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Abstract: Rotman lens is widely used to feed a phased array antenna to implement a beam forming network. In designing
Rotman lens, one of the most important challenges is the phase error. In recent years, Rotman lens has been designed by
using a non-focal idea whereas the position of ports are only optimised to reduce the phase error. Because of the
unsuitable location of the ports, which causes mismatching and coupling, the previous non-focal method cannot be
constructed easily. To implement the lens, a new scheme, converting three-focal Rotman lens to non-focal, is
presented. By using a simple procedure, the phase error is properly reduced. To evaluate the proposed method, the
non-focal Rotman lens has been implemented at 10 GHz. The simulation and measurement results illustrate that the
method is implementable. Furthermore, the average improvement of the maximum phase error in the proposed lens,
with five beam ports and five array ports with overall lens size of 15 × 15 cm2, is 36% better than the previous reported
work.

1 Introduction

For decades, Rotman lens has been used as beam forming network
(BFN) because of its individual features such as bandwidth, true
time delay, easy implementation, inexpensiveness and compactness
[1, 2]. By using the microstrip technology, its applications, such as
radar [3], remote sensing, collision avoidance [4], optic searcher [5],
reconfigurable beam former, point-to-point communication, satellite
communication and direction finding [6], have been developed
rapidly. In 2008, a new plan to reduce its insertion loss has been
proposed [7]. Furthermore, its gain and compactness can be
simultaneously realised by using the substrate-integrated waveguide
(SIW) [8, 9] and silicon wafer [10, 11] technologies. Moreover, it
has been implemented as microwave switch, multiplexer [12, 13]
and multi-layer configuration beam steering [14, 15].

The challenge in these investigations is the phase error. When the
number of output ports increases, the phase error will also arose.
Researchers have proposed several methods to reduce the phase
error [16–20]. In the published work by Dong [19] at 2010, a
non-focal method for designing and optimising the phase error has
been reported. However, the position of the ports is only optimised
to reduce the phase error. It was not appropriate for
implementation because of their port positions. In this paper in
order to reduce the phase error, a method converting three-focal to
non-focal is presented. The problem introduced by Dong is
overcame by using the proposed method.

In the first section, the structure of Rotman lens and its
performance have been introduced. In the next section, after
introducing the design methods, the proposed method has been
described. To evaluate the method, a non-focal lens with five input
and five output ports has been designed, implemented and tested
at 10 GHz. For further evaluation, another lens has been designed
at 16 GHz and only simulated to demonstrate the advantage of the
proposed method. Final results are presented in the last section.

2 Background

Rotman lens consists of two parallel metal plates that guide and force
the wave to transmit various paths that produces different phase

shifts [1]. Generally, this lens has a number of input and output
ports. Output ports are connected to the phase array antenna using
limited transmission lines. The excitation of the each port produces
different phases for radiating elements to align the beam in desired
direction.

In recent years, three methods have been developed to design a
Rotman lens. These methods are three-focal, quadru-focal and
non-focal. In designing Rotman lens with three focal ports, three
ideal ports are chosen to obtain zero error. However, in other
ports, the phase error occurs. Many methods are introduced to
reduce the error [16–18]. Rotman lens by using four focal ports
has zero phase error that is ideal to 3D phased array radars. This
kind of design is not used because of its error and hardship. By
using an evolutionary optimisation algorithm, a non-focal Rotman
lens can be produced. All of input and output ports are designed
to reduce the maximum or mean value of the phase error. Hence,
the maximum phase error in non-focal design is reduced in
comparison with other methods. However, in non-focal Rotman
lens there are more complexities which will be solved in Section 2.4.

2.1 Conventional method

Fig. 1 illustrates the general structure of a conventional three-focal
Rotman lens. Its parameters are presented in Table 1.

Based on Fig. 1, there are two curves; input and output ports
curves located in the left and right of the structure, respectively.
Input ports are specified by (X, Y ) from the origin. Positions,
specified by N, are array elements. Three focal ports G1, F2 and
F1 can be seen in the figure. By exciting these ports, the direction
of radiation will be −α, +α and 0°. Phase errors of these focal
ports are zero. By determining α, j, εr and εeff, which depend on
our design, x, y and w can be found as [2]
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with a0 = cos α, b0 = sin α, a1 = cos j and b1 = sin j.

2.2 Phase error calculation as objective function

Each excitation produces a particular wave front in the space. This
phase depends on the beam production angle. If the occurred
phase has more deviations from the considered phase, a large
phase error will be formed. Each point on the wave front has an
identical phase. By exciting each port, the path traversed by the
wave should be identical to the wave front, resulting in the
maximum field in designed direction. Consequently, as can be
seen in Fig. 2, the beam will be positioned parallel to js

indicating the wave front direction. Therefore the phase error in

degree is calculated by
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Rotman utilised this design based on three equations in focal
ports. Therefore the phase error will be zero in the focal ports.
However, a noticeable phase error is found in the non-focal ports.
When non-focal ports are far from the focal, their phase errors will
be increased rapidly. Hence, in large apertures, the phase error is
considerable and the performance of the lens decreases.

2.3 Non-focal Rotman lens

In these investigations, the aim is to minimise the phase error in all
ports. Initially, the number of input ports and desired angles are
specified. In the next step, G/D parameter, where D defines length
of array elements, is specified. The phase error optimisation and
their comparison should be based on the constant of G/D. Owing
to (7), which illustrates the phase error, primary quantities for the
position of the ports and the length of transmission lines are
considered. By using an evolutionary algorithm, these positions
are calculated to reach the minimum possible phase error [19]. The
cycle will be repeated while the expected phase error or the
number of update cycles approaches to the defined value.

The phase error reduction, proposed in this work, is better than
three focal designs introduced in the literatures. As previously
mentioned, the locations and lengths can be optimised by
well-known methods such as genetic algorithm and particle swarm
optimisation (PSO). The position of the ports may be close or far
from each other. They disturb the phase in the excitation time.
Consequently, any implementable plan has not been proposed in
the previous works. In the following section, we present an
implementable method that improves the phase error.

2.4 Procedure to design an implementable non-focal
Rotman lens

As mentioned, non-focal lens presented by Dong [19] decreases the
phase error without proposing any plan to construct. In our proposed
method, by using a recursive scheme, the new positions of the ports
are organised. The proposed method is a mixture of three-focal and
non-focal method. It has lower error than three focal and is
implementable in comparison to previous non-focal method.
Unlike Dong’s method, the input and output ports are not directly
involved in the optimisation process.

According to Fig. 3, in the first step, the positions of the ports are
exactly obtained from (1) and (2). In the second step, by using PSO,
the length of the transmission lines, to achieve the minimum possible
phase error, will be optimised. In the third step, lengths will be
substituted in (1) and (2) to update positions of the ports. In the

Table 1 Parameters of three-focal Rotman lens

Description Parameters

central focal port G1
upper focal port F1
lower focal port F2
focal ports angle α
radiation angle of the array elements j
central focal port/side focal port G/F
input ports coordinate (X, Y )
array elements position N
relative permittivity εr
effective permittivity εeff
length of the output transmission line w

Fig. 1 Rotman lens including input and output ports curves as well as lines
and array elements

Fig. 2 Wave front and phase error of the lens
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last step, the procedure should be continued to minimise the phase
error. Consequently, the new position of the ports has appropriate
distance to implement the lens.

3 Simulation and measurement

To evaluate the proposed method, one lens with five input and five
output ports has been designed, implemented and tested at 10
GHz. For further evaluation, another lens has been only simulated
at 16 GHz. The design parameters are chosen to minimise the
phase error in three-focal method, as listed in Table 2. After
optimising, the phase improvement of non-focal method has been
compared with three-focal lens.

Table 3 shows primary parameters of PSO algorithm. Since the
objective function (7) is simple, there is no special sensitivity for

tuning the parameters. As can be seen in Fig. 4, the ports have
appropriate distances from each other. Moreover, optimised
transmission lines can be seen in these configurations.

Fig. 5 illustrates the maximum phase errors of three-focal and
non-focal designs. Moreover, Table 4 describes the maximum
phase error improvement. This table precisely shows improvement
in the performance. As can be seen, the optimisation of the side
ports is more effective than middle ones. The optimisation will be
more effective for larger apertures unlike three-focal method.

Consequently, the proposed method will be effective for all ports
except focal port. In the focal ports, the phase error is zero whereas in
the other ports the error will be increased. In the presented method,
the aim is to minimise the average phase error for all ports, whereas
in the three-focal method, the error is small for focal ports only.
Furthermore in the three-focal lens, if the number of ports
increases, the phase error for the other ports will arose. In the first
lens, that is, 10 GHz, there is 181% improvement in the maximum
phase error and 36.2% in the average. Moreover, in the second
lens the maximum and average improvement of the phase errors
are 256.78 and 36.68%, respectively.

Fig. 3 Optimisation flowchart of the proposed method

Table 2 Specification of the proposed lenses

Sign Description Lens #1 Lens #2

f0 design frequency 10 GHz 16 GHz
jm maximum search angle 20° 16°
Α alpha ratio 1 0.8
N number of input ports 5 7
M number of output ports 5 16
εr relative permittivity 2.2 2.33
tan δ loss tangent 0.0012 0.0005
d element spacing l0/2 l0/2
h dielectric thickness 0.25 mm 0.508 mm
t conductor thickness 0.018 mm 0.018 mm
w transmission line widths 1.526 mm 0.7814 mm

Table 3 Value of the PSO algorithm parameters

Value PSO algorithm parameters

30 particle numbers
[0–wavelength] particle limits
1000 number of iterations
0.3 W min
0.8 W max
2 C1
2 C2

Fig. 4 Proposed lenses

a Lens #1 at 10 GHz
b Lens #2 at 16 GHz
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3.1 Full-wave simulation

Full-wave simulation of Rotman lens can predict its performance
with a good approximation [21–23]. Fig. 6 illustrates the array
factor of designed lens using the new method in theory and full
wave simulation. According to the figure, it is evident that the
angle of the produced beam matches with theory excellently and
verifies the role of the proposed method. The amplitude of the
array factor is different with theory because of the coupling, inner
reflections and impedance mismatching.

3.2 Measurement results

Fig. 7 shows the implemented lens and its parameters are listed in
Table 1. The proposed lens produces beam angles which are
directed between −20° and +20° in five steps. If the phase error is
small, the produced beam angle will be agreed to theory.

Tables 5 and 6 show the produced beam angle in different
methods. As can be understood, the produced beam angle is

Fig. 5 Maximum phase error

a Lens #1
b Lens #2

Fig. 6 Theory and full-wave simulation array factor of lenses

a Lens #1
b Lens #2

Fig. 7 Measurement of the proposed lens in 10 GHz

Table 5 Angle of the produced beam in different conditions for lens #2

Port
number

Ideal
beam
angle

Three-focal
beam angle
(theory)

Proposed
method beam
angle (theory)

Proposed
method beam
angle (full-wave

simulation)

1 −16 −15.46 −15.95 −15.94
2 −10.66 −10.365 −10.63 −10.36
3 −5.33 −5.151 −5.31 −5.31
4 0 0.0017 −0.113 0.090
5 5.33 5.151 5.31 5.49
6 10.66 10.365 10.63 10.36
7 16 15.46 15.95 15.94

Table 4 Maximum improvement of phase error for designed lens #1
and lens #2

Lens #1 Lens #2

Input port
number

Maximum phase
error, %

Input port
number

Maximum phase
error, %

1 50.80 1 49.47
2 43.58 2 41.03
3 34.01 3 0
4 0 4 41.03
5 34.01 5 49.47
6 43.58 — —
7 50.80 — —
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improved in all ports except in the middle. The beam angle in the
first and second lens gets closer to 1.73° and 1.6°, respectively,
presenting an ideal situation. The full-wave simulation agrees with
the theory very well and verifies the proposed method.

Fig. 8 and Table 6 compare the simulated array factor with the
measurement results. As can be seen, the beam production angles
are very close to an ideal condition, and the measurement results
are very close to the simulation. However, according to sidelobe
level, the simulation array factor is better than measurement. Fig. 9
compares the simulated return loss with the measurement results for
input ports #1 to #3. Because of the symmetry, return loss of the
ports #4 and #5 are equal to ports #2 and #1, respectively. Fig. 10
compares the simulated insertion loss with the measurement results
for input ports #1 and #3 only. As can be seen, the measurement
shows a significant loss generated by connectors.

4 Discussion and conclusion

The method presented in this paper converts a three-focal Rotman
lens to a non-focal to reduce the phase error. In three-focal method
with increasing ports, the phase error increases. This problem is one
of the most important disadvantages of three-focal. By the
presented optimisation, we can eliminate this challenge precisely.
Hence, we can design Rotman lens with many ports and small
phase errors. In addition, this method has a simple procedure, to
implement, with respect to the non-focal method introduced by
J. Dong. Input and output ports are updated after optimising the
length of transmission lines by three-focal scenario. This makes us
to have the ports including appropriate distances from each other to
fabricate. The phase error is improved with respect to the
three-focal design. Furthermore, for a wider aperture, the
improvement for side ports increases with respect to three-focal, as
can be seen in Tables 4–6 and Fig. 5. It means that the presented
method will be more effective than three-focal.

To evaluate the proposed method, lens #1 including five input/
output ports has been designed, implemented and measured at 10
GHz. Furthermore, lens #2 has been designed and full-wave
simulated at 16 GHz to more assessments without fabrication.
Simulation and measured results show that the first lens has 181

and 36.2% improvement in the maximum and mean phase errors,
respectively. Furthermore, for lens #2, the previous parameters are
256.78 and 36.68%, respectively. The beam production angles in
the first and second lens are 1.61° and 1.73° closer to the ideal
state. These results illustrate that the presented method can be

Table 6 Angle of the produced beam in different conditions for lens #1

Port
number

Ideal beam
angle

Three-focal beam
angle (theory)

Proposed method beam
angle (theory)

Proposed method beam angle
(full-wave simulation)

Proposed method beam angle
(measurement)

1 20 19.271 19.89 19.847 19.8290
2 10 9.64 9.91 9.8920 9.8740
3 0 0.099 0.187 0.1710 0.1530
4 −10 −9.64 −9.91 −9.8920 −9.8740
5 −20 −19.271 −19.89 −19.847 −19.8290

Fig. 8 Full-wave simulation and measurement array factors for the
proposed lens calculated from S-parameters data at 10 GHz

Fig. 9 Measured and simulated return loss of the proposed lens

a S11
b S22
c S33
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implemented and constructed appropriately and it is able to improve
average of maximum phase error by more than 36% in lens design
compared to previous three-focal method.
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