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Abstract: A W-band H-plane horn array antenna with tilted radiation beam based on waveguide
structure is proposed in this paper. The designed antenna array consists of four H-plane antenna
elements and a broadband feed network. The distribution of excitations is determined by the theory
of maximum power transmission efficiency (MMPTE). A multiple branch coupler, two T-junctions
and three fixed phase shifters are employed to construct the feed network, which can generate the
required amplitude and phase in broadband frequency range from 80 GHz to 100 GHz. The computer
numerical control (CNC) milling machines technology is employed to machine the feed network
and antenna. All measured and simulated results are in good agreement, which verify the feasibility
of the theory of MMPTE to generate a radiation beam directed to any angle from −35◦ to 35◦ with
suitable excitation provided by the proposed feed network in this paper.

Keywords: H-plane horn antenna; beam steering; broadband feed network; MMPTE; terahertz

1. Introduction

With the rapid development of wireless communication technology, low frequency
spectral resources are becoming more and more exhausted; the millimeter and terahertz
wave have thus attracted great attention due to their wide bandwidth, high date rate, large
user capacity and high imaging resolution, etc. Nevertheless, the millimeter and terahertz
technologies have to face some challenges, the important one of which is multipath effect
or multipath interference between adjacent wireless channels, which will reduce the quality
of signal [1]. The tilted-beam antenna can be employed to cope with the multipath effect
and improve the communication quality to some extent [2].

Various methods have been proposed to realize beam-tilted antenna in the millimeter
and terahertz wave band. The most conventional method is mechanical beam tilting [3].
However, the rotation parts would increase system complexity and reduce system stability.
Another method is to load metamaterial, such as in [4], where high refractive-index meta-
material unit cells were loaded along the radiation direction of the planar dipole antenna.
The antenna realized beam tilting of 30◦ with the peak gain of 12 dBi over 57–64 GHz. In [5],
the multilayer frequency selective surface (FSS) structure was placed below the Vivaldi
antenna to realize a beam tilting angle of 38◦ with peak gain of 9 dBi and SLL of −8 dB
at 28 GHz. Leaky wave antenna is also used to realize titled-beam; the most common
existing type is waveguide slot antenna [6]. What is more, some electronic element also
can be adopted to tilt the antenna beam, such as pin diodes, varactor diodes and MEMS
switches [7–10]. However, these electronic elements have large insertion loss and are not
even available at high frequencies, such as THz wave band. Some passive circuits can also
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be used to realize tilted-beam antenna [11,12]. In [11], a butler network was designed to
drive horn antenna and it obtained the maximum beam tilting angle with 42◦ and the peak
gain with 11.2 dBi at 30 GHz. The traditional method to calculate the antenna pointing
angle depends on the array factor. The principle of this method is to calculate the excitation
distribution of array elements through the preset pattern and array element spacing. The
excitation distribution of array will be obtained with difficultly or inaccurately when the
array elements or element spacing are different. Another method is pattern synthesis,
which employs some algorithms such as Woodward-Lawson algorithm, FFT or the Particle
Swarm Optimization algorithm to solve the excitation of antenna array. Nevertheless, this
method runs into a stone wall when the complex antenna structure cannot be expressed
mathematically. What is more, the complex iterative process is also inefficient and very
time-consuming for massive-element antenna arrays. The Method of Maximum Power
Transmission Efficiency (MMPTE) can be used to solve these problems [13]. The MMPTE
is characterized by reducing a field synthesis problem into a circuit problem and it can
be used to realize the beam control of any complex antenna structure. Besides, it sets the
PTE (Power Transmission Efficiency) between the transmitting and receiving antenna as
the optimization goal, so the biggest gain of array can be achieved. The MMPTE has been
used to realize the beam control of microstrip antenna array in microwave frequency band
in [14,15]. In [14], a power transmission system was established, which was formed by
an unequally spaced four-element transmitting patch array and three receiving dipoles,
a flat-top radiation pattern in far-field region with 45◦ covering range was achieved at
5.4 GHz. In [15], a six-element printed dipole array was arranged as transmitting antenna,
and the receiving antenna was placed at one end of it; the array with end-fire characteristic
was achieved at 2.45 GHz. Nevertheless, its applications are all limited to the microwave
band and microstrip antenna. In this paper, this method will be applied in millimeter and
terahertz wave for the first time.

As frequency increases, the thickness of substrate becomes bigger relative to the
wavelength; most of the energy is limited in the dielectric substrate and cannot be radiated
out. Therefore, the power loss for microstrip antenna cannot be ignored in THz band. The
waveguide structure is criticized for its large size and bulkiness in low frequency. However,
these shortcomings are no longer prominent in high frequency band. In addition, the
waveguide structure can easily be processed by current CNC milling machines technology.
For this reason, the hollow waveguide structure becomes more practical to build antenna
at high frequency for its advantages of low loss, high power capacity, easy fabrication,
stable structure, etc. The horn antenna is selected as an array element for it has a wide
bandwidth and high radiation efficiency. At the same time, to avoid the influence of large
element spacing on radiation pattern, the H-plane horn antenna is selected as an element
for it has minimum element spacing when it arranges along narrow edges. What is more,
the H-plane horn antenna has wide E-plane beam, which means the H-plane horn array
antenna can realize relatively larger beam tilted angle.

In this paper, four H-plane horn antennas are used to form a beam-tilted array in
W-band. A feed network is proposed to obtain required excitation to realize the tilted
beam based on the theory of MMPTE. To generate stable distributions of the excitation
amplitude and phase in broadband, the proposed feed network consists of a directional
coupler, two T-junctions and three phase shifters. All structures are based on standard
waveguide WR-10. The proposed antenna array can achieve the radiation beam tilt-angle
within 31–36◦ in the wide working frequency band from 80 GHz to 100 GHz. The proposed
antenna is manufactured by the computer numerical control (CNC) milling machine for its
high precision machining and low price. The feed network and antenna array are verified
by simulation and measurement.

2. Design Method of Array Antenna

Consider a system consisting of an array of N elements and a testing (receiving)
antenna. The distance of between transmitting array and receiving antenna is D, as shown
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in Figure 1. The whole system can be regard as a N + 1 ports network, and can be described
by the scattering matrix as follows:[

[bt]
[br]

]
=

[
[Stt] [Str]
[Srr] [Srt]

][
[at]
[ar]

]
(1)

where
[at] = [a1, a2, · · · an]

T (2)

[ar] = [an+1,]T (3)

[bt] = [b1, b2, · · · bn]
T (4)

[br] = [bn+1,]T (5)

are the normalized incident and reflected waves. The subscript t is used to designate
the transmitting antenna array, and the subscript r for the receiving (testing) antenna.
The power transmission efficiency Tarray between the transmitting antenna array and the
receiving antenna is defined as the ratio of the power delivered to the load of the receiving
antenna to the input power to the antenna array.

Tarray =

1
2

(
|[br]|2 − |[ar]|2

)
1
2

(
|[at]|2 − |[bt]|2

) (6)

Micromachines 2023, 14, x FOR PEER REVIEW 3 of 15 
 

 

2. Design Method of Array Antenna 

Consider a system consisting of an array of N elements and a testing (receiving) an-

tenna. The distance of between transmitting array and receiving antenna is D, as shown 

in Figure 1. The whole system can be regard as a N + 1 ports network, and can be described 

by the scattering matrix as follows: 

a1

b1

a2

b2

an

bn

an+1

bn+1

D

Transmitting 

antenna

Receiving antenna

Port 1

Port 2

Port n

Port n+1

 

Figure 1. The basic model of power transmission system. 

[
[𝑏𝑡]

[𝑏𝑟]
] = [

[𝑆𝑡𝑡] [𝑆𝑡𝑟]

[𝑆𝑟𝑟] [𝑆𝑟𝑡]
] [

[𝑎𝑡]

[𝑎𝑟]
] (1) 

where 

[𝑎𝑡] = [𝑎1, 𝑎2, ⋯ 𝑎𝑛]𝑇 

[𝑎𝑡] = [𝑎1, 𝑎2, ⋯ 𝑎𝑛]𝑇 
(2) 

[𝑎𝑟] = [𝑎𝑛+1, ]𝑇 (3) 

[𝑏𝑡] = [𝑏1, 𝑏2, ⋯ 𝑏𝑛]𝑇 (4) 

[𝑏𝑟] = [𝑏𝑛+1, ]𝑇 (5) 

are the normalized incident and reflected waves. The subscript t is used to designate the 

transmitting antenna array, and the subscript r for the receiving (testing) antenna. The 

power transmission efficiency Tarray between the transmitting antenna array and the re-

ceiving antenna is defined as the ratio of the power delivered to the load of the receiving 

antenna to the input power to the antenna array. 

𝑇𝑎𝑟𝑟𝑎𝑦 =

1
2

(|[𝑏𝑟]|2 − |[𝑎𝑟]|2)

1
2

(|[𝑎𝑡]|2 − |[𝑏𝑡]|2)
   (6) 

If the whole system is matched, the optimal excitation distribution [𝑎𝑡] of the antenna 

array, which maximizes the power transmission efficiency, satisfies: 

[𝐴][𝑎𝑡] = 𝑇[𝑎𝑡]  (7) 

where [𝐴] = [𝑆𝑟̅𝑡]𝑇𝑆𝑟𝑡. The Equation (7) is an algebraic eigenvalue equation, and it has 

only one positive eigenvalue. The positive eigenvalue is the maximum power transmis-

sion efficiency between the transmitting array and receiving array. The corresponding ei-

genvector is the optimized distribution of excitations (ODE) for the transmitting array. 

Each element in the eigenvector is a complex number. The modulus of each element of 

eigenvector correspond to the amplitude distributions of array, and the vector angle cor-

respond to the phase distributions. 

Figure 1. The basic model of power transmission system.

If the whole system is matched, the optimal excitation distribution [at] of the antenna
array, which maximizes the power transmission efficiency, satisfies:

[A][at] = T[at] (7)

where [A] =
[
Srt

]TSrt. The Equation (7) is an algebraic eigenvalue equation, and it has only
one positive eigenvalue. The positive eigenvalue is the maximum power transmission effi-
ciency between the transmitting array and receiving array. The corresponding eigenvector
is the optimized distribution of excitations (ODE) for the transmitting array. Each element
in the eigenvector is a complex number. The modulus of each element of eigenvector
correspond to the amplitude distributions of array, and the vector angle correspond to the
phase distributions.

The H-plane horn antenna is selected as the array element for its simple structure, low
profile in H-plane and wide E-plane radiation beam width. The dimensions of the element
and the array configuration are shown in Figure 2a. The feed waveguide is standard
waveguide WR-10 (2.54 mm × 1.27 mm). The element spacing is set to 1.77 mm (about
0.55 λ, λ is the space wavelength of 94 GHz) and the wall thickness of 0.5 mm between the
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elements is retained for avoiding the deformation of metal walls during CNC machining.
The simulated reflection coefficient and isolation for horn elements are shown in Figure 2b,
the reflection coefficient below −10 dB and the isolation below −15 dB in the frequency
band from 75 GHz to 110 GHz.
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Figure 2. The diagram of (a) proposed H-plane horn array antenna (b = 1.27 mm, d = 1.77 mm,
a1 = 10 mm, l = 5 mm, a = 2.54 mm); (b) the simulated reflection coefficient of horn element and
simulated isolation between elements; (c) the power transmission system.

Based on the theory of MMPTE introduced above, a power transmission system is
established in Figure 2c. The power transmission system consists of four transmitting
antennas and one receiving antenna. The parameter r represents the distance between
the transmitting antenna and receiving antenna. The parameter θ and ϕ represent the
azimuth angle between the transmitting array antenna and receiving antenna. Placing the
receiving antenna at (r, θ, ϕ) = (300 mm, 20◦, 90◦), (300 mm, 35◦, 90◦) and (300 mm, 45◦,
90◦) respectively (the r = 300 mm is to ensure far field), the whole system is simulated
with ANSYS HFSS 2020 R1, which generates the scattering parameters. The scattering
parameters can be substituted into Equation (7). The optimized distribution of excitations
(ODE) [at] is listed in Table 1.

Table 1. 20◦, 35◦ and 45◦ beam tilting angle.

Port 20◦ 35◦ 45◦

2 0.19 ∠ 0◦ 0.19 ∠ 0◦ 0.18 ∠ 0◦

3 0.26 ∠ 76◦ 0.21 ∠ −116◦ 0.2 ∠ −160◦

4 0.23 ∠ −151◦ 0.29 ∠ 125◦ 0.28 ∠ 42◦

5 0.3 ∠ 137◦ 0.29 ∠ 1◦ 0.3 ∠ −124◦
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The simulated radiation patterns for different beam tilt-angles are shown in Figure 3.
The ODE for the 0◦ tilt-angle has a uniform distribution of amplitude and phase, and
the simulated gain of the array is 16.5 dB; the side lobe level is −12.2 dB; the E-plane
beam-width is 33◦. When the beam tilt-angle is 20◦, the gain of array is still 16.5 dB; the
side lobe level is −11.5 dB; the E-plane beam-width is 25◦. When the beam tilt-angle is
35◦, the gain is 16.3 dB; the side lobe level is −7.7 dB; the E-plane beam-width is 27◦.
However, when the main beam is directed to 45◦, the radiation pattern deteriorated, the
gain drops to 14.8 dB and the grating lobe appears in−55◦. The comparison of the radiation
patterns at 94 GHz for 35◦ tilt-angle is given in Figure 4 when the array is designed based
on the MMPTE, uniform distribution with progressive phase and Taylor distribution with
progressive phase, respectively. The targeted side lobes level for the Taylor distribution is
−30 dB, and the calculated power distribution is 0.1, 0.4, 0.4, 0.1, respectively. To realize
the 35◦ pointing angle, the progressive phase is 120◦. It can be seen from the figure that the
antenna fed by Taylor distribution has the lowest sidelobe level, but it also has the lowest
gain of 15.5 dBi. The antennas based on MMPTE and uniform distribution have higher
gain while the sidelobe level is larger. The gain of the antenna with uniform distribution
is about 16 dBi and with the excitation distribution based on MMPTE is about 16.3 dBi.
The MMPTE set the PTE (Power Transmission Efficiency) between the transmitting and
receiving antenna as optimization goal, so it is easier to achieve higher gain. All of the
radiation patterns shown in Figure 3 can be realized with corresponding feed network
proposed below. The feed network for 35◦ tilt-angle will be designed as a proof and the
design details will be presented in next section.

Figure 3. The simulated radiation patterns of the proposed H-plane horn array antenna at 94 GHz,
(a) the radiation pattern for 0◦ tilt-angle; (b) the radiation pattern for 20◦ tilt-angle; (c) the radiation
pattern for 35◦ tilt-angle; (d) the radiation pattern for 45◦ tilt-angle.
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3. Design of Feed Network

Based on the ODE shown in Table 1, a feed network will be designed to realize
the radiation pattern beamed to 35◦ to validate the optimization method. The output
amplitude and phase of the feed network are 0.3 ∠ 1◦, 0.3 ∠ 125◦, 0.2 ∠ −116◦, 0.2 ∠ 0◦

approximately. Since the antennas are arranged along the E-plane, the feed network is also
designed based on the E-plane structure. The diagram of proposed feed network is shown
in Figure 5. The designed feed network consists of power divider and phase shifter. The
power divider contains three passive components, a multiple branch directional coupler
and two T-junctions. The phase shift is constituted by −90◦, −206◦ and 125◦ broad fixed
phase shifters. The whole network has six ports, among which port 1 is the input port,
port 2 to port 5 are outputs, and port 6 is the isolation port of coupler. The design of feed
network is divided into two steps. The first step is to realize power distribution by employ
a directional coupler and two T-junctions. The second step is to compensate the output
phase by three phase shifters. The diagrams for step 1 and step 2 are shown in Figure 5a
and b. The layout of the output ports in step 2 for reserving space to assemble flange and
measurement subsequently.

The traditional multiple branch waveguide directional coupler are discussed in [16,17].
Generally, the branch has different heights (gap), which makes the manufacture difficult
at high frequency. According to [18], unified branch height can be adopted to solve the
problem of the low fabrication precision at high frequency. Therefore, a directional coupler
with unified branch is employed in this paper. The directional coupler features a low
amplitude imbalance (∆A) and nearly 90◦ phase difference between the coupled and direct
ports. It is worthy mention that any other coupling ratio can be achieved. As demonstrated
in [18], when the number of branches increases, ∆A becomes better. However, with the
increase of the number, the height of branch will become smaller meanwhile, which
brings out unfeasibility of the machining of the coupler especially in high frequency band.
Considering both the performance and machining, a unified 6-branch coupler is adopted
in this paper. The diagram and relevant dimensions of the directional coupler with unified
branch are shown in Figure 5c. The dimensions are optimized and the simulated results are
shown in Figure 6a. The 2.2 dB coupler exhibits great isolation and S11 better than −15 dB,
amplitude imbalance less than 0.3 dB, maximum phase imbalance less than 2.3◦, and 21%
bandwidth from 80 GHz to 100 GHz.
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diagram and relevant dimensions of T-junction; (e) the diagram and relevant dimensions of phase shifter,
(a = 2.54 mm, b = 1.27 mm, lb = 0.77 mm, w = 0.78 mm, gap = 0.43 mm, w1 = 0.47 mm, w2 = 1.1 mm,
h1 = 0.3 mm, h2 = 0.3 mm).

The E-plane T-junction is employed to realize 3 dB power divider in the broadband.
To achieve good input impedance matching in a wider bandwidth, the rectangular groove
is adopted in the symmetry plane of T-junction, the diagram of T-junction is shown in
Figure 5d. Unlike the triangular wedge or ladder structure used in [19,20], the rectangular
groove structure has less manufacturing difficultly and more feasibility of CNC-milling.
The simulated results of the proposed T-junction are shown in Figure 6b. It can be seen that,
the S11 is below −14 dB, the S21 and S31 are fairly close to −3 dB, and the phase difference
between port 2 and port 3 is 180◦ with the phase fluctuation within 1 deg in the frequency
band from 75 GHz to 110 GHz.
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Figure 6. The simulated results of the proposed feed network, (a) the simulated s-parameters and
phase imbalance of the proposed coupler; (b) the simulated s-parameters of the proposed T-junction;
(c) the simulated s-parameters of the proposed phase shifter; (d) the simulated phase deviation of the
proposed phase shifter; (e) the simulated s-parameters and output phase of the structure in step 1;
(f) the simulated s-parameters and output phase of the structure in step 2.

The widened rectangular waveguide fixed phase shifter was proposed in [21], which
has the advantages of simple structure, wide bandwidth, low insertion loss, high power
capacity, and large phase shift range. What is more, the structure can be processed by CNC-
machining. Therefore, the structure is employed to realize the required phase difference
in broadband. The proposed structure is shown in Figure 5e, where the length of the
widen waveguide is lp, the waveguide width is a + ∆a and the length and width of the
reference standard WR-10 is lr and a, respectively. Assuming the electromagnetic wave
enters these two waveguides with the same initial phase and the output phase are ϕ1 and
ϕ2 respectively. The phase difference between these two output ports is ∆ϕ.

∆ϕ = ϕ2 − ϕ1 =
2π·lr
λg(a)

−
2π·lp

λg(a + ∆a)
(8)

where λg(a) = λ/(1− (λ/2a)2)
1/2

, λ is the space wavelength. The parameters lp, lr and
∆a are optimized by the electromagnetic simulation software, the optimized values of ∆a
are 0.62 mm (−90◦), 0.34 mm (−206◦), 0.4 mm (125◦), the lr are 0.49 mm (−90◦), 14.8 mm
(−206◦), 15.7 mm (125◦) and the lp are 5 mm (−90◦), 16 mm (−206◦), 17 mm (−125◦). The
results of simulated S-parameter and required phase difference are shown in Figure 6c,d.
It can be seen that, the S11 is below −19 dB, the S21 is nearly close to 0 dB and the phase
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deviation is within ±5◦ in the frequency band from 78 GHz to 110 GHz of the proposed
three phase shifters. The performances of the structure in step 1 are shown in Figure 6e,
the phase difference between port 3 and 2, port 4 and 2, port 5 and 2 is 0◦, −90◦, −90◦,
respectively, and its fluctuation less than 2◦ from 80 GHz to 100 GHz. The output amplitude
fluctuation less than 0.3 dB in the same frequency band. The performance of the structure
in step 2 is shown in Figure 6f, the phase difference between port 3 and 2, port 4 and 2, port
5 and 2 is −116◦, 125◦, 1◦, respectively, and its fluctuation less than 10◦ from 80 GHz to
100 GHz. The output amplitude fluctuation is less than 0.6 dB in the same frequency band.

The proposed feed network is manufactured by the computer numerical control (CNC)
milling machines. In order to adapt to CNC machining, the minimum rounded corners
radius is 0.25 mm. The manufactured gold-plated aluminum E-plane split blocks are shown
in Figure 7a, the two layers are completely symmetrical. The thickness of each layer is
10 mm and the port 1 to port 5 in step 2 are configured with standard UG-387 flange to
connect with Vector Network Analyzer (VNA), the absorbing material is introduced in the
isolation port of the coupler (port 6 in Figure 5a of step 2) to absorb the reflected wave.
Two layers of blocks are aligned by pins and fixed by screws. The fabricated feed network
is measured by Agilent N5260A Vector Network Analyzer (VNA) with OML W-band
frequency expansion module. The measurement environment is shown in Figure 7b, the
measured ports are connected with VNA and the other ports are connected with W-band
matched load. The measured results of the proposed feed network are shown in Figure 7c,d.
The transmission coefficient between port 2 and 3 is −7 dB while it of port 4 and 5 is
−5.2 dB, both of the fluctuations are less than 1 dB. The S11 is below −15 dB in the working
frequency band from 80 GHz to 100 GHz. The phase differences between port 3 and port
2, port 4 and port 2, port 5 and port 2 are −116◦, 125◦ and 1◦, respectively. In addition,
the measured phase fluctuation is within ±15◦ in the frequency band from over the same
working frequency band.
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Figure 7. The results of the proposed feed network, (a) the photograph of feed network fabricated by
E-plane split block CNC-machining; (b) the measured environment of proposed feed network; (c) the
s-parameters results of proposed feed network; (d) the phase performance of proposed feed network.
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4. Discussion of the Proposed Antenna Array

According to the measured results shown in the Section 3. The designed feed network
can output stable amplitude and phase in the broadband. The layout of feed network in
Section 3 is for assembling the flanges. To connect with the horn array which has 1.77 mm
element spacing, the layout of feed network is modified without changing the dimensions
of component. The integration of array and feed network to realize the 35◦ tilt angle is
shown in Figure 8. The antenna is manufactured by CNC-milling, and the manufactured
gold-plated aluminum E-plane split blocks and the ultimate block are shown in Figure 9a.
The UG-387 flange is configured in the input port of antenna and the absorbing material is
placed in the isolated port. The blocks are aligned with pins and then fixed with screws. It
is taken notice that the radiation aperture is sliced off partly to reduce the effects of surface
wave on radiation. The radiation performance of the designed antenna is measured in
compact field test range, and the test environment is shown in Figure 9b. The proposed
antenna is connected to the mixer through a WR-10 straight waveguide, then the mixer is
connected to RF receiver through coaxial cable, and the RF signal is produced by W-band
active multiplier. The radiation characteristic of the proposed antenna is measured with a
W-band standard gain horn antenna.
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Figure 9. The photograph of (a) antenna fabricated by E-plane split block CNC-machining;
(b) compact field measure environment.

The reflection coefficient of the proposed antenna is measured by VNA and the results
are shown in Figure 10. The simulated S11 is below −15 dB, and the measured one is below
−12 dB from 75 GHz to 110 GHz, the simulated and measured results consistent generally.
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Figure 10. The simulated and measured reflection coefficient of the proposed array antenna.

The simulated and measured radiation patterns at 80 GHz, 94 GHz and 100 GHz are
shown in Figure 11. It can be seen that the simulated and measured results are in good
agreement. The realized beam tilt-angles at 80 GHz, 94 GHz and 100 GHz are 36◦, 33◦

and 31◦, respectively. The gain and beam-tilted angle of proposed antenna are shown in
Figure 12, the minimum antenna gain is 11.5 dBi and the maximum gain is 16.8 dBi, the
fluctuation of beam-tilted is less than 4◦ compared with expected 35◦. Possibly due to the
machining tolerance, assembling or measuring errors, the measured gain is slightly lower
than simulated but within the allowable margin of error. Overall speaking, although the
excitation distribution is calculated at 94 GHz, the beam tilt- angle is around 35◦ over the
whole working frequency band. This implies that the beam tilt angle has high tolerance for
excitation distribution, but it also runs the risk of loss of gain.

Figure 11. The simulated and measured radiation patterns of the proposed antenna, (a) 80 GHz;
(b) 94 GHz; (c) 100 GHz.
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The performance of the proposed antenna is compared with the formerly published
works with the characteristic of tilted radiation beam, and the results are summarized in
Table 2. Despite the antenna discussed in [5,11,12] having a bigger tilt-angle, they have
a narrower bandwidth, lower radiation efficiency and unstable tilt-angle over the whole
operating bandwidth. What is more, the proposed antenna integrated with feed network
in this paper based on waveguide structure avoids the loss of connection and dielectric,
especially in high frequency band, while maintaining wide bandwidth and comparable tilt
beam angle. The realization method of the proposed antenna can be a candidate for the
application at even higher frequency.

Table 2. Comparison with published works about antenna with tilted radiation beam.

Ref. Freq. Tilt-Angle/Maximum Fluctuation Gain/
Efficiency Bandwidth Method

[4] 60 GHz 30◦/8◦ 12 dBi/NA 11% Meta-lens
+dipole

[5] 28 GHz 38◦/8◦ 9 dBi/NA 10% Metasuface
+vivaldi

[11] 30 GHz 42◦/5◦ 11.7 dBi/78% 16% Microstrip butler
+horn

[12] 77 GHz 49◦/17◦ 12.2 dBi/NA 11% SIW butler
+slot

This work 94 GHz 35◦/4◦ 16 dBi/98% 22%
Waveguide feed

network
+horn

5. Conclusions

In this paper, a tilted-beam H-plane horn antenna array with broadband is designed.
The optimized distribution of excitations for the array for different beam angles are cal-
culated by MMPTE. As a demonstration, the antenna and the feed network are designed
and fabricated for the 35◦ tilt angle in this paper. The feed network and antenna are man-
ufactured by CNC-milling machines technology. According to the measured results, the
feed network can generate stable amplitude with maximum fluctuation less than 1 dB,
and stable phase with maximum fluctuation less than 15◦ from 80 GHz to 100 GHz. The
measured beam pointing angle is in the range of 31◦ to 38◦ and the antenna gain changes
from 11.5 dBi to 16.6 dBi in the frequency band from 80 GHz to 100 GHz.

Overall, H-plane horn antenna is verified and can be used as an element for beam
control array and without grating lobe. What is more, it can easily be fabricated by the
computer numerical control (CNC) milling machines. In addition, the proposed feed
network can be designed to output arbitrary amplitude and phase in broadband; it lays the
foundation for the later design of beam forming antenna or low sidelobe antenna based
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on waveguide structure. It is worth mentioning that the minimum drill radius used in
the fabrication of the proposed antenna and feed network is 0.2 mm, which is much less
than the current smallest drill radius of 0.05 mm. As a result, the design method and
manufacture technology can be scaled up to THz band, and is likely to promote more
applications of radiation beam control in the high frequency band.
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