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A wideband transmitarray using triple-layer elements with reduced

profile

Xiuzhu Lv!, Zhihua Han'!, Xin Jian', Yongliang Zhang

Abstract A triple-layer wideband transmitarray (TA) which works at
18.5GHz with reduced profile is presented in this paper. The unit cell
composed of three metal layers, each layer is etched on the corresponding
dielectric substrate. The top layer consists of double square rings, the same
as the bottom layer. The intermediate layer consists of a Jerusalem cross
slot. The thickness of designed unit cell is 0.154, where 4 is the wave-
length in free-space. A large frequency range is implemented by parallel
sets of phase curves generated by proposed unit cell. The magnitude of
transmission coefficient is less than 1 dB and the phase shift range exceeds
360 degree across the entire frequency range. We design, fabricate and
measure a TA operating at 18.5 GHz to show the validation of this paper.
Through the measurement, we can obtain that the 1-dB gain bandwidth is
14.8% (17.5-20.3 GHz), and maximum gain is 22.5dB at 18.5 GHz. The
proposed transmitarray’s maximum aperture efficiency is 46%.
Keywords: wideband, reduced profile, transmitarray antenna, triple-layer
Classification: Microwave and millimeter-wave devices, circuits, and
modules

1. Introduction

The transmitarray (TA) antenna combines the advantages
of the parabolic antenna such as high gain, high radiation
efficiency, light-weight [1]. Thus, it has high potential to be
applied in a wide range of wireless communication sys-
tems. A typical TA consists of an feed horn and multiple
layers of flat transmitting surfaces, which have a 2-D array
of transmission unit cells [2], as shown in Fig. 1. By tuning
the transmission phase of each unit cell, the transmitting
phase can be compensated, and the spherical wave emitted
by the feed source can be converted into plane wave. As a
consequence, the TA can form a focused beam with high
gain. Because the TA size contains multiple wavelengths,
the distance from the feed horn to the unit cell is much
larger than several wavelengths according to the focal
diameter ratio. Therefore, the TA unit cell should have
phase shift greater than 360°. Despite the aforementioned
advantages, the transmitarray has the defect of limited
bandwidth, which is typically about 5% or less.
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Fig. 1. Geometry of the triple-layer transmitarray antenna.

Many researchers have made efforts to improve the
bandwidth performance of TA antennas. Using multilayer
frequency-selective surface unit cells is a typical approach
[1,2,3,4,5,6,7,8,9, 10, 11, 12]. In [1], a four-layer TA
without dielectric substrate by using cross-slot unit cells
is presented. However, as the angle of oblique incidence
increases, the transmission coefficient of the unit cell
becomes worse, which leads to the gain degradation. In
[2], a four-layer TA using double split ring slot is pre-
sented, the total thickness of the proposed antenna is 0.754.
Split diagonal cross unit cells based triple-layer transmi-
tarray can realize a maximum gain of 18.9dB, and 1-dB
bandwidth is 9.6% [3]. In [4], rectangle ring slot unit cells
based multiple-polarization transmitarray is reported. 1-dB
gain bandwidth of 8.3% and maximum gain of 20.1 dB are
achieved. The authors in [5] demonstrate a four-layer TA
which is implemented by dual-resonant double square ring.
The measured results show that transmitarray 7.5% 1-dB
bandwidth and 47% aperture efficiency can be achieved.
The TA design in [6] provides 9% 1-dB bandwidth with a
thickness of 0.514. In [7], the TA achieves 16% 1-dB gain
bandwidth with a thickness of 0.364. However, the TA unit
cell consists six layers of patches, which would increase
fabricate cost. In [13, 14, 15, 16, 17], delay lines are used
to enlarge the range of the phase shift, and freedom of the
design parameters are added. In [18], a novel TA based
novel ultrathin slot is reported. The 1-dB gain bandwidth
and efficiency are 5.7% and 38% at the center frequency,
respectively. TAs are constructed using metal and dielectric
materials to improve bandwidth in [20, 21, 22]. Wideband
array antennas design based on digital coding are proposed
in [23, 24, 25]. Other researches on reconfigurable antenna
are reported in [26, 27, 28, 29, 30].

Bandwidth limitation and antenna thickness are two
limitations for antenna arrays. In order to rectify these two
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limitations, a novel triple-layer transmitarry operating at
18.5 GHz is presented in this paper. Because of the novel
composition method, the proposed TA unit achieves phase
shift of more than 360 degrees and has low transmission
loss. Using the proposed unit cell, we present a TA con-
sisting of 15 % 15 unit cells. The measured result agree
with the simulated result well. The proposed design pro-
vides a cost-effective method to realizing wideband,
reduced profile and high efficiency transmitarrays.

The structure of this paper is as follows. Introduction is
given in Section I. The TA unit cell proposed in this paper
is designed and analyzed in Section II. In order to better
demonstrate the working principle, we perform the para-
metric analysis of the TA unit cell. Then, a TA antenna
prototype is fabricated and the measured results are pre-
sented and discussed in Section III. Finally, the conclusion
is drawn in the Section IV.

2. Design of the TA unit cell

2.1 TA unit cell structure

As shown in Fig. 2, the transmitarray unit cell composed of
three metal layers, each layer is etched on the corresponding
dielectric substrate. The top layer consists of double square
rings which is shown in Fig. 2(a), the same as the bottom
layer. The intermediate layer consists of a Jerusalem cross
slot which is shown in Fig. 2(b). The dielectric substrate
thickness is 0.5 mm, the relative dielectric constant is 2.2,
and the loss tangent is 0.001. The dielectric substrates apart
from each other by same air gaps (H1) in between.

Four-layers unit cell with double square rings is used
in [5] to cover a full transmission phase range. In order to
achieve low profile characteristics while maintaining wide-
band performance, we use a Jerusalem cross slot in the
intermediate layer, which is shown in Fig. 2(b). Ordinary
three-layer double-ring structure can only form one reso-
nance point. The addition of different intermediate layer
can form two resonance points, which are the resonance
between the upper and lower layers and the resonance
between the upper and lower layers and intermediate layer,
respectively. Fig. 3 is the resonance characteristic of the
unit cell, as shown in the figure, the unit cell has two
resonance points. Therefore, the unit cell could cover
sufficient phase range. By adjusting the size of the unit
cell, the resonant point of the unit cell is adjusted to make
the resonant point approach each other, so that a large
transmission response could be realized. The TA unit cell is
simulated and optimized by commercial soft-ware Ansys
HFSS. To analyze the properties of the unit cell, master-
slave boundary bars are used to simulate the surface of a
planar periodic structure. In order to get the desired phase
shift curve, the parameters of the TA unit cell must be
adjusted during the design process. Table I shows the
specific dimensions of the unit cell.

Fig. 4 shows the variation of transmission amplitude
and phase with parameter S at 18.5 GHz. The transmission
phase range exceeds 360 degree, and the transmission loss
is less than 1 dB. When S varies from 2 mm to 4.5 mm, the
phase shift of the TA unit cell at different frequency is
shown in Fig. 5. From Fig. 5, we can see that the trans-
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Fig. 2. Configuration of the TA unit cell. (a) Double square ring (on the
top and bottom layers). (b) Jerusalem cross slot (on the intermediate layer).
(c) The triple-layer TA unit cell.
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Fig. 3. Resonance characteristics of TA unit cell when S is 2.8 mm.

Table I. Design parameters of the TA unit cell

Parameter Value
P 6 mm
DI 0.2 mm
D2 0.2mm

L 1.8 mm
4 0.18 mm
w2 1.2%S
w3 W2-2%DI-2%G
G 0.5mm
H 0.5mm
H1 0.5mm
N Vary

mission phase curves are parallel within the 3 GHz fre-
quency range. A wideband response can be implemented
by this TA unit cell.

2.2 Oblique incidence conditions

When the transmitarray is illuminated by a feed horn, the
electric field from the feed incidenting all unit cells is not
uniform, the incidence angle of most unit cells is oblique.
The transmitarray bandwidth is influenced by oblique in-
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Fig. 4. Simulated transmission amplitude and phase.
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Fig. 5. Transmission phases versus S for different frequencies.

cidence performance of the unit cell greatly. Therefore, we
need to consider the influence of different incident angles
on the unit cell performance. & and ¢ are the angles
between the incident direction and the Z and X axis,
respectively. Fig. 6 shows the transmission coefficient am-
plitude and phase curves at different oblique incidence
angles. The maximum deviation of phase shift at different
incident angles is 50 degrees, which has little influence on
the overall design of the array and is acceptable. From
Fig. 6, it can be seen that TA unit cell has relatively low
transmission loss and is less affected by oblique incident
electromagnetic wave. Thus, the designed unit cell can be
used to construct transmitarry antenna.

3. Transmitarray design and measurements

3.1 Design of transmitarray antenna

In order to form a better main beam pattern in expected
direction, the TA unit cell needs to compensate for the
phase difference of spatial delay caused by different prop-
agation paths, which is also a crucial step in the design and
research of the transmitarray antenna. Reasonable and
accurate phase compensation can obtain the expected gain
curve and the ideal beam direction pattern.

The phase compensation of each unit cell ¢; according
to the unit cell position (x;, y;) in the array, the feed location
(xr,¥r), and the generated beam direction (0p, po) as
follows:

9i(xi, yi) = ko(d; — sinOy(xicospo + yisingo)) (1)
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Fig. 6. Transmission coefficient versus S at different oblique incidence
angles. (a) Amplitude. (b) Phase.

where k¢ is the propagation constants in vacuum, and the
distance from the feed to the i-th unit cell is di

di =i = xp2 + (i = yp)? + 2 )

It can be seen from Eq. (1) that the phase compensa-
tion value required by the unit cell is related to the position
of the feed, the angle of incidence, the position of the unit
cell and the propagation constant. In the design of trans-
mitarray antenna, the distribution of the aperture field is
determined after the position of the feed is given, so the
phase compensation value of each element is determined
by the location of the element. By changing the size of the
element, the phase can be compensated.

Based on the above theoretical basis, a 255-unit cell
TA using the proposed unit cell is designed, fabricated, and
measured to show the validation of the proposed wideband
TA unit cell. The dimension of the TA is 90 mm X 90 mm X
2.5 mm, and the corresponding thickness is 0.151. Consider
the effect of the edge illumination levels on the aperture
efficiency and sidelobe levels, a wideband pyramidal horn
is chosen as the feed antenna. The aperture size of the horn
is 69 mm * 55 mm, and the gain of the horn is 18.9dB at
18.5 GHz. F is the focal distance, and the value is 90 mm.
(F/D) is the focal length to diameter ratio, and the value is
1. By using Eq. (1), we can calculate the transmission
phase of each unit cell in the transmitarray, which is shown
in Fig. 7. Once we obtain the transmission phase of i-th
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Fig. 7. Transmission phase distribution of transmitarray antenna.

Fig. 8. Transmitarray antenna under measurement in the microwave
anechoic chamber.
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Fig. 9. The normalized measured and simulated radiation patterns at
18.5GHz: (a) E-plane (b) H-plane.

unit cell, the dimension of the corresponding unit cell can
be determined from Fig. 4.
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3.2 Experimental results
The test of transmitarray antenna was carried out in the
microwave anechoic chamber of Xidian University, China,
as shown in Fig. 8. Fig. 9 is the measured and simulated
radiation patterns of the transmitarray antenna at 18.5 GHz.
As shown in the Fig. 9(a), for the E-plane pattern, the
sidelobe level is 14dB and the cross-polarization level is
34 dB. In the Fig. 9(b), for the H-plane pattern, the sidelobe
level is 14dB and the cross-polarization level is 36 dB.
Fig. 10 shows the measured/simulated gains and aperture
efficiency versus frequency. The measured and simulated
1-dB gain bandwidths are 14.8% (17.5-20.3 GHz) and
15.3% (17.5-20.4 GHz). The measured gain is 22.5dBi at
18.5 GHz and the simulated gain is 22.8 dBi at 18.5 GHz.
The corresponding aperture efficiency ey, is calculated using
G 4rA
Eap = Dmax Dmax - 1(2)
where G is the measured gain, D, is the maximum
directivity, A is the area of the transmitarray, and 4y is
the wavelength in free-space. According to Eq. (3), we
can calculate the aperture efficiency is 46% at 18.5 GHz.
Because of the fabrication errors and measurement errors,
the measured maximum gain is 0.3 dB lower than the simu-
lated maximum gain. Compared to the published works
in [2, 3, 4] and [19], the proposed TA has the advantages
of wideband, low profile and high efficiency. Table II is a
comparison of the TA performance presented in this paper
with that in recent published works.
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Fig. 10. Simulated/measured gains and measured aperture efficiency
versus frequency.

Table II. Comparison of the proposed TA with referenced TA

Fre Aperture 1dB Total

Ref. ( GHqZ') Efficiency | Gain (dB) | Bandwidth | thickness
(%) (%) (mm)
[2] 12.5 20.9 18.9 9.6 0.522
[3] 13.58 55 239 7.4 0.751
[4] 6.1 27 20.1 8.3 0.614
[19] 13.5 47 29.95 11.7 0.761

This

Work 18.5 46 22.5 14.8 0.154




4. Conclusion

In this paper, a wideband with low profile characteristic TA
is presented. By introducing a slot-type Jerusalem cross
as the middle layer of the unit cell, the designed novel
combination TA can realize a reduced profile structure
while maintaining wide bandwidth and high efficiency.
After full-wave simulation of the TA, a 255-unit cell
prototype is fabricated and measured. The measured results
show that the transmitarray has 14.8% 1-dB gain band-
width and the maximum aperture efficiency of 46%.
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