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Abstract—An innovative reconfigurable beamforming network
concept for multiple high-gain agile and mutually zero-forced
beam generation is proposed. Four-port couplers and variable
phase shifters are used to synthesize the network. A 2 beam by
7 element beam former is designed and fabricated as proof of
concept. A static scenario with the two beams separated by the
approximated array beamwidth is considered in the prototype.
At the operating frequency of 9 GHz, based on the array factor
using the measured scattering parameters, it is demonstrated that
the null levels stay below -37 dB, while the beam weights remain
close to uniform for the best efficiency.

Index Terms—beamforming, interference suppression, multi-
beam antenna, phased array, zero-forcing.

I. INTRODUCTION

Modern communication and sensing systems increasingly
require transmit/receive antennas capable of generating mul-
tiple simultaneous agile beams to provide desired cover-
age, angular resolution and spectral efficiency demands [1].
The high complexity and cost of multiple beam generation
via fully-digital beamforming motivates the use of analog
multibeam antennas and hybrid beam forming architectures
employing analog multibeam subarrays [2]. The typical and
future applications of these beamformers include base station
antennas with multiple beams in the elevation and/or azimuth
planes [3], [4], multibeam mobile phones [5], [6], radars
(military, automotive, weather etc.) with anti-jamming and
multi-functionality [7], [8], radio telescopes with multiple
independent beams observing different regions in the sky
simultaneously [9], and satellite communication antennas for
both space and ground segments with tracking and smooth
handover capabilities [10]-[12].

The traditional fixed beamforming networks (BFNs), such
as Blass, Butler and Nolen matrices, and their hybrid forms
[13], do not have the ability to scan the multiple beams
independently, which limits their suitability in the above-
mentioned applications. Besides, for optimal link quality, the
interference between the simultaneously formed reconfigurable
co-frequency beams must be cancelled via zero-forcing (ZF),
or similar type of adaptive pattern nulling techniques [14].

Several examples of analog reconfigurable matrices with
relatively small number of elements and concurrent beams
(up to 4), and with interference cancellation functionality can

be found in the literature [15], [16]. In these studies, chip-
scale multibeam front-ends and hybrid architectures employing
analog beamforming integrated circuits (ICs) were used with
adders [17]. Therefore, they suffer from large RF signal
combining losses. It remains an open research and engineering
challenge to generate and maintain multiple adaptive simulta-
neous beams with high power efficiency, wide scan angle and
limited interference.

Towards this aim, the concept of Generalized Joined Cou-
pler (GJC) matrix was introduced with a theoretical discussion
on its implementation in Blass and Nolen matrices with
variable phase shifters (VPSs). The goal was to achieve indi-
vidual beam steering function [18]. However, the interference-
mitigation was limited to peak sidelobe level (PSLL) control
by adjusting the array tapering with the fixed coupling ratios
[19], which increases the beamwidth and reduces the gain.

To resolve this issue, we recently proposed: (i) a modified
unit cell with 4-port tunable combining modules integrating
a coupler with VPSs [20], and (ii) an innovative high-gain
agile orthogonal and ZF beams synthesis strategy [21]. In this
paper, complementary to our recent work, we present a novel
2 beam by 7 element BFN prototype as proof of concept,
which demonstrates the key idea behind our new beamforming
approach and validates its practical efficacy.

The rest of the paper is organized as follows. Section II
describes the topology of the BFN, its working principle and
beam synthesis procedure. Section III explains the design
methodology applied in the simulations and fabricated printed
circuit board (PCB). Section IV discusses the BFN perfor-
mance with a comparison of synthesized, full-wave simulated
and measured results. Section V concludes the paper.

II. BFN SYNTHESIS

The principle of the proposed 2 ZF beam by 7 element BFN,
best seen in the receive (Rx) mode, is schematically illustrated
in Fig. 1. It is worth noting that the principle is also applicable
to the transmit (Tx) mode by reciprocity [14].

For basic concept demonstration, the following simplifying
assumptions are made in the synthesis procedure:

« Isotropic antenna elements are used. The focus is on the
array factor. The work can be extended with inclusion of
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Fig. 1. Schematic of the proposed 2 ZF beam by 7 element BFN in Rx mode.

Antenna Array

y

ZF Beam

~® portA

151

BFN

—e ZF Beam
port B

Fig. 2. The antenna array topology associated with the proposed BFN.

mutual coupling via embedded element patterns obtained
via full-wave simulation or measurements of the array.

o The lines, couplers and phase shifters are assumed to
be lossless. An angle («) is assigned to each coupler
representing the coupling ratio. Going through a coupler
multiplies the signal amplitude with cos o, while going
across means multiplication with sin a.

o Going through a straight or oblique line has 0° phase
shift.

« Going through the cross-over (across) has 0° phase shift.
Going through a coupler has 0° phase shift for straight
and —90° phase shift for across.

In Rx, the incident A and B plane waves must be weighted
accordingly. In this work, we assume a circular array topology
with half-wavelength (0.5)\) spacing as visualized in Fig. 2.
The red couplers (C1-2-3-4-6) are fixed (in the case of
identical element patterns, as we assume), and they are set
to direct Port-1 to Port-6 entering red signal to the beam port
A’. No red signals then enter to C5-7-8-10. These blue tunable
couplers and associated VPSs are set to direct all blue signals
entering them to Port-11, called the ZF beam port B. Finally,
C9 and its VPS are set for entering signal from Port-7 from
plane wave B to cancel the blue signal at Port-12, called the
ZF beam port A.

For high-gain ZF beams with close-to-uniform weights, it
is crucial that the angular spacing between the beams is larger
than the array beamwidth [20]-[22]. In this work, to demon-
strate our reconfigurable BFN concept in a static scenario, we
assume 1.0\/D angular separation between the two beams,

TABLE I
THE SYNTHESIZED BFN FOR A SAMPLE CASE WITH 1.0\/D BEAM
SEPARATION IN THE ©v-PLANE (uy = vyq = —0.03,up = vp = —0.5).
Coupler | Coupling | Phase shifter Phase
label angle (°) label shift (°)
C1 45.0 P1 -93.8
C2 45.0 P2 -75.9
C3 54.7 P3 -176.7
C4 54.7 P4 -178.1
C5 354 P5 -142.4
Co 45.0 P6 -81.1
C7 54.1 P7 -152.1
C8 49.7 P8 -52.4
Cc9 22.6 P9 -7.0
C10 58.6 P10 -8.9

where A is the wavelength at the center frequency of operation
and D is the array diameter. In the uwv-plane, one ZF beam
peak is randomly positioned at ug = vp = —0.5, while the
other ZF beam peak is positioned at ug = vq4 = —0.03,
with the distance being equal to 0.67 for D = 1.5\. Next,
by following the proposed synthesis approach, the coupling
angles (a’s) and phase shifts for the 5 tunable couplers and
10 VPSs are determined. The result is given in Table 1.

III. BFN DESIGN

The values in Table I and the assumptions made in the BFN
synthesis procedure are used as inputs in the design of the
synthesized BFN. Our design, which is not optimal in terms
of the total length and losses of the BFN but still sufficient as
a proof-of-concept, applies the following strategy:

o The design is realized at 9 GHz operating frequency in
low-cost single-layer microstrip line technology. How-
ever, the concept is applicable to different frequencies
and design technologies, including digital beamforming.
Maintaining ZF within a frequency band remains an open
challenge.

e Taconic TLY-5 [23] with the relative permittivity of
2.2 is used as the substrate. The substrate thickness is
0.508 mm. The copper thickness for the lines and the
ground plane is 0.035 mm. The 50 €2 lines have the width
of 1.5 mm.

« Each coupler, connector board and terminations are sep-
arately tuned and later combined.

o Same cell length and width is assumed for all cells
with/without coupler at each level (level length is larger
when there is a tunable coupler in the cell).

« Phase shifting lines are placed to the left of each coupler
on both arms to achieve phase equalization within each
level (as assumed in the synthesis) and to obtain the
required phase difference between the arms as given in
Table I.

« In the phase shifter lines, 4 turns are used in most cells for
simple tuning, where only the height is adjusted. Mitered
bends are used to minimize the reflections.

o Variable couplers are realized with two back-to-back 3 dB
(i.e. a = 45°) couplers with a phase shift line in between
(single turn, with adjusted height). The cross over is also
realized with two back-to-back 3 dB couplers.
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Fig. 3. Design of the synthesized BFN: (a) simulation model in CST
Microwave Studio, (b) fabricated board.

o During parameter tuning, the coupler is excited from a
port on the right-hand-side (which aligns with the arm
where there is no additional phase shift), and amplitude
and phase of transmission coefficients are observed.

« To prevent potential issues in hand soldering, the termi-
nations (except one in Level 4, next to C5) are extended
to the board edge where connectors with a matched load
are placed. The remaining termination is realized by a
50 ©2 SMD resistor (metric 2012, from Vishay) on an open
ended line.

e The SMA PCB edge launch connector from Amphenol
SV Microwave (part number 2921-61493) is used at Ports
1 to 13. The connector footprint is optimized with a
smooth transition to the 50 {2 line for minimal reflection
at 9 GHz.

e The line lengths are extended in the cells with the
connectors. This was made for potential need for post-
calibration, which was not necessary in the end.

This strategy yields the complete BFN shown in Fig. 3, with
the full-wave CST simulation model given in Fig. 3a, and the
fabricated and assembled PCB photographed in Fig. 3b.

IV. BFN PERFORMANCE

To assess the BFN performance in terms of the radiation
patterns, the scattering (S-) parameters (S1,12 to S7,12 for ZF

Fig. 4. The measurement setup for the BFN S-parameters characterization.

beam A, and S1,11 to S7,11 for ZF beam B) are determined.
Then, the array factor is computed and standard directivity
formula is applied. The synthesized S-parameters are obtained
in MATLAB by following the BFN synthesis procedure ex-
plained in Section II. The full-wave simulated S-parameters
are extracted from CST simulations of the BFN model shown
in Fig. 3a. For the measured S-parameters, the setup shown in
Fig. 4 is used. Calibrated two ports of the Keysight P9374A
vector network analyzer (VNA) are sequentially connected
to the BFN Ports 1 to 7 and 11 and 12, respectively. The
remaining BEN ports are terminated by 50 €2 loads.

TABLE II
COMPARISON OF THE SYNTHESIZED, FULL-WAVE SIMULATED AND
MEASURED BEAM WEIGHTS AT 9 GHz.

Synthesized CST simulated Measured
Amp. | Ph. °) | Amp. | Ph. (°) | Amp. | Ph. (°)
S1,12 | 0.377 0.00 0.329 0.00 0.231 0.00
S2,12 | 0.377 14.06 | 0.282 14770 | 0.220 18.41
ZF S3,12 | 0.377 1.88 0.280 7.01 0.239 2.18
Beam | S4,12 | 0.377 12.18 | 0.251 2295 | 0.237 19.22
A S5,12 | 0.377 5.15 0.242 7.92 0.202 12.35
S6,12 | 0.377 8.92 0.307 11.34 | 0.226 12.56
S7,12 | 0384 | 187.03 | 0.307 | 205.36 | 0.253 | 192.12
S1,11 | 0.450 0.00 0.307 0.00 0.261 0.00
S2,IT | 0.450 | 262.07 | 0.319 | 259.32 | 0.255 | 258.36
ZF S3,11 | 0414 | 31.29 | 0317 33.76 | 0.253 30.75
Beam | S4,11 | 0.414 [ 230.78 [ 0.354 | 230.08 | 0.266 | 231.79
B S5,11 | 0356 | 9224 | 0.235 | 7891 0.189 | 88.5l1
S6,11 | 0.356 | 169.83 | 0.272 | 173.28 | 0.206 | 171.14
S7,11 | 0.000 | 132.92 | 0.006 | 115.08 | 0.005 | 102.17
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Fig. 5. Directivity (in dBi) array factor uv-plane patterns: (a) ZF beam A -
synthesized, (b) ZF beam B - synthesized, (c) ZF beam A - simulated, (d) ZF
beam B - simulated, (¢) ZF beam A - measured, (f) ZF beam B - measured.
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TABLE III

COMPARISON OF THE DIRECTIVITY (IN DBI) AT THE TWO BEAM POSITIONS BASED ON THE SYNTHESIZED, SIMULATED AND MEASURED S-PARAMETERS.

Synthesized Full-wave simulated Measured
Directivity (dBi) Directivity (dBi) Directivity (dBi) Directivity (dBi) Directivity (dBi) Directivity (dBi)
(ug =va =-0.03) | (up=vg =—-0.5) | (ugp =va =-0.03) | (up=vp =-0.5) | (uga =va =—-0.03) | (up =vg = —0.5)
[ ZF Beam A 6.61 -74.98 6.36 -26.02 6.22 -35.24
| ZF Beam B -41.95 7.19 24.10 7.21 29.75 7.20
[ 1 10 1 10
05 0 05 °
= -10 10
= > 0 > 0 °
§ 20 20
% 0.5 o - -0.5 0
=
.l -40 -1 -40
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
u u
.50 I | | I I ! (a) (b)
7 7.5 8 85 9 9.5 10 10.5 11 1 ° 1 1o
Frequency (GHz) o B
0.5 0.5
Fig. 6. The measured reflection coefficients of the BFN. / \ -10 [ ‘ -10
> 0 > 0 o

The comparison of S-parameters at the design frequency , 20 \ 20
of 9 GHz in the case of synthesized, full-wave simulated and 0 ' -30 e -30
measured results is listed in Table II. It is worth noting that the s o o5 g a0 os g
phase at Port 1 of the BFN is taken as a reference in each case u u
for easy comparison. From Table II, it is apparent that there is (c) (d)
an excellent agreement between the synthesized, simulated and 1 10 1 10
measured weights. However, the impact of slight amplitude 05 . lo 05 - lo
and phase differences on the ZF beam patterns (especially o 0
on the depth of nulls) is yet to be evaluated. Therefore, the > © f o ° 5 "
directivity patterns are plotted in Fig. 5 for each case. It is seen 05 \ 05
that despite the non-idealities as compared to the synthesized -30 J -30
results, the null levels are still at -32.4 dB and -31.3 dB s o0 o5 1@ T4 s o0 o5 10 °
for the two ZF beams in the CST simulations. Moreover, 4 4
there is very good pattern agreement in the measured results, © ®
also with improved null depths, to -41.5 dB and -37.0 dB, ! ° ! °
respectively. The maximal directivities are similar in the case 05 ° 05 I°
of synthesized, simulated and measured beam weights. . -10 . -10

. oL > > %

Lastly, the nulling performance within a 800 MHz band 20 20
is studied. The measured reflection coefficients of the BFN -0.5 % 0 -0.5 0
are plotted in Fig. 6. In addition to the previous S-parameter P » P o
results at 9 GHz, the S-parameters at 8.6 GHz, 8.8 GHz, 408 3 05 1 408 3 05 1
9.2 GHz and 9.4 GHz are used here (not tabulated in the @ )
paper for brevity). The correspgndmg directivity patterns er ; 0 ) 0
the two ZF beams are shown in Fig. 7. The key results in , ,
terms of the null depths are summarized in Table IV. It is 05 08
seen that for ZF beam B, the nulls are maintained at a low - 0 B o . "

-20 20
TABLE IV 05 o 0 05 %
DIRECTIVITY (IN DBI) AT THE TWO BEAM POSITIONS BASED ON
MEASURED S-PARAMETERS AT DIFFERENT FREQUENCIES. - -40 - 40
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
8.6 GHz [ 88 GHz | 9.0 GHz | 92 GHz | 94 GHz N N
Directivity (dBi) ) ()]
(ug =va =—0.03) Fig. 7. Directivity (in dBi) array factor uwv-plane patterns from the measured
ZF beam A 5.81 6.03 6.22 6.35 6.82 S-parameters at different frequencies: (a) ZF beam A - 8.6 GHz, (b) ZF beam
ZF beam B -26.15 -26.75 -29.75 -27.96 -19.00 B - 8.6 GHz, (c¢) ZF beam A - 8.8 GHz, (d) ZF beam B - 8.8 GHz, (e) ZF
Directivity (dBi) beam A - 9 GHz, (f) ZF beam B - 9 GHz, (g) ZF beam A - 9.2 GHz, (h) ZF
(ugp =vg = —0.5) beam B - 9.2 GHz, (i) ZF beam A - 9.4 GHz, (j) ZF beam B - 9.4 GHz.
ZF beam A -5.47 -10.58 -35.24 -11.53 -1.75
ZF beam B 6.58 7.04 7.20 7.05 6.74
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level (below -30 dB for 8.6 to 9.2 GHz, and below -25 dB
at 9.4 GHz). For ZF beam A, on the other hand, the null is
very sensitive with respect to the frequency change (reaches
to -11.3 dB at 8.6 GHz). This behavior is directly related
to the stability of the amplitude-phase response of the BFN
against the frequency change, which can be further optimized
by modifying the synthesis and/or design strategy (out of scope
of this paper).

V. CONCLUSION

A novel BFN synthesis methodology for orthogonal and
also ZF array beams is proposed. This requires, for each
beam, extra dedicated array elements, couplers and variable
phase shifters to adaptively suppress co-channel inter-beam
interference. These networks have no inherent insertion losses:
all power in is radiated out, unlike conventional analog multi-
ple beamforming networks with high beam signal combining
losses at element chain level. Depending on beam-spacing with
respect to the array resolution, and also on the number of
beams, synthesized illuminations might strongly reduce the
gain. Therefore, the number of beams and beam directions
must be carefully chosen.

Using the new proposed concept, a 2 ZF beams (with a
separation of array resolution) by 7 element beam former has
been designed, simulated, manufactured and tested. The array
factor directivity contour plots obtained from the measured
beamformer S-parameters have shown that the null level is
below -37 dB at the design frequency (9 GHz), which can be
highly sensitive to bandwidth.

Future work aims for (i) reconfigurable, wideband and
modular implementation of the BFNs, (ii) optimally de-
signed/selected antenna topologies, (iii) inclusion of antenna
arrays and mutual coupling, and (iv) adaptation to various
types of applications (5G/6G, radar, Satcom).
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