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Abstract — This paper proposes a method to add an
additional phase compensation to conventional phased
arrays to achieve flat-topped beam forming, which can
convert the spherical waves emitted by common conical
horn antennas into cylindrical flat-topped beams, at the
same time, there is also a certain power enhancement.
A centrosymmetric unit composed of four layers of
F4B and metal patches is designed. By changing the
value of the parameters, a 360° phase change can be
achieved, and it has the advantages of small size and
low-profile. To validate the design concept, a prototype
of the transmitarray (TA) was designed, fabricated, and
measured by calculating the phase distribution of the
front. The measurement results show that the designed
TA can achieve flat-topped beams at 5.2GHz, the
maximum gain is 1.15dB higher than that of the horn
antenna, and the flat-topped range is about £10°. The
results are in good agreement with the simulation within
the test range.

Index Terms — beam forming, flat-topped beams, horn
antenna, low-profile, meta-surface, transmitarray.

L. INTRODUCTION

With fifth generation (5G) mobile communication
technology developing rapidly, our lives have changed
considerably. Beamforming (BF) plays an important
role in this because BF can artificially control the
direction and shape of the radiation wave to achieve
high-efficiency energy propagation and reduce the
propagation loss between the transmitting and receiving
devices. It is becoming more and more widely applied
in wireless communication systems. Commonly used
BF target beams include differential beams, cosecant
square beams, multi-beams and flat-topped beams.
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They are often used in surveillance radar systems
[1]], broadcast and communication satellites [2], radio
frequency circuits, wireless charging and drones [3]].
Recently, various types of antennas with flat-topped
beam radiation patterns have been attracting attention,
and the advantage is that their radiated power is
completely equal over a wide range of space. If the
electromagnetic waves received by the receiving antenna
are not uniform in density, the corresponding rectifier
circuit design will become very complicated, because
the internal diode is highly sensitive to power changes,
resulting in a significant reduction in overall reliability
and efficiency [4]. For the realization method of the flat-
topped beams, many articles have been studied, such
as directly feeding different antenna elements in the
array to change the amplitude and phase in [5] or by
designing a special feed network that is combined with
a radiating antenna array [6]. In order to reduce the
complexity of feeding the antenna array, planar arrays
can be loaded with waveguides to control reactive loads
around active radiating elements in the center [7] or
sub-array topology optimization [8] to form flat-topped
beams. In addition, the methods of synthesizing flat-
topped beams using advanced optimization algorithms
are also gradually maturing [9-11]. In contrast, antennas
using a single feed are more suitable for the energy
transmission environment in terms of complexity and
practicability. Under the excitation of the microstrip
slot antenna, a double-shell dielectric lens antenna [[12]
and a dielectric resonant antenna [13] based on the
principle of combining eigenmodes have achieved good
flat-topped performance. Combining the principle of
metasurface, [14] designed an ultrathin linear graded
index metasurface and a radial graded index metasurface
lens, and realized a large-angle flat-topped beam by
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controlling the microstrip patch antenna. To sum up,
although these methods have completed the formation
of flat-topped beams, they are more complicated to
implement and generally larger in size. We hope to create
a simple and fast method for realizing flat-topped beams.

A horn antenna, as a basic element of the antenna
system, has the advantages of high gain, wide frequency
band, low side lobes, etc. It is very suitable for wireless
power transmission, but its maximum power is not flat-
topped. TA can change the direction, shape and other
characteristics of the received electromagnetic wave by
controlling the phase of the elements and radiating it out.
It also has the characteristics of no feeding resistance and
low cost. Therefore, we aim to transform the spherical
wave of the corresponding horn antenna into a flat-
topped beam by changing the phase distribution of the
TA without weakening the transmission gain of the
horn antenna.

This paper is organized as follows. Section II
details the principle of flat-topped BF and proposes a
new 360° phase-shift unit for verification. Section III
introduces the design of the TA, as well as the simulation
and measurement results of the prototype. Section IV
concludes the paper.

I1. PRINCIPLE ANALYSIS

A. Flat-topped beamforming

In this section, the use of phase divergence for
planar transmission arrays to generate flat-topped beams
is discussed. The entire antenna system consists of a
horn antenna placed along the z-axis with its focus at
z=-F and a flat square transmissive array placed along
the xoy plane and centered at the origin. Assuming
that the electromagnetic waves are radiated from the
feed antenna located in the far field and all waves start
from the center of the feed, in order to form a pencil
beam along the +z direction, the array theory [15] points
that a plane composed of NxN elements, the phase
compensation @, of the elements (a,b) in row a and
column b on the array should be

@0 = Ke [ F2+ (pRa,b)z_F] ) )]

where k. is the wavenumber of free space at the target
frequency, p is the side length of each element in the
transmission array, R, j, is the relative distances from the
center of the element (a,b) on the array to the origin,
which can be determined by the following equation

N+1\° N+1\?
Ra,b:\/<a_2) +(b—2> . (2)

Here, the phase compensation required by the
entire unit is approximately replaced by the phase
compensation at the center of each unit, and the phase
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difference caused by the different spacing between the
unit and the feed is balanced by assigning different
phases to each unit. In this way the spherical waves
emitted by the feed antenna can be transformed into
plane waves. It can be seen that the phase compensation
of the center unit of the array is 0°. Besides, as the value
Ry, of the unit to the origin increases, the required phase
compensation @, also increases. In order to shape the
radiation wave into a flat-topped beam, we add an extra
phase ¢, , to each element, which is also related to the
element’s position R, , and its determination method is

Pup =ke [\/F2+[Ftan(90Ra7b)]2—F ., 3

where 0 is a fixed constant, which means that each unit
can obtain different divergence degrees according to its
own position. Finally, the phase ®,; required for each
unit is obtained by adding @, , and @’ ; as

Dyp = Pap+ (P;.,b~ “4)

B. Unit cell design and validation

The two basic requirements that the TA unit needs
to have are a high transmission coefficient and 360°
transmission phase coverage [16H17]. In this part, we
propose a basic TA unit shown in Fig.[I] which has a sub-
wavelength structure and ultra-thin three-dimensional
size, and the overall structure is simple. The cell has
a side length of p = 18 mm (about A/3 at 5.2GHz),
four layers of dielectric substrates are closely stacked,
its material is F4B (€,=2.65 and tan6=0.01), and the
outer surface of each layer is printed with square metal
patches with a side length of s. As phase delay units, the
metal patches can achieve 360° phase range by changing
the size of its side length. The middle patch layer is a
combination of a cross slot and a circular slot. Here,
adding a circular slot on the cross slot can increase the
transmission coefficient and reduce the reflection loss.

The unit cell was analyzed with the finite
element method (FEM) employed by the full-wave
simulation software CST Microwave Studio under
periodic boundary conditions at sub-6GHz frequencies
from 4.8-6 GHz. The incident wave was along the +z
direction at normal incidence. Then, the value of s is
changed from 2 to 8 mm. The simulation results of
the amplitude and phase of the transmission coefficient
changing with frequency are shown in Fig. 2] At the
target frequency of 5.2 GHz, the amplitude and phase
change diagram of the transmission coefficient is shown
in Fig. E] (a). The unit transmission coefficients are all
greater than -3 dB, and the phase coverage can reach
more than 360°.

When the units are arranged in a transmission array,
most of the units receive electromagnetic waves that are
at an oblique incident angle from the feed horn antenna,

410



411

so the influence of oblique incidence should also be
considered. Figure |§| (b) shows that the change of the
incident angle has little effect on the unit performance,
which is within an acceptable range.

S
y
X AZL; 7
(a)
Floquet Port 1 T
Metal
TR, S
\
F4B substrate
re

—_

z
X Floquet Port 2

(b)

Fig. 1. Geometry of unit cell for TA: (a) perspective
view and (b) schematic diagram of details. The specific
structural parameters are set as A = 1.5mm, w = 4mm, r
=7mm, [/ = 16mm.
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Fig. 2. Simulated transmission magnitude and phase of
the unit cell under different frequencies: (a) magnitude
and (b) phase.
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Fig. 3. Transmission magnitude and phase against s at
5.2GHz when: (a) vertical incidence and (b) oblique
incidence.

C. Array design
In order to achieve flat-topped BF, 13 x13 elements
are selected to form a transmission array in our case,



there are 169 elements in total, and its overall size is
234 mmx234 mmx6 mm (about 4.05A4 x4.054 x0.1A
at 5.2GHz), which is reduced as much as possible while
ensuring the performance, and the TA is excited by a
linear polarized horn antenna.

Next, it is necessary to determine the position of
the feed antenna, that is, to find the appropriate value
of F/D. If its value is too large or too small, it will
affect the spillover efficiency and illumination efficiency
and reduce the efficiency of the antenna system [18]. In
addition, if combined with the radiation pattern of the
horn antenna when its maximum power drops by 10 dB,
the radiation angle deviates from the maximum radiation
direction 6, and F/D=cot(68)/2 can be obtained. Here, we
simulated the gain of the antenna system for different
F/D values, and it can be seen from Fig. E| (a) that the
maximum gain is near 0.55. After further simulation,
we finally choose the focal length F=125mm, and the
corresponding F/D is about 0.53.

Using the theory described in Section II.A, the unit
model proposed in Section II.B, and the position of the
feed horn that has been determined, the phase &, ; of
each unit can be calculated by equation (@), and then
the phase distribution of the entire array can be obtained.
They are plotted in Fig. ] (b).

Then, we need to determine the unit cell’s size
corresponding to the zero-phase point. When forming
an array, in order to minimize the reflection loss, it is
necessary to concentrate the cells with good transmission
performance in the central part. At the same time,
according to the description in [[19], on the premise of
hardly changing the cell phase, the sidelobe levels can
be reduced by adjusting the unit cell’s amplitude. First,
according to the amplitude and phase variation diagram
shown in Fig. |§| (a), s = 6.7 mm is selected as the phase
zero point through calculation. Then we try to adjust
the unit amplitude, that is, change the size of r in the
unit, and the obtained amplitude and phase vary with
s is shown in Fig. 5] and there is only a slight phase
change between different units. Ultimately, we chose r
= 5 mm elements for the middlemost section, r = 8
mm elements for the surrounding sections, and r = 7
mm elements for the edge sections. In this way, the
transmission coefficient of the middle and surrounding
parts is less than -1.5dB.

In order to further study the flat-topped beam
pattern, the far-field 3D radiation patterns of the
simulated horn antenna and the entire antenna system at
5.2 GHz are shown in Figs.[6|(a) and (b). Meanwhile, the
electric field distribution on xz-plane and yz-plane are
illustrated in Fig. [6] (¢). Figure [] (d) is the power-flow
distribution on the corresponding xz- and yz-reference
planes, respectively. The results show that after TA, the
beam is focused from the original spherical shape to
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Fig. 4. (a) Simulated gain when changing the value of
F/D and (b) required phase shift (in degrees) for the flat-
topped beam forming when F/D = 0.53.
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Fig. 5. Transmission magnitude and phase against s at
5.2GHz when varying r.

a columnar shape, and the gain is increased by about
1.15 dB. To make it more intuitive, Fig. |§| (c) and
Fig. [6] (d) show that in the propagation direction of +z,
electromagnetic waves radiate in the form of flat-topped
beams, and the maximum transmission distance is about
300 mm (about 5.3 at 5.2 GHz). The 2D pattern will be
further analyzed in the next section.

D. Fabricated and measured
As shown in Fig. [/} a TA prototype was fabricated
using PCB technology. The four-layer plate is fixed by
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Fig. 6. 3-D simulated far-field radiation pattern for (a)
feed horn and (b) antenna system. (c) Simulated electric
field distribution on xz-plane and yz-plane. (d) Power-
flow distribution on xz-plane (left) and yz-plane (right).

(d)

a washer and nylon screws. The TA antenna’s radiation
characteristics were performed in an anechoic chamber
using the far-field measurement system. The chamber
contains a probe and a feed horn. Its placement sequence
and overall structure are shown in Fig.[7] The simulated
and measured radiation patterns of the flat-topped beam
in both principal planes (xz and yz) at 5.2 GHz are shown
in Figs. |§| (a) and (b). The simulation and measurement
results show good agreement. The incomplete match
between them is caused by the measurement and the
environment. It can be seen that the beam emitted by
the feed horn is focused on the main beam direction
after passing through the array, and at the same time,
the maximum gain change does not exceed 1% within
the range of +10°. The maximum gain of the feed horn
selected for actual measurement is 12.95 dB, and the

Fig. 7. Fabricated TA prototype and measurement setup
in the anechoic chamber.
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Fig. 8. Simulated and measured radiation patterns on (a)
xz-plane and (b) yz-plane.

maximum gain of the system obtained by simulation and
measurement is 14.07 dB and 14.05 dB, respectively.
The simulated and measured sidelobe levels are -15.3 dB
/-11.97 dB for the xz-plane and -8.37 dB/-9.25 dB for
the yz-plane. This difference is related to the radiation
pattern of the horn antenna, which can be clearly seen in
the Fig.[§]

To illustrate the flat-topped effect, we refer to the
shape factor (SF) of the bandpass filter, which is defined
here as [3]:
ggmla . )

1dB

Among it, BW3,p and BW,p represent the 3 dB
gain bandwidth to the 1 dB gain bandwidth of the
antenna radiation pattern, respectively. The closer the

SF =




ratio is to 1, the better the flat-topped effect. For the
selected horn antenna, the SFs of the xz-plane and yz-
plane are 1.80 and 1.77, respectively. After passing
through the antenna array, their sizes are 1.20 and 1.24,
respectively, which indicates that the flat-topped beam
forming effect is good.

The comparison between this work and previous
flat-topped BF research are shown in Table 1. It can be
seen from the table that compared with the published
designs, this paper uses the form of TA to realize the flat-
topped beams while maintaining a high gain, and the TA
has the advantages of small size and simple structure.

III. CONCLUSION

In this paper, a new method for flat-topped BF is
proposed. The whole antenna system consists of a horn
antenna and a TA. By adding an extra phase gradient
on the basis of the original phase compensation of the
transmission array to change its refractive power, a flat-
topped radiation pattern is realized in the direction of
the main beam. For verification, a four-layer simple
antenna element with 360° phase change is designed.
We fabricated and measured a prototype of this antenna
array after forming the array using the proposed theory.
The experimental results show that at the operating
frequency of 5.2 GHz, power enhancement to the
corresponding horn antenna and a flat-topped pattern
with a wide angle can be achieved. This method
has a certain application value in wireless energy
transmission. The array as a whole has the characteristics
of miniaturization, low profile, simple structure, low
cost, center symmetry, and can also be applied to other
TA designs.
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