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ABSTRACT A beam-switching array is designed using a 4 x 6 Rotman lens as a beam-forming network to
switch the beam towards —30°, —10°, 10°, and 30°. Six substrate integrated waveguide fed 1 x 4 microstrip
patch arrays are used as the radiating elements. The beam-switching array is designed on the LTCC substrate
to operate at 71-76 GHz. In this work, the feasibility of implementing a beam-switching network with a
vector modulator (VM) integrated circuit as switching element is studied for the first time. The measured
radiation pattern of the beam-switching array with the VM is in line with the simulated radiation pattern. The
measured peak realized gain of the beam port 1, 2, 3, and 4 with 3-dB backoff gain of the VM are 17, 17, 17.8,
16.9 dBi at 75 GHz, respectively. In addition, the work demonstrates the possibility of beam-reconfigurability
in beam-switching array by simultaneous excitation of the beam ports in optimum phase using the VM. The
simultaneous excitation of the adjacent two ports, 1-2, 2-3, and 3-4, steer the beam towards —19°, 0°, and
19°, respectively, which improves the beam cross-over level. With various combinations of simultaneous
excitation, the half power beam-width of the beam-switching array is varied from 17.8° to 75°.

INDEX TERMS Array, beam-switching, beam reconfigurability, microstrip patch antenna, millimeter-wave,

Rotman lens, vector modulator.

I. INTRODUCTION

Highly-directive antennas are desired at millimeter-wave
frequencies to overcome high path loss and atmospheric
attenuation [1]. In addition, the dynamic beam-steering and
beam-forming are important features to address the chang-
ing environment in mobile communication system. The
dynamic beam forming gives control over the directivity,
steering angle, and beamwidth of the radiation pattern. The
phased array antenna (PAA) is a suitable option for the
applications requiring antennas with high-gain and dynamic
beam-forming [2]-[4]. However, as the number of the array
elements increases, the feeding complexity, the transmission
line loss, and the number of active integrated circuits (ICs)
increases [5]. Therefore, the thermal management issue
becomes critical and the cost of PAA increases substantially.

The associate editor coordinating the review of this manuscript and
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The beam-switching topology is an alternative solution
for high gain applications as it minimizes the number of
feed lines and the number of active components [6]-[8].
The beam-switching architecture consists of passive
beam-forming networks (BFNs), i.e. Rotman lens, and Butler
matrix, and the radiating elements. The number of feeds
and their position are determined by the angular cover-
age, beam-width and the beam cross-over level require-
ment [9]. The passive beam-steering and beam-forming,
i.e. the direction and shape of the beam are predefined
based on the feed position, is a major drawback of the
beam-switching topology. Typically, only one feed is active at
a time to generate a high gain pencil beam towards a specific
direction [10].

The beam reconfiguration of an integrated, extended hemi-
spherical lens is demonstrated using the multiple feeds per
beam in [11]. The excitation amplitude and phase of the
multiple feeds are controlled using a tailored passive BFNs.
However, as the number of feed elements increase, the
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complexity and losses in the BFN increase and the gain
decreases significantly. The beam port excitation phases
of a traditional Rotman lens are modified to design the
phase-aligned Rotman lens in [12] and wider beams towards
a specific direction are produced by simultaneously exciting
the phase aligned beam ports.

The selection of a desired feed or the beam switching
network is implemented using the RF switches [6], [9], [13],
[14]. The high ON-OFF ratio, namely the ratio of RF signal
amplitude between the ON and OFF state, of the RF switch
ensures the RF signal is present in only desired ports. The
solid-state RF switches have the ON-OFF ratio greater than
25 dB [15]. The high ON-OFF ratio ensures that the radiation
pattern is not distorted by the RF signal leaking from the
unwanted or switched OFF ports. The RF switches suffer
high insertion loss at millimeter waves, approx. 2-3 dB per
switch [16].In [17],a 1 x 16 beam-switching feed network is
designed with the SP4AT RF switches and the Vivaldi antennas
to feed an integrated lens antenna. Based on the transmission
line length, the insertion loss of each feed ranges between
7 -10.5 dB at 71-76 GHz. Similarly, in [14], the total loss of
a Rotman lens beam port is more than 10 dB at 28 GHz, and
4.6 dB of the loss is due to two cascaded RF switches.

The high ON-OFF ratio can also be achieved using the
beamformer chips that contains amplifiers and phase shifter
in each channel [18]. These kind of beamformer chips are
widely used in phased array applications to control both
amplitude and phase of the radiating elements [3]. A digitally
controlled inphase/quadrature (IQ) based vector modulator
can provide 360° phase control and 30 dB gain [17], [19].
A beam-switching network can be implemented with the
VMs as a switching element by driving the gain of the desired
port to maximum while maintaining the remaining channels
at the lowest gain.

In this work, for the first time, we aim to replace the RF
switch in the beam-switching network with the 4-channel
vector modulator IC. The effect of RF signal leaking from
undesired channels of the VM on the beam-switching antenna
radiation pattern is studied. A beam-switching array based
on the 4 x 6 Rotman lens and six 1 x 4 substrate-integrated
waveguide (SIW) fed patch array is designed and fabricated
on the Low Temperature Co-fired Ceramics (LTCC) plat-
form. The beam-switching antenna is designed to operate
between 71-76 GHz. The uniform SIW fed 1 x 4 series array
and the vertical transition designed and characterized in [20]
are used in this work. The possibility of combining the fixed
beams generated by a beam-switching antenna to produce
dynamic beams with varying steering angle, directivity, and
beamwidth is studied through simulations and measurements.
Additionally, the use of vector modulator mitigates the high
insertion loss associated with the RF switch.

The paper is organized as follows. In Section 2,
the design and simulation results of the Rotman lens based
beam-switching array are presented. The use of the vec-
tor modulator as switching element is studied in Section 3.
Section 4 presents the comparison between the simulation
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FIGURE 1. (a) Bottom view and (b) cross-section of the Rotman lens
based beam-switching array on LTCC detailing the location of VM, Rotman
lens, vertical transition, SIW and microstrip patch array. Dimension are

in mm.

and measurement results of simultaneous excitation of the
beam ports for the beam-forming. Finally, the conclusions are
made in Section 5.

Il. BEAM-SWITCHING ARRAY

The beam-forming network and the array are designed on
the 6 tape layer Low Temperature Co-fired Ceramic (LTCC).
The Ferro-A6M-E (¢, = 5.7 and tand = 0.002) is used as the
substrate. Each dielectric layer of LTCC is 92 pym thick. The
thick-film gold material, o = 7 x 10 6 S/m, is used as the
conductor, and the thickness is 5 im.

A. ROTMAN LENS
A microstrip Rotman lens is designed with the four beam
ports (1-4), six array ports (5-10), and two dummy ports
(11-12) as shown in 1 (a). The four beam ports, 1, 2, 3, and
4 are designed to steer the main beam to —30°, —10°, 10°, and
30°, respectively. The focal length of the designed Rotman
lens is 3.55 mm, i.e. 1.8, at the center operating frequency
of 73.5 GHz. The separation between the antenna ports (5-10)
is 2 mm, i.e 0.5A¢ at the center operating frequency.

The simulated S-parameters of the beam port 1 and 2 are
shown in Fig. 2 (a) and (b), respectively. The S-parameters
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FIGURE 2. Simulated S-parameters of the (a) beam port 1 and (b) beam port 2 and (c) phase distribution across the array ports when beam port 1 ()

and 2 (- -) of the 4 x 6 Rotman lens are excited.

of the Rotman lens are simulated by placing the excitation
ports at the begining of the microstrip lines and the array ports
are positioned after the vertical transition in the SIW prior to
coupling slots, the red line in Fig. 1(b) illustrates the position
of the array ports. For both beam ports, 1 and 2, the received
amplitude of the array ports at the center are greater than
towards the edges. Fig. 2 (c) shows that the progressive phase
shifts between the array ports are 30° and 90° when the beam
port 1 and 2 are excited, respectively. Due to symmetry of the
Rotman lens the S-parameters of port 3 and 4 are the same.
The coupling between the beam ports is less than —20 dB for
all the beam ports.

B. VERTICAL TRANSITION

In order to make the design compact, the radiating elements
are positioned on top of the Rotman lens, at the higher layers
of the LTCC as shown in Fig. 1 (b). A transition between
a microstrip transmission line and SIW in adjacent LTCC
layers is designed by introducing a coupling slot between
them. The rectangular slot of 1.8 mm x 0.4 mm is cut from the
common ground plane. The transition is designed to operate
between 71-76 GHz. A single transition suffers from 0.2-dB
loss which is mainly due to reflection and radiation losses.
The detail of the design has been published in [20].

C. SERIES ARRAY

A SIW-coupled 1 x4 patch antenna array is connected to each
array port of the Rotman lens. The width of the SIW is 2 mm
and the height is 0.37 mm, i.e., four LTCC tape layers. Four
aperture slots on the broader wall of the SIW with varying
width are designed to couple equal power to each radiating
patch. The width of the four aperture-coupling slots starting
from the one close to the vertical transition are 0.1, 0.12,
0.125, and 0.13 mm, respectively. The length of the aperture
coupling slots is 1 mm. The coupling slots and the radiating
patch are separated by 1.9 mm, i.e. 0.47A¢ at 73.5 GHz. The
length and width of the radiating patch are 0.7 mm and 1 mm,
respectively. The E-plane cut of the 1 x4 series array radiation
pattern is shown in Fig. 3. The simulated directivity of the
1 x 4 series array is maximum, 11.8 dB, at 75 GHz and it is
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FIGURE 3. Simulated E-/xz-plane (—) and H-/yz-plane (- -) directivity
radiation pattern of the SIW fed1 x 4 patch array.

more than 10.5 dB between 71-76 GHz. The detailed design
and characterization of the 1 x 4 series array are detailed
in [20].

D. VECTOR MODULATOR

The beam-switching feed network of the Rotman lens
consists of grounded co-planar waveguide (GCPW) trans-
mission lines and a 4-channel vector modulator MMIC.
A simplified block diagram of the vector modulator is
shown in Fig. 4. On-chip power splitting for the four phase
shifting elements is implemented using Wilkinson power
dividers. The single element TX phase shifter includes a
two-stage buffer amplifier in a cascode configuration at
the input. The first stage is designed as single-ended to
obtain low power consumption. The second stage is a dif-
ferential one that converts the single-ended mode to a bal-
anced mode for the active vector modulator core that is
based on a Cartesian topology. A two-stage differential
poly-phase filter is used to generate the required in-phase
and quadrature phase (IQ) RF signaling for the variable
gain amplifiers. The variable gain amplifiers are realized
with two differential Gilbert cells and controlled by on-chip
current-steering digital-to-analog converter (DAC) which has
eight-bit resolution. The differential output signals of the
vector modulator are converted to a single-ended mode by
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FIGURE 4. Simplified block-diagram of the 4-channel vector
modulator MMIC.

a transformer. A two-stage cascode amplifier is used for
the final amplifying stage. The 1-dB output compression
point for the single-element phase shifter is around 0-dBm
power level. The chip is processed in a 0.13pum SiGe
BiCMOS technology. Size of the chip including the pads is
2 mm X 2 mm. The total power consumed by the vector
modulator is 0.57 W, 0.142 W per channel.

The vector modulator is measured on-wafer and the
IS211 response of a channel is shown in Fig. 5. The measured
peak gain of one channel is 24 dB at 75 GHz and 360° phase
control can be achieved upto 17 dB gain at 75 GHz.

180°

270°

FIGURE 5. Measured |S,;| amplitude and phase of a one channel of the
VM for various DAC states at 75 GHz.

E. ROTMAN LENS BASED BEAM-SWITCHING ARRAY

The design of the Rotman lens based beam-switching array
is shown in Fig. 1. The LTCC module is fed using a
Imme-end-launch connector. The connector is followed by
10 mm and 4.1 mm long grounded co-planar waveg-
uide (GCPW) and stripline, respectively. The stripline is

VOLUME 9, 2021

required to access the RFj, port of the VM which is located at
the center of VM. The VM is attached to LTCC module with
flip chip connection using solder bump of 80 pm diameter and
70 nm height. The four beam ports of the Rotman lens are fed
with the combination GCPW and microstrip (MS) transmis-
sion line. The total length of the transmission lines, sum of
GCPW and MS lengths, are 11.3, 8.4, 8.7, and 11.3 mm for
beam ports 1, 2, 3, and 4, respectively. The dummy ports of
the Rotman lens are terminated with CH02016 50 €2 thin film
microwave resistors [21].

The 6 x 4 radiating patch antenna are on the top side as
shown in Fig. 1 (b). During simulation studies, the waveguide
ports with 50-2 impedance are used to excite the beam ports
at the output of VM, indicated with red circle in Fig. 1.
Fig. 6 (a) shows that the simulated reflection coefficient of
the beam ports is below —12 dB between 71-76 GHz. The
simulated directivity of the beam ports 3 and 2, and 4 and
1 radiating towards £10° and £30° are more 16.8 dB and
16.2 dB, respectively between 71-76 GHz. The simulated
realized gain peaks at 75 GHz, where the beam ports 2/3 and
1/4 have 11.5 dBi and 10.2 dBi realized gain, respectively.
The total efficiency of beam port 1 and 2 are —6.4 dB and
—5.8 dB, respectively. The ohmic and dielectric losses are
major contributor to the total loss, for example, at 75 GHz,
the metallic and dielectric loss of the beam port 2 are
4.3 and 0.7 dB, respectively. The higher loss in the beam
port 1 and 4 is mainly due to the longer transmission lines and
slightly higher spillover loss coupling to the dummy ports.
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FIGURE 6. Simulated (a) reflection coefficient (]S;;|) and (b) directivity
(—). gain (- -), and realized gain (-o-) comparison of the Rotman lens
based beam-switching array on LTCC.

(@) | (b)

FIGURE 7. (a) Bottom view and (b) top view of the fabricated prototype
of the Rotman lens based beam-switching array on LTCC assembled with
the end-launch connector.
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FIGURE 8. Schematic diagram demonstrating the measurement setup and gain estimation of the beam-switching antenna.

The simulated radiation patterns of the beam-switching array
are presented along the measured ones in the upcoming sec-
tions of the paper.

F. MEASUREMENT SETUP

The fabricated beam-switching antenna assembled with
the 4-channel VM and an end-launch connector is shown
in Fig. 7. During the measurement, the LTCC antenna mod-
ule is connected to the WR-12 network analyzer extender
using a tunable waveguide attenuator, waveguide-to-coaxial
transition (WR-12 to 1-mm coaxial), coaxial cable, and the
end-launch connector as shown by the schematic diagram
in Fig. 8. The 1-dB output compression point of a single
channel of the VM is approx. 0 dBm and the corresponding
input power is —24 dBm. However, the output power of the
WR-12 extender is 13 dBm. Thus, the tunable attenuator, with
21 dB loss, is connected in the measurement chain to limit
the input power to the VM. The loss in the coaxial cable and
transition is 3.5 dB [13]. The reflected signal attenuates more
than 50 dB in two-way propagation through the attenuator and
transmission lines. Since the reflected signal is close to the
noise floor of the receiver, the calibration and the S-parameter
measurement are not possible.

The radiation pattern and the gain of the designed antenna
are measured using the planar near-field measurement tech-
nique. The separation between the scanning plane and the
LTCC module is 30 mm and the near-field samples are mea-
sured at an interval of 1.8 mm. The near-field measurement
span is 20 cm which results in valid far-field angular range
of £70°. The gain of the beam-switching array is calculated
with the gain comparison method. A reference horn antenna
of known gain is measured with same attenuator to estimate
the LTCC module gain. The losses in the coaxial-waveguide
transition and coaxial cable, 3.5 dB, end-launch connec-
tor, 1 dB, and transmission lines between the end-launch
connector and the VM, simulated to be 8-11 dB between
71-76 GHz, is compensated during the gain calculation.
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FIGURE 9. (a) Simulated (- -) and measured (—) normalized radiation
pattern at 75 GHz, and (b) simulated active reflection coefficient
comparison when beam port 2 is amplified and the remaining beam ports
are 0-dB gain state.

As shown in Fig. 8, the gain reference point in the simulation
and measurement is at the output and input port of the vector
modulator, respectively. The use of the attenuator decreases
the dynamic range of the measured near-field, therefore,
the noise is observed in the measured radiation pattern.

IlIl. VECTOR MODULATOR IC AS RF SWITCH

The output channels of a VM can operate at a number of
states between the minimum (OFF) and maximum (ON)
gain states. When a VM channel is at the minimum gain or
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FIGURE 10. Measured (a,d) back-propagated normalized electric field amplitude, (b,e) h-plane radiation pattern cuts at 75 GHz, and (c,f) measured
peak realized gain w.r.t. frequency of the beam port 2 with (bottom row) and without (top row) aperture filtering. The measured gain of beam port 2 is
varied while remaining beam port 1, 3, and 4 have minimum possible gain, i.e. 149 122. Simulated peak realized gain (-o-) without VM are presented in

(c) and (f) for comparison.

OFF state, some RF power leaks through the port. The effect
of the RF power leaking through the OFF port can be miti-
gated by increasing the gain of the desired beam port.

In this section, we determine the gain or ON-OFF ratio of
the VM required for the Rotman lens based antenna to operate
as the beam-switching antenna which produces the pencil
beam towards the designed directions. During simulations,
the beam ports 1, 3, and 4 of the Rotman lens are excited
with the minimum, 0-dB, amplitude while the excitation
amplitude of the beam port 2 is increased from 0 - 27 dB.
The radiation pattern with the varying excitation amplitude
at the beam port 2 is compared to the ideal radiation pattern,
i.e. when beam port 2 is excited with infinite ON-OFF ratio,
see Fig. 9 (a). In Fig. 9 (a), the simulated directivity radiation
patterns are normalized with respect to the peak directivity of
the beam port 2 with infinite ON-OFF ratio and the measured
realized gain radiation pattern is normalized with respect
to its peak. When all the beam ports of the Rotman lens
are equally excited, a very wide and asymmetrical beam is
formed. The beam is asymmetrical because the path length
of each beam port from the vector modulator to input of the
Rotman lens is different. Therefore, the excitation phases of
the beam ports are not the same and the superposition of their
far-fields form the asymmetrical radiation pattern. With the
increasing beam port 2 excitation amplitude, the directivity
improves, the side lobe level decreases, and the radiation pat-
tern begins to resemble more like an ideal radiation pattern,

VOLUME 9, 2021

i.e. beam-switching scenario. The simulation study shows
that the gain or ON-OFF ratio greater than 21 dB limits
the peak directivity difference below 0.1 dB and SLL level
difference at 1-dB level.

The simulated active reflection coefficient of the beam
port 2 is presented in Fig. 9 (b). When all the beam ports
are active, (0 0 0 0) dB, the active reflection coefficient
differs with the beam-switching case. However, with increas-
ing excitation amplitude the active reflection coefficient of
the beam port 2 matches the reflection coefficient of the
beam-switching case. The simulated active reflection coef-
ficient is below —10 dB for all the excitation amplitudes as
shown in Fig. 9 (b).

The measured realized gain radiation pattern of the beam
port 2 with varying VM gain is shown in Fig. 10 (b). For
a single channel of the VM, the DAC states 149 122 and
000000 represent the minimum and maximum gain states,
respectively. As expected, with the higher gain at the beam
port 2, the SLL decreases and the radiation pattern resembles
the ideal radiation pattern of the beam port 2. The simu-
lated and measured normalized radiation pattern comparison
in Fig. 9 (a) shows that the main lobe is steered towards the
same direction, —10°, and the HPBWs are 18°, respectively.
At 75 GHz, the simulated and measured SLL are 16.8 dB and
13.75 dB, respectively.

The measured radiation pattern shown in Fig. 10 (b) have
noise and at the lowest gain states, 149 122 and 115 122,
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the measured radiation patterns do not ressemble the simu-
lated radiation pattern. The ripples in the radiation patterns
are mainly caused by: the spurious radiation from LTCC
module, and the limited near-field dynamic range due to use
of the attenuator. The back-propagated electric field at the
radiating aperture of the LTCC shown in Fig. 10 (a) demon-
strates that there are radiating fields present outside the 6 x 4
patch antenna array. The amplitude of spurious electric fields
is constant for all the gain states, which suggests that the
leakage happens prior to the VM. As the VM gain increases,
the patch array amplitude increases and the radiation pattern
starts to behave as the simulations. The undesired radiation
sources are filtered as shown in Fig. 10 (d) and the filtered
aperture fields are transformed into the far-field radiation
pattern in Fig. 10 (e). The filtered radiation patterns do not
have ripples, and at the lower gain states the measured radi-
ation patterns are in good agreement with the simulations.
The filtered peak realized gain, in Fig. 10 (f), has larger
gain range, following the gain difference between the lowest
and highest gain states of the VM, as compared to unfiltered
gain in Fig. 10 (c). The average filtered gain range between
71 - 76 GHz is more than 25.5 dB. Based on simulations,
the expected gain improvement towards the specific direc-
tion, —10°, equal to the VM gain, i.e. 24 dB. The filtered
peak gain shows that the gain of the VM is close to expected.

The simulation and measurement gain reference point is
shown in Fig. 8. The losses in WR12-coaxial transition,
coaxial cable, end-launch connector and GCPW has been
compensated in the measurement results. The expected real-
ized gain of the LTCC module, when the beam port 2 is
only excited with maximum VM gain, is approx. 35.5 dBi,
24 dB VM gain and 11.5 dBi LTCC antenna gain, at 75 GHz.
However, at 75 GHz, the measured peak gain is 20 dBi.
Similarly, the difference between the simulated and measured
realized gain of the beam-switching antenna, when all ports
are equally excited, (0 0 0 0) dB, is approx. 14-15 dB, see
Fig. 10 (f). The RF signal leakage between the end-launch
connector and the VM is a possible reason for the difference
between the simulated and measured realized gain. Further-
more, the height of the solder bump used in the flip chip
connection of the VM were smaller than expected which
could degrade the impedance matching of the flipchip. The
vector modulator is integrated with the antenna, therefore
the differentiation between the antenna and beam-switching
network efficiency is not possible.

When the VM gain is maximum, the 360° phase control
is not possible, see Fig. 5. Therefore, the gain is lowered by
3 dB, to achieve wide phase control, approx. 260°, at the same
amplitude level, which is adequate for this work. Further
wider phase control can be achieved by lowering the VM gain
as shown in Fig. 5. The measured normalized realized gain
pattern of all the beam ports with the backoff gain are in
close agreement with the simulated ideal radiation pattern,
see Fig. 11. Both the simulated and measured realized gain
of the beam ports are normalized with respect to the peak
realized gain of the beam port 2. The comparison between
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FIGURE 11. Normalized radiation pattern comparison between the
beam-switching simulation (- -) and (002 122) gain
measurement (—) of 4 beam ports.

the simulated and measured far-field properties of the four
beam ports are detailed in Table 1. The measured scan loss
of the beam-switching array is less than 0.8 dB conforming
to the simulation results. The minor difference between the
simulation and measurement results in beam angle and first
SLL is caused by the noisy far-field radiation pattern due to
leaking radiation and the limited near-field dynamic range.

TABLE 1. Comparison between the simulated and measured far-field
properties of the LTCC module.

Angle HPBW Scan loss First SLL
Port ) ) (dB) (dB)
Sim. | Mea. | Sim. | Mea. | Sim. | Mea. Sim. Mea.
1 -30 -31 19.5 19 1.5 0.8 -13.6 -11
2 -10 -12 18 17 0 0.2 -16.6 -13
3 10 11 18 18 0 0 -16.9 | -12.5
4 30 30 19.5 19 1.5 0.2 -13.2 -12.4

The close agreement between the simulated and measured
radiation pattern validates the idea of using the high-gain vec-
tor modulator as the switching element in the beamforming
network. Though, the measured realized gain is substantially
lower than the expected gain, the use of vector modulator
still improves the measured gain by approx. 8.5 dB compared
to the simualations, without VM, see Fig. 10 (c) and (f).
Furthermore, it is important to notice that additional 2-3 dB
insertion loss due to RF-switches has been avoided by
using VM as the switching element.

IV. BEAM RE-CONFIGURABILITY

In this section, more than one beam ports are excited at
the same time. When the multiple beam ports are excited,
the resulting radiation pattern is the vector sum of the excited
beam port radiation patterns. The radiation pattern of the
beam ports can be added constructively towards a specific
direction by appropriately phasing the beam ports. The com-
bination of the excited beam ports can be selected based on
the required radiation pattern.

A. TWO-PORT COMBINATION

In this subsection, the two beam ports of the Rotman lens
are simultaneously excited with equal amplitude. The I and
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TABLE 2. Comparison between the simulated and measured (in bracket) excitation amplitude, phase and far-field properties of the various adjacent

beam combinations.

Combination Port 1 Port 2 Port 3 Port 4 Angle HPBW First SLL
Amp. | Phase () | Amp. | Phase ) | Amp. | Phase () | Amp. | Phase () @) (°) (dB)
Port1&2 1 0 1 355 (340) 0 0 0 0 192 | 252D | —16.1(-165)
Port2 & 3 0 0 1 000 1 55 (65) 0 0 002 275 (25) | -19.6 (-15)
Port3 & 4 0 0 0 000) 1 0 1 260 (270) | 19 (21) 2522) | -16.4 (155)
Port1&2 & 3 1 0(0) 1 20 (350) 1 55 (45) 0 0 9(22) | 53(51) | —105(13.5)
Port2 &3 &4 0 0 1 000) 1 280 (310) 1 340(340) | —5(-5) | 53 (52) 12 (-13)
Port1&2&3&4 1 0(0) 1 260 (260) 1 150(120) 1 215(185) | —2(-22) 75 131 (-13.5)
5 5
or AR ] 0
i, \ | s

. F /R S R Y/
—Port3 & 4 (¢ = 809 —Port 3 & 4 (6 = 260°)
—Port 3 & 4 (¢ = 1809 —Port 1 & 4 (¢ = 1809)
-60 40 -20 0 20 40 60
0 (°)

FIGURE 12. Simulated (- -) and measured (—) normalized radiation
pattern comparison when two beam ports are simultaneously excited
with the appropriate phase. The measured pattern (- - ) of combining
beam port 1, 3, and 4 are also plotted for reference.

Nt
LR

Norm. realized gain pattern (dBi)
S

Q control vectors are varied only to change the phase while
maintaining the constant gain. The remaining beam ports are
assigned the lowest gain.

The combination of the distant 2 beam ports, for example,
beam port 1 and 4, will result in a multi-beam radiation
pattern with main lobes towards the direction —30° and 30°,
see Fig. 12. The 180° phase difference, ¢, between beam
ports 1 and 4 help to reduce the SLL. The adjacent beams,
like the beam port 3 and 4, can be excited with appropriate ¢
to generate: (1) a multi-beam radiation pattern, with ¢ = 80°,
(2) a flat-top shaped beam with wide angular coverage, with
¢ = 180°, and (3) a single directive beam between the com-
bining beams, with ¢ = 260°.

The possible adjacent two port combinations for the four
beam ports are 1-2, 2-3, and 3-4. The phase difference
between the beam ports 1-2, 2-3, and 3-4 are optimized to
steer the main beam towards —19°, 0°, and 19°, respectively.
The phase difference between the combining ports used in
the simulation and measurement are in close agreement with
each other, see Table 2. Figure 13 (a) shows that the simulated
and measured realized gain radiation patterns follow each
other. The simulated directivity of the beam port combination
1-2, 2-3, and 3-4 are 16.2 dB, 15.8 dB and 16.2 dB, respec-
tively, which are lower compared to the individual beam
ports directivity. Similarly, the HPBW of the combination
beams are larger than that of the individual beam ports. The
simultaneous excitation of the adjacent ports as demonstrated
in Fig. 13 (a), can improve the beam cross-over levels. For
example, the beam cross-over level of the beam port 2 and 3
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FIGURE 13. Comparison between the simulated (- -) and measured (-)
normalized radiation patterns, when (a) two, (b) three, and (c) four
adjacent beam ports are simultaneously excited with the appropriate
phase. The individually measured beams (- - -) are plotted for reference.

is —5.4 dB towards the boresight direction. The simultaneous
excitation of port 2 and 3 creates beam towards boresight with
approx. 6 dB higher gain than the beam cross-over level.
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B. WIDE BEAMS

In this subsection, three and four adjacent beam ports are
simultaneously excited with equal amplitude, i.e. equivalent
to 002 122, and appropriate phase to form wide beams. The
details of excitation amplitudes and phases are in Table 2.
Fig. 13 (b), (c), and Table 2 show that the measured radiation
pattern of three and four port combinations are in consonance
with the simulation results. Both the three port combinations,
1-2-3 and 2-3-4, have 13.1 dB simulated directivity and
the main lobe is directed towards —9° and —5°, respec-
tively. The simulated directivity of the four port combination,
1-2-3-4, is 12 dB and the main beam is pointed towards —2°.
The HPBW of the beam port combinations 1-2-3, 2-3-4, and
1-2-3-4 are 53.1°, 51.7°, and 75°, respectively. The com-
parison between the various combinations show that as the
number of combining ports increase, the directivity decreases
and the HPBW increases. Though, the beam combination
reduces the directivity of the resulting beam, the peak realized
gains are comparable due to the additional VM gain of the
combining beam ports that adds constructively in the far-field
to form wider beams.

The simulated and measured normalized peak realized gain
performance of the different beam combinations are shown
in Fig. 14 (a) and (b), respectively. The excitation phases for
various beam combination illustrated in Table 2 are optimized
for 75 GHz. Figure 14 shows that the beam reconfigurability
can be achieved for wide frequency band. The results are
normalized with respect to the peak gain of the beam port
2 when other beam ports are at the low gain state. The nor-
malized simulation and measurement results for the one, two,
and three beam-port excitations are in close agreement with
each other. Some minor differences between simulation and
measurement can be associated with the ripples in radiation
pattern due to RF leakage and limited dynamic range.

---Port 1 ---Port 2 Port 3 ---Port 4 —~Port 1 &2
Port2 & 3 Port3 & 4—=Port | &2 &3 =Port2& 3 & 4+Port 1 &2&3 &4

=6 =6

S g
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71 72 73 74 75 76 71 72 73 74 75 76
Frequency (GHz) Frequency (GHz)
(@) (b)

FIGURE 14. Normalized (a) simulated and (b) measured realized peak
gain response of the beam-reconfigurable array for various beam
combinations. The gains are normalized against port 2 single beam case.

V. CONCLUSION

In this paper, a beam-switching antenna array is designed
based on the 4 x 6 Rotman lens to steer the main beam towards
£30° and £10° at 71-76 GHz. The antenna array is imple-
mented in a 6-layer LTCC platform. The beam-switching
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network is implemented using a 4-channel vector modulator
instead of a traditional RF switch. The simulation and mea-
surement study suggest that a VM with the sufficient gain,
e.g., more than 24 dB in this particular case, can be used to
implement the beam-switching network. The good agreement
between the simulated and measured HPBW, beam steering
angle, and SLL of all the beam ports justify the feasibility of
the VM.

The use of the vector modulator in the beam-switching
network mitigates the high insertion loss of a traditional
RF switch. Furthermore, the use of vector modulator enables
the beam reconfigurability for the beam-switching antenna.
The high gain pencil beams and reconfigurable wide beams
of the beam-switching array are demonstrated through the
simulations and measurements.
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