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Abstract: A continuously steerable beam patch antenna array employing a classical phase shifter
based on GaN HEMTs is presented. Here, the GaN HEMTs are used as varactor diodes to achieve the
tunability purpose. By controlling the DC bias of these varactors from —2 V to 2 'V, the proposed array
antenna can provide continuous beam steering from 0° to +25° in the azimuth plane at 41.20 GHz,
while achieving a low side-lobe level and good impedance matching performances. Using GaN
HEMTs as varactors to achieve beam steering capability has never been tried before to the best of
our knowledge. The measurement results agree well with the simulation results and validate the
effectiveness of the proposed beam steering based on GaN technology. This proposed phased array
antenna will find numerous applications within future wireless communications systems, especially
for millimeter-wave applications.

Keywords: phase shifter; antenna array; GaN HEMTs; mm wave applications

1. Introduction

Following on from the development of communication technology, modern wireless
communication systems are moving more and more toward systems that are multitasking,
miniaturized, less expensive, and robust. To this end, there is considerable interest in
reconfigurable active integrated antennas (AIAs) with multiple capabilities and functions
without enlarging their occupied volume [1,2].

Emerging wireless millimeter-wave applications such as 5G wireless communications,
Internet-of-Things (IoT), automotive radar, and satellite communications have attracted
huge interest in the research of AIA designs operating at multi-frequencies, employing
beam steering, and handling significant power levels, which has been a great challenge
for millimeter-wave systems [3,4]. Millimeter-wave bands are characterized by a high
available bandwidth, offering the possibility of high-capacity wireless transmission at
gigabit-per-second (Gbps) data rates. Despite this great bandwidth potentially available,
the transmission of the signals with minimum losses and interference is going to be one of
the most important factors of wireless millimeter-wave applications [5,6]. For this, some
techniques such as beamforming will be used to improve the transmission of data; however,
performing it at millimeter-wave frequencies will be a big challenge [6,7].

In addition, beam scanning has emerged as one of the major functions in active
integrated antenna designs for wireless millimeter-wave applications [1,6]. Generally,
antennas take the form of phased arrays, enabling beam scanning to be achieved by
applying phase-shifted RF signals to each array element [8]. This kind of antenna design
has the capability to steer the beam toward a specific direction while suppressing the
unwanted beam in other directions, thus possessing many advantages such as saving
sufficient energy, avoiding noisy environments, and overcoming the problems of radiation
interference [6,9]. To achieve beam steering capability, analog phase shifters are therefore
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crucial as RF components in phased array antenna systems, providing the suitable phase of
each antenna element which can be adjusted for adaptive beam direction control. Various
types of analog architectures have been proposed in the literature for phase control of the
signals applied to the radiating elements making up an antenna array; they can be divided
into two categories, analog active phase shifters and analog passives phase shifters [10-13].

One of the most useful topologies for analog phase shifters is the reflective structure
employing a quadrature 3-dB 90° hybrid coupler using either lumped or distributed
elements with two reflective loads at terminations [5,10]. Despite the advantages offered by
this type of phase shifter in terms of design simplicity, linearity, and power consumption,
two of its major drawbacks are that the overall insertion loss is usually high and also that
the amplitude varies as a function of the synthesized phase shift [10,12]. Both of them can
be important parameters that can limit the use of this topology. These insertion losses are
directly related to the equivalent series resistor presented by the used varactor devices. On
the other hand, a continuous phase shift can be easily accomplished when using a reflective
structure for designing a phase shifter, thus allowing it to provide any desired phase shift.

Active devices such as varactor diodes are playing an important part in the design,
development, and overall performance of wireless communication systems that require
beam steering functionality; however, these devices present some non-linear behaviors,
especially at high RF power levels, that impact the performances of antennas [14].

The superior characteristics of GaN technology, such as high-temperature operation
due to large energy band gaps, high breakdown field, and high saturation velocities of
electrons, make this semiconductor technology a promising candidate for achieving good
linearity and realizing high-power and high-frequency varactor diodes; consequently,
the designs of AIAs with high power handling capability and high-frequency operation
are now easily achieved [15]. As a result, GaN-based HEMT semiconductor devices
are no longer limited to high-power amplifier circuits [15], having now been extended
to AIA systems [16,17]. Reconfigurable RF circuits, with high power/frequency and
excellent linearity, are currently in great demand. GaN varactor diodes are among the
key components in the design of these reconfigurable RF circuits to achieve the required
performances for millimeter-wave applications. Furthermore, phased array antennas with
beam steering capability at high power/frequency and with excellent efficiency have
attracted a lot of research interest over the last few years.

Many research works using varactor diodes to obtain the beam steering functionality
have already been reported in the literature. Most of them use GaAs varactors and thus
result in a limitation in terms of frequency and RF power. This paper addresses the subject
of a beam-steering phased array antenna based on a classical structure that is very known
in the literature and which plays a vital part in wireless millimeter-wave applications. The
array antenna is designed to continuously steer the main beam in continuous resolution
without increasing the antenna elements or switching elements. The design of this antenna
array has focused on developing the controllable continuous reflection type of phase shifter
by using for the first time GaN HEMT varactor diodes as loads. Thus, this results in a
novel beam-steering two-element patch antenna array using GaN HEMT components.
The proposed overall objective of this research work is to demonstrate the realization of
a large-signal continuous beam-scanning antenna array for millimeter-wave applications
based on GaN technology which will be used as an active varactor co-integrated in low-cost
microstrip technology to achieve the tunability of beams. The proposed phased antenna
array design is based on existing designs of beam steering; here, GaN HEMT varactors are
used for the first time for beam steering applications around 40 GHz.

This work can be divided into three major parts: the modeling of the GaN-based
varactors, the phase shifter where these developed GaN devices are integrated, and the
two-element patch array antenna. The completed study, simulation, and measurement of
the GaN HEMTS as varactor devices are presented as well as the design of the used analog
phase shifter and the two-element phased antenna array.
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To the best of the authors’ knowledge, this is the first time that GaN HEMTs have been
used for an array antenna to achieve continuous beam steering.

2. Investigation of IEMN’S GaN Devices as Varactors

The realized active device, GaN_Lg110nm, studied here is based on the GaN process
offered by the IEMN laboratory in Lille, France. The offered version of the IEMN-GaN
HEMT structure that is used in this study features a gate length of 110 nm. This process is
suitable for a 50 V drain voltage for power amplifier applications and yields current levels
of ~1.3 A/mm. Figure 1a illustrates a photograph of the fabricated and analyzed device,
while Figure 1b shows a simplified cross-section of the epitaxial layers of the GaN HEMT
process developed by IEMN. More information about IEMN’s GaN process features and
limitations can be found in [18,19].

(b)

Figure 1. (a) Photograph of fabricated device “GaN_Lg110nm” and (b) schematic cross-section of
IEMN'’s AIN/GaN-on-S5iC HEMTs devices, showing contacts and epitaxial layers [18].

Many devices with different gate widths and lengths are available in the mask set and
have been characterized in small and large signals [18]. However, only one sample called
GaN_Lg110nm, with a gate length of 0.11 um, a width of 50 um, and a number of fingers
of 2, is studied and used for the proposed phased antenna array. This device is selected for
the design as it provides a tunable capacitance range from 32 fF to 355 fF at 40 GHz, which
is the highest range compared to the other studied devices.

Temperature analysis has been performed on this device, and more details can be
found in [19]. It is shown that over the 4 K to 400 K range, there is variation in the Hall
electron mobility, sheet carrier density, and sheet resistance of the used HEMT structure.
At liquid helium temperature (4 K), a state-of-the-art 2DEG mobility of 7340 cm?-V~1.s71
combined with a sheet carrier density of 1.93 x 1013 cm 2 was measured, resulting in a
remarkably low sheet resistance of 44 ()/.
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Based on our previous works [15,20] on GaN varactor diode modeling of small and
large signals, here, the same proposed equivalent circuit is used as a model to analyze the
behavior of IEMN’s GaN HEMT devices as varactors. The on-wafer RF measurements were
performed by using IEMN’s facilities over a frequency range of 0.25-67 GHz with a small
RF power and a V4 fixed to 0 V, while Vg was varied from —7 V to +2 V. This allows us
to realize a virtual connection from drain to source, resulting in a single Schottky junction
which can be considered a planar Schottky varactor diode (PSVD) [15].

From the measurement, the extracted equivalent capacitance values, CEq, versus
frequency are shown in Figure 2a. For Vg ranging from —7 V to —2V, it is seen that the
Cgq values remain almost constant over all frequencies up to 20 GHz. Meanwhile, for Vg
ranging from —1 V to +2'V, from 20 GHz, the Cgq values start to increase exponentially due
to high-frequency parasitic elements that become self-resonant at this bias voltage. More
information about the extraction method can be found in [15,20].
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Figure 2. (a) Extracted Cgq and (b) extracted Rgq vs. frequency for GaN_Lg110nm device.

Figure 2b illustrates the behavior of the extracted equivalent series resistance, REq,
versus frequency for various bias voltages V. Three ranges can be observed: in range_1,
from —7 V to —2'V, the Rgq values are at their minimum and decrease versus frequency.
Inrange_2, from 0 V to +2 V, the Rgq values increase compared to in range_1 and remain
almost stable versus frequency. For Vg of —1V, in range_3, the device exhibits its higher
value of Rgq, which drops slightly with frequency. Because our frequency of interest is
40 GHz, here, the analysis of Cgq and Rgq is performed only at 40 GHz. The extracted
tuning characteristic of Cgq and Rgq is plotted in Figure 3ab.
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Figure 3. (a) Extracted Cgq and (b) Rgq vs. Vg at 40 GHz for GaN_Lg110nm device.
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Port 1 (Input)

The behavior of Cgq vs. Vg can be separated into two regions:

e Region_1for -2V < Vg <2V: the Cgq value changes significantly as does Rgq, where
it achieves its maximum value of 18 Q).

e Region_2 for Vg < —2 V: Corresponding to Cggmin, the Cgq value does not change. The
same behavior is noticed for Rgq.

As clearly seen, depending on the V value applied, tuning of the capacitive effect is
generally achieved as a function of this bias voltage. In addition, as was already demon-
strated in [15,20], a resistive effect can also be observed and it is also dependent on V.
These two effects represent, respectively, the equivalent series capacitance (Cgq) and the
equivalent series resistance (Rgq). As a result, this Rgq will directly introduce more loss.

At 40 GHz, as seen in Figure 3a, the max and the min values of Cgq are, respectively,
355 fF and 35 fF (Cegmax/ CEgmin Tatio about 10.4), achieved for the GaN_Lg110nm device.

3. Design of Analog GaN-Based Phase Shifter

This section discusses the design analysis of a mm-band phase shifter using GaN
HEMT devices and based on the reflective structure employing a quadrature 3-dB 90°
hybrid coupler, as illustrated in Figure 4a. The varactor, GaN_Lg110nm, at the “thru” and
“coupled” ports reflects the signal with a tunable phase shift corresponding to its reactance,
which is controlled by the gate bias voltage.

Port 2 (Ouput)

Port 3 (Thru)
o B
2 5 f
—
Port 4 (Coupled)
GaN_Lgl110nm
(@) (b) (0)

Figure 4. (a) A schematic illustration of the fabricated phase shifter, (b) a photograph of the fabricated
phase shifter, (c) a zoomed-in image of one of the GaN_Lg110 devices along with the wire bonding.

Based on this phase shifter structure, one varactor diode placed at the two coupler
output ports could be enough to achieve a theoretical phase shift of 180°, as explained
in [21,22]. However, varactor diodes are not perfect. This means that there are losses due
to their equivalent series resistance; also, these diodes have a limited tuning capacitance
range, thus making it hard to achieve a 180° complete phase shift. This clearly limits the
achievable beam steering range, which can be theoretically increased as much as wanted by
multiplying the number of the used GaN varactors by a multiple of 2. However, more var-
actor diodes added will directly introduce more losses. This means that a tradeoff between
beam steering range and losses should be defined, along with the targeted application
where the phase shifter will be used.

The proposed phase shifter was designed using a low-permittivity substrate, Rogers
RT5880 [23], with an ¢, of 2.2 and a thickness of 127 pm, and simulated using Advanced
Design System (ADS) Momentum [24] proposed by Keysight. Here, the already developed
GaN HEMT varactor small-signal model in [15] was used for the GaN_Lg110nm device
as the tuning load. Two identical GaN_Lg110nm varactors were placed at the transmitted
and coupled ports of the hybrid coupler. These two signals reflect from the two tunable
loads, the GaN varactors; they add up in the phase at the hybrid’s isolated port if both of
the loads are identical and will keep matched the phase shifter’s input signal.



Electronics 2024, 13, 4698

60of 11

Figure 4b depicts a photograph of the fabricated phase shifter. Wafer vias are used
to connect the GalN varactors to the backside ground circuit metal. The wire bonding
technique is used for all GaN varactors’ PADs and was carried out at IETR’s facilities. The
overall size of this phase shifter design is 13 x 13 mm? and it was simulated and optimized
to provide a maximum continuous phase shift at 41 GHz.

First, to design this phase shifter topology, a 3-dB 90° hybrid coupler has been designed
and simulated. The Momentum-simulated layout results for the complete hybrid coupler
are plotted in Figure 5. The insertion loss at port 3 and port 4 are, respectively, —0.40 dB and
—0.25 dB at 41 GHz and has a maximum variation of —0.4 dB over a 2 GHz bandwidth from
40.50 GHz to 42.50 GHz. The amplitude imbalance at the center frequency is almost 0.15 dB.
The phase difference between the outputs of ports 3 and 4 is about 87° at 41 GHz, while
the return loss is greater than —20 dB and the isolation between the ports is greater than
—25 dB. Now, the two output terminals will be loaded with the developed GaN_Lg110nm
varactor small-signal model to achieve the phase shift purpose.

0 S - 100
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S - 95 3
g -20 I
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o : i o
© . - ]
o . A8 ®©
| —40 — L K
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Frequency [GHZz]

Figure 5. Simulated performances of hybrid coupler versus frequency.

Then, two identical GaN varactors, GaN_Lg110nm, were properly placed at the trans-
mitted and coupled ports as tuning loads to provide the continuous tunability. Therefore,
to discuss clearly the EM simulation as well as the measurement results, only two output
phase shift difference values will be addressed and analyzed. Here, the two extreme values
are chosen to conduct this analysis. Those values are achieved at a Vg of —2 'V for the
minimum value of the phase shift and at 2 V for the maximum value of the phase shift.

The phase shift versus frequency is plotted at —2 V and 2 V to compare the measured
and simulated results in Figure 6. The simulation results show a continuously variable
phase shift of up to 108°, while the measurements resulted in 110° tunability from 40 GHz
to 42 GHz. As was almost expected, a good match between simulation and measurement
is achieved at 40.5 GHz. However, it is shown that as the frequency becomes higher,
more deviation is significant, while the phase difference between the maximum and the
minimum values remains almost unchanged. This deviation can be caused by parasitic
elements that are not captured in the proposed model.

In Figure 7, the return loss of the phase shifter under the two bias conditions is
presented and is greater than —15 dB at 41 GHz. As can be clearly seen, a good match is
achievable over the range of 40-42 GHz in simulations as well as in measurements.
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Figure 6. Simulated (continuous line) and measured (dotted line) phase states vs. frequency.
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Figure 7. Simulated (continuous line) and measured (dotted line) 1511 | versus frequency.

Figure 8 shows the simulated and measured insertion loss of the phase shifter at the
two DC control voltages. The worst case of the insertion loss is about —4.5 dB and occurs
at 40 GHz in the measurements. This value could be due to the higher series resistor value
of the used HEMT device at this bias voltage [15,20] and also due to the wire bonding
technique that is not included in the used HEMT varactor model. The amplitude imbalance
between those two extreme DC bias states (i.e., —2 V and 2 V) is about 1.9 dB at 41.6 GHz
and 2.7 dB at 40.6 GHz in simulations and in measurements and is therefore better than
those values over the extended band from 40 to 42 GHz.
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Figure 8. Simulated (continuous line) and measured (dotted line) 1521 | versus frequency.

4. Design of Phased Antenna Array

Once the principles of the phase shifter is validated by simulations as well as by
measurements. A continuous beam-steerable antenna array operating at 40 GHz is designed
and fabricated by inserting this phase shifter into the feeding network. The antenna array is
composed of two elements fed by the phase shifter and the dimension after optimization of
one element is about 3.4 x 2.4 mm?, with optimized spacing between elements of 0.47 mm.
Figure 9 shows the fabricated prototype of the proposed phased array antenna. This
antenna array is also fabricated on a Rogers RT5880 substrate, and the size of the board is
about 20 x 16 mm?.

Figure 9. Photograph of fabricated phased antenna array.

Experiments are being carried out to measure the performances of the fabricated
phased array and are compared to the simulation results, as can be seen from
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Figures 10 and 11. Figure 10 illustrates the simulated and measured reflection coefficients
of the phased array antenna. A good agreement between them can be clearly observed and
good impedance matching is achieved over the band of 40.50-41.70 GHz.

o
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Figure 10. Simulated and measured reflection coefficient for Vg of 2V and —2 V.

—_ 5

m ]

2 o 0° @ 2V +25° @ -2V

c ]

g -5

& 10

c ]

98 -15

© ]

5 —20 N

E ] —simu @Vvg= 2V ‘.??:

%—25{ --meas@ Vg= 2V ko

Q ] —simu @Vg=-1V 8 -

N-30 " =

= ] -meas@Vg=-1V - ™

€35 —simu @Vg=-2V = -

'25_40‘ -meas@Vg=-2V - . ¢
-100 -80 -60 -40 -20 0 20 40 60 80 100

Azimuth Angle [°]

Figure 11. Normalized simulated (continuous line) and measured (dotted line) beam pattern in
azimuth at 41 GHz for Vg of 2V, -1V, and -2 V.

The total scan patterns of the phased antenna array at the two extreme voltages —2 V
and 2 V and at —1 V are shown in Figure 11. By changing the DC bias, beam steering can
be achieved since the change in this DC bias has a direct effect on the change in the phase
difference between the two radiation elements. Furthermore, the main beam can be tuned
continuously to different directions between 0° to 25° by adjusting the phase differences of
each antenna element through the phase shifter. A side-lobe level on the azimuth plane
around —8 dB is observed for a Vg of —2 V in the measurement, which is a little bit higher
compared to the simulated one, which is about —9 dB. This side lobe has occurred at -2V,
which is an extreme DC bias, to achieve the Cggmax corresponding to a beam scanned at
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25° (at Cggmax)- This means that as the scanning angle becomes further from 0° (at Cggqmin),
the side lobe appears to become higher. In addition, this can be due to the diffraction of the
limited size of the ground conductor and also may be due to some perturbation caused by
the PADs used to connect the two varactors using the wire bonding technique.

Thanks to the already developed GaN HEMT varactor small-signal model, the pro-
posed phased antenna array successfully works as was expected in the EM simulations.

5. Conclusions

In this paper, a 41 GHz phased array using GaN HEMT devices for mm wave applica-
tions has been presented. This array consists of two antenna patch elements along with a
classical phase shifter where two GaN HEMTs are used as varactor diodes to achieve beam
steering. The beam of the system can be continuously steered to different directions on the
azimuth plane from 0° to 25° by changing the bias voltage of the varactors from —2 to 2 V.
Theoretically, this scan range can be easily increased as much as wanted by multiplying the
number of the used GalN varactors by a multiple of 2. The compact size, design simplicity,
and benefits of GaN technology make this design amenable for implementation in phased
array systems, proving to be a suitable candidate for 5G mm-wave communication and
beam steering applications.
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