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Abstract. In the paper, a wideband 1x3 filtering beam-
forming network (BFN) with extended phase reconfigura-
bility and input-reflectionless feature is presented for the
first time by employing three-way reflectionless power
divider, switched 0°/180° phase shifter (PS), and multiway
polyphase filtering differential phase shifter (D-PS). The
three-way power divider and D-PS provide wideband fil-
tering with high frequency selectivity while ensuring an
input-reflectionless characteristic across the entire fre-
guency range. Six distinct output phase differences (PDs)
can be realized using only three groups of D-PSs in com-
bination with the switched 0°/180° PSs, enabling extended
beam directions without additional phase-shifting compo-
nents added. The designs of the three-way power divider
and D-PS are presented, with the D-PS accompanied by
derivation of equations and parametric analysis for clarifi-
cation. To verify, a prototype is fabricated and measured.
Measurements verify six differential PDs of —120°, —90°,
-30°, 60°, 90°, and 150°. For all six states, the prototype
achieves a 3-dB passband bandwidth exceeding 70% with
|S11] below —10 dB across the entire frequency range. In
addition, the fractional bandwidth corresponding to a +7°
PD error reaches 40%.
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1. Introduction

Multibeam antennas, capable of high-precision beam-
forming and effectively improving spectrum utilization and
coverage, are extensively utilized in wireless communica-
tion and radar systems [1], [2]. The beamforming network
(BFN) is a critical component of the multibeam antenna
front-end, providing excitations with specific amplitude
and phase distributions, thereby generating radiation beams
in different spatial directions [3-7].
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In a multibeam antenna system, the output phase dif-
ference (PD) of the BFN directly determines the beam
directions of the antenna array. A greater number of beam
directions leads to wider coverage and higher positioning
accuracy. For conventional BFNs, such as the Butler ma-
trix and Nolen matrix, the number of output PD states is
limited by the number of input ports. However, increasing
the number of output PD states significantly raises the
circuit complexity and insertion loss (IL). Consequently,
PD-tunable BFNs have become a research hotspot in recent
years, as they can provide more beam directions without
introducing additional components. Common design ap-
proaches include adding tunable phase shifters (PSs) to the
output ports of BFNs [8], or replacing the phase-delay lines
inside the BFNs with tunable PSs [9-11]. Although a full
360° continuous phase shift can be obtained [8-11], they
feature the drawbacks of narrow fractional bandwidth
(FBW) of less than 25% [9-11], and large PD deviation
(> £13°) [8-11], restricting their application for wideband
systems.

To overcome these problems, reconfigurable BFNs
are proposed [12-14]. In [12], a reconfigurable BFN with
eight PDs is constructed by combining asymmetrical 4x4
Butler matrix with single-pole double-throw switches.
Although miniaturization can be achieved, the inconsistent
number of switches in some paths leads to unequal output
power distribution. Moreover, the issues of large IL and
phase delay introduced by switches still need to be im-
proved. Subsequently, the reconfigurable coupler is used to
form the Butler matrix [13], and the number of beams
increases significantly from 2N to 3 x 2N, with good in-
band isolation. However, the PD error is still large (£12°)
and deteriorates rapidly with frequency shift, indicating
that it is not suitable for wideband systems. Then, an ex-
tended Nolen matrix is achieved by a standard 3x3 Nolen
matrix cooperating with the single-pole multi-throw
switch-based PSs [14]. Six different PDs can be obtained
with PD error of lower than £8.5°, but the cascaded struc-
ture increases the overall size.

In addition to the reconfigurable feature, BFNs with
integrated filtering characteristics have received increasing
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attention, as they can provide signal selection and harmon-
ic suppression. In [15] and [16], coupled resonators were
employed to construct filtering BFNs. Although a filtering
response with low IL was achieved, these designs suffer
from a narrow operating FBW of less than 15% and com-
plex multi-layer structures. The work in [17] utilized
a wideband coupler with inherent filtering characteristics to
construct a 3x3 BFN, achieving a 3-dB passhand band-
width of over 50% on a single layer. However, it suffers
from fixed output PDs. Beyond providing filtering re-
sponses, reflectionless circuits offer a key advantage, that
is to absorb out-of-band signals instead of reflecting them
[18], [19]. This feature effectively improves overall system
stability.

This paper presents, for the first time, a wideband 1x3
filtering BFN featuring extended phase reconfigurability
and an input-reflectionless characteristic, which is realized
by a three-way reflectionless power divider, three switched
0°/180° PSs, and a multiway polyphase filtering differen-
tial phase shifter (D-PS). The three-way reflectionless
power divider can offer three in-phase output signals with
equal amplitude distributions, providing the 3-dB passband
FBW of 102%. The multiway polyphase filtering D-PS
exhibits differential phase shift range of 0° ~ 180° under
the 3-dB passband FBW of 76% and RC of 1.38. The
switched 0°/180° PSs enable a total of six output PDs using
only three groups of D-PSs, where significantly improving
the design flexibility and circuit utilization. The measured
results verify six differential PDs of —120°, —90°, —-30°,
60°, 90°, and 150°, with the prototype achieving a 3-dB
passhand FBW exceeding 70%, |S11| below —10 dB across
the whole band, and an FBW corresponding to a £7° PD
error of 40%.

2. Design and Implementation of the
Proposed BFN

Figure 1 illustrates the topology of the proposed 1x3
filtering BFN. It comprises of a three-way reflectionless
power divider, three switched 0°/180° PSs, and a multiway
polyphase filtering D-PS with cascaded switches on both
sides. Specifically, the three-way reflectionless power
divider provides three output signals with equal power and
phase, while ensuring an input-reflectionless characteristic.
The switched 0°/180° PS enables 0° or 180° output phase
by controlling a pair of cascaded switches. Furthermore,
the multiway polyphase D-PS comprises one reference line
and five main lines (PS; — PSs in Fig. 1), which are divided
into three groups: the reference line, PSy3, and PS4 5. Each
group shares input and output ports, and the operating
mode of the PSs is selected by controlling the on/off states
of the paired switches cascaded on both sides.

Table 1 presents all output PD states generated by the
proposed BFN under different switch combinations when
the relative phase shift values between the main lines PS;
—PSs and reference line are 30°, 90°, 120°, 60°, and 180°,
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Fig. 1. Topology of the proposed 1x3 BFN.

State 1 | State 2 | State 3 | State 4 | State 5 | State 6
(=30°) | (150°) | (-90°) (90°) | (=120°) [ (60°)
SW1_0 On Off On Off Off On
SW1_180 Off On Off On On Off
SW2_0 On On On On Off Off
SW2_180 Off Off Off Off On On
SW3_0 On Off On Off On Off
SW3_180 Off On Off On Off On
Sw4 On
SW5 On Off Off
SW6 Off On Off
SW7 Off Off On
SW8 On Off On
SW9 Off On Off

Tab. 1. Relationship between output phase differences and
P-i-n switches.

respectively. It can be observed that, by employing the
switched 0°/180° PSs, a total of six output PDs (-120°,
—-90°, -30°, 60°, 90°, and 150°) can be achieved using only
three groups of PSs. Subsequently, according to (1), when
the spacing between adjacent elements in antenna array is
0.5/, the radiation direction 6y of the antenna array are
-41.81°, -30°, —9.59°, 19.47°, 30°, and 56.44°, separately.
Here, o and d denote the PD and spacing between adjacent
elements in the antenna array, respectively, 2 is the wave-
length in free space. If other radiation directions are
needed, the main lines with other phase shift values can be
selected. Furthermore, the number of output ports can be
extended by cascading power divider and employing une-
qual power distribution design method.

Oy = arcsin (a—/1j 1)
2nd

The designs of the three-way reflectionless FPD and
the multiway polyphase filtering D-PS are presented in the
following, which contribute to the wideband filtering and
input-reflectionless characteristics of the BFN. The
switched 0°/180° PS is implemented using a slotline transi-
tion structure [20], [21].

2.1 Design of the Compact Three-way
Reflectionless Power Divider
Figure 2 gives the schematic of the three-way reflec-

tionless power divider, which consists of a five-coupled-
line section, three isolation resistors (R; and Ry), and a pair
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of absorptive branches. Each branch comprises an absorp-
tive resistor Rs and a short-circuited stub with characteristic
impedance Zs. In addition, the electrical lengths of the five-
coupled-line (#) and the short-circuited stubs (6s1) are both
90°. The five-coupled-line, which is symmetric about the
horizontal centerline, can be analyzed as an asymmetrical
three-coupled-line (TCL) structure using the even-odd
mode decomposition method [18]. After analyzing, the
circuit parameters of the designed power divider are as
follows: Z,a=38Q, Zppw=33Q, Z,c=60Q, AZ=100Q
(AZ =Zea— Zoa= Zet- Zob = Zec — Zoc), Zs= 80 Q, R1 =130 Q,
R2= 200 Q, R3= 63 Q.

Figure 3 exhibits the S-parameters of the three-way
reflectionless power divider. As seen in Fig. 3(a), the |Su]
remains below -10 dB across the entire band, which is
corresponding to the absorption rate (  =1-10/%//) of the
reflected signal is up to 90%, demonstrating the input
reflectionless characteristic is achieved. Furthermore, the

Fig. 2. Schematic of the compact three-way reflectionless
FPD.
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Fig. 3. Simulated results of the proposed three-way reflection-
less power divider. (a) Input reflection coefficient and
transmission coefficient. (b) Output reflection coeffi-
cient and transmission coefficient.

transmission coefficients |Sz|, |Ssi1|, and |Sa1| each exhibit
two transmission zeros (TZs), with a 3-dB FBW of 104%
(1.01 GHz ~ 3.09 GHz). As displayed in Fig. 3(b), it also
exhibits the good isolation and output impedance matching
within the range of 1 GHz to 3 GHz.

2.2 Design of the Multiway Polyphase
Filtering D-PS

The schematic of the proposed filtering D-PS is
shown in Fig. 4. The reference line comprises of two iden-
tical asymmetrical TCL sections and a coupled-line (CL)
connected between them, forming a multiple-mode resona-
tor with filtering response. The two types of CLs have
even-/odd-mode impedances of Zs & Z,i (i = 1, 2, 3) and
Zec1 & Zoc1, respectively. The electrical lengths of all CLs
(61 and 6,) are 90°, as illustrated in Fig. 4(a). Based on the
reference line, two identical delay lines are cascaded on
both sides to construct the main line, which has an electri-
cal length of 6. and characteristic impedance of Z,. Conse-
quently, the relative PD between the main line and refer-
ence line is —26,. Thus, the phase shift range of the
proposed D-PS can cover [0, 180°] when the electrical
length of delay line &, varies from 0° to 90°.

Next, the proposed filtering D-PS is analyzed using
the current-voltage method. As illustrated in Fig. 4, the
structure can be regarded as a cascade combination of
multiple two-port networks. Equation (2) presents the
ABCD-matrices of these networks, where Zm, (m, n = 1, 2,
..., 6) denotes the elements of the Z matrix for the asym-
metrical TCL [18], and z; (i, j = 1, 2, 3, 4) represents the
elements of the Z matrix for the CL [22].

[M ]:i Zii ZuZpn—Z1Zn| (a=1,5), (2a)
ozl Z '

M ]:i Zp ZuZn=ZHZu| (b=3,7), (2b)
! A
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Portlo o Port 2

@

Zet, Zoa, Zes, Zos, Zes, Zos, 01
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Fig. 4. Schematic of the proposed multiway polyphase
filtering D-PS. (a) Reference line. (b) Main line.



352  Y.ZHANG, H. LIU, Y. MENG, ET AL., A WIDEBAND 1 X3 BEAMFORMING NETWORK FEATURING INPUT-REFLECTIONLESS ...

[MC]:irl'l 21'12'22_21'22'21] (c=2,6), (20
| 1 Zy
7 i
M,]=| _(:osee1 jZ,sin6, (2d)
jsiné,/Z, cosé,
where
21,1:Xzz_(xzs‘xze)(xsz—xsz), (3a)
Xs5 — Xog — X5 + Xep
erz:x24_(X25_X26)(X54_X64)’ (3b)
X5 — X6 = X5 + Xgg
Z5 = X, _(X45 —Xg6)(Xsp — Xez), (3¢)
X5 — X6 = Xg5 T Xgg
Zéz:X44_(X45_X46)(X54_x64), (3d)
X5 — X — Xg5 + Xgp
an:zmn_M, (m,n:1,2,-~~,6), (3e)
Ly
- (231—241)(213—214) . (232—242)(213—214)
=1 - v lp =1y -

I3~ 134 =23+ 1y Loyg—Ly—Lyz+Zy
;o (231—241)(223—224) ;o
In=1Iyn- v Ly =1y~
I3~ Z34 —Ig3F 2y

Zy3—Z34 — I3 1 2y
4)

Based on (2)-(4), the S-parameters of the reference
line and main line can be derived and are expressed in (5).

11=A1+Bl/ZO_ClZO_D11821= ? ,
A+B,/Z,+CZ,+ D, A+B,/Zy+CZ,+D,
(5a)
33:A2+Bz/zo—czzo—D2’ . 2 ’
A +B,/Z,+C,Zy+D, A, +B,/Z,+CyZy+D,
(5b)
AD = /S5 £S,, (5¢)
where
Mgef ='V|1|V|2'V|3={é:'L Eﬂ (6a)
Mmain = MyMsMgM7M, :{éz Ez} (6b)
2 Do
0, =
1[N 2 N 2 N 2
W{§|511(1°i)dB—10| +§|821(fi)d816| +§|4321(fi)¢5| }

(@)
Since the frequency response over a wide bandwidth needs
to be considered, and the number of circuit parameters
exceeds the number of equations, the particle swarm opti-
mization (PSO) method is utilized to obtain the optimized
circuit parameters. Firstly, the center frequency fo, trans-
mission coefficient k, bandwidths and range of character-
istic impedances are determined. Secondly, specific toler-
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Fig. 5. The optimization flowchart of the PSO.

ances are assigned to the S-parameters according to the
requirements, such as the amplitude imbalance ¢ of in-band
transmission coefficient is less than 0.5 dB. The expression
of the objective function Oy is shown in (7). The design
objectives are as follows: the 3-dB passband bandwidth
and the 10-dB impedance bandwidth for both the reference
line and main line should exceed 70%, and the +5° PD
bandwidth should be greater than 40%. Figure 5 shows the
optimization flowchart of PSO.

Taking a phase shift of A@ =45° as an example,
where 6, is 22.5°, a corresponding set of circuit parameters
can be obtained: Zo1=25Q, Zx=30Q, Z;3=30Q, AZ1=
125Q (AZi1=Ze1—Zon=Zep— Zop=Zea~ Zo3), Zoa=25Q,
Zos =30 Q, Zos =50 Q, AZz =160 Q (AZz = Ze4, Zo4 =
Zes— Zos= Zes— ZOG), Z2=50 Q.
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Fig. 6. Theory results of the proposed filtering D-PS.
(a) S-parameters. (b) Phase difference.
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To validate the phase shift range and filtering feature
of the proposed multiway polyphase D-PS, Figure 6 dis-
plays the performances of the reference line and the main
lines with different differential phase shifts. It can be ob-
served that all D-PSs exhibit wide 3-dB passband band-
width and wide 10-dB impedance bandwidth exceeding
70%, and the overlapped FBW of the filtering D-PS corre-
sponding to PD values of -45°+2°, -90°+3°, -135°+4° and
-180°+5° exceeds 45%.

Then, the circuit parameters of the reference line and
main line that have significant impact on circuit perfor-
mance are analyzed. For clarity, AZ; and AZ; are defined as
the differences between the even- and odd-mode character-
istic impedances of the asymmetrical TCL and CL in refer-
ence line, respectively. As exhibited in Fig. 7(a), both AZ;
and Zgs influence the impedance matching. As they in-
crease, the 10-dB impedance bandwidth initially widens
before decreases. In addition, Z,, affects both reflection
coefficient and transmission coefficient. As displayed in
Fig. 7(b), the 10-dB impedance FBW improved from 14%
to 71% when Z,; increases from 10 Q to 30 Q, while de-
creases to 42% when Zy, continues to increase to 40 Q. As
exhibited in Figs. 7(c) and 7(d), the parameters of CL have
a more obvious impact on the overall performance. As AZ;
or Zoq increases, both the 3-dB passband bandwidth and
10-dB impedance bandwidth first widen and then degrade.
Moreover, the parameters affecting the PD bandwidth in
main line are also investigated. As shown in Fig. 7(e),
increasing either Z, or AZ, causes the slope of the PD to
first flatten and then steepen, resulting the PD bandwidth
that first widens and then narrows.
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Fig. 7. Effects of (a) AZy & Zgs, (b) Zoz, (¢) AZy, (d) Zoei,
(e) Zos & AZ4 on the performance of the D-PS.

3. Implementation and Measurements

To validate the design, a 1x3 filtering BFN prototype
operating at 2 GHz was manufactured on a Rogers 4350b
substrate, which has & of 3.48 and height of 1.524 mm.
Next, the proposed BFN is modeled and optimized in An-
soft HFSS, and the overall simulated results can be ob-
tained by combining the diode model in ADS. Figure 8
gives the layout with physical dimensions of the fabricated
prototype, as well as photographs of it. The prototype oc-
cupies an area of 163 mm x 158 mm (1.1 Agx 1 Ag). De-
tailed dimensions of the multiway polyphase filtering D-
PSs are provided in Tab. 2. In the implementation, RF p-i-n
diodes SMP1345-079LF are used as switches. It is noted
that the section enclosed in purple dashed box corresponds
to the additional multi-resonant absorption branch, which
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provides a reflectionless input signal for the subsequent
stage of the filtering D-PS [19].

Subsequently, the fabricated prototype was measured
using Agilent N5230A network analyzer, and measure-
ments are plotted in Fig. 9. As shown in Fig. 9(a), when
reference line, PS; and PS, are activated, the PDs of -30°
and 150° can be realized by altering on/off states of the
cascaded p-i-n diodes, denoted as state 1 and 2, respective-
ly. These two states exhibit nearly identical reflection coef-
ficients and transmission characteristics.

Reference Line

Physical W,=0.1,W,=13, W, =01, Wy4=45,S,=0.1,S, =
Dimensions 0.3,S.=18,L,=23,L,=22
Phase Shifter 1 (Ap; = -30°)
Physical W,=0.15,W,=1.35,W,=0.2, Wy =47, W, =28, S, =
Dimensions 0.1,5,=0.27,S.=1.6,L,=225,L,=20.8,L. =35
Phase Shifter 2 (Ap, = —90°)
Physical W,=0.15 W, =13, W;=04, Wyg=44W,=3,S,=
Dimensions 0.15,8,=0.17,5.=1.2,L,=225, L, =22,L, =114
Phase Shifter 3 (Aps = —120°)
Physical W,=0.15,W,=1.35,W,=0.2, Wy =4.7, W, = 2.8, S, =
Dimensions 0.1,5,=0.27,S.=1.6,L,=225,L,=20.8,L. =35
Phase Shifter 4 (Ap, = —60°)
Physical W,=0.15 W, =14, W, =02, Wg=4.4, W, =28, S, =
Dimensions 0.1,S,=02,S=13,L,=225L,=21, L. =74
Phase Shifter 5 (Aps = —180°)
Physical W,=0.1, Wy =13, W, =06, Wyg=4.3, W, =24,S,=
Dimensions 0.3,5,=0.1,S.=2,L,=225,L,=21.3,L.=22.6

Tab. 2. Dimensions of the proposed multiway polyphase
D-PSs (Unit: mm).
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Fig. 8. Layout and photograph of the fabricated prototype.
(a) Layout. (b) Partial enlarged view of the layout.
(c) Top and bottom view of the fabricated prototype.
(Wo=3.4 mm, W; =1 mm, W,=1 mm, Wz= 1.2 mm,
W;=1 mm, Ws= 1.6 mm, W= 2.8 mm, W;= 3.2 mm,
Wg = 0.1 mm, We = 1.4 mm, Wy = 0.3 mm, Wy =
0.2mm, S;=0.1 mm, S;=0.2 mm, S3= 0.1 mm, S, =
6.5 mm, Ly=20 mm, L,= 22 mm, Ly =10 mm, Ly =
47.6 mm, Ls= 24 mm, Lg= 21.5 mm, L;= 28 mm, Lg=
20 mm, R;= 4.8 mm, R, = 4.5 mm).

Similarly, the combinations of reference line with PS;
and PSs, and the reference line with PS; and PS4, generate
output PDs of —90° and 90°, -120° and 60°, respectively,
referred to as states 3-6. As displayed in Figs. 9(b) and
9(c), the measured reflection coefficients are below -10 dB
across the entire band, and the 3-dB passband bandwidth
ranges can cover 1.24 GHz to 2.66 GHz. Furthermore, as
displayed in Figs. 9(d) and 9(e), the measured +7° PD
bandwidth exceeds 40%, covering the frequency range of
1.6 GHz ~ 2.4 GHz.

Table 3 presents the comparisons between the pro-
posed and state-of-the-art BFNs. Firstly, the proposed BFN
achieves wideband filtering response with input reflection-
less feature, while others show none of the two feature or
only filtering performance. In addition of this, the proposed
BFN exhibits lower PD error, flatter amplitude imbalance,
and more compact size when compared with the PD recon-
figurable BFNs in [12], [13], and [14]. Moreover, it exhib-
its the widest 3-dB passband bandwidth and can provide
more beams than the filtering BFNs in [15] and [17]. In
this section, the parameters that have major influences on
the FPD are analyzed for better illustration.



RADIOENGINEERING, VOL. 35, NO. 3, SEPTEMBER 2026 355
Num. of I FBW (%) .
Ref. | NeWOrk | “ppase | PRy gy | PG pefiectioness 395 | rc | Numof [ Size
Type ) Function [Suz|<-10dB Layers (g% Ag)
State passband
[12] 4x4 8 +10 2.2+1.8 No No 20 / / 1 28x1.4
[13] 4x4 12 +12 1.8+17 No No 333 / / 1 16x13
[14] 3x3 6 185 | 1.4:0.9 No No 19 / / 1 24x11
[15] 4x4 4 +10 0.7£0.7 Yes No 9.6 75 | 18 3 L4x0.7*
[17] 3x3 3 +5 1.4%1 Yes No 51.4 703 | 126 1 05x05
This | 9,3 6 +7 2.3:0.5 Yes Yes All band 71 1.35 1 11x1
Work

PD: Phase difference; IL: Insertion loss (the losses introduced by switches are included); FBW: Fractional Bandwidth; RC: Rectangle Coefficient =

|BWaoga/BWaggl; *: Estimated value.

Tab. 3. Comparisons between the proposed and other reported state-of-the-art BFNs.
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Fig. 9. Simulated and measured results of the fabricated 1x3

BFN. (a—c) S-parameters on states 1&2, 3&4, and
5&6. (d—e) Phase differences between output ports on
states 1&3&5, and 2&4&6.

4. Conclusions

A wideband 1x3 filtering BFN with extended phase
reconfigurability and input-reflectionless feature is pro-

posed and

experimentally validated. Six distinct output

PDs are realized using only three groups of D-PSs in

a network

comprising a three-way reflectionless power

divider, switched 0°/180° PSs, and multiway polyphase D-
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PSs,

providing wideband filtering, high selectivity, and

input-reflectionless performances. The prototype achieves
a 3-dB passband over 70%, |S11| below —10 dB, and a £7°
PD error bandwidth of 40%. The proposed BFN is
an effective solution for multi-beam antenna systems that
require wideband operation, multiple beam directions, and
high-performance filtering in a compact and flexible
configuration.
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