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Abstract—In this paper, a 3D beamforming phased array with
2D stacked tunable Nolen matrix is presented. The fundamental
building block - tunable Nolen matrix is proposed to relax phase
tuning range of phased shifters and reduce the complexity of
control mechanism by embedding tunable phase shifters within
Nolen matrix. For each input port excitation of proposed tunable
Nolen network, a tunable progressive phase difference within
range of 120° is obtained at its output ports, and full 360° range is
achieved by exciting all three input ports. By stacking and
cascading six 3 x 3 Nolen matrices, nine radiation beams in unique
cubic sector can be continuously steered on azimuth and elevation
planes, realizing full 3D beamforming function. To verify the
design concept, the network has been simulated at 5.8GHz, and
the simulation results agree well with theoretical analysis.

Keywords— Feeding network, 3D tunable beamforming, phase
relaxed, microwave circuits, phased array.

[. INTRODUCTION

Time, frequency spectrum, coding, and space are available
resource for high performance wireless communication, and the
demand for high data rate and increasing system capacity push
spatial domain resource more important than ever, especially
with emerging 5G/NextG, low earth orbit (LEO), autonomous
driving radar etc. Spatial multiplexing and beam-space
multiplexing approaches have been intensively investigated to
increase system capacity, signal to noise ratio, power gain,
frequency reuse in given area, and interference suppression by
utilizing beamforming techniques which combine multiple
antennas in a smart array form to reshape the waveform by
controlling magnitude and phase and radiate it into desired
direction as well to suppress the gain into angular of interference
signals.

To implement beamforming in hardware domain, digital
beamforming [1]-[3], LO phase shifting [4]-[5], and RF phase
shifting [6]-[7] are primary techniques to form and continuously
steer the radiation beams as desired will. In RF phase shifting,
feeding antenna elements with progressive phase difference
plays major role to control beamforming angle, where several
methods have been investigated, such as series feeding [8]-[10],
parallel feeding [11]-[12], and matrix feeding [15]-[16].
Compared with series and parallel feeding, the matrix feeding
network is composed of components like couplers, phase
shifters [17], crossovers, and power combiners. Butler matrix is
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one of the well-known feeding networks featuring symmetrical
& unsymmetrical topology and has been designed in different
scales as well [18]-[22]. To break the fixed radiation angle of
conventional butler matrix, our previous work [23]-[24]
proposed a tunable 4 x 4 Butler matrix to tune the progressive
phase delay continuously using two embedded phase shifters
with phase tuning range in 90° and 180°.

With increasing number of antenna elements in
beamforming array, it needs a smaller number of passive
components as coupler, crossover, delay line, and phase shifter
in feeding network to minimize power loss in energy limited RF
front end, especially for mm-Wave and THz communications.
Comparing with other feeding network as Butler and Blass
matrix, Nolen matrix shows more advantages, i.e., fewer
components, low loss, compact size, and more flexible to
generate arbitrary number of radiation beams, which caters for
large scale beamforming array. In our previous work [25]-[28],
Nolen matrix has been investigated to generate flexible beams
and reduce the size. However, all our work has focused on fixed
radiation beams without any tuning capabilities. Also, with
strong needs for full spatial domain utilization in NextG, 3D
beamforming attracts more interest than linear 2D beamforming
array to boost capability of identifying users in full spatial
domain by generating beam in cubic coverage area.

In this paper, a novel 2D tunable Nolen matrix as in Fig. 1 is
proposed to generate and steer beam in full 3D spatial domain
for next generation spatial and beam-space multiplexing
wireless applications. The features of proposed 3D
beamforming array are: 1) flexible progressive phase difference
in horizontal and vertical antenna array; 2) using tunable phase
shifter with only 120° tuning range to realize full 360°
progressive phase difference in two planes; 3) all the phase
shifters are designed to embed into feeding network; 4) applying
only two-channel voltages to concurrently control all
beamforming; 5) 3D cubic space coverage enables further
extension of system channel capacity. This paper is organized as
follows. In section II, closed-form equations are derived for
proposed tunable 3 x 3 Nolen matrix. In section III, the
simulation and experiment are carried to validate proposed
design, and contour diagrams of full 3D beamforming is
simulated to demonstrate our proposed design concept. Finally,
in section IV, the conclusion and future works are briefly
discussed.
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Fig. 1 Schematic of the proposed 3D beamforming phased array composed of stacked 2D tunable 3 x 3 Nolen matrices. Each beam is excited by corresponding

input port 1 ~ 9 and steered within full progressive phase difference range 360°.
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Fig. 2 Schematic diagram of single 3 x 3 fully tunable Nolen matrix with
two-channel control voltages to realize full beamforming.

II. THEORETICAL ANALYSIS

The proposed full coverage 3D beamforming phased array
using novel tunable 3 x 3 Nolen matrix is shown in Fig. 1. Three
matrices are stacked on y - axis, and another three are piled up
along x - axis. Applying signal at one port, the equal magnitude
and progressive phase delay (fx, f,) in two dimensions are
generated. The signals from output of two-dimensional
matrices are fed into the nine-element antenna array to generate
radiation beam at a direction in cubical 3D space. Nine unique
radiation beams located in corresponding cubic sectors can be
generated by switching different input ports. Furthermore, to
fully cover 3D space in each sector or to radiate beam in any
angle direction within cubic sector, the two-channel voltages
tune the phases shifters in Nolen matrix to generate progressive
phase difference (f., f,) with 360° range at its output ports,
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where all the phase shifters are controlled simultaneously to
relax control mechanism.

A. Tunable 3% 3 Nolen Matrix

The fundamental building block - tunable 3 x 3 Nolen matrix
is a microwave network with three input ports (P; — P3) and three
output ports (P4 — Pg), as shown in Fig. 2. It is composed three
couplers with two different coupling ratios C; and C,, three
tunable phase shifters (L, L3, and L4) with phase tuning range of
&2, 93, s, and one fixed phase shifter L; (phase delay = ¢,). More
specifically, when port P, of coupler 1 is excited, the signal at
coupling port is C}, and phase delay is ¢, c1. While the signal at
through port has magnitude of (1 - C)) and phase delay ¢q 7.
Similarity, when Pgis excited, the same magnitude distributions
can be achieved, and the phase delays are ¢gc1 and ¢p i,
respectively. For other two couplers having coupling ratio of C,
the corresponding magnitudes and phase delays under different
port excitations are shown in Fig. 2 as well. More details about
coupler design have been discussed in our previous research
work [27]. In this design, the phase differences of couplers under
different port excitations can be expressed as:

(¢a,C1 - ¢a,T1) + (¢,5,c1 - ¢ﬁ,r1) =7 (1)
(¢a,cz - ¢a,T2) + (¢ﬁ,C2 - ¢ﬂ,r2) =7 (2)

Also, the corresponding coupling ration C; and C, are
derived respectively to 2/3 and 1/3 by considering the
requirement of equal magnitude distribution and progressive
phase differences across the entire matrix [25]. Therefore, the S-
parameters of the 3 x 3 network is derived as:

S41 — ?eﬂﬁaﬂ (3)
SSI = ?e~/(¢a‘l'2+¢a,cltk§) (4)
S61 = gej('ﬁa,cﬁ'ﬁa,cz —¢5—¢4) (5)
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For excitation of each input port, the following conditions as
equal magnitudes, progressive phase distributions, and unique
phase differences are required to steer the radiation beam in its
dedicated sector. To satisfy required conditions, the fixed and
tunable phase shifters are derived as:

¢2 _¢4 _¢1 = ¢ﬂ,C2 _¢ﬁ,C1 +90° (12)
¢3 - ¢4 = (¢a,Cl - ¢a,T1 )— (¢a,C2 - ¢a,T2) + ¢a,T2 (13)

Then, by substituting equations (12) - (13) into (3) - (11), the
progressive phase differences of proposed tunable 3 x 3 Nolen
matrix are obtained as:

Aﬂl =(¢a,C2 _¢a,T2)_¢4 (14)
Aﬂz =(¢a,C2 _¢a,Tz)i1200_¢4 (15)
Aﬁ3 :(¢a,C2 - ¢a,T2)$1200 _¢4 (16)

Where Apf; denotes the progressive phase differences among the
output ports when applying incident wave on port 1 to port 3 of
3 x 3 Nolen matrix, respectively. It is observed that Af; are
determined by @2 - o2 (phase difference of coupler 2) and
phase delay ¢4. For given coupler, the ¢oc2 - dor2 is a pre-
determined constant value. With this fact, it is easy to find that
tuning the phase (¢4) of phase shifter L4 will enable continuous
progressive phase difference change in proposed matrix. From
(14) - (16), Ap; feature 120° offset from each other under each
input port excitation (i.e. Afy — AB1 = Afs - Abr=Ap1 — Ap3 ==
120°), which further reduces required tuning range of tunable
phase shifter Ls from 360° to 120° without decreasing full
coverage range of 360°. In addition, ¢, and ¢; tunable phase
shifters must follow the change of ¢4 with same value or fixed
offset, which reduce complexity of control method in proposed
beamforming phased array.

From the above analysis, the couplers in the proposed 3 x 3
tunable Nolen matrix are designed from our previous work [29].
After determining the couplers, the phase differences of each
coupler (o1 - a1 & Puc2 - Po12) can be obtained, and phase
shifters L1, L, L3, and L4 can be derived by applying (12) - (13).

To achieve continuous phase tuning with simplified control,
a tunable transmission line in our previous design [30] has been
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applied to design tunable phase shifters. It consists of two
identical microstrip lines in series and three short-end varactors
at two ends and center. Here, MA46H120 varactor is adopted as
tunable capacitor, and phase tuning is controlled by two bias
voltages. Two proposed phase shifters are cascaded to
implement tunable phase shifters (L», L3 and Lsin Fig. 2), where
its phase tuning range is 120° within low loss variation.

B. 2-D Phased Array for Full Beamforming

To realize the full coverage 3D beamforming, six of
proposed 3 x 3 tunable Nolen matrices are stacked and cascaded
to form a 2D antenna feeding network. From Fig. 1, three
tunable Nolen matrices are installed on x - axis, while other three
are on y - axis. Therefore, there are nine input and nine output
ports in this feeding network, and the output ports are connected
to a 2D patch antenna array. The array factor (4F) of a planar M
x N antenna array that excited by incident waves with identical
magnitude is derived as

MxN —
m=1 n=1

M N
AF _ Ze‘/‘(mfl)(k‘dx-sinf)cosq} +8) . Zej(”—])(/\"d)"smosm(ﬁ‘*‘ﬁv) (17)

where k is wavenumber, dx and dy are distance between the
adjacent antenna elements along x - and y - axes, S and f, are
progressive phase differences between adjacent antenna
elements on x - and y - axes, and 6 and ¢ are the radiation beam
angles on elevation and azimuth dimensions, respectively. The
radiation angle of main beam on two dimensions can be derived
from the equations:

k-dx-sin@-cosg+ B, =0 (18)
k-dy-sin@-sing+ 3, =0 (19)

With excitation of nine different input ports 1-9, the progressive
phase differences of proposed 2D tunable Nolen matrix feeding
network on x - and y - axes (f and f,) are listed in Table I. In
specific, there is 120° phase separation between each set of j ,
by exciting the input port in sequence, and S, and f, both have
independent tuning range of 120°. Based on (18) and (19), the
main beams pointing toward nine unique directions in 3D space,
and each beam in cubic sector can further be steered by
controlling tunable phase.

TABLE . PROGRESSIVE PHASE DIFFERENCE AND SELECTION OF
RADIATION SECTOR UNDER APPLIED INPUT PORTS

Exg:::ion Progressive Phase (fx, f)) Radiation Sector Select
1 (-90°, -90°) Sec,
2 (-90°,30°) Sec,
3 (-90°, 150°) Secs
4 (30°,-90°) Secy
5 (30°,30°) Secs
6 (30°, 150°) Secs
7 (150°, -90°) Sec;
8 (150°, 30°) Secs
9 (150°, 150°) Secy
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III. EXPERIMENTAL RESULTS

To verify theory of our proposed 2D tunable Nolen matrix
and 3D beamforming, the simulation has been conducted using
Keysight ADS. A 5.8 GHz tunable 3 x 3 Nolen matrix is
designed and fabricated on Rogers RT/Duroid 6002 laminate,
which has thinks of 0.508mm, tand of 0.0012, and dielectric
constant & = 2.94, as shown in Fig. 5 (a).

A. S-parameter of 3 %3 Tunable Nolen Matrix

In simulation results, all output ports experience an ideal
insertion loss of 9.54dB at center frequency 5.8 GHz. As shown
in Fig. 3, the progressive phase differences are plotted in both x
and y dimensions (. and f3,) for excitations of nine input ports,
where solid and dash lines denote limits of phase tuning range
(AB=120° contributed from the tunable phase shifters), blue and
red curves indicate progressive phase differences along x and y
axes. In Fig. 3 (a), for excitation on input port Py, the progressive
phase differences between two adjacent outputs are tuned
between -90° and -210° in both dimensions. In Fig. 3 (b), for
input port P, Sy is tuned from -210° to -90° while f, is tuned
from -90° to 30°. In Fig. 3 (c), for input port Ps, B, keep the same
tuning range while S, is tuned from 30° to 150°. It is observed

270

270 T T 1

that the excitations on ports along vertical axis result into an
increase of f, (from -210° to 150°), which covers the full range
of progressive phase differences. On the other hand, for the ports
along horizontal axis (i.e., P1, P4 and P7), f is tuned from -210°
to 150° with no change on f,. Therefore, by exciting the nine
input ports (P; to Py) and tuning the phase shifters, the beam can
be radiated in full 3D space.

B. 3D Beamforming

Based on above analysis, our proposed 2D tunable Nolen
matrix enables generating radiation beam in 3D space. In
specific, by sequentially exciting nine input ports, the
corresponding radiation sectors can be selected, and the
radiation beams in that sector can be continuously steered within
the cubic region by tuning the phase shifters. As shown in Fig.
4, the radiation beam having normalized gain within each sector
is plotted on azimuth (A4z) and elevation (£/) dimensions. The
specified coordinates are simulated based on the equations (18)
and (19). For example, when the input port Psis excited, the
radiation beam is generated within the region of center sector,
and it can be radiated to any angle in that cubic region. Here, in
Fig. 4, four beams in clockwise direction as (28°, 45°), (28°,
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Fig. 3 Simulation results of the proposed 2-D tunable Nolen matrix with excitation from port 1 to port 9: (a) port 1 excitation; (b) port 2 excitation; (c) port 3
excitation; (d) port 4 excitation; (e) port 5 excitation; (f) port 6 excitation; (g) port 7 excitation; (h) port 8 excitation; (i) port 9 excitation.
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Fig. 4 Antenna beams in nine unique radiation sectors by exciting nine input ports: P, to Ps, continuous steering is achieved from tunable phase shifters.

(b)

Fig. 5.

(a) Photograph of the fabricated 3%3 tunable matrix feeding

network, (b) photograph of proposed tunable matrix fully tunable

beamforming array.

135°), (28°,225°), and (28°, 315°) are shown to demonstrate our
design concept. Similarly, any radiation beam angle within their
dedicated sectors can be generated by tuning phase shifters
embedded in proposed design.
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C. Fabrication of 3 % 3 Tunable Nolen Matrix

To verify our design concept, a tunable 3x3 Nolen matrix
operating at 5.8GHz is designed and fabricated on Rogers
RT/Duroid 6002 laminate, which has 0.508 mm thickness,
0.0012 loss tangent, and 2.94 dielectric constant shown in Fig.
5(a)). The overall size of the tunable Nolen matrix is about
113.59 mm % 34.25 mm, which equals to 2.19 1 x 0.66 4 (4 is
the wavelength of 5.8 GHz). The fabricated tunable 3 x 3
beamforming phased array is shown in Fig. 5(b), where it
includes tunable Nolen matrix, Vivaldi antenna array, and
control circuit. The control circuit was designed in our previous
work [30]. In extended journal paper, more details about
measured results of proposed 3D beamforming array will be
discussed.

IV. CONCLUSION

In this paper, a novel 3D beamforming network based on 2D
tunable 3 x 3 Nolen matrix with relaxed phase tuning and simple
control is proposed. It realizes equal magnitude and continuous
phase differences between adjacent outputs by exciting different
input ports. Based on theoretical analysis, it is found that the
proposed beamforming network requires tunable phase shifters
with small phase tuning range (120°) and only two control
voltages to steer the beam covering whole scanning angle in 3D
space domain. Our design method can be widely applied in next
generation spatial multiplexing and beam-space multiplexing
wireless communication with power limited RF front end. In
extended work, we will demonstrate proposed 3D beamforming
in experiment and correlate with design theory.
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