reached from a generic
input port m still through the sole direct path. In this case,
the corresponding transmission coefficient from each of the
M input ports may be written, for n = 1 and m ∈M, as

Tm1 = Cm−1
√

1 − C2 exp

[
− j

(
m∑

i=1

φi1 + ψm1

)]
. (11)

Since in an antenna array, the generated pattern does not
depend on the absolute excitation phases, but on their relative
phase shifts, the desired phase αm1 of the first array element
can always be set to zero for m ∈M. By imposing this choice
to (10), the searched phase shift value on the first row and
column becomes exactly

φ11 = 0. (12)

Substituting (11) into (7) with αm1 = 0 for m ∈ M − {1}

and using (12), the resulting set of equations can be solved
in increasing order of m for the unknown φm1. This provides
the remaining M − 1 searched phase shift values on the first
column as

φm1 = ψ01, m ∈M− {1}. (13)

Fig. 2. Unknown phase shift evaluation.

B. Ports m, n ≥ 2

The set of ports corresponding to m, n ≥ 2 is characterized
by the existence of both direct and spurious paths. In fact,
a wave traveling from port m to port n, for m ∈M− {1} and
n ∈ N − {1}, passes through

Imn =

(
n + m − 2

m − 1

)
(14)

different paths. Besides, whichever path the wave fol-
lows among the possible Imn ones, it passes through
m + n + 1-directional couplers and m phase shifters. The
evaluation is carried out by iteratively proceeding element-
wise row-by-row, starting with the nodes from (2, 2) to (2, N )
and concluding with the nodes from (M, 2) to (M, N ). In this
way, the estimation of an unknown φmn value can rely on the
phase shifts φih already calculated for i < m, h ∈ N and
i = m, h < n. This implies that all the Imn − 1 spurious paths
are characterized by known phase shifters. Consequently, the
transmission coefficient Tmn , for m ∈M−{1} and n ∈ N−{1},
can be split into two parts as

Tmn = T k
mn + T u

mn (15)

where T k
mn is associated with the known spurious path contri-

butions, while T u
mn is associated with the unknown direct path

contribution. This latter one, corresponding to a wave in transit
through the unknown phase shifter φmn , may be written, for
m ∈M− {1} and n ∈ N − {1}, as

T u
mn = Cn+m−2

√
1 − C2 exp

[
− j(ζmn + φmn)

]
(16)

where

ζmn =

m−1∑
i=1

φin + ψmn (17)

is known from the previous calculations, and the modulus

|T u
mn| =

√
1 − C2 Cn+m−2 (18)

is also known, being the directional coupler selected at the
beginning of the procedure. A graphical interpretation in the
complex plane of the resulting φmn searching process may be
inferred from Fig. 2. The figure shows the possible excitations
with desired phase αmn (blue straight line) and the feasible Tmn

values (red circumference) identified by the points lying at dis-
tance |T u

mn| (black segment) from the center T k
mn (green dot).
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Fig. 3. Example 1—Generated patterns. (a) m = 1. (b) m = 2.

In particular, the design equation in (7) corresponding to αmn

has a solution if at least one intersection point exists between
the blue straight line and the red circumference [17]. From
an algebraic perspective, the acceptable values for the phase
shift can be determined by substituting (15), (16), and (18)
into (7), and numerically solving the resulting equation for
the unknown φmn

arg
{
T k

mn +
∣∣T u

mn

∣∣ exp
[
− j(ζmn + φmn)

]}
= αmn. (19)

This equation can provide one, two, or no solutions. In the
first two cases, the procedure can proceed to estimate the
subsequent phase shift. When two solutions are acceptable,
the one corresponding to the Tmn value further from the
origin O is selected. If all the (M − 1) × (N − 1) equations
corresponding to m ∈ M − {1} and n ∈ N − {1} have a
solution, all matrix nodes are characterized, and the procedure
successfully terminates. Conversely, if (19) has no solution,
which corresponds to the red circumference and the blue
straight line in Fig. 2 having no intersections, the procedure
must be interrupted. This possible outcome, which derives
from adopting an identical coupler for all nodes, does not
necessarily imply the unsolvability of the problem. Rather,
it simply means that solutions cannot be obtained when the
desired beams, and hence the M desired phase vectors αm =

[αm1, . . . , αm N ] for m ∈M − {1}, are imposed in that order.
More precisely, since each phase shift φmn depends on the
previous T k

mn value calculated during the process, the order
in which the desired phase vectors are considered affects the
final result and the feasibility of the procedure. To manage this
situation, the phase vectors α1, . . . ,αM are permuted until a
feasible solution is obtained or all permutations are explored.
The overall procedure is summarized in Algorithm 1. To speed
up the process, when an unsolvable equation is encountered
for αm at a certain permutation i , the (M − m)! permutations
having the same starting point are not considered, since they
would not lead to a successful design.

IV. RESULTS

The effectiveness of the developed procedure is investi-
gated by presenting two numerical applications. The first one,
discussed in Section IV-A, concerns a 2 × 10 Blass BFN
feeding an ALA of isotropic radiators, while the second one,
illustrated in Section IV-B, involves a 4 × 4 Blass matrix
feeding an ULA of rectangular microstrip patches. The phase
shifts evaluation algorithm is implemented in MATLAB on

Algorithm 1 Proposed Procedure
Input: ALA → N , zn, fn(θ), n ∈ N

Desired phase vectors → M,αm, m ∈M
Directional coupler → C, ξ
Blass matrix geometry → δx , δy

Output: Phase shifters → φmn, m ∈M, n ∈ N
1 Create matrix 2 ∈ ] − π, π]

M !×M of all possible
permutations of desired phase vectors

2 Initialize m = 1, i = 1 − (M − m)!
3 Set i = i + (M − m)!
4 if i ≤ M ! then
5 For permutation i
6 For n ∈ N use (10) and (12) to derive φ1n // Row 1
7 For m ∈M use (13) to derive φm1 // Column 1
8 while m < M do
9 Set n = 1

10 m = m + 1
11 while n < N do
12 n = n + 1
13 Calculate T k

mn // Transmission coefficient
for spurious paths

14 Use (18) to derive |T u
mn| // Transmission

coefficient modulus for direct path
15 if (19) has solution then
16 Evaluate φmn // Phase shift
17 if m = M and n = N then
18 Blass matrix designed

19 else
20 go to line 3

21 else
22 Unsolvable problem

TABLE I
EXAMPLE 1—ALA NORMALIZED ELEMENT POSITIONS

a laptop equipped with an Intel1 Core2 i7-12800h CPU @
2.40 GHz with 32 GB RAM.

A. Example 1

The first numerical example involves an ALA composed of
N = 10 isotropic elements, whose positions are specified in
Table I. The ALA is required to radiate M = 2 independent
beams, with the first pointing direction at θ1 = 0◦ and the
second at θ2 = 87◦. Additionally, the first beam needs to have
a null at θn = θ2, corresponding to the direction of the second
desired beam. The synthesis of the desired phases is realized

1Registered trademark.
2Trademarked.
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TABLE II
EXAMPLE 1—CALCULATED PHASE SHIFTS

Fig. 4. Example 2—Designed patch. (a) Dimensions. (b) Return loss. (c) Element patterns.

by first selecting

αmn = −
2π
λ

zn cos θm, m ∈M, n ∈ N (20)

and then modifying the α1 vector according to the method
in [31] to impose the required null in the first pattern. The
input data for Algorithm 1 includes the parameters for the
selected directional coupler (C = 1/10 and ξ = π ) as well as
the phase delays due to the joining sections (δz = δy = π ).
It is worth noting that the feed-network architecture is assumed
to be regular, despite the aperiodic positions of the elements,
so that the phase delays due to the joining sections are
constant. However, if an irregular design is adopted, it is
straightforward to modify (9) to consider variable (but known)
phase delays δzn, δym .

The patterns shown in Fig. 3 are generated using the
so derived φmn values, which are reported in Table II and
have been obtained at the first permutation in a CPU time
of 6 ms. The figure demonstrates that the beams realized
through the designed Blass matrix are oriented in agreement
with the desired directions. Besides the satisfactory behavior
of the proposed procedure, this first example further highlights
its versatility, since the multibeam realization problem can be
addressed in conjunction with null placement constraints using
linear arrays (LAs) with a nonuniform geometry.

B. Example 2

The second example is presented to evaluate the algorithm’s
performance in solving a practical problem. This problem
is addressed through full-wave simulations and experimental
measurements on a prototype fabricated using printed circuit
board (PCB) technology. The application involves a ULA
composed of N = 4 rectangular microstrip patches, which
are required to radiate M = 4 independent beams at θ1 = 60◦,
θ2 = 85◦, θ3 = 110◦, and θ4 = 140◦. The design frequency
is set to 3.5 GHz, corresponding to the 5G C-band recently
released for commercial use, which leads to a free-space

Fig. 5. Example 2—Designed coupler. (a) Dimensions. (b) S-parameters.

wavelength λ ∼= 85.7 mm and a guided wavelength λg ∼=

57.8 mm. For the PCB, a Rogers 5880 substrate with a
dielectric constant ϵr = 2.2, a substrate thickness χ = 0.8 mm,
and a metallization thickness ς = 3.5 µm is chosen.

Starting with these preliminary data, the basic components,
namely the patches and the directional coupler, are designed,
simulated, and optimized using CST Studio Suite [32]. The
dimensions of the antenna element obtained from the sim-
ulation are presented in Fig. 4(a), while Fig. 4(b) shows
that the obtained antenna element has good matching at the
design frequency. Four of these radiators are organized to
form the ULA with an interelement (center-to-center) distance
d = 50 mm. The resulting single-element patterns fn(θ)

(n ∈ N ), which account for the mutual coupling effects, are
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Fig. 6. Example 2—Developed structure. (a) Design. (b) Milling prototype. (c) Test in an anechoic chamber.

TABLE III
EXAMPLE 2—CALCULATED PHASE SHIFTS

derived using the method described in [33] and are reported
in Fig. 4(c). The desired phases are obtained by (20) with
zn = (n − 1)d for n ∈ N .

With the ULA and desired phases characterized, the next
step is to design the directional coupler. In particular, a branch
line coupler with parameters C = 1/

√
2 and ξ = π/2 is

developed using the technique discussed in [34] and subse-
quently optimized by CST, resulting in the structure illustrated
in Fig. 5(a). The S-parameters reported in Fig. 5(b) confirm
its satisfactory performance at the design frequency. In fact,
the reflection coefficient |s11| and the isolation |s14| are both
low, indicating good matching at the input port and fine
decoupling at the isolated one. Additionally, the |s21| and
|s31| values are both very close to −3 dB, confirming that
the power is equally divided between the direct and the
coupled port, as desired. The final input quantity required by
the proposed procedure is represented by the phase delays
determined by the sections connecting consecutive directional
couplers on the rows and columns. In both cases, these sections
are realized through microstrip lines of length exactly equal
to the guided wavelength λg, corresponding to phase delays
δz = δy = 2π .

With the insertion of the input parameters characterizing
the components (patches, desired phases, couplers, and phase
delays) into Algorithm 1, the calculation of the necessary
phase shifts to complete the Blass matrix design can be
performed. The resulting values, obtained for permutation
i = 3 in a CPU time of 20 ms, are reported in Table III.
Note that, differently from the previous example, the pointing

directions are not activated by the input (beam) ports in the
original increasing order. For instance, while the first desired
beam corresponding to θ1 = 60◦ is activated by port m = 1,
the second one corresponding to θ2 = 85◦ is instead activated
by port m = 3. This is due to the algorithm permutations that
became necessary to obtain a complete solution, since, clearly,
in this second example, the first permutation has not been able
to achieve a successful result. On the PCB, each estimated
φmn value is realized by a meander line of proper length that
connects a coupler on the first row with the respective patch
or two consecutive couplers lying on the same column.

The phase shift implementation completes the design of
the Blass matrix, which can be combined with the other
components to finally obtain the array-BFN system reported in
Fig. 6(a). For a more immediate identification of the different
parts of the structure, the figure highlights the phase delay δz
between the first two couplers on the first row (red dashed
line), and the phase shift φ23 joined with the phase delay δy

between the first two couplers on the third column (orange
dashed line). This system is first implemented in CST to
evaluate its radiation patterns through full-wave simulation and
subsequently physically built to validate these patterns through
experimental measurements. To this aim, an LPKF ProtoMat
E44 milling machine is adopted to realize the prototype in
Fig. 6(b) and (c), which, respectively, illustrate the final stages
of the manufacturing process and the subsequent installation
in an anechoic chamber.

The matching of the developed Blass matrix at the four
input ports may be observed from Fig. 7, which reports the
corresponding reflection coefficients simulated by CST and
measured using a Rohde&Schwarz ZVA40 10 MHz–40 GHz
vector network analyzer. Fig. 8 illustrates the simulated and
measured far-field patterns for the four required beams. In par-
ticular, this figure shows that, except for a few degrees of
drift, the experimentally derived pointing directions are in
very good agreement with the desired ones. Despite the
fabrication tolerances, the measured patterns closely approach
the simulated ones in the main lobe regions. Finally, it is worth
noting that the simulated efficiencies at the four input ports are
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Fig. 7. Example 2—Reflection coefficients. (a) Simulated. (b) Measured.

Fig. 8. Example 2—Generated patterns. (a) m = 1. (b) m = 2. (c) m = 3.
(d) m = 4. simulated measured.

satisfactory, being, 71%, 68%, 63%, and 61%, respectively.
These values are basically in agreement with those provided
in [15] and [35]. These practical results demonstrate besides
the fast response of the developed algorithm, the reliability of
the estimated phase shifts for the actual realization of simple
Blass BFNs that can support multibeam functionalities.

C. Convergence Characteristics

In both the presented examples, the algorithm provides a
satisfactory solution. However, as mentioned in Section III,
the choice of having the same coupler for all the matrix
nodes simplifies the BFN structure at the expense of flexibility.

In particular, the algorithm might fail to provide a solution for
some sets of desired phases and coupling values. Hence, in this
section, to provide a clearer view of the practical usefulness
of the algorithm, a random evaluation of its convergence to an
acceptable solution is carried out. More precisely, a large num-
ber of random trials is performed and the success probability
ps is evaluated for different values of the design parameters
N ,M , and C . Blass matrices having N = 4, 8, 16, 32 and
M = 2, 3, . . . , 8 are considered for values of C ∈ C,
where the set C is defined in (6a). For each combination of
N ,M , and C , 1000 sets of pointing directions are randomly
generated in the interval [0, π]. Subsequently, the M × N
desired phases are obtained according to (20), assuming an
ULA with d = λ/2. The remaining parameters are set as
ξ = π/2 and δy = δz = 2π .

The obtained results show that, for the three lowest values
of C , that is, C = 10−3, 10−2, 10−1, the algorithm always
provides a solution, that is, ps = 1 for all N ,M choices.
When C = 1/2 is selected and all the considered M values
are explored, the success probability remains equal to unity
for N = 4, lies between 0.67 and 0.98 for N = 8, while
it approaches zero for N = 16, 32. Finally, in the case
C = 1/

√
2, the method provides solutions just for N = 4, with

ps ∈ [0.21, 0.36]. On the other hand, in this case, the maxi-
mum radiation efficiency attains its best value corresponding to
0.94. Moreover, the case C = 1/2 provides a quite satisfactory
maximum efficiency close to 0.90, while, as expected, for
smaller coupling values the efficiency decreases, being approx-
imately equal to 0.28 when C = 1/10. In general, this random
investigation of the convergence confirms that the algorithm
presents some limitations just for high values of the coupling
coefficient, while it always provides a solution in the main
part of the C domain. This confirms the applicability of the
developed method to many BFN design problems relying on
the Blass network and requiring simplicity of implementation.

V. CONCLUSION

In conclusion, a novel Blass matrix design strategy has been
proposed to enable ALAs to generate multiple independent
beams. The technique relies on the adoption of an identical
directional coupler and an iterative procedure for determining
the phase shift values. The method has been successfully
applied to antenna pattern generation problems, allowing for
the radiation of arbitrarily oriented beams with null constraints
while maintaining very low CPU times and ensuring accurate
beam pointing. As a proof-of-concept, the feasibility of the
proposed approach has been experimentally verified through
the fabrication of an array-BFN system using PCB technology,
providing a comprehensive and cost-effective solution for
multibeam antenna design.
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