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Abstract

This paper presents a design flowchart, design equations, and design of a D-band Rotman lens beam-steering microstrip
array antenna at 110-145 GHz operating frequency. The initial design of the Rotman lens was done by Remcom Rotman lens
designer (RLD) software. Then, the Rotman lens geometry was exported to a 3D full-wave analysis with the time-domain
solver at the CST MWS simulator. In addition, state-of-the-art microstrip patches radiators were designed, embedded with
the Rotman lens geometry, and optimized with the time-domain solver at the CST MWS simulator. Finally, the D-band Rot-
man lens beam-steering microstrip array antenna was also simulated for comparison with the frequency-domain solver at the
CST MWS simulator, and a good agreement was achieved, which validated the proposed flowchart, design equations, and
design of the beam-steering antenna. The proposed design can be a base for a large microstrip array with more significant
gain and a wider beam-steering angle reported in the research. Thus, the D-band Rotman lens beam-steering microstrip array
antenna can be a proper candidate for next-generation backhauling cellular communication at the sixth generation (6G).

Keywords D-band beam-steering antenna - Rotman lens designer (RLD) - Sixth generation (6G)

1 Introduction

D-band is a frequency range between 110 and 170 GHz,
part of the millimeter-wave (mmWave) band. The increas-
ing need to transmit the data rate beyond 10-100 gigabit
per second (Gb/s) pushes transceivers to a higher-frequency
range. As a result, D-band is now considered an alternative
to optical fiber backhauling next-generation cellular com-
munication networks beyond the fifth generation (B5G) or
sixth generation (6G) [1, 2].

5G wireless communication technology is being installed
worldwide, with multiple intelligent implementations being
embedded. However, 5G specifications have not included
the requirements of modern emerging technologies. These
include terabit per second (Tb/s) data rate, high reliability,
low latency, and high capacity [3, 4]. Researchers pay par-
ticular attention to 6G cellular communications to mitigate
these challenging demands by enabling new applications
and diverse technologies. In concepts of speed, 6G will use
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an upper frequency band than 5G to improve the data rate,
which is predicted to be dozens of times faster than 5G. 6G
will allow a hundred Gb/s to Tb/s links by using the high-
spread spectrum and multi-band technique; In concepts of
capacity, 6G will be able to be effective and connect up to
10'? devices certainly than the current 10° cellular devices
[5, 6]. So, 6G will become highly dense, and its capacity can
be 100 times higher than that of 5G. In concepts of latency,
6G will be allowed latency of 1 ms or even lower down to
0.1 ms for radio latency [7].

The THz band (0.1-10 THz) experiences high propaga-
tion losses because of the resonance with water vapor and
oxygen molecules at these frequencies. Therefore, there
are frequency bands in the THz, such as 125-170 GHz and
190-320 GHz, where the attenuation is less than 100 dB/km,
allowing short-range line-of-sight (LoS) cellular commu-
nication. On the other hand, the D-band predictable propa-
gation loss is about 1 dB/km, so the D-band is a possible
candidate for the next-generation 6G cellular communication
[8,9].

The 6G cellular communication demands considerable
research and development in antenna technologies such as
multiple-input-multiple-output (MIMO) antennas, beam-
steering antennas, lens antennas, reconfigurable antennas,
and metasurface-based antennas. In addition, antennas
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technologies will need to be integrated by utilizing antenna
on-chip (AoC) and antenna in-package (AiP) technologies
[6, 9]. However, before D-band cellular communication can
be used for 6G backhauling next-generation cellular commu-
nication, the antenna's gain needs to compensate these losses
because of the power limitation of solid-state power sources
resulting in very short communication distance propagation.
Another possible solution to mitigate the high propagation
losses of the atmosphere at THz band/D-band can be ultra-
massive MIMO (UM-MIMO), beamforming, and beam-
steering antennas [9]. Furthermore, the advantages of the
UM-MIMO antennas can be expanded by enhancing the
system gain diversity using an efficacious diversity antenna
or transmitting numerous corresponding streams data to
enhance data rates and spectral efficiency.

A beam-steering antenna is an electronically scanned
phased array antenna controlled by a computer through
phase shifters [10, 11]. Two sections can split up phase
shifters. Analog phase shifters supply a tuneable continu-
ous phase through a maximum and minimum phase shift
angle using the Rotman lens [12] or Butler matrix [13].
However, digital phase shifters require different control
voltages to straighten the control circuit, which causes less
precise beam-steering, pendent on the number of phase
bits [14]. Under the components that exist in contemporary
technology, the central problem of the phase shifter at the
D-band is the limited phase angle range up to about 0-30°
[15]. However, the primary concern of D-band microstrip
antenna fabrication is that the PCB technology requirements
for a microstrip antenna are very tight, and the minimal fab-
rication etching can be around 0.05 mm. In comparison,
the declared etching precision is about+0.01 mm [16]. Y.
Zhang et al. [17] designed and simulated a W-band beam-
steering ridge gap waveguide (RGW) array antenna at a
resonance frequency of 95 GHz with the Ansys HFSS sim-
ulator. The beam-steering angle simulation results and the
impedance BW were +40°, 20 GHz (21%). P. Lu et al. [18]
designed and simulated THz beam-steering bow-tie antenna
(BTA) with an integrated optical beam forming network
(OBFN) chip at an operating frequency of 275-340 GHz
with the Ansys HFSS simulator. The maximum directivity
and steering angles obtained were 16 dBi, — 47° up to 25°,
respectively. M. M. Islam et al. [19] designed and simu-
lated an E-band beam-steering phased array 4 X 4 pyrami-
dal horn antenna with meandered microstrip line used as
a phase shifter on printed circuit board (PCB) at an oper-
ating frequency 71-86 GHz via the CST MWS simulator.
The antenna was fabricated for experimental verification.
The maximum measured gain, efficiency, and maximum
steering angles obtained were 16.9 dB, — 3.2 dB, and 40°,
respectively. M. Elkhouly et al. [20] designed and simulated
a D-band transceiver forming a radio-on-glass (RoG) phased
array front ends, which included an 8 X 16 slot antenna at
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operating frequency 142-156 GHz. The phased array
included digital phase shifters. The transceiver was fabri-
cated using a 0.13 um SiGe BiCMOS process. The maxi-
mum gain, impedance BW, and beam-steering angles were
22 dB, 14 GHz, and — 16° up to 16°, respectively. M. Man-
tash et al. [21] designed and simulated a mmWave beam-
steering leaky-wave antenna (LWA) hexagonal patch and a
hexagonal loop and working frequency of 24-30 GHz. The
impedance BW, gain, and steering angles simulation results
with the CST MWS simulator were 6 GHz, 10.7 dB, and
— 60° up to 60°. The antenna was fabricated for experimen-
tal verification. E. H. Mujammami et al. [22] designed and
simulated a high-gain mmWave quasi-Yagi antenna array
with Rotman lens beamforming network (BFN) at working
frequency 24—-40 GHz. The impedance BW, gain, and steer-
ing angles simulation results with the CST MWS simulator
were 16 GHz, 14 dB, and —40° up to 40°. The antenna was
fabricated for experimental verification.

From the reported literature, it may have been shown that
there is still no D-band Rotman lens beam-steering micro-
strip array antenna, with a phase-shifting angle of more
than 30°, which can be used for 6G cellular communication
antennas at 110-145 GHz.

This paper explores a design flowchart, design equations,
and design and simulation of a D-band Rotman lens beam-
steering microstrip array antenna at 110-145 GHz operating
frequency. The design and simulation were with the time-
domain solver at the CST MWS simulator, while the com-
parison was with the frequency-domain solver at the CST
MWS simulator.

The paper's innovation was to design a D-band Rotman
lens beam-steering microstrip array antenna with novel 1x 8
radiators for 6G backhauling cellular communication at an
operating frequency of 110-145 GHz. The proposed method
can suggest designing and future fabricating a D-band beam-
steering microstrip array antenna with a phase-shifting
angle of more than 30°, which is the primary concern at
the D-band beam-steering for 6G backhauling cellular com-
munication antennas. Furthermore, to reduce the extremely
high cost of experimental validation with prototype fabri-
cated, D-band Rotman lens beam-steering microstrip array
antenna, the design was compared with another solver at the
CST MWS simulator.

2 Proposed antenna design and analysis

The design included a couple of stages. The first is the design
and simulation of the D-band Rotman lens with the Remcom
Rotman lens designer (RLD) software. For more precise simu-
lation, we use a full-wave 3D CST MWS simulator. The sec-
ond stage is designing and optimizing a D-band single radiator
on a microstrip laminate with the CST MWS simulators. Next,
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on a base of the optimized radiator, design and simulate a
D-band 1 X 8 microstrip array antenna, incorporate the D-band
Rotman lens with D-band 1 X 8 microstrip array antenna, and
optimize the D-band Rotman beam-steering microstrip array
antenna.

2.1 Principle operation and equations
for the Rotman lens

Highly directional transmission is necessary to mitigate the
high atmospheric absorption and path loss at D-band. Thus,
tunable antenna arrays with efficacious BFN and fair beam-
steering abilities are used to merge signals of radiators into a
pattern, which is further directive than the individual radiator
pattern. A BFN is generally composed of output and input
ports organized along an arc. All input port at the focal layer
supplies the desired phase and amplitude distribution so that
the antenna beam is directed at a particular angle [22, 23].
Rotman lenses are BFN and sustain low phase error, broad-
band, and broad-angle beam-steering. In addition, they are the
true-time-delay (TTD) apparatus supplying non-dependent fre-
quency beam-steering. The RLD software is founded on Geo-
metrical Optics with the Rotman lens equations [24, 25] and
analyzes the Rotman lens with a rapid design tool. The analysis
with the RLD software is based on the following assumptions:
transmission line, material dispersion, and parasitic coupling
are of a lesser degree. Radiative leaks are not accounted for,
and the dummy load is ideal without losses. Figure 1 shows
the Rotman lens configuration.

The transmission line lengths and lens inner contour points
are solved for using the path length comparison method as in
[24, 25]:

FP+W+Nsina=F+W, (1)

F,P+W —Nsina = F + W, )

Fig. 1 Rotman lens configura-
tion
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FoP+W=G+W, 3)
where

(F\P)* = (Fcosa +X)* + (Fsina — ¥)? @

(FZP)2 = (Fcosa+X)* + (Fsina + Y) )

(FoP)* = (G +X)* + (V) 6)

Lens dimensions are then normalized by the off-axis
focal length [24]:

n=N/F (7
§=G/F ®)
x=X/F )
y=Y/F (10
w =
F
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where 1) is the element gapping—the gapping of the radia-
tors along with the outer profile, g is the focal ratio—the ratio
of on-axis focal distance to off-axis focal distance, lens width
(G or F,) is the length between the middle of the focal pro-
file and the middle of the array profile, and scan angle («)
is the direction of the main beam, which phase error is null.
The RLD software solves these points each time F, , a, g are
modified.

When the lens profile is well thought out, the transmission
line electrical length for standard microstrip design equations
is used to find the line width of the transmission lines [26]:

8¢t
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2.2 The design procedure flowchart of the Rotman
lens beam-steering microstrip array antenna

The design procedure of the Rotman lens beam-steering
microstrip array is presented in Fig. 2. Typically, the design
procedure starts with the design of the Rotman lens with the
RLD software. We need to define the frequency of operation,
array dimensions, scan angle, the number of beams, electri-
cal characteristics of the lens material, BW, physical size,
and shape limitations. The RLD will use these parameters
and calculate the dimensions of the Rotman lens with mini-
mal phase errors. Any changes with the above parameters
will change the dimensions of the Rotman lens. Next, the
designer can plot the 2D simulation results with the Geo-
metrical Optics combined with the classical Rotman lens
equations [24, 25], such as the array factor, beam to phase
error, array to beam coupling magnitude. If the results are
good enough, the lens geometry can be exported by com-
puter-aided design (CAD) to a 3D full-wave analysis simula-
tor. If the 3D full-wave analysis of the Rotman lens is good
enough, we can combine the proposed design with a suit-
able radiators array design and simulate it with 3D full-wave

) - forg>z} o

where
Zy |e,—1 €,—1 0.11
A=— 0.23
60 e,+1+er+l< M e,) (19)
B= 37x
ZO\/f_r (20)

The ratio, which is used to calculate the effective dielectric
constant (&, ), is:

. _<£,+1>+<e,—1> 1
T\ 2 2 ) T+ naajw @D

The transmission lines port impedance can be calculated
by using:

60 8d , W w
= IH<W + @> —>f0r; <1
Z — A

1207

V| 5 +1393+0.667 In (441444

(22)

—>f0r%/ >1
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simulator, and else we need to redesign the Rotman lens with
the RLD software.

The proposed flowchart may be used to design different
antennas after appropriate modification.

2.3 The suggested D-band Rotman lens

The D-band Rotman lens was made with Isola
Astra MT77 microstrip laminate with the cop-
per thickness (t), substrate height (h), €., and tané of
17.5 pm, 127 pm, 2.82,0.001 @125 GHz, respectively; Fig. 3
shows the suggested D-band Rotman lens. Every dummy
port is terminating with a discrete port condition with an
impedance of 50 ohms.

The parameters of the Rotman lens, which was inserted
into RLD software, are present in Table 1.

2.4 The suggested D-band Rotman lens
beam-steering microstrip array antenna

The D-band Rotman lens beam-steering microstrip array
antenna is based on the same laminate and parameters as the
Rotman lens laminate. Figure 4 shows the suggested D-band
Rotman lens beam-steering microstrip array antenna. The
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Fig.2 Design procedure flowchart of the Rotman lens beam-steering microstrip array antenna

Table 1 Design parameters defined into RLD software

Dummy
ports

Fig.3 Suggested D-band Rotman lens

dimensions of the substrate were 37.92 x 30 x0.127 mm?
that equals 15.8 4, X 12.54; X 0.534,@125GHz, where 4 is

the free-space wavelength.

Parameter

Value at RLD 1.7

Copper conductor thickness (t)
Substrate thickness (h)
Substrate permittivity (&, )
Substrate loss tangent (tané)
Length x width x height
Center frequency

Bandwidth

Beamwidth

Max. scan angle

Focal angle (Flare angle)

Array number output ports

Number of beams

Dummy ports

Z system
Port width

17.5 pm

127 pm

2.82 @ 125 GHz
0.001@125 GHz
37.92x22.34x0.127 mm?
125 GHz

+20 GHz — 125 GHz +20 GHz
30°

+30°

12°

8

5

6

50 ohms

334 pm

3 Simulation, comparison of results

and discussion

The best way to validate the design of the simulated pro-
posed beam-steering antenna is by experimental verifica-
tion, but if we want to reduce the high cost, we can use
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Fig.4 Suggested D-band Rotman lens beam-steering microstrip array antenna, a front size of the suggested antenna, b zoom partial size of

radiators and their dimensions

simulator comparisons with different solver techniques
[16], and if we want that the comparison will be close
as much as can be to experimental verification, we must
define at both solver the €, and tand of the antenna lami-
nate, which are frequencies dependent, as close to our
working frequencies (110-145 GHz), so the simulation
with two different solvers has been chosen at the proposed
beam-steering microstrip array antenna.

The initial design of the Rotman lens was done with
Remcom RLD software. In comparison, the modeling and
the simulation of the suggested D-band Rotman lens beam-
steering microstrip array antenna were with the 3D full-wave
time-domain solver based on finite integration technique
(FIT) at CST MWS simulator version 2020. The compari-
son of the suggested antenna was with the frequency-domain
solver based on finite element modeling (FEM) at CST
MWS simulator version 2020.

3.1 The suggested D-band Rotman lens simulation
results

Figure 5 illustrates the S—parameter( S - 513,1) simula-
tion results of suggested D-band Rotman lens. It has been
shown that the BW([S;&S,,&S;, &S, &Ss,;| < —15dB)
of the D-band Rotman lens is: > 50 GHz(> 40% )
while the resonances frequencies are between
100 and 150 GHz and the insertion losses
(S61& S71& Sg& S & S191& Sy11& S1p1& Sy3;)  are
between —10.28 and —19.93 dB.

Figure 6a-b illustrates the S-parameter phases
(<S6; —<Sy3,) in [°] vs. frequency at GHz of the sug-
gested D-band Rotman lens. Figure 6a shows that the
S-parameter phases (<I Se1— <S5, ) are between —180° and
180°. Furthermore, Fig. 6b shows that the average changes
of the S-parameter phases (4 Sep—< 513,1) between the

— 51,1

— 52,1
: — 53,1
= - o~ : — 54,1
e z < — | —
S 30 NN fo NN WISy v LN [ 51
5 . ,v \ ¥ - . 56,1
T
o \l ‘ - 571
R W 4 L . e, T S | & : Y ~J A -- s
«» g (1105, -16.429) . § ; i : - 59,1
-50 g (138.25,-63.362)[ y : AR SN ¥ 2 - . 510,1
§ (100.05, -10.278) : v ; : - . 5111
60 6, (146.26,-19.927 )| : oo R
-65 i i i i i i ; ;
100 105 110 115 120 125 130 135 140 145 150

Frequency / GHz

Fig.5 Simulation results of S-parameters ( Si - Sl3,1) of the suggested D-band Rotman lens

@ Springer



Journal of Computational Electronics (2022) 21:431-444 437

S-Parameters [Phase in Degrees] S-Parameters [Phase in Degrees]
200 T
200 - - i - - -=56,1 - e 56,1
R P g"g"‘aﬁ,‘f [ Ealalal ==s7t
~=='~ ] ! S| '
- s = - 50,1 - 59,1
! et bt ] . 1
100 -y - e S510,1 - e 510,1
- *‘g‘ s-t~‘__@& P - st
S—P i 1 T 1~ -5 - 51,1
. 501 - -~ ] -a-s5121 )
[°] i SeL_ SN hat NAY ! - =sizi [°] - 5131
0 M - -~| - ~ Bt 4‘ ....
§ O=io l'} - - -
50 18 = ‘e bk S. ]
-
L} S~ cJ‘ - S~ d
100 W o T~ e
’ &g‘ [N q (123,7272) <o
~S 1 ' § (123,83.592) 1
-150 10 Ss 1 -~
< Y ! N i f -~
J L2 ; ; ~
-200 + + | . i i i i i i H i
122.9 1235 124 1245 125 1255 126 126.5 127 100 105 110 115 120 125 130 135 140 145 150
Frequency / GHz Frequency / GHz
(a) (b)

Fig.6 a-b: Simulation results of the S-parameter phases (<I Se1 — <S5, ) of the suggesed D-band Rotman lens

Fig.7 a-e: Surface current of
the proposed optimized D-band
Rotman lens with a Port 1
excited, b Port 2 excited, ¢ Port
3 excited, d Port 4 excited, e
Port 5 excited
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array port and subsequent array port of the suggested D-band
Rotman lens is 11.1°.

Figure 7a—e illustrates the surface current of the sug-
gested D-band Rotman lens when each Port 1 up to Port
5 is excited separately. Figure 7a—e shows that the surface
current of the suggested D-band Rotman lens is between
300 and 409 A/m.

3.2 The simulation results of the suggested D-band
Rotman lens beam-steering microstrip array
antenna

Figure 8a—c illustrates the simulation result of return
losses (511,822,833,544,855), realized gain, and the sug-
gested D-band Rotman lens beam-steering microstrip
array antenna's total efficiency. Figure 8a shows that the

S-Parameters [Magnitude in dB]

S — Par.
[dB]

S1,1 (P1=1V)
$2,2 (P2=1V)
S3,3 (P3=1V)
S4,4 (P4 1V)
S5,5 (P5=1V)

139.91, 42.995 )
143.24, -29.641 )
112.22, -9.97 )

138.53, -10.038 )
117.95, -41.705 )

BORCNONNG

(a)

110 115 120 125 130
Frequency / GHz

135 140 145

Realized Gain,Phi=0.0,Max. Value (Subrange)

- = Gain (P1=1V)
“““““““ -—te Gain (P2=1V)
————————————— —-  Gain (P3=1V)
S Ay . T T T Y reynriipl SRR —e Gain (F 1 1V)
. le £ : N A H e gt e e Gain (P5=1V)
Realized ' &~ \ Y =T
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2 8-
L L ¥
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(©)
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Fig. 8 Simulation result for the suggested D-band Rotman lens beam-steering microstrip array antenna: a return loss, b gain, c total efficiency
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Fig.9 Simulation result of the dBi
directivity radiation pattern of 15.2 farfield (f=117.5) [1]
the suggested D-band Rotman ' Type  Farfield
. . . 10.3 Approximation enabled (kR >> 1)

lens beam-steering microstrip 5.48 Component Abs
array antenna for 117.5 GHz 0.627 Output Directivity

4.2 Frequency 117.5 GHz

) Rad. Effic. -1.283 dB

-9.07 Tot. Effic. -1.576 dB

-13.9 Dir. 15.17 dBi

-18.8

-24.8

BW (S}, S5, 533, S44.Sss < —10 dB) of the antenna is
31.02 GHz(24.3%) while the resonance frequencies are
between 117.95-143.24 GHz. Figure 8b shows that the
realized gain of the antenna is between 4.69 and 14.09 dB.
Figure 8c shows that the total efficiency of the antenna is
between 50.75 and 75.34% at 110-145 GHz.

Figure 9 illustrates the simulation result of the directiv-
ity radiation pattern of the suggested D-band Rotman lens
beam-steering microstrip array antenna for 117.5 GHz.
Figure 9 shows that the directivity, radiation efficiency, and
total efficiency of the suggested D-band Rotman lens beam-
steering microstrip array antenna for 117.5 GHz is 15.2 dBi,
—1.28 dB, and — 1.57 dB, respectively.

Figure 10a—f illustrates the simulation results of the
E-field of the suggested D-band Rotman lens beam-steering
microstrip array antenna depending on the frequencies of
115 GHz, 125 GHz, and 135 GHz and to the beam-steering
angles when each Port 1 up to 5 is excited separately. Fig-
ure 10a—f shows that the E-field levels of the antenna are
between 9.6 and 13.92 dB. At the same time, the beam-
steering angles are between —23.35° and 23.76°.

3.3 Comparison of simulation results
of the suggested D-band Rotman lens
beam-steering microstrip array antenna
with declared etching accuracy

The antenna, a resonance component, dimensions depend
on the wavelength. At higher frequencies, the wavelength
is smaller, so the antenna dimensions are also smaller; so,
when we fabricated the proposed D-band Rotman lens beam-
steering microstrip array antenna, the minimal PCB fabri-
cation etching can be around 0.05 mm, while the declared
PCB etching precision is about +0.01 mm [16]. Thus, the

L.

minimal PCB etching at the proposed beam-steering antenna
design dimensions was not below 0.05 mm.

Simulations were also executed on the possibility of
declared etching precision, i.e., for each eight radiator's sizes
to illustrate the possible errors of future proposed prototype
D-band Rotman lens beam-steering microstrip array antenna
fabrication for experimental verification. The possible fab-
rication declared PCB etching precision was subtracted/
added in the CST MWS simulator, and two more simula-
tions were performed with the new values. Therefore, three
more graphs were attained for the realized gain, S,;, and
beam-steering angle when Port 1 is excited, which may show
the realized gain, S,;, and beam-steering angle, which can
be attained in the prototype fabricated D-band Rotman lens
beam-steering microstrip array antenna.

Figure 11a—c illustrates the comparison of the simulation
results of the S, |, the realized gain and E-field for 110 GHz
and 135 GHz of the suggested D-band Rotman lens beam-
steering microstrip array antenna, which Port 1 excited with
or without future fabrication declared PCB etching preci-
sion+0.01 mm [16]. Figure 11a shows that the BWSI[<—15dB
of the future fabricated D-band Rotman lens beam-steering
microstrip array antenna will not be changed and will be
31.02 GHz due to declared PCB etching precision. The same
as the simulated proposed D-band Rotman lens beam-steer-
ing microstrip array antenna. From Fig. 11b, the realized
gain of the future fabricated D-band Rotman lens beam-
steering microstrip array antenna may have been shown by
0.1 dB from the simulated proposed D-band Rotman lens
beam-steering microstrip array antenna due to declared PCB
etching precision. Figure 11c shows the beam-steering angle
will change by 1 degree from the simulated proposed D-band
Rotman lens beam-steering microstrip array antenna due to
declared PCB etching precision.
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Fig. 10 Simulation results of the E-field for the suggested D-band Rotman lens beam-steering microstrip antenna with a Port 1 excited, b Port 2
excited, ¢ Port 3 excited, d Port 4 excited, e Port 5 excited, f Combining all simulation results
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Fig. 11 Simulation results
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3.4 Comparison of the simulation results
of the suggested D-band Rotman lens
beam-steering microstrip array antenna

Figure 12a-b illustrates the comparison of the simulation
results of the return loss and the realized gain of the sug-
gested D-band Rotman lens beam-steering microstrip array
antenna, which Port 1 excited and done with FIT CST
MWS and FEM CST MWS simulator. Figure 12a shows
that the BW of the suggested D-band Rotman lens beam-
steering microstrip array antenna is the same at both of

-100
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9, (-24.005, 10.821)
Q (-24,11.041)

@ (-24.011, 11.092)
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the solvers. Figure 12b shows that the realized gain of the
suggested D-band Rotman lens beam-steering microstrip
antenna from the FEM CST MWS simulator is between
7.46 and 14.16 dB, and the realized gain of the antenna
from the FIT CST MWS simulator is between 4.67 and
13.2 dB. So Fig. 12a-b shows that a good agreement
between the simulation results is achieved concerning the
suggested D-band Rotman lens beam-steering microstrip
antenna, which validates the proposed design flowchart
design, design equations, and designed D-band Rotman
lens beam-steering microstrip array antenna.
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Fig. 12 Comparison of the simulation results of the suggested D-band Rotman lens beam-steering microstrip array antenna made with FIT CST

MWS and FEM CST MWS simulator, a the S;;, b the realized gain

3.5 Discussion

Highly directional antennas with efficacious BFN and fair
beam-steering abilities are used to merge signals of radiators
into a pattern to mitigate the high atmospheric absorption
and path loss at D-band for backhauling next-generation cel-
lular communication at the 6G [22, 23].

The purpose of this paper was to present a design
flowchart, design equations, and to design and simulate a
D-band Rotman lens beam-steering microstrip array anten-
nas at an operating frequency of 110—145 GHz for 6G
backhauling cellular communication with the FIT solver
at CST MWS simulator, while the comparison of the
simulations results of the offered antenna was with FEM
solver at CST MWS simulator. Following the simulation
result with the FIT solver at the CST MWS simulator, the
BW([S,&S,,&S3&S,,&Ss,| < —15dB) of the D-band
Rotman lens was > 50 GHz(> 40%). The peak realized gain,
peak BW, peak total efficiency, and peak steering angles
obtained for the proposed D-band Rotman lens beam-steer-
ing microstrip array antenna were 14.09 dB, > 35 GHz,
75.34%, and (-23.35°) up to 23.76°, respectively. The
proposed simulation results of the D-band Rotman lens
beam-steering microstrip array antenna for Port 1 excited
were compared with the FEM solver at the CST MWS
simulator. The peak realized gain and BW were 14.16 dB
and > 35 GHz, while from the FIT solver at CST MWS
simulator, the peak realized gain and BW were 13.2 dB
and > 35 GHz, so a good agreement was achieved, which
validated the proposed design flowchart, design equations,
and the proposed D-band Rotman lens beam-steering micro-
strip array antenna.

This paper presents that the proposed work's simula-
tion results were compared with different solver techniques
comparison [16]. The comparison was to reduce the high

@ Springer

cost of experimental verification and to show the possi-
ble errors on the realized gain, BW /S, and beam-steering
angle, due to PCB machinery etching precision +0.01 mm
[16] when the proposed antenna will be prototype fabricated
for experimental verification, where two new simulations
were performed with the PCB machinery etching preci-
sion. From these new simulation results, the realized gain,
BW/S,, and beam-steering angle will not change dramati-
cally when the proposed D-band Rotman lens beam-steering
microstrip array antenna is fabricated due to PCB etching
precision, and in order that the comparison will be close
as much as can be we defined at both solver the €, and tand
of the antenna laminate, which are frequencies dependent,
which were defined at a frequency of 125 GHz, reasonably
close to our working frequencies 110-145 GHz. In works
[19-22], the simulation results were validated by the fabrica-
tion and measurement of a prototype beam-steering antenna.
The beam-steering technology in the proposed paper was
by Rotman lens, an analog beam-steering the same as [19,
21, 22], while in [18, 20], the beam-steering were OFBN
and digital beam-steering, respectively. This beam-steering
antenna was designed for D-band the same as [20]. In [17,
19, 21, 22], the beam-steering antenna was designed for
mmWave up to 95 GHz, and [18] was for 300 GHz. The
proposed beam-steering antenna was achieved the highest
BW up to 170 GHz compared to [17, 19, 21, 22]. As work
[20] was fabricated for experimental verification and needed
a D-band digital phase shifter, the proposed design can be
fabricated without needing a D-band phase shifter where
under the components that exist in contemporary technol-
ogy, the central problem of the phase shifter at the D-band is
the limited phase angle range up to about 0-30° [15]. With
the proposed method, we can design and fabricate a D-band
beam-steering microstrip array antenna with a phase-shifting
angle of more than 30° and more significant gain by a more
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Table 2 Comparison with others reported kinds of literature

Refs. Antenna tech Beam-steering tech ~ Nomi. freq. (GHz) Peak directivity/gain BW (GHz) Beam-steering Valid
(dBi/dB) angle range (°)
[17] W-band RGW array n/a 95 n/a 20 +40 n/a
[18] Bow tie OBFN 300 16 dBi 65 —47upto25 n/a
[19] E-band phased array  Analog microstrip 78.5 16.9 dB 15 40 Exp
4 x4 pyramidal delay lines
horn
[20] D-band 8 X 16 slot Digital 149 22dB 14 +16 Exp
[21] mmWave LWA Analog LWA 27 10.7 dB 6 +60 Exp
[22] mmWave Quasi-Yagi Analog Rotman lens 32 14 dB 16 +40 Exp
This work D-band microstrip Analog Rotman lens  118-143 Realized gain— >35 +23.8 Solver comp
1x 8 array 14.09 dB

extensive array. However, the primary concern of D-band
microstrip antenna fabrication is that the PCB technology
requirements for a microstrip antenna are very tight [16] and
described above. Table 2 is attached to show the comparison
with reported pieces of literature.

4 Conclusions

This paper presents a design flowchart, design equations,
and design of a D-band Rotman lens beam-steering micro-
strip array antenna. First, the initial design of the Rot-
man lens was done by Remcom RLD software. Then, the
Rotman lens geometry was exported to a 3D full-wave
analysis with the FIT solver at the CST MWS simulator
and embedded with state-of-the-art microstrip radiators.
As a result, the peak realized gain, peak BW, peak total
efficiency, and peak steering angles obtained for the pro-
posed D-band Rotman lens beam-steering microstrip array
antenna were 14.09 dB, > 35 GHz, 75.34%, and —23.35°
up to 23.76°, respectively. With the proposed method,
we can design and fabricate a D-band beam-steering
microstrip array antenna with a phase-shifting angle of
more than 30° and a more significant gain of more than
14.09 dB with a more extensive array. Furthermore, the
simulation results of the beam-steering antenna were com-
pared with the FEM solver at the CST MWS simulator, and
the obtained simulatin results were close to each other,
which validated the design flowchart and equations and the
design of the proposed D-band Rotman lens beam-steering
microstrip array antenna. Thus, the proposed D-band Rot-
man lens beam-steering microstrip array antenna can be
a proper candidate for next-generation backhauling cel-
lular communication at the 6G. However, an experimental
verification with the fabrication of the proposed D-band

Rotman lens beam-steering microstrip array antenna is
needed for more precise validation.
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