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ABSTRACT In this paper, a novel digitally reconfigurable unit-cell and 4 x 4 transmitarray operating at
X-band is proposed that allows the implementation of beamforming and polarization conversion operations
in a programmable way. The lower layer of transmitarray responsible for beam steering consists of two PIN
diodes and a circular type patch which has two states of operations with 0 and & phase responses which we
name ‘““State]l” and ““State2”’. “Statel” and ““State2” can be represented by a digital notation as ““1”” and “0”
elements. Similarly, the upper layer of the transmitarray responsible for polarization conversion operation
consists of two states of operation which we name as *“State3” and ““State4”, respectively. “State3”’ and
“State4” also can be represented by digital notations as “1” or “0” elements. By coding “0” and “1”
elements for the lower side of the transmitarray in a 1-bit sequence, we can steer the beam in our desired
direction. Similarly, by coding ““0” and ““1” elements in a 1-bit sequence element for the upper layer, we can
get X-polarized and Y-polarized beams. Combining the upper layer 1-bit sequence and lower layer 1-bit
sequence, we can get both polarization conversion and beam steering simultaneously. A 4 x 4 array with our
proposed unit cell was designed and fabricated. A good agreement between simulated and measured results
was observed. The proposed design is a promising concept because it can be fabricated using the conventional
fabrication process, it is cost-effective compared to conventional phased array antenna for satellite and radar
applications. A 4 x 4 array was taken just to check the transmission and reflection coefficients of the proposed
unit cells. A very small transmitarray was manufactured and experimentally characterized just as a proof of

concept, to verify that the unit cells work properly.

INDEX TERMS Reconfigurable transmitarray, beam steering, polarization conversion, X-band, unit-cell.

I. INTRODUCTION

Recently with the advance of coding meta-surface and digital
meta-surface, there is a great interest in developing digitally
coded surfaces for beam steering and polarization conversion
among the antenna community [1]-[10]. To steer the beam
in different directions and get polarization converted waves,
conventionally phases array antennas are being used [11].
However, traditional phased array antennas are expensive,
bulky, and complex. The phase shifters used in the con-
ventional phased array antennas have a high insertion loss.
Generally, a power amplifier is used to enhance the signal
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strength for conventional phased array antennas. Low inser-
tion loss, lightweight, low profile, and low-cost antennas
with beam steering and polarization conversion operation
are required for radar and satellite communication applica-
tions. Conventional phased array antennas are being used for
such applications, which are bulky, expensive, and analog.
Transmitarray is one of the promising candidates that can
replace conventional phased array antennas for beam scan-
ning and polarization conversion operations [12]-[32]. The
identical unit cells that are the building block of transmi-
tarrays are arranged periodically. A source antenna like a
horn or patch array is kept at a suitable distance in front of
the transmitarray to manipulate the EM waves in the desired
direction. Frequency selective surface, microstrip patches,

VOLUME 9, 2021


https://orcid.org/0000-0002-8803-3493
https://orcid.org/0000-0002-3974-4766
https://orcid.org/0000-0003-1875-5420
https://orcid.org/0000-0002-8956-8334

B. Rana et al.: Digitally Reconfigurable Transmitarray With Beam-Steering

IEEE Access

or metamaterial structures are generally considered for the
unit cells of the transmitarrays. Conventional printed circuit
board (PCB) technology is used to fabricate the unit cells and
the entire transmitarray. The first transmitarray was proposed
by McGrath in 1984 connecting an upper patch and lower
patch through a via-hole [12]. There are two types of trans-
mitarray in the literature a) passive transmitarray b) active
transmitarray for beam-steering operation. Passive transmi-
tarray has no active component like varactor diode or PIN
diode whereas active transmitarray has active components
like PIN diode or varactor diode. In the literature, several pas-
sive transmitarrays were presented for beam steering opera-
tions [13]-[16]. In [13], the authors proposed a beam-steering
antenna for ground mobile terminals of Ka-band satellite
and high-altitude platform. In [14], a dual-band high gain
passive transmitarray was proposed for Satcom terminals.
A V-band switched-beam transmitarray was proposed for
wireless backhaul applications in [15]. A 3D printed perfo-
rated transmitarray was proposed for beam scanning opera-
tion in [16]. In [17], first, an active transmitarray prototype
was proposed and a 360° reflective-type phase shifter was
used in that design to scan the beam. Since then, different
authors have proposed different transmitarrays. There are two
types of active transmitarray a) analog-type active transmitar-
ray b) digital-type active transmitarray.

In the case of analog-type transmitarray, 360° phase
shifters are used for beam steering operation. Generally,
reflective type phase shifters with varactor diodes are used
which have a phase shift range of 360° or more [17]. How-
ever, these reflective-type phase shifters are lossy and the
total performance of the transmitarray degrades significantly
with these reflective-type phase shifters. To overcome this
problem, a novel design approach was presented in where
the reflective-type phase shifter with power amplifier was
used [18]. However, the proposed design suffered from unde-
sired coupling effects because of complicated bias networks
for controlling the active components to achieve multifunc-
tion, and the complexity can be increased depending upon the
number of the unit-cell. In the literature, most of the authors
have focused only on the beam steering of the transmitarray.
There are very few works on both polarization conversion
and beam steering operations. In [19], a transmitarray was
proposed that had both beam steering and polarization con-
version capabilities. However, a reflective type phase shifter
was used with varactor diodes for the phase-shifting operation
that made the design analog type. The transmitarray was
composed of an active patch, a 360° reflective-type phase
shifter, and a passive patch. Two cascaded quadrature bridge
structures were used to make the 360° reflective-type phase
shifter and each structure had a four-port directional cou-
pler. Varactor diodes were used to realize the phase shifter.
By varying the bias voltage, the capacitance of the varactor
diode could be varied from 0.17 to 1.1 pF. Those varactor
diodes make the transmitarray analog type. Two PIN diodes
were used on the upper patch for the polarization conversion
operation.
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In the case of digital-type transmitarrays, the phase of
the input signals is discretized with PIN diodes. 360°
phase can be discretized into 1-bit (0°/180°) or 2-bit
(0°/90°/180°/270°). Therefore, it is more efficient to imple-
ment a digitally reconfigurable transmitarray. In [20],
the authors proposed an electronically reconfigurable unit
cell to achieve beam steering operation. The structure had
two rectangular patches loaded with U-and O-type slots. The
passive patch had no PIN diode but the active patch had
two PIN diodes and a single bias line for beam steering
operation. The design showed wide impedance bandwidth
and low insertion loss. The same unit cell was used to design
an 20 x 20 array in [21]. However, the design had only beam
scanning capability. In [22] authors had proposed a digitally
control transmitarray. There were two-layer metallic patterns
connected by a metallic via-hole. One layer of metallic layer
had two PIN diodes and another layer of metallic layer had
another two PIN diodes. The design was experimentally ver-
ified in an ad-hoc waveguide simulator.

Electronically polarization switching is now very impor-
tant in modern communication devices. In [23], an electron-
ically reconfigurable polarization converter was presented at
X-band. A new method to measure the performance of the
unit cells for the polarization conversion was also proposed
in that paper using X-band WR-90 wave and rectangular
to square waveguide transition section. The performance of
the overall 2 x 2 unit-cells was verified with an X-band
miniaturized horn antenna and satisfactory results were
obtained.

In this paper, a novel type wideband 1-bit (0°/180°) digi-
tally reconfigurable unit cell is proposed using PIN diodes for
both polarization conversion and beam steering operations.
To the authors’ best knowledge such type of transmitarray
with fabricated array has yet not been reported in the litera-
ture which has both beam steering and polarization conver-
sion capabilities. We have used two PIN diodes for beam
steering operation and another two PIN diodes for polar-
ization conversion operation. So, beam steering operation
and polarization conversion operations can be achieved by
the digital form instead of the analog. The proposed array
produces lower losses at our desired frequencies compare to
ordinary microstrip phased array antennas or metallic phased
array antennas. The paper is expected to give a significant
advancement of the transmitarray as a new type of digitally
coded transmitarray with different functionalities. The main
objective of this research is to develop a new type of trans-
mitarray for next-generation radar applications which are less
expensive, low loss, consume less amount of power compared
to convention phased array antennas. The digitally reconfig-
urable technique used in this design enables the transmitar-
ray to be controlled digitally by a field-programmable gate
array (FPGA) or any other microcontroller for beam steering
and polarization conversion operations. We have conceived a
term named “‘Digital Electromagnetics” where electromag-
netic waves are supposed to digitize for various applications
without using conventional phase shifters.
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The remainder of this paper is arranged in the following
way. In Section II, the configuration and performance of the
unit cell are discussed while in Section III, the equivalent
circuit model of the unit cell is presented. The design of
the 4 x 4-unit cell array is described in Section IV and the
electrical circuit model of the one row of the 4 x 4 array
is described in Section V. In Section VI, a measurement
technique to measure the polarization conversion operation
is presented. Lastly, a conclusion is made for the proposed
unit cell and 4 x 4 array.

Il. CONFIGURATION AND PERFORMANCE OF

THE UNIT CELL

Ansys Electronics Desktop simulator was used to simulate
the proposed unit cell as well as 4 x 4-unit cells with horn
antennas. A normal plane wave impinging upon a unit cell
with master-slave boundary conditions was used to simulate
the unit cell. The element was designed at the center fre-
quency of 9.5 GHz. 3D view of the proposed unit cell is shown
in Figure 1.

Two Taconic substrates with permittivity of 3.5, loss
tangent of 0.0018, and height of 1.52 mm each bonded by
a bonding film with permittivity of 3.88, loss tangent of
0.0236 was considered for our design. The area of the unit
cell was 15 x 15 mm?. A metalized via-hole with a diameter
of 0.4 mm at the middle of the unit cell connects upper and
lower patches. A bias line in between lower Taconic substrate
and bonding film with a metalized via hole with a diameter
of 0.4 mm was introduced to give dc power supply to lower
two PIN diodes. To give dc power to the upper two PIN
diodes, another bias line was designed on the top Taconic
substrate as shown in Figure 1. The size of the unit cell is
0.47A0x 0.47A¢. Figure 2(a) and (b) show the top view of
the patch for polarization conversion and the bottom view

Bias Line
g PIN Diode
: .- Upper Patch
Sy .. Via-hole

.- Bias Line

Via-hole

Lower Patch

FIGURE 1. 3D view of the unit cell.
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FIGURE 2. (a) Top view of the unit cell (b) Bottom view of the unit cell.

for beam steering of the proposed unit cell, respectively.
The upper patch has two PIN diodes (MA4GP907, MACON,
Lowel, MA, USA) for polarization conversion operation and
the lower patch has also two same PIN diodes for beam
steering operation. To minimize the biasing line effect on the
top patches, a resonator (L) = 0.1 mm, L, = 0.8 mm,
L3 =09 mm, Ly = 09 mm and g, = 0.2 mm)
was also conceived as shown in Figure 2(a). To compen-
sate, the capacitance introduced by PIN diodes on the upper
patches, an equivalent capacitance (Lc; = 0.6 mm, Lcy =
0.7 mm, W, = 0.2 mm, and g = 0.1 mm) was conceived.
Both upper and lower patch has a circular type of slots to
enhance the operational bandwidth of the unit cell. The other
parameters of Figure 1 are L; = 7.2 mm, Wg = 0.38 mm,
R; =84 mm, Ry = 1.0 mm, R, = 4.8 mm, P = 15 mm,
d=32mm, L =4 mm and L3 = 7.3 mm. The equivalent
circuit model of the PIN diode for both forward and reverse
bias conditions are shown in Figure 3(L1; = 0.05 nH, R; =
2.1 @ for the forward bias condition and Ly = 0.05 nH,
Ry, =300 K2, Cp>, = 50 {F for the reverse bias condition).
In this paper, *““Statel” represents when both polarization
conversion and phase-shifting operations of the unit cell are
in an “Off State”. “State2” represents when the polarization
conversion is “Off State” and phase-shifting operation is
“On State”. ““State3” represents when the phase-shifting
operation is “Off State” and polarization conversion is “On
State”. Lastly, ““State4” represents when the phase-shifting
operation is “On State”” and polarization conversion is also
“On State”. Table 1 lists the main feature of the unit cell.

Figure 4(a) shows the magnitude of transmission and
reflection coefficients for “Statel” and “‘State2” of the
proposed unit cell. -3 dB transmission bandwidths for
“Statel” and ‘““‘State2” are 540 MHz (9.14-9.68 GHz) and
450 MHz (9.22-9.67 GHz), respectively. Figure 4(b) depicts
the magnitude of transmission and reflection coefficients for
“State3” and ““State4” of the unit cell and -3 dB transmis-
sion bandwidth for “State3” and ‘““State4” are 490 MHz
(9.22-9.71 GHz) and 560 MHz (9.17-9.73 GHz), respec-
tively. The phase of the incoming signals is changed at the
lower patch of the unit cell and it is depicted in Figure 5. It is
observed that the phase is -12° at 9.5 GHz for “Statel” and
172° at the same frequency for “State2”.
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FIGURE 3. Equivalent circuit of the PIN diode (a) On condition (b) Off
condition.

TABLE 1. Main features of the unit cell.

No. PARAMETERS Values
1 Unit-cell size 15 mm (0.47%) x 15 mm
(0.47)0)
2 Patch diameter 8.4 mm
3 Slot diameter 4.8 mm
4 Substrate Taconic RF 35 (3.5, tand=
0.0018, h=1.52 mm)
5 Boding film £=3.88, tand= 0.0236, h=0.1 mm
6 Dimeter of connecting 0.4 mm
via
7 Dimeter of bias via 0.4 mm
8 Ground plane opening 0.7 mm
diameter
10 PIN diode MA4GP907; MACOM, Lowell,
MA, USA

A phase shift of 184° was observed while biasing condi-
tions of the PIN diodes of the lower patch were changed.
The surface current distributions of the lower and upper patch
of the unit cell for different biasing conditions are depicted
in Figure 6. Figure 6 (a) and Figure 6 (b) show the top and bot-
tom surface current distributions for State1 while Figure 6 (c)
and Figure 6 (d) show the bottom and top surface current
distributions for State2. Figure 6 (e) and Figure 6 (f) show
bottom surface current distributions for State 3 and State 4.

Ill. EQUIVALENT CIRCUIT MODELLING OF UNIT-CELL

The equivalent circuit model of the proposed unit cell is
shown in Figure 7. The upper and lower slots loaded circular
patches that can be modeled as equivalent impedance. The
upper patch was modeled as Z; and Z, impedances while
the lower patch was modeled as Z¢ and Zg impedances. The
upper and lower patch both are in the air and that can be mod-
eled as an ideal transformer with 377 Q2 port impedances. The
top and bottom patches both have two PIN diodes each. The
PIN diodes can be modeled as impedances Z4 and Z3 for
forward and reverse conditions. Due to the bulk volume of the
diodes, a series capacitance C; and shunt capacitance C| were
conceived to compensate capacitance introduced by the upper
PIN didoes. Similarly, the lower patch has two PIN diodes
that can be modeled as equivalent impedance Zs and Z7
respectively for forward and reverse bias conditions. The PIN
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FIGURE 4. Magnitude of transmission and reflections coefficients of the
unit cell for (a) State1 and State2 (b) State3 and State4.

200 Statel  ing

1S
2 100 || N\ State2 :
- ]
g e i
e 0 ~J U
2 !
S -100 S~ee !
A N S < :
-200 -

8 8.5 9 9.5 10

Frequency (GHz)

FIGURE 5. Phase of the transmission coefficients of the unit cell.

diodes on the bottom patch introduced an equivalent capac-
itance that can be compensated with a series capacitance Cq
and shunt capacitance Cs. Our circuit model is similar to the
circuit model published in [20].

IV. DESIGN OF THE 4 x 4 ARRAY

Figure 8 shows a schematic view of the 4 x 4 array with
detailed dimensions as Lo; = 117.9 mm, Ly» = 60 mm,
L23 = 34 mim, L24 =15 mim, W21 = 90 mim, sz =
60 mm, and W3 = 46.1 mm. To validate our proposed
concept, a 4 x 4 array was conceived and designed. The same
Taconic substrate with the same parameters as the unit cell
was considered while designing the array. Figure 9 shows
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Jurf [A/m] |
x102 |

FIGURE 6. Surface current distributions of the unit cell for different
biasing conditions (a) Top view for State1 (b) Bottom view for State1
(c) Bottom view for State2 (d) Top view for State2 (e) Bottom view for
State3 (f) Bottom view for State4.

FIGURE 7. Equivalent circuit of the unit cell.

the top view of the 4 x 4 array and its biasing line for the
polarization conversion operation. As our desired polariza-
tion was two orthogonal polarizations namely X-polarization
and Y-polarization, all bias lines were connected. And lastly,
one signal bias line with a width of 0.1 mm was connected to
the D-sub connector.

The ground plane has only one opening for the central
via-hole with a diameter of 0.7 mm that connects upper and
lower patches. There is a bonding layer with a permittivity
of 3.88, loss tangent of 0.0236 below the ground plane and
above the lower substrate. The bias line configuration for
beam steering operation is depicted in Figure 10. The width
of the bias line is 0.1 mm and the separation between the bias
lines for a single row of the bias line is 0.1 mm. With that

FIGURE 8. Schematic view of the 4 x 4 array design with details
dimensions.
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FIGURE 9. Top view of the 4 x 4 array.

width of the bias lines and spacing between the bias lines,
there was very less effect of the bias lines with the overall
performance of the 4 x 4 array.

V. ELECTRICAL CIRCUIT DIAGRAM OF

THE PROPOSED ARRAY

The electrical circuit diagram of the one row of the proposed
4 x 4 array is depicted in Figure 11. The upper side of the
circuit diagram with two PIN diodes is similar to that of
the lower side of the circuit diagram. Two PIN didoes were
connected back-to-back for both the upper patch and lower
patch. A metalized via-hole connected the upper patch and
lower patches. There is a connection between the unit cells
by a common line that acts as a ground plane. A voltage
source of 3.3 V was used for the 4 x 4 array. The maximum
power dissipation of our proposed 4 x 4 array is 640 mW
provided minimum voltage is applied. The biasing lines were

Bias Line for
Polarization

Conversion &
4 Phase Shifter

>

Bias Line for
+Phase Shifter

S BERE

FIGURE 10. Bias line view of the 4 x 4 array.
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kept inside to minimize the effect of biasing lines on the unit
cell performance. It was found through simulation that the
biasing line had no significant effect on the performance of
the unit cell and 4 x 4 array.

UC neo.l

—i
—P

UCno2 UCnod UC nod

For R Bias

Polarization _||
Conversion
—
GND |

Phase
Shifter *T]

|

FIGURE 11. Circuit diagram of one row of the unit cells (1 x 4).

0 0 0

F or R Bias for each Unit cell

VI. EXPERIMENTAL METHOD

To measure the polarization conversion operation and verify
transmission characteristics of the proposed 4 x 4 transmitar-
ray, a free space measurement method illustrated in Figure 12
was used. The measurement setup consisted of a transmitting
antenna (WR-90, gain: 10 dB, frequency: 8.2-12.4 GHz) and
the same type of receiving antenna.

Outside of the transmitarray, pyramidical absorbers were
kept to minimize the interference caused by diffraction by
the edge of the transmitarray, the Zig, the edge, and the
measuring equipment. The magnitude and phase of the trans-
mitted and reflected signals can be measured according to the
permittivity and geometry of the transmitarray. The distance
between the aperture of the standard X-band horn antennas
was 318 mm and transmitarray was placed 15 mm from
the transmission in between the horn antennas. The distance
between the receiving aperture of the horn antenna and the
transmitarray was kept in such a way so that the transmitarray
under test was more than the far-field distance of the oper-
ating frequency. The design frequency of the transmitarray
was 9.5 GHz. As the dimension of the aperture is very small,
placing the aperture far from the horn antenna can give a
spillover effect. Thus, we have placed the transmitarray in
such distance so that we can get transmission and reflection
coefficient properly. The horn antenna does not have a plane
wavefront. However, as we are discretizing 360° phase range
into 1-bit (0°/180°), some unit cell has certain phase and some
other unit cell has some different phase. But the other unit
cell has no large phase shift compared to central unit cells
making them useful for 1-bit operation. This phase mismatch
between the unit cells causes some gain degradation of the
transmitarray. Figure 13 shows the top view and bottom view
of the fabricated transmitarray. Figure 14 shows the practical
measurement setup for the proposed transmitarray. Figure 15,
Figure 16, Figure 17, and Figure 18 show simulated and
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FIGURE 12. Measurement setup for the proposed transmitarray.
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FIGURE 13. (a) Photography of the fabricated transmitarray prototype
consisting of 4 x 4-unit cells (a) Top view and (b) Bottom view.

Feed Antenna

Vector
Network
Analyzer

§

Rx (Hor. Pol.) | Tx (Ver. Pol.)

FIGURE 14. Practical measurement setup of the proposed transmitarray.

measured magnitude of transmission and reflection coeffi-
cients for Statel, State 2, State 3, and State 4, respectively.
The polarization conversion operation can be verified from
Figure 17 and Figure 18. Figure 19 and Figure 20 show the
simulated and measured phase of the transmission coeffi-
cients for State 1, State 2, State 3, and State 4. There was
some discrepancy between the simulated and measured phase
of the transmission coefficients. However, this discrepancy
does not affect the overall performance of the transmitarray.
Figure 21 shows the normalized radiation patterns at 9.5 GHz
for polarization converted state and no polarization converted
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FIGURE 17. Simulated and measured transmission and reflections
coefficients for State3 of the 4 x 4 array.

state for ¢ = 0° plane while Figure 22 shows normalized
radiation patterns at 9.5 GHz for polarization converted state
and no polarization converted state for ¢ = 0° plane. The
peak gain was at 6 = 0° for Figure 21 and the peak gain was
atd = 15° for Figure 22. A beam steering of 15° is observed
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FIGURE 20. Simulated and measured phase of the transmission.
coefficients for State3 and State4 of the 4 x 4 array.

with our proposed 4 x 4 unit-cell for both polarizations
converted state and no polarization converted state. So, both
beam steering and polarization conversion operations can be
verified from these radiation patterns. In [33], the authors
used a near-field phase correction structure. In [34], a low
profile phase correcting surface was introduced to improve
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FIGURE 21. Simulated radiation patterns for polarization converted and
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FIGURE 22. Simulated radiation patterns for no polarization converted
state for ¢ = 0° plane (peak gain at § = 15°).

directive radiation. By using such structures, the efficiency
of the measurement setup would have been increased for our
structure. However, in our measurement setup, we have not
used such structures. While measuring the transmission and
reflection coefficients, the states of the all-unit cell were the
same state. However, the unit cells were different states for
15° beam steering. Using a 4 x 4 array, a 15° scanning angle
can be achieved. However, with an 8 x 8 or 16 x 16 array,
a larger scanning angle with better angular resolution can be
achieved.

VIl. CONCLUSION

In this paper, a digitally reconfigurable transmitarray has
been proposed for beam steering and polarization conversion
operations at X-band. A 4 x4 array was conceived, fabricated,
and tested. There is a total of four PIN diodes on each unit
cell among them two for polarization conversion and two for
beam steering operations. By changing the bias voltages of
the four PIN diodes, the digital reconfigurable transmitarray
gives four States. Both polarization conversion and beam
steering operations were verified with the 4 x4 array. A bigger
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array with 8 x 8-unit cells or 16 x 16-unit cells can be
fabricated for real-time applications.
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