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ABSTRACT This study introduces a high-accuracy beam pattern synthesis technique using comprehensive
unit cell and near-field measurement environment modeling for a miniaturized 8 × 8 transmitarray antenna
with a unit cell period of 0.4λ0. The unit cell comprises transmitting and receiving antennas, a single pole
double throw PIN diode switch, and a two-stage reflection-type phase shifter. This beam pattern synthesis
methodology integrates measured data from individual unit cell components, coupled with simulations of a
simple feed antenna and an infinite array transmitting antenna. This approach enables precise prediction of
the transmitarray’s beam pattern and overall performance, effectively circumventing the need for extensive
finite array full-wave electromagnetic simulations. Notably, the calculated beam pattern closely aligns with
the experimental results with high accuracy.

INDEX TERMS Transmitarray antenna, beam pattern synthesis, reconfigurable antenna, array factor, near-
field measurement.

I. INTRODUCTION
In recent years, there has been a noticeable increase
in interest in smart antennas for the next generation of
communication and radar systems. These antennas offer
the potential to enable high data rates in RF front-end
systems with limited form factors, such as small satellites
and unmanned aerial vehicles (UAVs). The implementation
of such smart antenna systems becomes pivotal in meeting
the ever-increasing demands of modern communication
requirements. Among the essential demands, beam steering
capabilities play a crucial role in ensuring efficient communi-
cation. Conventional active phased array antennas have been
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widely adopted to achieve high-performance beam steering
or forming functions, but they require complex feeding
networks, high power consumption, high-cost transceiver
modules, etc. As a result, transmitarray and reflectarray
antennas have attracted significant attention in the last
decade due to their relatively simple structures, low-power
consumption, and multi-functional beam control capabilities.
For example, these antennas could be utilized in conjunction
with reconfigurable intelligent surface (RIS) systems or
origami theory to enable new applications [1], [2], [3], [4],
[5].

Designing and validating array antennas demands metic-
ulous consideration of numerous factors. Consequently,
predicting the performance of the array antenna during
the design phase is important to minimize the costly and
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time-consuming optimization process in the validation stage.
High-frequency electromagnetic (EM) simulation tools offer
an effectivemethod for anticipating finalmeasurement results
and analyzing potential issues. Nevertheless, for antenna
arrays, simulating the entire system by accounting for
the performance of every element becomes increasingly
challenging due to the large number of circuits required for
antenna operation and the complexity of modeling nonlinear
components. This demands substantial computing power
as well as leads to an exponential increase in simulation
time. For large arrays, analyzing the antenna array through
finite array EM simulation by accounting for every single
element would be intractable. In most cases, the array factor
(AF) analysis-based beam pattern synthesis method, which
is grounded in array theory, is widely adopted to predict
the characteristics of the antenna array and analyze its
performance. Because it assumes direct feeding to each array
element, this method is well-suited for analyzing phased
arrays.

On the other hand, since transmit- and reflect-arrays are
fed by feed antennas, it is crucial to consider the feed
environment. Due to their structural similarities, the theo-
retical methods for synthesizing transmitarray beam patterns
share similarities with the well-established beam synthesis
approaches used for reflectarrays. Reflectarrays typically
employ two main methodologies for beam synthesis: the
array theory approach and the aperture field approach [6],
[7]. Likewise, transmitarrays frequently adopt these method-
ologies for beam formulation, as reported in [8] and [9].
Alternative theoretical beam synthesis methodologies have
explored strategies such as geometrical optics [10], near-
field synthesis via FFT [11], and the generalized intersection
method [12]. However, these methodologies reported so far
exhibit inherent limitations in accurately predicting beam
patterns due to the challenges of comprehensively incor-
porating both the characteristics of the complex-configured
unit cell elements and the measurement environment. Inac-
curately modeling the actual antenna array’s characteristics
or inadequately accounting for measurement losses can
introduce unknown errors, which in turn increase uncertainty
in the predicted beam patterns. This can hinder the analysis
and improvement of the fabricated array antenna without
resorting to finite array EM simulation. As a consequence of
these difficulties, the reported papers [13], [14], [15], [16],
[17], [18] have employed normalized gain patterns instead
of unnormalized gain patterns when comparing measured
results with simulation values.

This paper introduces an efficient design and analysis
method for transmitarray antenna through high accuracy
array modeling using simple simulations, such as sin-
gle antenna and finite array simulations, and unit cell
measurement data without any finite array antenna EM
simulation. The proposed beam pattern synthesis method
enhances the capabilities of AF analysis-based methods by
incorporating the actual near-field measurement environment
and the element characteristics of the unit cell. This enables

FIGURE 1. Two-dimensional uniform antenna element distribution.

not only the prediction of optimized measurement results
quantitatively but also the accurate analysis of the measured
array antenna without requiring finite array EM simulations.
This approach simplifies the design workflow, fostering a
more time- and cost-effective approach to array antenna
design.

The organization of this paper is as follows. Section II
describes the beam pattern synthesis method and the
parameters incorporated in the beam pattern calculation for
the design of the transmitarray antenna, considering the
near-field measurement environment. Section III presents
the design and measurement of unit cells, as well as the
simulation of the feeding antenna, to apply data to the
parameters. Section IV shows the optimized measurement
cases and analysis of the fabricated transmitarray antenna
measurement results through the proposed beam pattern
synthesis. Finally, Section V concludes the research.

II. BEAM PATTERN SYNTHESIS WITH HIGH-ACCURACY
ANTENNA ARRAY MODELING
Beam pattern synthesis for transmitarray antenna starts with
AF analysis as with conventional array antenna beam pattern
synthesis. Fig. 1 shows a uniform distribution of elements
of the M × N array in the Cartesian coordinates system.
The elements are located at (xm, yn) on the xy-plane, xm =

[m− (M + 1) /2] · dx and yn = [n− (N + 1) /2] · dy,
separated by dx and dy distance along the x and y-axis,
respectively. Then, the beam angle (θAz, θEl) is expressed in
the radar coordinates, Az/El coordinates having a y-axis pole,
when the antenna’s boresight is in the +z direction [19]. The
Az/El coordinate system offers a more intuitive representation
of beam steering, especially for single-axis control, compared
to the spherical coordinate system.

The distance rmn of each antenna element to the point
(r,θAz, θEl) where AF is to be calculated, which is a distance
r from the origin, is expressed as rmn = [(xm−r cos θEl
sin θAz)2+ (ym−r sin θEl)2 + (r cos θEl cos θAz)2]1/2. If that
point is inside the Fraunhofer zone, then rmn simply
abbreviated as r − [xm cos θEl sin θAz + yn sin θEl] and the
phase 8mn = [2π/λ0] · [xm cos θEl sin θAz + yn sin θEl],
respectively. λ0 is the free-space wavelength corresponding
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to the operating frequency. The phase required for each
element to steer the beam towards (θAz,0, θEl,0) is given
by 80 = [2π/λ0] ·

[
xm cos θEl,0 sin θAz,0 + yn sin θEl,0

]
.

In this condition, the conventional AF is calculated as shown
in (1).

AF (θAz, θEl) =

N∑
n=1

M∑
m=1

wmn · ej(8mn−80)

=

N∑
n=1

M∑
m=1

[
wmn · e

j 2π
λ0

(xm cos θEl sin θAz+yn sin θEl )

·e
−j 2π

λ0
(xm cos θEl,0 sin θAz,0+yn sin θEl,0)

]
(1)

wmn is the magnitude (square root of power) weight of each
element from input feeding with values from 0 to 1. To ensure
constant total power, the wmn values are normalized based on
the sum of the squares of the weights.

The directivity pattern of AF (DPAF ) are expressed
as U (θAz, θEl)/U0 where the radiation intensity is U (θAz,
θEl) = [AF (θAz, θEl)]2/2η0 and average radiation intensity
is U0 =

[∫ π

−π

∫ π/2
−π/2U (θAz, θEl) cos θEldθEldθAz

]
/4π (η0 is

free space impedance). As a result, the conventional beam
pattern (GP; gain pattern) of array is calculated as in (2) by
introducing element pattern (EP) to (1).

GP (θAz, θEl) =

N∑
n=1

M∑
m=1

[
wmn · ej(8mn−80) · EPmn (θAz, θEl)

]
(2)

If all element patterns are identical, (2) can be simplified
to (3) [20].

GP (θAz, θEl) = EP (θAz, θEl) · AF (θAz, θEl) (3)

Fig. 2 shows a near-field measurement environment and
unit cell structure of the proposed transmitarray to be
modeled for accurate beam pattern synthesis. In the near-field
measurement environment shown in Fig. 2(a), a transmitarray
is positioned in the Fresnel zone from the feeding antenna,
and the radiated beam from the transmitarray is captured by
the probe. Those two ports of the vector network analyzer
(VNA) are connected to the feeding antenna and the probe,
respectively. Since the results of the near-field measurements
are obtained by signal processing of the data measured by
VNA, any uncalibrated factors influence the beam pattern
synthesis calculation. Therefore, in order to accurately
calculate the beam pattern of the transmitarray antenna, it is
imperative to identify the losses occurring between the two
ports of VNA. These losses include the radiation loss of the
feeding antenna, the spillover and taper losses between the
feed antenna and the transmitarray, as well as the radiation
loss of the transmitarray. The probe factor is excluded from
the calculation as it is typically pre-calibrated within the
measurement setup. The radiation loss of the transmitarray
is modeled to reflect the designed unit cell characteristics
as shown in Fig. 2(b). The miniaturized unit cell of the

FIGURE 2. Factors that are modeled for accurate beam pattern synthesis:
(a) near-field measurement environment and (b) a block diagram of the
transmitarray’s unit cell.

proposed transmitarray antenna consists of receiving (Rx)
and transmitting (Tx) antennas, reflection-type phase shifter,
and single pole double throw (SPDT) Positive-Intrinsic-
Negative (PIN) diode switch. The reflection-type phase
shifter adjusts the phase of the RF signal received from the
Rx antenna to the appropriate phase for beam steering, and the
SPDT PIN diode switch selects horizontal (H-pol) or vertical
(V-pol) polarization of the radiated signal through the Tx
antenna [21].

These modeled factors should be integrated into (1)-(3).
By incorporating these factors as loss weight parameters
within (1) and (2), it yields wmn = wfeed × wspill ×

wmn,input × wmn,UL , which represents the product of multiple
loss weights. As a result, the AF from (1) can be re-written
as (4), denoted as AFTA.

AFTA (θAz, θEl)=wspill·
N∑
n=1

M∑
m=1

wmn,input ·wmn,UL · ej(8mn−80)

(4)

Here, wmn,input is the magnitude (square root of power)
weight that the Rx antenna of transmitarray receives from
the feeding antenna, which is typically normalized tapered
weight (wmn,taper ) in the Fresnel zone. Sincewmn,input already
incorporates the characteristics of the Rx antenna in the
form of the received power, the beam pattern of the Rx
antenna under the Fraunhofer field condition is neglected.
wspill is spillover efficiency between the feeding antenna and
transmitarray. The data for parameters wspill and wmn,taper
are obtained by calculating the power of an area the size
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of the transmitarray from the feeding antenna simulation,
in which case the radiation efficiency of the feeding antenna
is included in wspill . The unit cell of certain transmitarray
antennas, such as frequency selective surface (FSS), meta-
material, and receiver-transmitter structures, which do not
include amplifiers, can be modeled using the proposed loss
weighting wmn,UL . This loss weighting accounts for losses
arising from various components within the unit cell. When
applied to the unit cell structure of Fig. 2(b), it can be defined
as wmn,UL = wUL_Rx× wmn,UL_PS× wUL_SW× wUL_Tx . The
spillover efficiency value, wspill , remains constant in (4). The
loss of each component can be obtained through individual
element measurements. Likewise, each loss parameter can be
considered as a constant value if applicable to all antenna
elements uniformly. Data acquisition and comprehensive
calculations for each parameter will be detailed in Section III.
The beam pattern of the transmitarray (GPTA), as expressed

in (5), is obtained by substituting the AF derived in (4)
into (3) and utilizing the beam pattern of the Tx radiator as the
element pattern (EPTx). The beam pattern of the Tx radiator
is acquired via an infinite array simulation.

GPTA (θAz, θEl) = EPTx (θAz, θEl)

· AFTA (θAz, θEl)|wmn,input=wmn,taper (5)

Utilizing Equation (5), taper efficiency (εtaper ) is deter-
mined by comparing the peak gain with taper-weighted AF
(AFTA|wmn,input=wmn,taper ) to that with uniform-weighted AF
(AFTA|wmn,input=wmn,uniform). To include the taper efficiency in
the total efficiency (εtotal) computation, the directivity pattern
of the transmitarray (DPTA) is calculated leveraging the
normalized uniform-weighted AF described in (1), and this
is shown in (6).

DPTA (θAz, θEl) = EPTx (θAz, θEl)

· AF (θAz, θEl)|wmn=wmn,unifrom (6)

As a result, the total efficiency of the transmitarray is
expressed as (7).

εtotal = GPTA,max/DPTA,max (7)

III. UNIT CELL DESIGN AND ANTENNA SIMULATIONS
FOR BEAM PATTERN SYNTHESIS
A. MINIATURERIZED UNIT CELL DESIGN AND
MEASUREMENT
Fig. 3 shows a block diagram and PCB stack-up of
the unit cell structure. The unit cell of the proposed
transmitarray is designed to cover a 3.3 % fractional
frequency bandwidth (BW = 100 MHz) in S-band. Fabri-
cation of the unit cell utilized RF35, a low-loss substrate
characterized by εr = 3.5 and tanδ = 0.0018, enabling
miniaturization with dimensions of 0.4λ0×0.4λ0. Further
details on the miniaturization size analysis will be provided in
Section III-B.
The Rx and Tx antennas operating in the S-band are

designed as coupled-fed stacked patch antennas because of

FIGURE 3. Proposed miniaturized transmitarray unit cell structure.

their low profile and high gain properties. The coupled-fed
stacked patch antenna without an air gap or cavity is designed
to reduce the mutual coupling between the antennas (or unit
cells) because the proposed transmitarray antenna already has
a miniaturized unit cell size of 0.4λ0×0.4λ0. This is because
the coupled-fed stacked patch antenna structure confines EM
fields within the stacked patches and the feeding probe. The
coupling between the feeding horn antenna (source) and Rx
antenna array is one of the most critical parameters since
the transmitarray antenna directly receives a signal from a
feeding antenna. Therefore, each Rx antenna element should
have high gain radiation pattern and matched polarization to
the feeding antenna.

Fig. 4(a) shows the layout of the proposed coupled-fed
stacked Rx and Tx antennas. There are two main differences
between the Rx and Tx antennas. First, the Rx antenna
occupies half of a 0.4λ0×0.4λ0 (width×length) unit cell’s top
area while the rest is allocated to the reflection-type phase
shifter and the SPDT PIN diode switch. The H-shape patch
of the Rx antenna improves cross-polarization suppression
level and impedance matching within that area. The Tx
antenna, on the other hand, has a square-shaped patch to
excite two orthogonal TM10 and TM01 modes for dual-
polarization capability, and it occupies most of the unit
cell area. Second, the Rx antenna has a single vertical
linear polarization that matches the polarization of the
feeding antenna. The Tx antenna has a dual-polarization
capability to control the polarization of the transmitted EM
waves. As shown in the reflection coefficients of input
ports in Fig. 4(b), the H-shape patch of Rx has improved
impedance matching at the center frequency compared to
the rectangular patch. The Tx and Rx antennas operate
within a 100 MHz bandwidth around the center frequency.
To investigate the performance of a single antenna element
within an infinite array, periodic boundary conditions were
employed, as illustrated in Fig. 5(a). Simulations, as shown
in Fig. 5(b), indicate that both the Rx and Tx antennas
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FIGURE 4. Coupled-fed stacked patch antennas for Rx and Tx: (a) layout
and (b) reflection coefficients; ω0 = 40 mm, ω1 = 19 mm, ω2 = 5 mm,
ω3 = 5.5 mm, ω4 = 24 mm, l0 = 40 mm, l1 = 25.75 mm, l2 = 5 mm,
l3 = 12.75 mm, l4 = 24 mm, l5 = 16.5 mm.

achieve beamwidths of approximately 100◦ and peak gains
of 2.8 dBi and 2.7 dBi, respectively. The radiation efficiency
values of the Tx and Rx antennas are 74 % (wUL_Tx) and
69 % (wUL_Rx), respectively. The obtained Tx antenna beam
pattern in the infinite array condition is then used as the EPTx
parameter in (5).

Fig. 6 shows the circuit diagram of the proposed SPDT
PIN diode switch [21]. The anodes of both diodes of the
proposed SPDT PIN diode are connected in common and
each cathode is connected to DC bias lines for controlling
forward or reverse bias. The +1.4 V bias voltage is applied
for forward bias and the −5 V reverse bias voltage is applied.
This voltage bias configuration can accept up to 23 dBm of
RF power without affecting the PIN diode DC bias because
the peak-to-peak voltage swing of 23 dBm RF power on a
50 � transmission line is less than the reverse bias voltage.
The measured return loss (RL) values of the PIN diode switch
were more than 15 dB at the operation frequency band, while
the insertion loss (IL) remained below 0.9 dB (wUL_SW )
within the operating frequency band.

This paper employs analog phase shifting which offers
advantages in reducing phase quantization error for antenna
gain enhancement and achieving high beamforming resolu-
tion compared to digital methods. Fig. 7 and 8 show the
circuit diagrams and performance of miniaturized analog
reflection-type phase shifters with one- and two-stage,
respectively. The miniaturized phase shifters share the
same principles as a conventional reflection-type phase and

FIGURE 5. Antenna simulation setup and measurements for Rx and Tx:
(a) finite array simulation and (b) radiation patterns.

FIGURE 6. Circuit diagram of the proposed SPDT PIN diode switch for
high RF input power and polarization selection.

comprise a hybrid coupler and reactive loads connected to
the output ports of the hybrid coupler. The hybrid coupler
part was miniaturized by replacing quarter-wavelength (λg/4)
branch lines with a transmission line having slow-wave
characteristics to implement the phase shifting and polariza-
tion selection switching circuits in an area of 0.2λ0×0.4λ0
[21] and [22]. The miniaturized coupler has only 36.7 %
area (0.08λ0×0.09λ0) of the conventional hybrid couplers
(0.14λ0×0.14λ0) on the same substrate.
Comparing the one- and two-stage phase shifters, the

one-stage phase shifter shown in Fig. 7 has extra reactive
loads composed of a 25 � quarter-wavelength transmis-
sion line and additional varactor diodes connected to it,
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FIGURE 7. The one-stage analog phase shifter: (a) circuit diagram and
(b) relative phase shift and IL according to a DC bias voltage.

enhancing the load impedance variation range [23]. The
additional tunable loading extends the phase shifting to allow
from 0 to 330◦. However, it resulted in a high IL range of
1.8 ∼ 5.5 dB over applied DC voltage due to the increased
parasitic elements for the added DC blocks and RF chokes to
configure the bias line and the nonlinearity of the additional
varactor diodes. Also, from a fabrication standpoint, they
render the PCB layout more intricate, complicating the
optimization design process [24]. On the other hand, the
two-stage phase shifter, as illustrated in Fig. 8(a), achieves a
broad phase shifting range by cascading simpler single-stage
phase shifters with basic loads. Fig. 8(b) shows the measured
phase shifting and IL loss results of two-stage phase shifter.
Owing to its simple loading configuration, the two-stage
phase shifter can phase shift over a wider 0 ∼ 360◦ range
with a lower IL of 1.5 ∼ 2.5 dB than the one-stage. These
results demonstrate that the two-stage design represents an
improvement over the one-stage approach. Both miniaturized
phase shifters require a 10 mV control voltage resolution
for 1◦ phase shifting control, enabling them to significantly
reduce the phase error generated by the digital phase shifting
method.

Fig. 9 illustrates the loss weightings (wmn,UL_PS ) corre-
sponding to the phase distributions for the 8 × 8 array
under beam steering conditions. Based on the measurements
Fig. 8(b), the original phase values are replaced with
loss weighting parameters that quantify the actual loss
experienced by each cell. The overall phase distribution
assigned to each unit cell is then calculated by combining
two components: a compensated phase term obtained from
the feed antenna simulation described in Section III-B, and
a beam steering phase offset applied to each unit cell. These

FIGURE 8. The two-stage analog phase shifter: (a) circuit diagram and
(b) relative phase shift and IL according to a DC bias voltage.

loss weighting of each unit cell are numerically represented
at their corresponding locations within the grid. A color
gradient is used in the figure, where red indicates low phase
values (corresponding to high loss) and blue indicates high
phase values (corresponding to low loss). Fig. 9(a) depicts
the compensated phase, which accounts for the variations
in loss across each unit cell relative to a reference phase of
0◦ set at the central cell. Fig. 9(b)-(d) show the final phase
distributions obtained by adding the beam steering phase
offset (8o) for each unit cell, corresponding to the desired
beam steering angle.

Based on the unit cell measurements above, wmn,UL is
calculated by assigning values to each of wUL_Rx , wmn,UL_PS ,
wUL_SW , and wUL_Txparameters. Apart from the loss asso-
ciated with the phase shifter, the other loss weights remain
consistent across all unit cells and can thus be regarded as
constant values.

B. EFFECT OF FEEDING ANTENNA
The tapered weighting (wmn,taper ) and spillover loss (wspill)
parameters can be efficiently obtained through simulations of
a single feeding antenna. As shown in Fig. 10(a), a simulation
setup was created for a 3.2λ0×3.2λ0 (8 × 8 array) aperture
under near-field conditions (210 mm focal length, F/D =

0.46). An 11 dBi horn antenna at S-band (LB-284-10-C-NF,
A-info [25]) served as the feeding antenna in this simulation.
The simulation facilitates the extraction of data for both
wmn,taper and wspilparameters. wspil is −0.7 dB, with an
average power of 0.853 W reaching the 8 × 8 array aperture
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FIGURE 9. Insertion loss (wmn,UL_PS ) corresponding to the phase
distributions at beam steering angle (θAz , θEl ): (a) (0, 0), (b) (15, 0),
(c) (30, 0), and (d) (40, 0).

for a feeding antenna input power of 1W. It is noteworthy that
this aperture power includes the radiation loss of the feeding
antenna. The right-hand plot of Fig. 10(b) depicts the tapered
magnitude weighting (square root of power) extracted from
the feeding antenna simulation, and that the phase data used in
Figure 9(a) was also obtained from the same simulation. The
taper efficiency (εtaper ) is calculated using (5) by substituting
the uniform weighting (wmn,uniform) shown in the left-hand
plot of Fig. 10(b) with the tapered weighting, where both
weightings are normalized in terms of power.

Utilizing the derived weighting and phase data from single
feeding antenna simulations in equation (1) enables the
prediction of array performances, such as directivity and
beamwidth. This prediction is achieved through the analysis
of directivity pattern of AF (DPAF ) resulting from array size
miniaturization. As an example, Fig. 10(c) illustrates the
beamwidth and directivity for an 8 × 8 array antenna. This
figure demonstrates the trade-off between beamwidth and
directivity depending on the array spacing (dx and dy depicted
in Fig. 1), which aligns with the principles of aperture
antenna theory. Given the complexities of miniaturizing unit
cell components and the inherent coupling effects of patch
antennas, analysis reveals a unit cell spacing of 0.4λo as the
optimal minimized unit cell size. This spacing achieves a
significant reduction in physical area without substantially
diminishing directivity relative to a 0.5λo spacing. With
non-uniform weighting (wmn,taper ) and a 0.4λo spacing, the
beamwidth and peak directivity are observed to be 18.5◦

and 17.25 dB, respectively. This represents a beamwidth
increase of 2.5◦ and a directivity decrease of 2.0 dB
in comparison to configurations utilizing a unit cell size
of 0.5λo.

FIGURE 10. Feeding antenna simulation: (a) 3D modeling,
(b) distributions of normalized input weighting (wmn,input ); uniform
weighting wmn,uniform (left) and tapered weighting wmn,taper (right), and
(c) beamwidth and directivity according to unit cell spacing
(dx = dy = λ0).

IV. 8 × 8 TRANSMITARRAY BEAM PATTERN
VERIFICATION
A. ANTENNA FABRICATION AND MEASUREMENT SETUP
Fig. 11 shows the 8×8 transmitarray prototype and near-field
measurement setup. The 8 × 8 transmitarray is fabricated
from three separate printed circuit boards (PCBs) to facilitate
modular assembly, as shown in Fig. 3. The rectangular patch
of Rx radiator is printed on board 1, while the square patch of
Tx radiator is printed on board 3. The middle layer (board 2)
contains miniaturized RF circuits and feed lines for both the
Rx and Tx antennas. It features 64 unit cells, along with DC
control lines for the analog phase shifters and SPDT switches.
The board 2 has a size of 500 mm × 420 mm × 0.5 mm
(width × length × thickness). The three boards are securely
fastened together using nylon bolts and nuts, resulting in a
total assembled thickness of 6.88 mm.
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FIGURE 11. 8 × 8 Transmitarray measurement: (a) Fabricated
transmitarray prototype and (b) near-field measurement setup.

FIGURE 12. Phase distributions for compensation: (a) 0◦ offset, (b) 180◦

offset, (c) 210◦ offset, and (d) 250◦ offset.

The proposed 8 × 8 transmitarray antenna was measured
in a near-field anechoic chamber, which is more suitable for
the measurement of transmitarray or reflectarray antennas
compared to far-field chambers as shown in Fig. 11(b).
The performance characteristics of the fabricated 8 ×

8 transmitarray antenna were rigorously evaluated through
measurements conducted in an anechoic chamber, using
a near-field probing technique. Commercial EM absorbers

FIGURE 13. Optimized insertion loss (wmn,UL_PS ) and phase distributions
of phase shifter at beam steering angle (θAz , θEl ) with 180-degree offset:
(a) (0, 0), (b) (15, 0), (c) (30, 0), and (d) (40, 0).

were placed on both the top and bottom sides of the feeding
system to mitigate the coupling effect between the feeding
antenna and the metal table supporting the transmitarray
antenna. The feeding antenna was positioned 210 mm away
from the receiving surface of the transmitarray antenna,
resulting in a focal length ratio (F/D ratio) of 0.46. The DC
voltage control board applies a +1.4 V forward bias for PIN
diodes of SPDT RF switches to the activated polarization
control line for polarization conversion and a −5 V reverse
bias to the deactivated polarization control line. Additionally,
it applies a varactor diode of the phase shifter’s reverse bias of
0 to 10 V to adjust the phase value of each unit cell as needed.
The designed transmitarray antenna needs a DC power of less
than 2.5 W for beam steering and polarization control. This
is due to the majority of the diodes operating with reverse
bias current, with only 64 PIN diodes requiring a forward bias
current.

B. PEAK GAIN OPTIMIZATION AND EXPERIMENTAL
RESULT
To maximize the peak gain of the transmitarray, the phase
compensation values are strategically adjusted through the
addition of phase offsets. This optimization ensures that
the resulting phase distribution falls within the phase range
exhibiting minimal IL according to the performance of the
employed analog phase shifter, as shown in Fig. 8. Fig. 12
presents the phase distribution after adding phase offsets of
0◦, 180◦, 210◦, and 250◦ to the initial phase distribution from
Fig. 9(a). Notably, the region with the lowest loss (depicted
in blue) exhibits the widest distribution in Fig. 12(b). Table 1
summarizes the measured peak antenna gain and radiation
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FIGURE 14. 2D beam steering patterns (V-to-H-pol or V-to-V-pol): (a) azimuth and (b) elevation angles (rectangular plot).

TABLE 1. The peak gain and radiation efficiency.

efficiency values at the center frequency for each phase offset.
The highest gain of 13.3 dBi and radiation efficiency of
20.8%were achieved at a phase offset of 180◦. By comparing
the calculated beam synthesis results (using equations from
Section II) with the measured data from Section III, a close
agreement is observed between the calculated and measured
peak gain and total loss values, with a deviation of less than
1 dB. Based on the measured results, the 180◦ offset is chosen
as the optimal value for beam steering applications. This
offset is then added to the phase values corresponding to
pre-defined beam steering angles of (θAz, θEl) = (0, 0), (15,
0), (30, 0), and (45, 0) beam steering angles. The resulting
wmn,UL_PS for these beam steering angles are illustrated in
Fig. 13.

By substituting the previously defined parameters into (5)
to (7), the calculated beam pattern exhibits peak gain and
directivity of 13.6 dBi and 20.7 dBi, respectively, at the
central beam steering angle. Utilizing (5) and comparing
the taper-weighted peak gain with the uniform-weighted
counterpart in Fig. 10(b), the taper efficiency (εtaper ) is
determined to be −0.7 dB. Equation (7) is then employed to
calculate the total efficiency, yielding a value of −7.1 dB.
These loss parameters, summarized in Table 2, represent the
cumulative loss experienced by the transmitarray and serve
as an analytical tool for evaluating the performance of the
fabricated transmitarray. Fig. 14 compares the measured and
calculated steered beam patterns for various azimuth (Az)

TABLE 2. 8 × 8 Transmitarray parameters.

and elevation (El) angles at the center frequency. These
comparisons are presented as rectangular plots for both
V-to-H-polarization (V-to-H-pol) and V-to-V-polarization (V-
to-V-pol) conversions. The steerable beam achieved a range
of+/- 40◦ in both azimuth and elevation planes. Beamwidths
measured at steering angles of 0◦, 15◦, 30◦, and 40◦ were
18◦, 17◦, 23◦, and 11◦, respectively. The corresponding gains
were observed to be approximately 13 dB, 12.5 dB, 12 dB,
and 12 dB. The directivity exhibited minor fluctuations
between 19.5 and 20 dBi, likely due to variations in
loss at different steering angles. The sidelobe suppression
level was approximately 15 dB. The total measured effi-
ciency was −6.8 dB, and the measured aperture efficiency
was 17.8%.

Fig. 15 presents the theoretical and measured beam
patterns in polar plots, facilitating a clear visualization of
their shape variations. The theoretical pattern, denoted by
circled dots, closely aligns with the measured pattern (solid
line) considering fabrication errors. However, a discrepancy
is observed at +/- 40◦ beam steering. This discrepancy arises
from a difference in element patterns. The theoretical model
assumes an ideal infinite array, where all elements experience
identical coupling environments. In contrast, the actual ele-
ment pattern on the edge of the 8×8 array experiences distinct
coupling effects compared to the surrounded elements due to
the absence of neighboring elements on one or more sides.
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FIGURE 15. 2D beam steering patterns (V-to-H-pol or V-to-V-pol): (a) azimuth and (b) elevation angles.

TABLE 3. Performance comparison between the proposed 8 × 8 and literature-reported transmitarray antennas.

This lack of neighboring elements leads to reduced mutual
coupling, increased edge effects, and a modified radiation
pattern for the edge elements. This is confirmed by the
fact that the cross-marked beam pattern computed using
finite array EM simulation, which incorporates the actual
element patterns of each Tx antenna, closely matches the
measured beam pattern. In larger arrays, such as 16 × 16 or
32 × 32 configurations, where numerous elements share a
consistent coupling environment, these discrepancies at wider
angles are expected to diminish.

Table 3 shows a performance comparison with other
recently reported research on transmitarrays employing a
receiver-transmitter architecture. These transmitarrays share
the characteristic of unit cell dimensions smaller than 0.5λ0

and offer functionalities for both polarization conversion and
beam steering. Compared to prior works, the transmitarray
presented in this paper achieves a minimum unit cell
size of 0.4λ0. Additionally, it exhibits enhanced phase
resolution, enabling precise beam steering. Building upon the
advancements reported in [21], this work further refines the
phase shifter performance to achieve a full 360◦ phase shift,
thereby minimizing losses caused by phase errors. It also
realizes a 13.5% improvement in aperture efficiency.

V. CONCLUSION
This paper proposed a miniaturized 8 × 8 transmitarray
antenna with a unit cell size of 0.4λ0. Each unit cell incorpo-
rates a linearly polarized transmitting and receiving antennas,
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an SPDT PIN diode switch, and a two-stage miniaturized
reflection-type phase shifter. Array factor analysis with
accurate unit cell and measurement environment modeling
was employed to calculate the theoretical beam pattern and
predict the performance of the transmitarray. The fabricated
transmitarray antenna successfully validated the design con-
cept, achieving simultaneous linear polarization conversion
and +/- 40◦ beam steering capabilities. It exhibited a
measured approximately 13 dB peak gain and 17.8% aperture
efficiency. The proposed beam pattern synthesis method
has been verified through experimental measurements. This
method allows for optimization of the phase distribution,
leading to enhanced antenna gain. The miniaturization and
optimization techniques discussed in this paper are scalable
and can be applied to other array antenna applications for
next-generation communication and radar systems.
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