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Abstract: Rotman lens is a type of beamforming network with many advantages, such as true-time delay characteristic, multibeam
capability, and wide bandwidth. Rotman lens has been used in a wide range of applications in today’s wireless communication
systems. However, the size of a conventional Rotman lens is considerably large. So, difficulties may arise with respect to its
integration with base station antennas in wireless communication systems. In this study, three techniques for the miniaturization of
a Rotman lens, i.e., Chebyshev impedance transformers, power dividers, and truncated ports with energy distribution slots, are
introduced to design the Rotman lens to reduce the size of the ports and hence the total area occupied by the Rotman lens. Sim-
ulation and measurement results indicate that good impedance matching between the lens body and its feed lines can be achieved.
Using the proposed truncated ports with energy distribution slots, the size of the Rotman lens can be greatly reduced without
performance degradation or production cost increment. Moreover, two possible applications of the proposed miniaturized Rotman
lens to wireless communication systems are investigated. Rotman lens can not only provide multiple phase difference signals
along the array ports to realize multibeams, but also generate high-performance formed beams such as flat-topped radiation

pattern.
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1 Introduction

Due to the rapid development of wireless com-
munication, passive beam formers have received
increased attention in the last two decades (Cheng
et al., 2010; Lee et al., 2010; Sun et al., 2018). Among
these beam formers, Rotman lens is a conventional
and versatile device with many advantages, such as
true-time delay (TTD) characteristic, multibeam ca-
pability, and wide bandwidth. Thus, Rotman lens has
been used in a wide range of applications in wireless
communication systems (Rotman and Turner, 1963).
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Rotman lenses exhibiting improved performance
have been investigated in terms of insertion loss im-
provement (Schulwitz and Mortazawi, 2008), reduc-
tion of conjugate port coupling (Ibbotson et al., 2013),
and minimum phase-error performance (Darvazehban
et al., 2017). However, the conventional Rotman lens
has a considerably large size, which is prone to cause
difficulties on its integration with base station an-
tennas in wireless communication systems. Therefore,
the reduction of the area occupied by a Rotman lens
without performance degradation or production cost
increment is of particular importance.

Traditional Rotman lens is composed mainly of
two parts, i.e., lens body and lens ports. The lens body
is shaped of a focal arc and an inner lens contour. The
beam and array port locations are designed according
to the typical lens equations proposed by Rotman and
Turner (1963). The size of the lens body is relatively
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constant to ensure the phase relationship of the Rot-
man lens (Hansen, 1991). Traditional Rotman lens
uses linearly tapered transitions as lens ports. These
transitions have been analyzed by Musa and Smith
(1989) and Attaran et al. (2016). The value of the flare
angle 6<12.5° has been verified to be a reasonable
choice for triangular transition design, thus resulting
in the large size of the lens ports. Several methods
have been proposed to reduce the size of the Rotman
lens, such as folding Rotman lens along the middle
plane (Vo Dai et al., 2017), folding Rotman lens using
the substrate integrated waveguide (SIW) technology
(Tekkouk et al., 2016), and wrapped Rotman lens
using a special conformal substrate (Vo Dai and Kilic,
2016).

In this study, three miniaturized Rotman lens
structures for wireless communication applications,
i.e., Rotman lens using Chebyshev impedance trans-
formers, Rotman lens using power dividers, and
Rotman lens using rectangular energy distribution
slots, are proposed. The operating mechanisms and
obtained performance of these miniaturized Rotman
lenses are described in detail. Furthermore, some
applications of these miniaturized Rotman lenses to
wireless communication are discussed.

2 Rotman lens with Chebyshev impedance
transformers

2.1 Geometry and principle of the Rotman lens

The layout of a Rotman lens with Chebyshev
impedance transformers is illustrated in Fig. 1. The
Rotman lens is composed of a lens body and Che-
byshev impedance transformers (Liang et al., 2018).
These transformers constitute beam ports, array ports,
and dummy ports of the Rotman lens. The Rotman
lens has four beam ports (B1-B4), seven array ports
(A1-A7), and six dummy ports (D1-D6). The beam
ports are located along the focal arc and are used to
determine the beam directions. The dummy ports are
located at the two sides of the lens body to absorb
waves reflected from the array ports. The array ports
are located along the inner lens contour and serve to
achieve the corresponding path length differences.
Parameters of the design of the Rotman lens are
shown in Table 1.

The optical principle of the Rotman lens is

shown in Fig. 2. The array fed by the Rotman lens can
simultaneously form multiple beams according to the
differences of the desired path lengths. There are
physical length differences from the excited beam
port to each array port. Therefore, a set of phase dif-
ference signals can be obtained at the array ports,
which can be used to realize beam scanning in a cer-
tain direction. There are four sets of phase differences
corresponding to four beam ports. These four sets of
phase differences can be used to realize four beams.
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Fig. 1 Layout of the proposed Rotman lens using Che-
byshev impedance transformers with W,=0.64, and
L=1.244 (a) and W,=0.64, and L,=2.34, (b)

Table 1 Parameters of the design of the Rotman lens

Parameter Value Parameter Value
Substrat
Frequency 10 GHz uos ra. © Rogers 4350
material
Beam directions £10° and +30° Sut?strate 0.762 mm
thickness
Element space 18 mm

The Chebyshev impedance transformer, lens
body, and feed line are represented by T1, A, and C,
respectively. The lens body and feed line can be
matched through the Chebyshev impedance trans-
former. The Chebyshev impedance transformer con-
sists of multi-section transmission lines with different
characteristic impedances.
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For comparison, the traditional Rotman lens
using linearly tapered transitions is shown in Fig. 1b.
The linearly tapered transition (represented by T2) is
defined by the flare angle 4. In the conventional
Rotman lens, a linearly tapered transition serves as an
impedance transformer between the feed line and the
aperture of the parallel-plate region due to its ease of
fabrication. The reflection coefficient of the linearly
tapered transition is affected by the flare angle of the
linear transition and the width of the port. The linearly
tapered transition should satisfy certain geometric
constraints to achieve low return loss. The flare angle
of 12.5° and the aperture size /4 are reasonable choices
for port design of the Rotman lens.
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Fig. 2 Optical principle of the Rotman lens

A triangular physical geometry taper is shown in
Fig. 1b. Considering the case of the beam port BP2,
the length of the beam port (Lgp;) can be calculated as

W, =W,
LBP2 — __BP2 Z0 , (1)
2tan (6/2)

where Wgp; is the aperture width of the linearly ta-
pered transition, Wz, the width of the feed line, and 6
the flare angle of the linearly tapered transition. The
value of the aperture width Wgp, of the beam port is
equal to the value of the waveguide wavelength A,
and the flare angle 6 of the linearly tapered transitions
is 12.5°; that is, Wgpo=Ag and 6=12.5°. Then, Eq. (1)
can be written as

}“g - Wzo

L., =—2 20 2
B2 2tan 6.25 @

The linearly tapered transition has a large

electrical size. In the proposed structure (Fig. 1a), all
the ports of the Rotman lens are composed of multi-
section Chebyshev impedance transformers. When
multi-section Chebyshev impedance transformers are
used instead of the linearly tapered transitions of the
traditional Rotman lens, the length of the ports of the
proposed Rotman lens becomes smaller. The area
occupied by the proposed Rotman lens is effectively
reduced. The Chebyshev impedance transformers
provide good matching between the feed lines and the
parallel-plate region over a frequency band.

2.2 Analysis of the

transformer

Chebyshev impedance

Given the port aperture width W, the aperture
characteristic impedance Z can be calculated as

60 (8d WJ w
—=In| =+ |, =<1,
Je. \w 4d) d
Z= 1201 w
5;>15
Je. W+1.39+0.671n(W+1.44)
d d
€)

where d is the thickness of substrate and &, is the
effect permittivity.

Once the aperture characteristic impedance Z
and the characteristic impedance of the feed lines are
known, the characteristic impedances of the multi-
section transmission lines can be calculated using the
small reflection theory (Young, 1962). Detailed de-
sign parameters of the Chebyshev impedance trans-
formers are listed in Table 2. Due to the symmetry of
the Rotman lens, only the parameters for half of the
ports are listed.

Table 2 Parameters of the Chebyshev impedance
transformers

Port Wi, N Z1(Q) Z72(Q) Z73(Q) Z4(Q)
Bl 10 3 401 300 109 -
B2 10 3 401 300 109 -
Al 06 4 459 333 209 152
A2 06 4 459 333 209 152
A3 06 4 459 333 209 152
A4 05 4 459 333 209 152
DI 05 3 434 286 188 -
D2 05 3 434 286 188  —
D3 05 3 434 286 188  —
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As shown in Table 3, the traditional Rotman lens
for different flare angles is simulated with the AN-
SYS HFSS 15 electromagnetic simulator. When the
value of 0 increases from 12° to 36°, the bandwidth
(voltage standing wave ratio (VSWR) <1.5:1) of the
beam ports reduces and the insertion loss of the beam
ports at 10 GHz reduces. Compared with the tradi-
tional Rotman lens, the Chebyshev impedance
transformer Rotman lens can achieve good matching
characteristic between the lens body and feed lines
with a short length. The lower insertion loss can be
attributed to the smaller path loss of the Chebyshev
impedance transformers.

Both the Chebyshev impedance transformers
and the linearly tapered transitions (6=12°) can
achieve good matching characteristic between the
lens body and feed lines in the X-band. However, the
size of the Chebyshev impedance transformer is
smaller and its insertion loss is lower than those of the
linearly tapered transition (6=12°) structure. The size
reduction achieved by the Chebyshev impedance
transformers is about 56% for the Rotman lens.

2.3 Rotman lens prototype and measurement
results

An X-band 4x7 Rotman lens using Chebyshev
impedance transformers was designed and fabricated.
A photograph of the prototype is shown in Fig. 3. The
prototype was tested to verify the simulation results.
The layout of the proposed Rotman lens was printed
on the top layer of a Rogers RO4350 substrate with a
relative permittivity of 3.66 and a dielectric loss tan-
gent of 0.004. Measurement and simulation results
are presented and discussed in detail.

Measurement and simulation results of the return
loss of beam ports B1-B4 are shown in Fig. 4a. Good
agreement is observed between the measurement and
simulation results. The proposed Rotman lens exhib-
its a return loss of larger than 15 dB over the fre-
quency range of 8—12 GHz. The isolation between the

beam ports (21, S31, Sa1, and Ss,) is shown in Fig. 4b,
larger than 15 dB over the frequency range of
8-12 GHz. The measurement and simulation results
of the total insertion loss from beam ports B1-B4 to
the array ports are shown in Fig. 5a. The measurement
and simulation results of the insertion loss from the
beam ports to the dummy ports are shown in Fig. 5b.
The proposed Rotman lens exhibits low insertion
losses at 10 GHz. The measurement results of the
amplitude and phase distribution across the array
ports of the proposed Rotman lens at 10 GHz are
shown in Fig. 6. The proposed Rotman lens exhibits
taper amplitude distribution and equal phase differ-
ences across the array ports. These distribution results
are useful for the reduction of the sidelobe levels of
the forming beams.

Radiation pattern is an important parameter of
the Rotman lens, which can provide beam direction,
angle, and sidelobe level. Using amplitude and phase
data, the array pattern can be calculated by the method
in Rotman and Turner (1963) at the center frequency
of 10 GHz. Simulation results of the radiation patterns
of the traditional Rotman lens for different flare an-
gles are shown in Fig. 7a, when port B2 is active. The
radiation pattern results of the proposed Rotman lens
are shown in Fig. 7b. Compared with the traditional
Rotman lens, the sidelobe level of the proposed
Rotman lens is lower, indicating that the proposed
Rotman lens can realize the electronically controlled
beam scanning from —30° to 30° in 20° increment.

Fig. 3 Fabricated Rotman lens with the Chebyshev im-
pedance transformers

Table 3 Performance comparison of different structures of Rotman lenses

Bandwidth” Insertion loss (dB)""
Rotman lens Area (Lox W)
B1 B2 B1 B2
6=12° >40% >40% 3.2 2.6 9.64,%7.22,
Traditional 6=24° 30.4% >40% 2.6 2.3 6.324%6.04,
6=36° 16.1% 29.5% 2.4 2.2 5204522,
Chebyshev’s >40% >40% 2.1 1.7 5.045%6.14,

" VSWR<1.5:1. " At 10 GHz
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Fig. 4 Simulation and measurement results of S parameters: (a) |Sy;| of beam ports; (b) isolation between beam ports

Insertion loss (dB)

Frequency (GHz)
(a)

20

16

-
N

(o)

Insertion loss (dB)

N

8 9 10 11 12
Frequency (GHz)
(b)

Fig. 5 Total insertion loss: (a) from beam ports to array ports; (b) from beam ports to dummy ports
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3 Rotman lens with power dividers

In this section, another technique for the size
reduction of a Rotman lens, i.e., Rotman lens with
power dividers, is presented.

A 4x8 Rotman lens with power dividers is de-
signed in the frequency range of 1.71-2.17 GHz

(Fig. 8). The designed beam directions are +12° and
+38°. As shown in Fig. 8, 1-to-4 power dividers are
connected to the rectangular lens ports. Each 1-to-4
power divider is composed of three 1-to-2 power
dividers. The 50-Q feed line is connected to two
100-Q transmission lines in parallel. Then, two 100-Q
transmission lines are matched to the 50-Q
transmission lines, which are the sources of the next
1-to-2 power dividers. Since this is a simple valida-
tion, only the beam ports employ power dividers and
the array ports still use Chebyshev impedance trans-
formers, which are described in Section 2. All the
dummy ports are truncated and connected with
matching loads to absorb the extra reflected waves.

3.1 Prototype of the Rotman lens with power
dividers

A prototype of the Rotman lens with power di-
viders is shown in Fig. 9. It is designed and fabricated
using a Rogers RO4730 substrate with =3, tan 0=
0.0023, and thickness =1.524 mm. The operating
frequency range of the prototype is 1.71-2.17 GHz.
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The total size of the prototype is 650 mmx550 mm.
Because of the irregular layout of the Rotman lens, it
is not easy to obtain the input impedance of the lens
port aperture. Thus, the dimensional values for the
transmission lines in parallel are obtained using the
ANSYS HFSS 15 electromagnetic software.
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Fig. 7 Radiation patterns of the traditional Rotman lens
for different flare angles when port B2 is active (a)
and radiation pattern of the proposed Rotman lens (b)

Fig. 8 Layout of the Rotman lens with power dividers

Fig. 9 Fabricated Rotman lens with power dividers

3.2 Simulation and measurement results

The measurement and simulation results of |Sy]
for the beam ports of the Rotman lens with power
dividers are shown in Fig. 10. It can be observed that
the VSWR of the beam ports is lower than 1.5:1 over
the operating frequency range. Therefore, good in-
dependent matching between the feed lines and lens
body is achieved. Isolation results between the beam
ports are shown in Fig. 11. It can be observed that the
isolation between the beam ports is larger than 15 dB
in the frequency range of 1.71-2.17 GHz.

[Sul (dB)

1.7 1.8 1.9 2.0 21 22
Frequency (GHz)

Fig. 10 |Sy;| results for the beam ports of the Rotman lens
with power dividers

The insertion loss results of the Rotman lens are
shown in Fig. 12. For a given beam port, the power at
each array port is added to find the total power to the
array ports. Simulation results indicate that the power
ratio at beam ports is larger than 56%, meaning that
the Rotman lens exhibits an insertion loss of less than
2.5 dB. From Fig. 12, it can be observed that the
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measurement results are worse than the simulation
results. This is due to the losses of the lines, copper
roughness, and the quality of soldering the submini-
ature version 4 (SMA) connectors, which are not
included in the simulation.
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Fig. 11 Isolation results of the Rotman lens with power
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Fig. 12 Insertion loss results of the Rotman lens with
power dividers

The beam scanning functions for the Rotman
lens with power dividers are validated by measuring
the radiation pattern of an antenna array, which is fed
by the Rotman lens with power dividers. Results are
presented in Fig. 13. The simulated radiation patterns
are calculated from the simulated amplitude and
phase data of the array ports of the Rotman lens. For
comparison between the simulation and measurement
results, detailed radiation pattern performances of the
Rotman lens are listed in Table 4. A good agreement
can be observed between the simulated and measured
radiation patterns. In the operating frequency range,
the sidelobe levels are lower than —15 dB.

4 Rotman lens using truncated ports with
energy distribution slots

An even more miniaturized Rotman lens based
on the above mentioned studies (Liang et al., 2018,
2019) is described in this section. Truncated ports
connected with energy distribution slots are used. The
structure of the proposed miniaturized Rotman lens is
depicted in Fig. 14. The proposed Rotman lens is
composed of a lens body and several truncated ports
connected with energy distribution slots. When a
beam port is fed, the electromagnetic wave from the
excited beam port such as port B2 flows in the lens
body and reaches the array ports (Fig. 15d). The lens
port consists of two parts, i.e., a truncated port with a
very short length and an energy distribution slot. The
distribution slot is placed at the center position of
every aperture and at equal distances from both sides.
The divider slot modifies the structure of the lens port
by dividing the truncated port into two parallel

Table 4 Comparison results of the simulated and measured radiation patterns

Beam direction (°) SLL (dB)
Frequency (GHz) BP1 BP2 BP1 BP2

Sim Mea Sim Mea Sim Mea Sim Mea
1.71 37 37 12 12 -15.8 -15.5 —20.0 -19.6
1.75 38 38 12 13 -18.7 -19.0 -20.2 —-19.8
1.80 38 38 12 12 -17.7 -19.6 -19.4 —-18.9
1.90 39 39 12 12 -20.3 -20.8 -19.3 -19.9
1.94 40 39 12 12 -20.0 -21.3 -19.8 -19.7
2.00 40 38 11 11 —-19.5 -19.6 —20.6 -20.9
2.17 38 37 12 11 -22.1 —-18.8 -24.9 —24.7

Sim: simulation; Mea: measurement. SLL: side lobe level
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Fig. 13 Radiation pattern results of the Rotman lens with power dividers: (a) port B1 at 1.71 GHz; (b) port Bl at
1.94 GHz; (c) port B1 at 2.17 GHz; (d) port B2 at 1.71 GHz; (e) port B2 at 1.94 GHz; (f) port B2 at 2.17 GHz

transitions. It can be seen from Fig. 14 that the total
length of the truncated ports connected with energy
distribution slots is smaller than the length of the
conventional linearly tapered triangular lens ports. By
employing the proposed lens ports, the total size of
the 4x7 Rotman lens can be miniaturized from
7.845%844 to 4.844%3.34,, thus resulting in significant
area reduction. It can be observed that the size of the
whole miniaturized Rotman lens is almost equal to the
size of its lens body (Fig. 14).

The Rotman lens is mounted on a Rogers

RO4350 substrate with £=3.66, tan 6=0.004, and
thickness=0.762 mm.

4.1 Evolution steps and discussion

The evolution steps of the miniaturized Rotman
lens are direct and clear. They can be divided into
three parts. The evolution processes of the miniatur-
ized Rotman lens and the corresponding current
propagating simulations are shown in Fig. 15. It can
be observed that, when the conventional linearly ta-
pered transition is truncated, a 1-to-2 power divider is
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used to connect the lens ports. Subsequently, the short
truncated port connected with a 1-to-2 power divider
evolves into the final structure of the lens port, which
is a compact truncated port connected with energy
distribution slots. Detailed descriptions of the three
evolution steps are discussed in this section.
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Fig. 14 Miniaturized Rotman lens structure with W=
4.8, Lg=3.344, W1=7.84,, and L,=84,

The contour of the conventional Rotman lens is plotted with
dotted lines
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Fig. 15 Current propagation in the lens body with dif-
ferent lens ports when beam port B2 is excited: (a) con-
ventional linearly tapered transition; (b) truncated lens
ports; (c¢) truncated lens ports connected with 1-to-2
power dividers; (d) truncated lens ports connected with
energy distribution slots

Step 1: Truncate the linearly tapered transition.
A conventional Rotman lens which uses linearly
tapered transitions is shown in Fig. 15a. The flare

angle of the linearly tapered transitions is #=12.5° (Vo
Dai and Kilic, 2016) and their length L can be calcu-
lated as

= M =4.57W,, 4)
2tan (60/2)

where W, is the base width of the linearly tapered
transition. From Eq. (4), it can be observed that the
linearly tapered transition occupies quite a large area.
A miniaturized Rotman lens using short-truncated
lens ports are shown in Fig. 15b. By observing
Figs. 15a and 15b, it can be concluded that by em-
ploying truncated linearly tapered transitions, the
total size of the Rotman lens can be effectively re-
duced. However, the electromagnetic wave power
from the 50-Q feed line cannot propagate uniformly
from the excited lens port to the array ports when the
lens port is directly truncated. This happens because
the aperture width of the truncated lens port is large,
while the width of the 50-Q feed line is very small.
Therefore, a discontinuity impedance problem ap-
pears between the 50-Q feed line and the lens body.

Step 2: Combine truncated ports with power
dividers.

To address the discontinuity impedance problem,
several 1-to-2 power dividers are used to connect the
feed lines and the lens port base (Fig. 15c). A pair of
parallel 100-Q transmission lines is designed to
connect the 50 Q feed line. Next, the pair of 100-Q
transmission lines is connected to the two ends of the
lens port base using two matching transitions in par-
allel. By adjusting the values of the parallel matching
transition parameters, continuous impedance match-
ing can be obtained between the feed lines and the
lens port base. Simulation results of the propagating
current in Fig. 15¢ indicate that the method of using
1-to-2 power dividers allows a uniform electromag-
netic wave power flow from the excited feed lines.
The electromagnetic wave power from the excited
50-Q feed line flows in two parallel matching transi-
tions, and in-phase stacking is obtained at the center
location of the lens body base because of the sym-
metrical structure of the 1-to-2 power divider.

Step 3: Miniaturize power dividers to slots.

A more miniaturized size of the lens ports can be
achieved if the lens ports in step 2 are transformed to
shorter truncated ports connected with energy divider
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slots (Fig. 15d). The ANSYS HFSS 15 software is
used to obtain the suitable design parameters for the
energy divider slots. The eventual parameter choice
of the lens ports is shown in Table 5. Simulation re-
sults of the propagating current in Fig. 15d indicate
that the electromagnetic wave power from the excited
beam port B2 flows smoothly into the lens body and
array ports.

Table 5 Parameters of the lens ports (unit: mm)

Port W, L. W, L, D,
Bl 114 26 67 05 0.9
B2 114 28 71 05 1.2
Al 94 24 62 06 0.5
A2 89 27 57 06 0.8
A3 86 29 57 06 1.0
A4 86 3.1 57 06 1.2
DI 96 24 55 06 0.5
D2 95 24 55 06 0.5
D3 95 24 51 06 0.5

Four different Rotman lenses with different lens
port structures are simulated, and the results of the
return loss are presented in Fig. 16 when beam port
B2 is excited. The first one is the Rotman lens with
linearly tapered transitions. The linearly tapered
transitions exhibit a slow width change. The best
results of return loss were achieved by Musa and
Smith (1989). The second one is the Rotman lens with
short-truncated ports, whose structure exhibits a sharp
width change, and thus the discontinuity impedance
problem appears (Fig. 16). The third one is the Rot-
man lens with power dividers. A cushioning process
is provided for the electromagnetic wave power
flowing from the excited feed lines, so continuous
impedance matching is obtained compared with the
previous two lenses. The last one is the Rotman lens
with energy divider slots. Based on the contribution
of the power dividers, good impedance matching is
obtained, although the return loss bandwidth is not as
wide as that in the Rotman lens with power dividers
because of the larger miniaturized size.

4.2 Simulation and measurement results

To verify the proposed method, a 4x7 Rotman
lens with compact truncated ports connected with
rectangular energy divider slots is designed and
fabricated for the X-band operation (Fig. 17). The

Rotman lens characteristics are measured to demon-
strate its performance. Simulation and measurement
results are shown in Figs. 18-21. SMA connectors are
used for all ports except the port under test.

-207

[S11] (dB)

-35

—401 —a—Triangular port
—+—Truncated port
—35- ==+ Power divider

——Proposed port

-40 T T T T T T T
80 85 90 95 100 105 110 115 120

Frequency (GHz)

Fig. 16 |S1| of a Rotman lens with different lens ports
when port B2 is excited

© (d)

Fig. 17 Rotman lens and array: (a) Rotman lens;
(b) Rotman lens with antenna array (top); (c) Rotman lens
with antenna array (bottom); (d) antenna array

To ensure that the energy from the excited beam
port can be transmitted efficiently to the array port
apertures, low return loss is required. |S};| simulation
and measurement results of the four beam ports are
given in Fig. 18. The return losses observed are sim-
ilar for all ports. The designed Rotman lens exhibits a
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27% impedance matching bandwidth (VSWR<2:1) in
the frequency range of 8.73—11.42 GHz, indicating
that good matching between the lens body and feed
lines can be obtained using lens ports with energy
distribution slots.
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Fig. 18 |Syi| of the beam ports: (a) simulation results;
(b) measurement results

Simulation and measurement results of the iso-

lation between the beam ports are presented in Fig. 19.

Because of the symmetrical structure of the Rotman
lens, only the scattering parameters Siz, i3, S14, and
S>3 are shown. It can be observed that the isolation
between beam ports is larger than 17.2 dB.
Simulation and measurement results of the in-
sertion loss for every beam port are presented in
Fig. 20. A certain distance between the SMA con-
nectors must be kept for measurements. For this
purpose, feed and delay lines with relatively large
lengths are used, resulting in about 0.58-dB and
0.74-dB losses for beam ports B1 and B2 at 10 GHz,
respectively. Simulation results of the insertion loss
after de-embedding the extra insertion loss are pre-
sented in Fig. 20. It can be observed that the proposed
compact Rotman lens exhibits low insertion loss of
2.19 dB for beam port B1 and 1.48 dB for beam port
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Fig. 19 Isolation results of beam ports: (a) simulation
results; (b) measurement results

B2 at 10 GHz. The results indicate that the measured
insertion losses are larger than the simulated ones at
high frequencies. This can be attributed to the band-
width performance limitation of the SMA connectors.

To verify the beam scanning function of the
Rotman lens, a broadband printed-dipole array (Ta
et al., 2017) is used. Delay lines are used between the
antenna array and the Rotman lens (Fig. 17). The
normalized simulation and measurement results of
radiation patterns at 9, 10, and 11 GHz are shown in
Fig. 21 for the four beam ports. Similar results are
observed for all the four ports. The beam direction
ranges from —33° to 33° in 11° increment. As pre-
dicted, the beam direction angles remain constant
because of the TTD characteristics of Rotman lens.

Three Rotman lenses proposed by Musa and
Smith (1989), Tekkouk et al. (2016), and Liu et al.
(2018) are compared with the proposed compact
Rotman lens. Details and performances of each
Rotman lens are listed in Table 6. It is evident that the
proposed compact Rotman lens exhibits a considera-
ble size reduction. Other advantages of the proposed
Rotman lens are easy processing, wide bandwidth,
and low cost.
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Fig. 20 Insertion loss results of beam ports: (a) simulation results; (b) measurement results
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Fig. 21 Simulation and measurement results of the normalized radiation patterns at 9 GHz (a), 10 GHz (b), and 11 GHz (c)

Table 6 Comparison between our work and other works on Rotman lenses

Reference Number of ports (BPxAP) Size Number of layers Bandwidth
Tekkouk et al. (2016) 5x15 17.944x10.72, 2 4.1%
Liu et al. (2018) 6%8 15.94,%5.64, 2 14.3%
Musa and Smith (1989) 5%5 6.24,%4.14, 1 7.0%
This paper 4x7 4.80,x3.3/, 1 26.9%

BP: beam port; AP: array port

5 Applications of miniaturized Rotman
lenses to wireless communication

With the rapid development of mobile electronic
devices, there has been a growing demand for high
data rates in wireless communication systems. The
traditional directional signal-beam antennas cannot
achieve omnidirectional coverage in some scenarios,
such as in public squares and neighborhoods. Com-
plete signal coverage can be achieved by employing a
multibeam system with beam scanning functions.
Multibeam technology is a signal processing tech-
nique which directs a signal to the desired direction.
This technology has been widely used to increase the

coverage of wireless communication systems and
guarantee high quality of service to the subscribers.
At present, there are three main techniques to
achieve multibeam transmission, i.e., reflector an-
tennas, phased-array antennas, and passive beam
forming. The reflector antennas have the characteris-
tics of high gain, simple structure, and beam scanning,
which can be easily realized. However, due to the
limitation of the feed-source position and the struc-
ture of the reflection surface, beams formed by the
reflector antennas have a considerable difference and
the number of scanning beams is small. The phased-
array multibeam antennas require electronic compo-
nents, their processing is complex, and their cost is
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high. Passive beam formers offer several advantages
due to their multibeam capabilities and high capacity.
Butler matrix and Rotman lens are commonly known
key components for feeding multibeam antenna ar-
rays. Compared with the Butler matrix, the Rotman
lens exhibits TTD characteristic, which is of signifi-
cant importance in wireless communication. Two
possible multibeam applications of the Rotman lens
are shown in Fig. 22a. The beam ports are connected
to the signal generators, and the array ports are con-
nected to the antenna array. When the beam ports are
excited, multiple signals of different phases can be
generated. As mentioned in Sections 2—4, the radia-
tion patterns in Figs. 7, 13, and 21 show that
multibeam systems fed by a Rotman lens can achieve
multibeam characteristics within a coverage area.

As illustrated in Fig. 22b, another application of
the Rotman lens is to produce a flat-topped radiation
pattern (FTRP) (Zhang et al., 2012). For an efficient
wireless communication service, it is important to
radiate electromagnetic waves of uniform amplitude
within the service area and suppress the sidelobe
levels. For this purpose, short-range wireless com-
munication antennas are required to provide an FTRP
with “limited field of view” type characteristics
(Mailloux, 1993; Skobelev, 1998; Eom et al., 2008).
Generally, lens antennas, leaky-wave antennas, and
phased-array antennas are used to produce an FTRP
(Mailloux, 1993; Nguyen et al., 2011; Scattone et al.,
2015). However, the phased-array antenna system
requires multiple radio frequency (RF) chains, phase
shifters, and analog-to-digital converters, which are
expensive and energy consuming (Mailloux, 1993)
components. Lens antennas and leaky-wave antennas
are limited in terms of bandwidth and cost, especially
in the millimeter-wave band (Nguyen et al., 2011;
Scattone et al., 2015). The Rotman lens provides a
competitive candidate to produce an FTRP due to its
TTD and low-profile characteristics.

To produce an FTRP, the beam ports of the
Rotman lens should be simultaneously excited
(Fig. 22b). When multiple beam ports are excited at
the same time, the energy received by the array ports
is the vector superposition from various beam ports.
In this case, the amplitudes and phases of each array
port are symmetrically tapered, thus meeting the ex-
citation requirements of the produced FTRP.

A Rotman lens with nine beam ports is designed
to produce an FTRP. The radiation patterns of the
FTRP are shown in Fig. 23. When nine beam ports are

simultaneously excited, the FTRP has a 3-dB beam
width of 74.7° and a side lobe level (SLL) of
—27.9 dB. When seven beam ports are simultaneously
excited, the FTRP has a 3-dB beam width of 58.3° and
an SLL of —20.9 dB. When five beam ports are sim-
ultaneously excited, the FTRP has a 3-dB beam width
of 41.9° and an SLL of —23.8 dB. If only one beam
port is excited, the produced beam will become a
pencil beam. Therefore, it is concluded that a wider
FTRP beam width can be achieved by exciting more
beam ports.
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Fig. 22 Two application cases of the Rotman lens: (a) case
1 (multibeam); (b) case 2 (flat-topped radiation pattern,
FTRP)
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6 Conclusions and future work

In this work, three techniques have been
investigated for the miniaturization of Rotman lens
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structures for wireless communication applications.
Chebyshev impedance transformers, power dividers,
and truncated lens ports with energy divider slots
have been introduced to the design of the Rotman lens.
These techniques result in a more compact port layout,
and hence a reduced overall size of the Rotman lens.
Simulation and measurement results indicated that
good impedance matching between the lens body and
feed lines can be achieved. It is noted that using the
proposed truncated lens ports with the energy divider
slot structure, the layout of the Rotman lens becomes
more compact without performance degradation or
production cost increment. Therefore, a robust tech-
nique for the miniaturization of the Rotman lens has
been demonstrated.

The Rotman lens, when used as a passive beam
former, can not only provide multiple phase differ-
ence signals along array ports to realize multibeams,
but also generate formed beams with high perfor-
mance such as an FTRP. The Rotman lens provides a
good candidate for passive beam formers and has
many potential applications in future wireless com-
munication systems.
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