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Abstract

This article proposes a novel approach to implementing the 3-beam Nolen matrix (NM) using a
compact planar six-port regular hexagonal coupler for multibeam applications. Compared to
conventional NM designs, this design could significantly reduce the size of the matrix by using a
regular hexagonal coupler. The six-port hybrid coupler is composed of two hexagons and a series of
transmission lines connecting them. The power at each output port can be controlled by the
impedance of the transmission lines. To verify this, two six-port couplers with the power division
ratios of 1:1:1 and 1:2:1 are designed. The transmission coefficient of the first design is s + 03s dB.
The return loss exceeds 20 dB, while the amplitude and phase fluctuations are within 0.9 dB and
14°, respectively, across 2.28-2.61 GHz. In addition, the return loss and isolation of the second
design are better than 13.6 dB, while isolation is greater than 15.8 dB across 2.3-2.6 GHz. The size
of these two six-port regular hexagonal couplers is both 259 x 0372, where o7, represents the side
length of this hexagonal shape, respectively. Furthermore, two prototypes are introduced to
demonstrate the simplicity and effectiveness of the proposed approach in implementing both equal

and unequal power division beamforming networks, while maintaining excellent RF performance in a
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l. Introduction

BEAM-FORMING networks (BFNs) play a crucial role in modern wireless communication systems,
particularly in multiple-input multiple-output (MIMO) and multibeam antenna applications [1], [2].
Among various BFN architectures, the Nolen matrix (NM) has emerged as a significant solution,
offering unique advantages in terms of flexibility and performance [3], [4]. The NM architecture
traditionally consists of directional couplers and phase shifters arranged in a specific topology that
enables the synthesis of desired beam patterns [5]. Unlike its counterparts, such as the Butler matrix
(BM) [6], [7], [8], [9], [10], [11], [12] or Blass matrix [13], [14], [15], the NM offers greater flexibility in
terms of the number of input and output ports, making it particularly suitable for asymmetric beam-
forming applications [16]. This flexibility allows for customized power distribution and phase

relationships between different ports, enabling sophisticated beam-steering capabilities and pattern
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synthesis [17]. However, NM implementations often face challenges related to circuit complexity,
size, and performance fluctuation due to the cascaded arrangement of multiple couplers and phase

shifters.

To simplify the NM architecture while maintaining or enhancing its beam-forming capabilities, efforts
have been made in previous works. For instance, vertically installed planar couplers with 180° phase
difference are presented in [18] and [19] to replace traditional planar structures. This vertical
mounting approach effectively reduces the footprint of the NM, enabling more compact designs.
Designs will be bulky as multiple layers are adopted. In [20], a new type of couplers integrates the
functionalities of both couplers and phase shifters into a single component, which offers a significant
advantage over conventional designs. This combination of coupling values and phase differences
enables a significant reduction in the number of required phase shifters, resulting in a compact
overall size of o.esx x 0.5% . Building upon this approach, researchers in [21] extended the concept to
develop two distinct sxs BFNs, providing five-beam and six-beam options, respectively. A further
advancement in miniaturization is presented in [22], where researchers achieved even more size
reduction through the complete integration of phase shifters within hybrid couplers. Extending to the
second plane, a 2-D one-body multibeam NM was presented in [23]. These advanced
miniaturization approaches in NM designs mark a significant leap from the contribution of single key
components to the integration of two or more components into one hybrid coupler. Although these
designs achieve integration and size reduction, they suffer from high design complexity and

implementation challenges in nonplanar structures, which limit their scalability and practicality.

To further address the size issue, another approach is to replace a three-way NM with a six-port
hybrid coupler by integrating all four-port couplers, hybrid couplers, and phase shifters. A dual-layer
three-way directional coupler is implemented as a sxs BFN to provide orthogonal three-beam
switching capability [24]. Due to the necessity of jump lines, it cannot be realized in a planar
structure. In addition, the three-way couplers are essential building blocks for extending larger BM,
serving as key components for power division and phase control in expanded beamforming
networks, such as sxs, 6xs, and sxe BM [2], [25], [26], [27], [28], [29]. Expanding on this idea,

researchers in [26] proposed a sxs BFN capable of generating six beams based on the three-way
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directional coupler. Similarly, [27] describes the topology of a modified sxs BFN that uses a three-
way directional coupler to generate five beams. While this design achieves an overall size of

1230 x L7, IS NONplanar structure remains a significant drawback. In addition, several studies have
explored the use of substrate-integrated waveguide (SIW) technology to implement three-way
directional couplers [2], [28]. These SIW-based couplers are designed for different application
scenarios compared to microstrip line structures. Similarly, the ¢x¢ ridge gap waveguide (RGW) BFN
is realized by aluminum alloy 3F printing technology [29]. However, their larger dimensions make
them less suitable for multiple utilizations as core components in complex BFNs, particularly in

space-constrained applications.

In this article, a novel compact planar six-port hybrid coupler is proposed to replace the sxs NM with
the same magnitude and phase features. Compared with existing three-way coupler designs in the
literature, this work has unique advantages of compact size, low loss, and simple configuration. This
work represents a substantial extension of the previous conference paper [11]. Our conference work
employed additive manufacturing to realize a 3-D BM for size reduction. This work advances that
concept by introducing a compact six-port hexagonal coupler to replace the conventional axz NM,
achieving miniaturization with a uniplanar PCB implementation. The main contributions of this work

can be summarized as follows.

1. Acompact planar six-port hexagonal coupler is proposed to replace the conventional sx3 NM
with over 70% size reduction.

2. Asystematic design theory and explicit formula set are developed, providing clear design
procedures that enhance applicability and reproducibility.

3. Two prototypes with equal and unequal power ratios are designed and validated, demonstrating
flexibility for varied beamforming needs.

4. The proposed simple configuration provides huge potential for integration into both large-scale

and compact beamforming systems.

The rest of this article is organized into four sections. Section Il outlines the working principle and
topology development of the proposed planar coupler. Section Il details the design of two key

components: the equal and unequal power ratio six-port coupler. Section IV covers the fabrication,
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measurement, and discussion of the planar six-port coupler. Section V summarizes the contributions

of the work and discusses future perspectives.

Il. Proposed Topology of Six-Port Coupler and Analysis

A convenient topology of the uniplanar sxs NM is shown in Fig. 1(a) [23], which is a third-order
structure, including a 1.77-dB coupler, a pair of 3-dB couplers, and three phase shifters. Each
coupler typically generates a quadrature phase difference. When the input ports (Ports 1-3) are
individually excited, the signal splits equally among Ports 4—6. The three phase shifters introduce
appropriate phase shifts of 180°, 90°, and 90°. Considering the initial phase of the first column
element normalized to the reference phase, the sx3 BFN transmission can be expressed, using the

elementary determinant transformation, as

1 1 1
Tam= |1 3% &% |. )
1

Fig. 1. Topology of (a) traditional uniplanar sxs NM topology. (b) Proposed BFN using a six-port
coupler.
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The phase difference between any element in each row and the neighboring subsequent element is

0°, 120°, and —120°, respectively. To reduce the effort in components and improve the integration of
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BFN, couplers and related phase shifters are integrated into hybrid couplers. Further up, the
proposed topology of BFN is presented to simplify the constitution of the sxs NM. As illustrated in Fi
g. 1(b), the proposed circuit only includes one six-port component, thereby eliminating two couplers
and three phase shifters compared to the traditional sxs NM. To accommodate the hexagonal
structure of the six-port coupler, the input ports (Ports 1-3) and output ports (Ports 4—6) are no
longer symmetrically distributed on the left and right sides. Compared to the conventional NM, the

components are reduced from six to one.

The following phase distribution is exhibited by a six-port coupler with a centrally symmetric regular
hexagonal structure:  zss = /8u = 256 = 61,280 = 280 = £8u = 250 = /8s = 28s =, @Nd equal amplitude

1S4l = 1821 = 1S5 (i=4, B, or 6). The scattering matrix of the proposed :xs BFN with input Ports 1-3 and
output Ports 4—6 can be expressed as

5= [AOT g] (@

where o is the z2xz zero matrix, and

P eI eier
A= |eit eder o | . 3)

461 eler eler

The lossless condition v=s.s+ can be used to derive the following equation [24], where s+ denotes

the Hermitian transpose of s:
Up = %(1 + iy ¢ ej(“"_o‘)) =0. 4

While the condition ¢.—e. = +2+/3 is fulfilled, (4) is valid. However, this result does not meet the phase

distribution of (1). For a satisfied output phase, change s =4, +¢. to fulfill the following conditions:

4541 — 4551 = 4351 — 4551 = :‘:2?‘”
L8y — L8532 = £S5 — £LSe2 =0 (5)

2
LS4y — L8535 = £853 — LSe3 = :FT‘”

gives
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2 (6)
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1 1 1 |. ()]
1
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Similar to (1), the phase difference between each element in a row and its adjacent subsequent
element is —120°, 0°, and 120°, respectively. By introducing the extra phase . at Port 6, the
proposed six-port hybrid coupler realizes the function of a sxs NM for multibeam scanning. As a
result, the number of components can be reduced from six to one, significantly simplifying the

complexity of the uniplanar six-port hybrid coupler.

lll. Design of Six-Port Hexagonal Couplers

Based on the above analysis, this section will introduce two designs of six-port couplers with equal
and unequal power division. The proposed six-port coupler consists of two regular hexagons with
overlapping centers and connecting branches between them, as shown in Fig. 2. The power at each
output port can be controlled by the impedance of the transmission lines so that unequal power
division among output ports can be realized. This section will present explicit equations utilizing the
even- and odd-mode analysis to determine the relevant parameters according to a given power
division ratio. The uniplanar six-port hexagonal couplers are designed at the center frequency of
2.45 GHz, using RO4350B substrate with a dielectric constant of 3.48 and a loss tangent of 0.0037
at 10 GHz. The conductor layer is made of copper with a thickness of 0.018 mm and a gold-

immersed surface.

Fig. 2. Schematic of the proposed six-port hexagonal coupler (for simplicity in analysis, the extra
phase . at Port 6 has been omitted).
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A. Theoretical Equation

As seen from Fig. 2, z, and 4, refer to the unilateral resistances and electrical lengths of the

outermost ring hexagon, respectively. z; and s; are the unilateral resistances and electrical lengths of
the inner regular hexagon ring, respectively. The impedance and electrical length of the intermediate
connecting branches are divided by z. and ¢.. Considering the network’s symmetry and combinatorial

excitation characteristics, electric and magnetic walls are added to the network. As shown in Fig. 3,
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depicting branch equivalent circuits, the six-port network is converted into several single-port or dual-
port subnetworks. According to [30], for the input reflection coefficient r; (including r.., Teerw , and r..)

can be expressed as

_1-Yi%
L= v ®)

Fig. 3. Partial equivalent circuits of the six-port hexagonal coupler with different excitation: (a) Odd—
odd—odd, (b) even—even—even, (c) odd—even, and (d) even—even.

(a) (b)

(c) (d)
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Here, v, including r..r..x.., and v., represents the input port admittances of the equivalent circuit,

and z is the impedance of the six ports. According to Fig. 3(a), the input admittance r... is obtained as
Yooo = —jZiAcotOA. 9)

In Fig. 3(b), it is considered as two secondary open circuits separated by a magnetic wall because it

features a symmetric single-port network. Then, the input admittance r... is expressed as

_ 2(ZAYm1 + jtan6y)
Zp(1+ Z4§Ym tanby)
. 2ZB+ZCtan€Bcot%’l
Ym1 =

J P .
275 (Zocot & — 2Zptan05)

(10)

eee

(1)

The input admittance v.. in Fig. 3(c), representing a two-port r-type network, can be determined by

_ 4cos20y — ZpYpmasin20, — 3

- Zasinfy (ZAYmgsi.neA - 20089,;)

1 Zp(1—2cosbg)cosfp+ Zgsinfpsinfo
" Zg Zosinfccosbp — Zg (1 — 2c0800)sinbp

Y. (12)

Y2 (13)

The asymmetric two-port network, shown in Fig. 3(d), is a key component of the overall structure.
Following the node-analysis method outlined in [31], the even-even mode characteristic admittance

v.. is derived as (14)—(18) shown at the bottom of this page.

Y - Yong (1+2c05204) + Zajsind4 [YinsYins + 20504 (Vs Vs — V25) ] 1)
“ Zasin?, [Z4 (Y25 — YisYms) + 27¥mg cot 04]
1

Vg = (15)

Y ZpsinfpcosOc + Z¢ cosOpsinbfc

Yos = (16)

’ Zysinfcos0p+2Zgcosfysinfp
_ ZpcosfBpcosOc — Zosinfgsin ¢ 7)
7 Zp(Zpsin@pcosfc + Z¢ cosfpsinbc)
2ZBCOSQACOSOB - ZASi.noAsi.uog
“2Zp(Zasinb4cos0p+2Zpcosfsinfp)
Zccosbp (cosoc — ta.n%’l si.nﬁg) — Zpsinfp (si.nac + tan %ﬁcos 0(;)
J

Yos =

Yo =

(18)

Zo (Zpsinfpcosbo + Zg cosfpsinfe)

In addition, the six-port hexagonal coupler under consideration comprises two regular hexagonal
rings sharing a common center point. Branch lines connect the outer vertices of the inner hexagonal
ring to the inner vertices of the outer hexagonal ring. Therefore, the following relationship can be

obtained:

64 = N8
{og = (21\? —1)8¢ (19)
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where the w is a rational number close to 1.

Then, the s-parameters of the six-port coupler can be expressed as

Su = %(Pm + 2L0¢ + 2Fee + Lece) (20)
S = Su = %(rm —Too— Tes + Tect) (21)
Sy = Se1= %(r.m — Toe+Too — T) (22)
S5t = 3 (Tooo — 2Las + 20 — Tes). (23)

Substituting (8)—(18) to (20)—(23), relevant parameters can be found to meet the expected
performance metrics of the six-port regular hexagonal coupler. These metrics include ideal input
return loss and port-to-port isolation, controllable output power-division ratio, and the predetermined
phase difference between three output ports. In addition, the performance characteristics of the other

ports are similar to those of Port 1 due to the reciprocity of the proposed six-port circuit.
B. Design of Equal Six-Port Regular Hexagonal Coupler

This section aims to design a six-port regular hexagonal coupler with equal power division at output
ports (1:1:1) and phase difference of -120°, 0°, and 120° when three inputs are excited, which is the
same characteristics as the normal NM. Based on the theoretical analysis and the symmetrical
characteristics outlined above, the parameters in the six-port coupler depicted in Fig. 2, namely,
74,9475, Z¢, @Nd n, can be obtained. In order to simplify the design process and constrain the physical
dimensions, the values of z, and ¢, (s02 and 55° are typically employed in a conventional ring coupler)
are fixed in advance in the proposed designs. This makes it possible to derive the remaining

unknown parameters.

Fig. 4 illustrates the design diagrams for zs and z at the center frequency with ~=1. To achieve the
target power division, where [sul.issl, and 1| approximate —4.77 dB, the required impedances of z,
and z fall within the ranges of 68—2q and 26—z, respectively. By referencing the return loss curve,
the value of zz and z. for the six-port coupler with NM matrix functionality are identified as 70 and so ¢,

respectively.
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Fig. 4. Design diagrams/AQ3] of the proposed coupler with different z, and z.

-2t

51

5.l (dB)
1S, | (WR)

To quickly verify the calculated results, the derived parameters were implemented in ADS for
simulation. The comparison result between calculated and simulated s-parameters at 2.45 GHz is
provided in Fig. 5(a). Based on the calculated electrical parameters and the RO4350B substrate
properties, the corresponding physical dimensions were derived to form the initial coupler layout. To
account for practical structural effects, including discontinuities at r-junctions and parasitic coupling
between transmission lines, the layout was further optimized through rigorous full-wave

electromagnetic simulations using CST. The final simulated performance is presented in Fig. 5(b).
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The return loss and isolation exceed 21 and 20.7 dB, respectively, across the 2.28-2.61-GHz band.

In addition, the transmission coefficient remains within s + 03 dB, while the phase differences at Port

1 are maintained at -120°+9°.

Fig. 5. Performance of the proposed coupler with equal power division. (a) Comparison results
between the calculated and ADS. (b) Simulated results in CST with extra phase ., at Port 6.
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C. Design of Unequal Six-Port Regular Hexagonal Coupler

While the aforementioned equal-power-division six-port coupler demonstrates ideal performance in
theoretical analysis and for symmetric applications, an unequal power division is often advantageous
in practical scenarios. To broaden the coupler’s applicability and improve its measurement accuracy
under such asymmetric conditions, the design methodology is extended from the equal power-
division case to the unequal one. The foIIowing section details the systematic design procedure

for achieving an arbitrary power division ratio.

The arbitrary power division of the six-port hexagonal coupler will be obtained by (20)—(23). And the
related output phase difference is calculated by (3)—(6). In this section, another six-port hexagonal
coupler is realized based on a similar structure and the aforementioned method. According to the
same initial conditions, z.=ea and ¢, =55, a six-port hexagonal coupler with the power division of
1:2:1 is targeted. The analysis of the equal-power-division case, as illustrated in Fig. 4, reveals the
relationship between the impedances z and z;, and performance metrics. Specifically, the output
power at Port 5 decreases as z increases and increases as z, decreases, respectively. Similarly, the
output power at Port 4 increases as z. increases and decreases as z; decreases, respectively.
Leveraging this insight to simplify the design process, the value of z is fixed at soa. Subsequently,
the remaining unknown parameters, z: and ~, are calculated to satisfy the desired power division.
When the value of z,,6., and z is ensured, it is easy to obtain the design diagrams for the unequal-
power-division coupler with the variable z; and ~. The following steps for calculating specific values

are similar to those outlined in the aforementioned section and will not be repeated here. Finally, the
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value of z; and ~ for the six-port coupler with a 1:2:1 power division are identified as s0e and 1.22,
respectively. And the comparison result between calculated and simulated s-parameters at 2.45 GHz

is provided in Fig. 6 to validate the design process.

Fig. 6. Comparison between calculated and simulated performance of the proposed coupler with
unequal power division.
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The design of both equal and unequal-power regular hexagonal six-port couplers can be obtained

through the following steps.

1. Set an arbitrary power division and output phase division as the specific design goal. Based on
these phase requirements, the electrical lengths of the special transmission lines are calculated

using the design equations in (3)—(6).
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2. Predetermine key initial parameters based on conventional values or previous analysis to
constrain the design space and simplify the problem. For instance, z, and s, are set as initial
values. » may be initialized to 1.

3. Plot the design diagram of the variable z; and z, according to (8)—(23). Then, find the
relationship between the variable and the performance metrics. Determine the value of the z,
and z. with the aim of power division. Subsequently, the final dimensions may be adjusted by .

4. Build the electromagnetic model and find its physical dimensions by the calculated electrical
parameters based on the chosen substrate’s properties. This forms the initial physical layout of
the coupler.

5. Conduct a simulation of the EM model in a full-wave simulation software tool, such as CST.
The structure is then rigorously optimized to account for practical structure effects, such as
unavoidable discontinuities at r-junctions and parasitic coupling between transmission lines.

This ensures the final design meets the required specifications with high accuracy.

IV. Experiment and Measurement Result

To validate the proposed design, two six-port regular hexagonal couplers operating at a center
frequency of 2.45 GHz are implemented and tested: one with equal power division and the other with
unequal power division. A Keysight vector network analyzer (N5225B) is employed to measure the s-
parameters and output phase differences of the following prototypes. As illustrated in Fig. 7(a), the
final dimensions of this six-port regular hexagonal coupler are given as follows: 1, =2426 mm, 1,, =11.64
MM, &, =10 MM, w, =156 MM, ». =07 MM, and ., =238 mMM. The length of the phase delay line used to
introduce a 120° phase difference is 23 mm. The comparison of simulated and measured results is
presented in Fig. 8. According to Fig. 8(a) and (e), the simulated return loss and isolation are better
than 21 and 20.7 dB from 2.28 to 2.61 GHz, respectively. The measured return loss and isolation
are greater than 21.6 and 18.8 dB from 2.28 to 2.61 GHz, respectively. According to Fig. 8(b)—(d),
the simulated transmission coefficient is s + 0.3 dB within the operating band. And the measured
transmission coefficient of Ports 1-3 is 5 + 09 dB, 5+ 0% dB, and s + 06 dB within the operating band,
respectively. According to Fig. 7(f)—(h), the simulated phase differences are -120°x¢, 0- 21172, and

1200+9°. T he measured phase differences are -120°+10°, 0°+ 14, and 1200+ 11° from 2.28 to 2.61 GHz. The
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measured results align closely with simulations, demonstrating the robustness of the symmetric
design. The high phase error is primarily caused by the simple phase delay line. This error can be

minimized by using a phase shifter with a precise phase difference.

Fig. 7. Prototype of the six-port regular hexagonal coupler. (a) With equal power division. (b) With
unequal power division.

IST: 2025-12-09: 5:41:42 FM ** For reference only, this track pdf was created by the online proofing system Page 19 of 36



LLETFS

Fig. 8. Simulated and measured results of the proposed coupler with equal power division. (a)
Reflection coefficient. (b)—~(d) Transmission coefficient. (e) Isolation. (f)~(h) Output phase difference.
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For the unequal power division case, another prototype of the six-port hexagonal coupler operating
at a center frequency of 2.45 GHz with unequal power division is also implemented and measured.
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The final dimension of this BNF is shown in Fig. 7(b): w..=252 mm, 1., =1455 MM, 1 =778 MM, we: =1.39 MM,
wa =11 MM, and . =251 mm. The length of the phase delay line used to add a 120° phase difference
is also 23 mm. The comparison of simulated and measured results is shown in Fig. 9. According to F
ig. 9(a) and (e), the simulated return loss and isolation are better than 12.7 and 16.95 dB from 2.3 to
2.6 GHz, respectively. The measured return loss and isolation are better than 13.6 and 15.8 dB from
2.3 to 2.6 GHz, respectively. According to Fig. 9(b)—(d), the simulated transmission coefficient is

37+ 03 B and 61 + 037 dB within the operating band. The measured transmission coefficient is 3.7 + 1
dB and .1 + 0s dB within the operating band, respectively. According to Fig. 9(f)—(h), the simulated
phase differences are -i20°+10°, 0°+20°, and 120 + 10>. The measured phase differences are -0 +10°,

oo +23°, and 120+ 14° from 2.3 to 2.6 GHz. The significant error is mainly attributed to the basic phase
delay line, which can be minimized by employing a phase shifter with a precise phase difference.
The unequal power ratio design exhibits slightly degraded performance compared to the symmetric
case, particularly in phase consistency, due to the inherent complexity of nonuniform power
distribution. Furthermore, the restrictions on bandwidth, isolation, and insertion loss will increase as

the power allocation ratio becomes more extreme.

Fig. 9. Simulated and measured results of the proposed coupler with unequal power division. (a)
Reflection coefficient. (b)—(d) Transmission coefficient. (e) Isolation. (f}-(h) Output phase difference.
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The simulated normalized radiation patterns of a 1xs array at 2.45 GHz with element spacing of half

wavelength fed by different six-port couplers are shown in Fig. 10. As shown in Fig. 10(a), the beam

scan angles are —37°, 0°, and 37° for Ports 1-3, respectively. Similarly, the beam scan angles are

36.8° 0°, and 37° for Ports 1-3 in Fig. 10(b), respectively.

Fig. 10. Simulated normalized radiation patterns of a 1xs array at 2.45 GHz with element spacing of

half wavelength fed by different six-port couplers. (a) Coupler with equal power division. (b) Coupler
with unequal power division.
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The detailed comparison between these two six-port hexagonal couplers and other works on axa
BFN or three-way couplers is presented in Table I. Most reports, which typically exhibit equal power
division ratios, involve nonplanar structures consisting of coupling lines, striplines, and SIW
structures. [16], [18], [20] describe cascaded structures comprising either equal or unequal power
division couplers and phase shifters with precise phase differences. These configurations offer the
advantages of wideband and outstanding phase fluctuation but are constrained by their large size
and complex design requirements. Compared to previous works, the primary innovation of our design
is the implementation of each sxs BFN using only a single compact hexagonal coupler. Furthermore,
in contrast to similar three-way directional couplers in [24] and [28], the proposed designs feature a
fully uniplanar structure. The size of these two six-port regular hexagonal couplers is both 2.59 x 0.3722,
where o7, represents the side length of this hexagonal shape, respectively. The insertion loss is
lower due to the compact size; however, the unequal power distribution introduces extra loss in
design Il. Overall, the results demonstrate that the proposed six-port hexagonal couplers achieve a
balance between compactness, planar integration, and performance, making them suitable for large-

scale BFN topologies and compact, scalable beamforming systems.

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf
presentation of the table, please view the ‘PDF’ tab.
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TABLE | Comparison With Other Similar Works With a sxs BFN Function

FR IL AF PF BW

. 0 3
Ref (GHz) Structure PDR Planarity CNB @B) (dB) (deg) (%) Size ()
[16] (Sim.) 2.2 Stripline Equal Not planar 6 0.33 0.7 10 45 NA
. . 0.35%0.45x0.03
[18] (Mea.) 1.75 Microstrip Equal Not planar 7 22 10 5 46 (4.73x10%)
[20] (Mea.) 3.5 Microstrip Equal Uniplanar 5 0.2 0.5 5 343 4.92x6.6x0.05 (1.62)
[22] (Mea.) 4.05 Microstrip Equal Not planar 5 2 9 5 30 0.75x1.5%0.01 (0.01)
Equal and 5.65%5.65%23.02
[23] (Mea.) 28 SIW Unequal* Not planar 3 0.86 25 12 4.1 (734.9)
. . 0.97x0.87%0.0003
[24] (Mea.) 5.8 Microstrip Equal Not planar 1 0.8 13 14 7 (2.53x10%)
[28] (Sim.) 28 STW Equal  Notplanar 1 0.3 0.7 NA 7.1 1x1.5%0.14 (0.21)
Design 1 . . . 1.46x1.46x0.0006
(Mea.) 245 Microstrip Equal Uniplanar 1 0.23 0.9 14 13 (2.13%10%)
Design 2 1.46%1.46x0.0006

245  Microstrip  Unequal®*  Uniplanar 1 0.7/0.1  1/0.9 20 10

(Mea.) (2.13x10%)

PDR: Power division ratio, CNB: Components number of BFN, IL: Insertion loss, AF: Amplitude fluctuations, PF: Phase fluctuations, BW: bandwidth

V. Conclusion

In this article, a novel six-port hexagonal coupler is presented for multibeam applications. The design
integrates multiple couplers and phase shifters into a single planar structure, greatly simplifying the
conventional NM. Two prototypes with equal and unequal power division were designed, fabricated,
and measured. Both demonstrate excellent performance in terms of transmission, return loss,
isolation, and phase stability. The equal-division coupler provides three output signals with identical
magnitudes, while the unequal-division version enables flexible power distribution for advanced
beamforming. The dimensions of these two six-port regular hexagonal couplers are both 2.0 x 0.3723,
respectively. Owing to its compact size and planar configuration, the proposed coupler is highly
suitable for modern wireless systems such as MIMO and multibeam antenna arrays. Future research
may explore its integration into larger array architectures and further miniaturization to enhance

applicability in next-generation communication networks.
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