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ABSTRACT A wideband, low profile transmitarray antenna (TA) operating in Ku-band (12GHz-18GHz)
is proposed. The transmitarray antenna is composed of aperiodic transmitarray units arranged periodically.
The TA unit is mainly composed of three layers, which are composed of metals and substrates. Square
patches are printed on the substrate of the top and bottom layers, and the middle layer is a Jerusalem slot
in the ground. The overall thickness of TA unit is 0.165λ0 (λ0 is the free space wavelength at 15GHz).
In Ku-band, the insertion of the TA unit is less than 0.5dB, which reduces the backward radiation of
the transmitarray antenna. The 360◦ phase is achieved by changing the length of the patch and slot, and
the proposed transmitarray unit has a flat phase curve and great transmission characteristics. In order to
verify the proposed design, a transmitarray antenna with 351 TA units operating at 15GHz is fabricated and
measured. The measurement results show that the TA can achieve a 37.3% (14.4GHz-20GHz) 1-dB gain
bandwidth, the measurement gain is 23.06dBi with 42.3% aperture efficiency at 15GHz, and the backward
radiation level is below -15dB. The designed TA unit has symmetrical structure, so the transmitarray antenna
can work in dual linear polarization or dual circular polarization.

INDEX TERMS Transmitarray antenna, wideband, dual-polarization, low-profile.

I. INTRODUCTION
Transmitarray antenna is a planar structure, which combines
the advantages of lens antenna. Compared with other high
gain antennas, it has the advantages of low processing cost,
simple feeding and flexible functions, so it can be applied to
radar, satellite communication, wireless systems [1]–[3], etc.
Comparedwith the reflectarray antenna, its feed and radiation
fields are on both sides of the array respectively, so there is no
feed blockage effect. However, due to the narrow band limi-
tation of the transmitarray unit and the different spatial phase
delays at different frequencies, the transmitarray antenna has
a narrow bandwidth.

Recent studies have proposed many approaches to expand
the operating frequency band of transmitarray antenna, which
can be divided into the following three ways. The first and
most popular approach is the multilayer frequency selective
surface (M-FSS) [4]–[11]. The TA units at different posi-
tions of the transmitarray have the same structure shape,
but different sizes, which are calculated according to the
phase compensation of the units at that position. In [9],
a semiplaner transmitarray is proposed, which maintains
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a certain geometric curvature to expand the gain band-
width of the array. The 1-dB gain bandwidth is 24.27%,
the aperture efficiency is 62%, and the overall thickness
of the transmitarray is 0.61λ0. In this approach, the phase
of 360◦ is obtained by introducing 1/4λ0 air layer, so the
profile of transmitarray antenna is high. The second is
receive/transmit approach [2], [12]–[15], which is mainly
composed of three layers, the receiving / transmitting layers
and the middle phase-shifting layer. The phase compensa-
tion is realized by changing the phase shift of the inter-
mediate layer. In [15], a D-band (110-170GHz) wideband
transmitarray with high gain and high-efficiency based on
low-temperature co-fired ceramic technology is proposed,
which can achieve a 3-dB gain bandwidth of 24.29%
(124-158GHz), the measured peak gain is 33.45dBi at
150GHz with the aperture efficiency is 44.03%, and the
overall thickness of the transmitarray is 0.2λ0. This approach
cancels the air layer and reduces the overall thickness, but
the insertion loss of transmitarray unit is high. The third is
rotation angle approach [16]–[21]. The shape of transmitar-
ray unit at each position in the transmitarray is the same,
and phase compensation is realized by rotating the trans-
mitarray unit. In [21], the performance of the transmitarray
is effectively improved by rotating the intermediate layer
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and optimizing the phase compensation, which can achieve
21.5% 1-dB gain bandwidth, 40% aperture efficiency, and the
overall thickness of the array is 0.127λ0. The transmitarray
based on rotation angle can only work in single polarization.

There are also some other approaches to solve the prob-
lem of narrow bandwidth and high profile of transmitarray
antenna. In [22], the phase distribution of the transmitarray
is optimized by calculating the average unit loss under dif-
ferent central unit phase values to achieve high-performance
transmission. The 1-dB gain bandwidth is 9%, the 3-dB gain
bandwidth is 19.4%, the aperture efficiency is 30%, and the
overall thickness of the transmitarray is 0.51λ0. In [23], [24],
a hybrid design method is proposed to realize the ultra-thin
transmitarray, which uses no less than two types of units to
cover the 360◦ phase, and reduce the profile of the transmi-
tarray. In [23], the 1-dB gain bandwidth is 6.7%, the aperture
efficiency is 30%, and the overall thickness of the transmitar-
ray is 0.07λ0. In [24], four metal cylinders are used to achieve
the maximum transmission amplitude, which can achieve the
1-dB gain bandwidth of 9.6%, the aperture efficiency of 40%,
and the overall thickness of the transmitarray is 0.14λ0.
The transmitarray unit designed in this article introduces

an ultra-thin air layer and amulti-resonant structure to expand
the operating frequency band and reduce the backward radi-
ation of the transmitarray. Since the proposed wideband
transmitarray unit has a completely symmetrical structure,
the wideband transmitarray can work in dual linear polariza-
tion or dual circular polarization. This article is organized as
follows. The detailed configuration of the proposed wideband
transmitarray unit is first presented in Section II. The evolu-
tion and basic working mechanism of the unit are discussed.
The simulation results and measurement results of the trans-
mitarray are analyzed in Section III. Finally, the conclusions
are given in section IV.

II. DESIGN OF THE WIDEBAND TRANSMITARRAY UNIT
A. GEOMETRY
The structure of the proposed wideband transmitarray unit is
shown in Fig. 1. The proposed TA unit is composed of three
layers of metals and three layers of substrates that are Rogers
RO4003C (εr = 3.55, tanδ = 0.0027). The period length
of the square wideband TA unit is P = 7mm (0.35λ0), the
thickness of the substrate isH = 0.5mm, (0.025λ0), and there
is an air layer with height of H1=0.9mm (0.045λ0) between
each substrate. The first layer and the third layer have the
same patch, and the length of the patch is L. The middle
layer of the unit is a Jerusalem slot in the ground. The length
of Jerusalem slot is S = 1.2 ∗ L mm, the width of slot
is w =0.18mm, the length of branch of Jerusalem slot is
L1= L-1mm, and the width of branch slot is w = 0.18mm.
The introduction of the branch is to increase the phase change
of unit.

B. FREQUENCY RESPONSE
The transmitarray is composed of periodically arranged trans-
mitarray units, so periodic boundary conditions are used in

FIGURE 1. 3-D exploded view and parameter definition of the wideband
unit.

the full wave simulation software (HFSS) to consider the
mutual coupling between units. TM(TE )mode is set on
the port to simulate the performance of the unit under x(y)
polarization. Fig.2 shows the transmission coefficients and
reflection coefficients of the wideband TA unit at x and y
polarization, and the S parameters of the wideband TA unit
are relatively consistent under the two linear polarization.
In the Ku-band (12GHz-18GHz), the insertion loss of the
TA unit is less than 0.5dB, and the reflection magnitude
is below −10dB. The wideband transmitarray unit has a
completely symmetrical structure, and it can be seen from
Fig.2 that the wideband unit has the same performance under
x and y polarization. In addition, the circularly polarizedwave
can be decomposed into a combination of linearly polarized
waves. Therefore, in the following, only the performance of
the transmitarray unit at y polarization is given.

FIGURE 2. Transmission and reflection magnitude of the unit at x and y
polarization.

Fig.3 shows the transmission magnitude and phase of the
wideband TA unit with different L sizes. As shown in the
figure, when L changes from 2.8 mm to 4.6 mm, the unit
can obtain 360◦ phase shift, and the phase curve changes
gently. Fig.4 shows the transmission magnitude and phase of
the wideband TA unit at different frequencies when varying
the length L. The phase curves are parallel in the band from
14GHz to 18GHz, so the designed transmitarray has a wide-
band response. In general, the transmitarray needs to work at
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FIGURE 3. Phase and transmission coefficient of the unit at 15GHz.

FIGURE 4. Simulated transmission magnitude and phase of the unit at
different frequencies.

FIGURE 5. Simulated transmission magnitude and phase of the unit with
different incident angles at 15GHz.

different incident angles, so it’s very important to analyze the
characteristics of the TA unit at different incident angles. The
transmission magnitude and phase of the wideband TA unit at
different incident angles are depicted in Fig.5. The insertion
loss is 0.9dB at 30◦ incident angle. The phase curves of the
TA unit when varying the length L are parallel at different
incident angles.

Compared with the 0.25λ0 air layer of TA unit in the previ-
ous design, the proposed wideband transmitarray unit intro-
duces an ultra-thin air layer (0.045λ0), which is to achieve
impedance matching between each layer of the unit. There-
fore, the bandwidth of TA unit is expanded and the reflection

FIGURE 6. Smith chart of the unit with different air layer heights at
different frequencies.

FIGURE 7. Simulated transmission magnitude and phase of the unit with
different H1 at 15GHz.

is reduced. The smith chart of transmitarray unit with dif-
ferent air layer heights at different frequencies is depicted
in Fig.6. At the same frequency, the higher the air layer is,
the closer S11 is to the dot. Therefore, the transmitarray has
better transmission characteristics at high heights. The height
of the air layer at the convergence point of the curve in the
figure is 1.03mm.

Fig.7 shows the transmission magnitude and phase with
different heights of the air layer. From the simulation results,
the thinner the air layer, the larger the phase compensation
range of the TA unit. The phase shift range of H1=0.7mm
is 33◦ larger than that of H1=1.1mm (#2). However, in the
area where L changes from 3mm to 4mm (#1), the thinner
the air layer, the higher the reflection magnitude of the TA
unit, whichwill cause serious backward radiation of the trans-
mitarray and reduce the gain of the transmitarray. Therefore,
considering the phase shift and transmission amplitude of the
unit, the air layer thickness is finally selected as H1=0.9mm.

III. DESIGN AND MEASUREMENT OF THE WIDEBAND
TRANSMITARRAY
A. DESIGN
Due to the wave path difference between the feed and each
unit of the TA array, there is a spatial phase difference
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between the unit of the transmitarray. Therefore, in order
to obtain a high-gain beam, the spherical wave of the feed
needs to be adjusted to a uniform plane wave through the
transmitarray. The phase required for each unit of the TA r̄0
array are as follows:

ϕij = k
(
Rij − Erij · r̂0

)
+ ϕ0 (1)

where ϕij is the required transmission phase for the ijth unit,
k is the propagation constant, Rij is the distance from the ijth
unit to the feed, Erij is the position vector of the ijth unit, r̂0
is the main beam unit vector, and ϕ0 is a phase constant,
as shown in Fig.8. In order to reduce the influence of low
transmission magnitude unit at transmitarray, the units in the
central region is generally selected with good transmission
performance. Such a transmitarray has better working char-
acteristics, such as high transmission ability, broadband, etc.

FIGURE 8. Schematic view of the wideband transmitarray.

Aperture efficiency is an important performance index of
transmitarray antenna. In order to improve the aperture effi-
ciency of the transmitarray antenna and reduce the spillover
loss, the appropriate focal diameter ratio (the ratio of the
distance from the feed to the transmitarray and the diameter
of the transmitarray) should be selected in the design process.
The phase of each unit is compensated accurately to make the
phase distribution of array aperture consistent so as to achieve
maximum gain.

B. SIMULATION AND MEASUREMENT
The overall schematic diagram of the proposed wideband
transmitarray is shown in Fig.8. The array is composed of
multilayer structure, which is a two-dimensional periodic
arrangement of subwavelength structural units. The shape of
the transmitarray is an equivalent circle, which is consists
of 351 units, and the radius of the transmitarray is 70mm. The
overall thickness is 0.165λ0. The distance from the feed horn
to the center of the array is 105mm, and the focal diameter
ratio of the transmitarray is 0.75. The selection principle of
focal diameter ratio is that the electric field level at the edge
of the array is 10 dB lower than that at the center of the
transmitarray. The gain of the feed horn is 15.6dBi at 15GHz.

Fig.9 shows the fabricated of the proposed wideband trans-
mitarray. The full wave simulation results are obtained using
HFSS, and the measurement results in microwave anechoic
chamber are also provided, which are shown in Fig.10,
11 and 12. These figures confirm the agreement between the

FIGURE 9. Fabricated prototype of the wideband transmitarray.

FIGURE 10. Simulated and measured normalized radiation patterns at
15 GHz (a) E-plane and (b) H-plane.

simulation results and the measurement results. Fig.10 pro-
vides the radiation patterns of transmitarray antenna in
E-plane and H-plane at 15GHz, and the SLL is lower than
16dB. The sidelobe of the measured radiation pattern is
higher than that of simulation, which is caused by machin-
ing error and human error during assembly. The measured
cross-polarization level of the wideband transmitarray is
higher than 35dB. Since the ideal feed horn is used in the sim-
ulation, the cross-polarization level of the simulation will be
more than 50dB. Therefore, the cross-polarization level of the
simulation is not given in Fig.10. The simulated andmeasured
gain variation of the transmitarray within its operating fre-
quency band are depicted in Fig.11. The measurement results
show that the 1-dB gain bandwidth of the array is 37.3%
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TABLE 1. Comparison of the Proposed Transmitarray With Referenced Transmitarray.

FIGURE 11. Measured and simulated gains versus frequency.

FIGURE 12. Simulated and measured normalized scanning radiation
pattern.

(14.4GHz-20GHz), and the maximum measurement gain is
23.06dBi. The gain of transmitarray is increased by 7.46dBi
relative to the gain of the feed horn at 15GHz. Since the feed
of simulation is an ideal horn and processing error, the dif-
ference between the simulated and measured gain is 1.8dB.
The simulated and measured normalized scanning patterns
are shown in Fig.12. When TA array is scanned to ± 30◦,
the gain of transmitarray decreases by 3.6dB. Table 1 presents
the characteristics of the transmitarray proposed in this article
and compares it with the recently published articles on wide-
band transmitarrays. It can be seen from Table 1 that although
the profile of the transmitarray in [21] and [24] is lower than
that in this article, the transmitarray in [21] can only work at
single linear polarization, and the 1dB gain bandwidth of [24]

is only 9.6%. In addition, the 1.5 dB gain bandwidth of the
transmitarray in [25] is wider than that in this article, but
the transmitarray in [25] can also only work in the single
linear polarization. To sum up, the proposed transmitarray has
a lower profile and a wider frequency band, and can work in
dual linear or dual circular polarization.

IV. CONCLUSION
A low profile wideband transmitarray is proposed, which is
composed of periodically arranged transmitarray unit. The
wideband transmitarray unit has a symmetrical structure,
so the transmitarray antenna can work in dual linear polariza-
tion or dual circular polarization. The transmitarray unit can
achieve a phase shift of 360◦ with 3-dB magnitude loss. The
overall thickness of the fabricated transmitarray prototype
is 0.165λ0. The measured gain is 23.06 dBi at 15GHz with
42.3% the aperture efficiency. Themeasured results show that
the 1-dB gain bandwidth of the proposed wideband transmi-
tarray is 37.3% (14.4GHz-20GHz).
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