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Abstract—This paper presents a trifocal Rotman lens
design approach. The effect due to change of substrate on
the circular contour is observed. The shape of the beam
contour is taken as circular. Different substrates can be
used for the fabrication of the lens. Three different
materials have been used to fabricate the lens antenna .A
three beam prototype feeding five element antenna array
working in ISM band has been simulated using
RLD1.7.Effects on the performance of the antenna is
observed.

Index Terms—Rotman lens antenna, RLD, Dielectric
constant, substrate, array factor, phase error, side lobe
level.

I. INTRODUCTION

Due to advancements in wireless communication
technology there has been an increase in the demand of
phased array systems for high performance Radar and
Communication system. There has been a growing need
for low cost and efficient phase shifting. Different active
and passive beam forming networks (BFN’s) are known
from literature [1], [4] [25]. BFN’s which are based on
butler matrix are easy to construct and are also
implementable on printed circuit boards, but the major
drawback of these BFN’s is that the produced beams are
dependent on frequency and the beam shift occurs as
frequency varies, which is not desirable in most
communication links. Hardware complexity of these
BFN’s grows exponentially with the number of elements
and hence it becomes difficult to realize such kind of
BFN’s for large number of radiation beams. To achieve
low cost, reliable, multibeam phase arrays, the Rotman
lens provides an effective solution [7][25]. Rotman lens is
a true time delay beam former which provides linear
phase shifts at the output ports by utilizing different paths
within the lens structure. Rotman lens is a type of
microwave lens and is capable of operating in high
microwave frequency ranges with wide angle scanning
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capabilities. It is an Electronically Scanning Antenna
(ESA) which has the ability to position the antenna beam
instantaneously to any position and can also be
implemented in the microstrip configuration. W.Rotman
and R.Turner first proposed the Rotman lens which
consisted of air filled parallel conducting plates fed by
co-axial probes [1]. D. Archer [2] gave a modified design
of Rotman lens in which a dielectric material is filled
between parallel conducting plates fed by microstrip lines.

This paper presents the analysis of the performance of
the Rotman lens due to change in the dielectric material
which is filled between parallel conducting plates.
Simulations were carried out using RLD1.7 designer
software and various important parameters such as array
factor, Side lobe level, insertion loss, S-parameter
magnitude, beam to array port phase error, beam to array
port coupling magnitude are analyzed to observe the
performance of the lens. This paper is organized as
follows: Section Il presents the basic principle of the
Rotman lens in which trifocal lens design equations and
important parameters are discussed. Section Ill presents
the effect of change in the dielectric material on the
circular shaped contour. In Section 1V the simulation and
result analysis is done. Finally section V draws the
conclusion.

Il. BASIC PRINCIPLE OF ROTMAN LENS

2.1 Lens Design Equation

Fig.1 shows a schematic diagram of a trifocal Rotman
lens [14][25]. Input ports lie on contour C, and the output
ports lie on contour C,. C; is known as beam contour and
C, is known as array contour. There are three focal points
namely F;, F, and Fi. F; is located on the central axis
while F, and F; are symmetrically located on the beam
contour at an angle of +a and — a respectively. ordinates
of two off-axis focal points F,, F; and one on axis focal
point F; are (-f,cosa, frsina), (-f,cosa, -fosina ) and (-f;, 0)
respectively.
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Transmission Line

Phase Array Element
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Beam Port C,

Inner Contour C,

Fig.1 Schematic diagram of a trifocal Rotman lens

Where
f,-On axis focal length

f, -Off axis focal length

o -Off center focal angle

v, -Scanning angle
siny - ,

y = ——— - beam angle to ray angle ratio given as ratio
SINa

of sine of their angles.

&, -Permittivity of medium in between the lens contour

&, - Permittivity of medium of transmission line

&; -Permittivity of medium of radiating element

f .
=22 -Focal ratio
fi

W, . Transmission line length between axis point ‘O’and

radiating element.

W -Transmission line length between points ‘P’and
radiating element.

FiP-It is the physical distance from focal point Fi to P.

& is an important parameter that relates the distance Y3

of any point on the array contour from the axis, to fl. &

controls the portion of phase and amplitude error curves
that the lens experiences [4].1t is given by-

6& Y37/

fl

If we assume that the ideal focal points are located at 6 =
+ o and 0, and their corresponding radiation angles are

¥ ==xw, and ¥ = 0, given i, is a known angle,
simultaneous equations 1-3 are satisfied:

FZP\/g+W\/g+Y3\/gsiny/a = fz\/;+wo\/g (1)
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FPJe +wle, Ve sing, = Tfe +wyfe, @
FlP\/g-i-W\/g: fm/g"’Wo\/g @)

Also from the above figure we have-

(|:3P)2 =(—f,cosa—X)*+(Y + f,sina)? @)

(RP) =(-f,cosa—X)*+(Y - f,sina)’ (5

(RP) ==X +Y? o

By algebraic manipulation of the above equations the
geometric lens equation which is quadratic in nature is
given as [6][7][8][25]

E £,
aZrw? +b ¥t wic=0

&, Je

Hence the length of transmission line is calculated as

Jeé. (-h++/b? —4ac)
Je 2a

And the values of ‘x” and ‘y’ are calculated as

1-Bwfe, L YySEsin’ Y,
(Beosa-1)Je, 2(Beosa-e,

()

y= %[1_ W\/EJ

Jer U Be
@)

1 1-p)7 &
A-pC)° pe )

bo—pr 26 (1_ﬂ)§2§28i L20=B) )
pe. (1-pC)e  (1-pC)

4aind 2
C{ys sin‘y, ¢,

2 2 ain?2
£, By
4(130 _1) & & (11)

(BC D,

When a feed is placed at a non-focal point then the
corresponding wavefront will have a phase error, but for
wide angle scanning capabilities it is necessary to place
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the feed at non focal points [10]. The number of beams,
number of elements, maximum beam angle and element
spacing are known from the system requirement. Element
spacing d is also very critical as it controls the appeargnce
of grating lobes [5]. The spacing that just admits a grating
lobe is given by-

dy 1
A 2+sinV¥

Where ¥, is the maximum beam angle.

I1l. EFFECT OF CHANGE OF SUBSTRATE ON THE CIRCULAR
SHAPED CONTOUR

The dielectric constant of the lens substrate supports
both the parallel plate region and the transmission lines.
The upper limit of the dielectric constant is set at 50 as
this is the limit of validity for the equations in the
software. Dielectric constant of the substrate plays an
important role in the overall performance of the antenna.
The more desirable substrates are generally thick
substrates with low dielectric constant [9][20] .They
show better efficiency, bandwidth and performance of the
antenna, but then the size of the antenna increases. Thin
substrates with higher dielectric constant are desirable to
minimize undesired radiation and coupling and will lead
to small element size. A tradeoff has to be achieved so as
to have good performance and circuit design. Loss
tangent or dissipation factor also affects the performance
of the antenna. It is used in calculation of port coupling
and Array factor. Rotman Lens is designed using RLD
s/w to operate in the frequency band of 2300 MHz- 2500
MHz with the centre frequency of 2.4GHz. The lens is
analysed to find the effect of change in the substrate
keeping the element spacing and focal ratio constant. The
height of array contour and feed contour must be almost
same in order to couple maximum power from the feed
contour to the array contour [5]. Taking this fact into
consideration the alpha ratio of the designed lens is kept
at1.0.

The specifications of the designed lens are as follows:-

Element spacing = 0.0625mts
Operating frequency = 2.4GHz
Scan angle = 30 degree

Alpha ratio = 1.0

No. of beam ports = 3

No. of array ports=5

Flare angle = 12 degree

Focal length = 0.2031mts
Focal ratio (g) = 1.1

Beam port Excitation-Port 2

In order to analyse the effect of change of the substrate
on the performance of the Rotman Lens, three different
materials are used with different dielectric constant and
loss tangent. The shape of the lens contour is taken as
circular[15] .The change of the substrate will affect the
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Rotman lens parameters like Side Lobe Level, phase error,
insertion loss and S-parameter magnitude. The analysis of
all the lens parameters is done.

i) RT Duroid: RT Duroid is Glass Microfiber Reinforced
PTFE (poly tetra fluoro ethylene) composite produced by
Roger Corporation. RT Duroid 5870 substrate has low
loss tangent. They exhibit excellent chemical resistance,
including solvent and reagents used in printing and
plating, ease of fabrication cutting, shearing, machining,
and environment friendly[16]. The permittivity of the
material is 2.2 and tan6=0.0004

Fig. 2 Circular contour with permittivity of the material 2.2 and
tand=0.0004

a. Array Factor: Array factor is an important factor for
the analysis of Rotman Lens performance. Array factor
analysis indicates the behaviour of side lobe levels and
the scanning directions [19]. The side lobe level of a
circular contour is -14db in case of RT Duroid for all the
frequencies under consideration. Figure 3 shows the array
factor plot for element spacing of 0.0625m. When the
element spacing is increased, the number of side lobes
and their level both increase which is undesirable. The
grating lobe starts to appear which have almost the same
before & after, for authors names font size is 11,
affiliations font size is 10 level as the main lobe.

Aaray Factor
1]
-5.00
5 -100
ks
z 150
5
-20.0
250
800 400 0 400 800
Angle [deq.]

Fig. 3Array factor

b. Beam to array phase error: Fig.4 Shows beam to
array port phase error when Port 2 is excited. Table 1.1
summarizes the beam to array port phase error for
different substrates. Maximum phase error is observed for
port 4 and port 8 and minimum phase error is for port 6.
Alpha ratio is kept 1.0 so that the height of the array and
the beam contour remains almost same, hence maximum
power is coupled from beam to array port.
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Beam to Anay Phase Error
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Phiase |deg.

Data
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Fig 4.Beam to array phase error
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c. Beam to array coupling amplitude: Fig.5 Shows
beam to array coupling magnitude for port 2
excitation .Maximum coupling is observed for port
6.Table 1.2 shows the beam to array coupling magnitude
for port 2 excitation for different substrates.

Beam to Aray Coupling Amplitude
Drata

Part 1
= Part 2
4.00 5.00 5.00 F.oo 2.00 .PDrt 3

Array Port Mumber

Apltude (dB)

Fig 5 Beam to array Coupling amplitude

d. Insertion loss: The insertion loss is calculated by
summing the received powers at the array and beam ports,
relative to the transmitted power of each beam [26]. The
insertion loss is calculated by-

L, =-10log) IS,/

This is the insertion loss corresponding to beam port k
where n is the index for the array ports [26]. Fig 6 shows
the insertion loss variation for beam port 2 in the
operating frequency band .Its value is 1.865 db at 2.4GHz.

Inzertion Loss

1.94
1.92
1.90
1.88

Inserhon Loss

1.86

184F -

1.82

2 3e+009 2. 4e+009

Frequency [Hz]

2.5e+009

lport2
Fig. 6 Insertion loss (1.865db at 2.4GHz)

e. S-Parameter: S,, parameter represents the return loss
for the system. It indicates the ratio of actual power that
has been transmitted through the system to amount of the
power that is reflected back to the system [17]. In matrix
form the magnitude of S-parameters can be represented
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as a 3*8 matrix

In this case Sy, magnitude represents the return loss
for port 2. Its value is found to be —12.342db. Fig.7 shows
the plot of magnitude of S,, with frequency.

-12.34 0 0 -769 -7.84 -998 -1458 -26.81
0 -12.34 0 -10.78 -7.57 -6.62 -7.57 -10.70
0 0 -12.34 -26.89 -1458 -998 -7.84 -7.61

The value of S,, calculated as —12.34 dB which shows
that only 5.8% of the incident power is reflected back to
port 2 and maximum power is transmitted which is 94.2%.
Fig.7 shows the plot of magnitude of S,, with frequency.

S-Parameter M agnitude

111

ATEf posssedecssas

B ] i R s

tagnitude (dB]

qRE|f=====r====== focescdioccsag

2.3e+003 2.4e+009

Frequency [Hz]
Fig 7 Magnitude at S22

2.5e+003

ii) FR4-Gloss Epoxy: FR4 is a grade designation
assigned to glass -reinforced epoxy laminate sheets, tubes,
rods and printed circuit boards (PCB). FR 4 is a
composite material composed of woven fibreglass cloth
with an epoxy resin binder that is flame resistant (self-
extinguishing).

The value of permittivity is 4.4 and tand=0.013.

Fig. 8 Circular contour with permittivity is 4.4 and tan6=0.013

a. Array factor: Fig.9 shows the improvement in the side
lobe level which has come upto -14.8db.So it can be
observed that as the value of permittivity increases that
side lobe level improves for the circular contour.
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Arrap Factor

Arrap Factor

-80.0 400 0O 400 800
Angle [deg.]

Fig.9 Array Factor

b. Beam to array phase error: Beam to array plot of
FR4 is shown in fig 10 and the analysis is given in Table
1.1.

Beam to Array Phase Ermror

3oof
280f -
200f---

18E0f--

Fhase |eq )

Tonf--c

Pt 1
Part 2 RN
.F'::urt 3 %00 son  emo 700 soo

Anay Port Mumber

osof -

Fig.10 Beam to array phase error

c. Beam to array coupling: Beam to array coupling is
shown in fig 11 and the analysis is given in Tablel.2.

Eram to Aray Coupling Amplitude

Amplitude [dB)

Fort 1
Port 2 T
.PDrt 3 710.3.00 5.00 B.00 7.00 8.00

Auray Port Mumber

Fig.11 Beam to array Coupling amplitude

d. Insertion loss: Insertion loss for FR4 is 4.077db as
shown in fig. 12.

Ingertion Loss

4.099
4.095F "

=
o
@

4.085§ "

Irzertion Logs

=
o
@

4.075

A0FF-"7 2 oo E"'""E """

2.4e+003 2.5e+009

Frequency [Hz] POF'[ 2
Fig.12 Insertion loss (4.077db at 2.4 GHz)

2.3e+009
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e. S-Parameter:The S-parameter or return loss for FR4 is
calculated from plot given in fig 13.

-12.34 0 0 -10.02 -11.58 -15.59 -24.93 -28.67
0 -12.34 0 -1313 -9.78 -878 -9.78 -13.13
0 0 -12.34 -28.67 -2493 -1559 -11.58 -10.02

S-Parameter b agnitude

-11.11

B R T (R B
RPN SRS SN N S
g " " "
B azsfd i
= o o o

30f T : """ J: """ Pt

2. 3e=+009 2. de+009 2.5e+009

Frequency [Hz]

Fig.13 S-parameter-Magnitude (-12.34db )

iii) Bakelite: It is a thermosetting phenol formaldehyde
resin, formed from an elimination reaction of phenol with
formaldehyde. It is most commonly used as an electrical
insulator possessing considerable mechanical
strength[23]. The value of permittivity is 4.78 and
tan6=0.03045.

Fig 14 Circular contour with permittivity 4.78 and tand=0.03045

a. Array factor:The plot for Bakelite is shown in fig
14.The side lobe level is at —14.9 db which is better than
the substrate with permittivity 4.4.

Array Factor

Array Factor

Angle [deqg.]

Fig.14 Array Factor

b. Beam to array phase error: Fig 15 shows beam to
array phase error and analysis is shown in table 1.1.
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Beam to Armray Phase Eror

Phease (deg

Part 1
Part 2

BFor 3

Fig.15 Beam to array phase error
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400 500 E00 7.00
Array Part Mumber

c. Beam to array coupling magnitude: Beam to array
coupling magnitude is given in fig 16 and analysis is
done in table 1.2.

Beam to Aray Coupling Amplitude

onf -
B850}
Foof
750f-+

E=Yull o

Armplitude (dB]

-BE0F T

Q.00

Part 1
Port 2

BFor 2

Fig.16 Beam to array Coupling magnitude

9s0ff

qook-d--dodoodo oSl Y
400 500 E00 7FoOd 200
Array Port Mumber

d. Insertion loss: Plot for insertion loss is shown in fig
17.Insertion loss for Bakelite is 7.08.

Insertion Loss

7.20

715

710

Inzertion Loss

7.05

7.00

E.35
2 3e+003

2 4e+0039
Frequency [Hz]

Fig.17 Insertion loss (7.08 db at 2.4 GHz)

2.5e+009

e. S-Parameter: S-Parameter is shown in fig 18.Analysis
of S-parameter is shown in the matrix below.

-1234 0 0 1325 -1495 -1929 -30.21 -29.37
0 -1234 0 -1615 -1278 -11.78 -12.78 -16.15
0 0 1234 -2937 -3021 -1929 -1495 -13.25
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2.5e+009
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Fig.18 S-parameter Magnitude

IV. SIMULATION RESULT: THE ANALYSIS OF VARIOUS
PARAMETERS ARE TABULATED BELOW.

Table 1.1 Analysis of Phase error for circular contour

Phase Phase Phase
error in error in error in
(deg) (deg) (deg)
i |op| RT FR-4 | Bakelite
Port | Port | Duroid
& =2 & =44 E =418
tano tano tano
=0.0004 =0.013 =0.03045
2 4 45 3.2 3.1
2 5 1.2 0.75 0.7
2 6 0 0 0
2 7 1.2 0.75 0.7
2 8 45 3.2 3.1

It can be observed from table 1.1 that for a given
circular contour, as the permittivity increases the phase
error decreases. Hence the value of permittivity should be
chosen such that the overall phase error reduces.

Table 1.2 Beam to array coupling magnitude for circular contour

Coupling Coupling Coupling
magnitude magnitude magnitude
P | o/p | (db) (db) (db)
Port | Port gr =22 gr =4.4 gr =4.78
tano tanod
—0.0004 | @m0=0.013 | 5 nangs
2 4 -10 -10.1 -10.1
2 5 -6.61 -6.62 -6.79
2 6 -5.7273 -5.74 -5.7406
2 7 -6.61 -6.62 -6.79
2 8 -10 -10.1 -10.1
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In case of circular contour as the value of permittivity
increases the coupling magnitude increases. The coupling
magnitude with reference to port 4 and port 8 initially
remains same for all values of permittivity later it
increases .In rest of the cases i.e. for port 5 to port 8 the
coupling magnitude increases with the increase in the
permittivity.

Table 1.3 SLL and insertion loss

Insertion
loss(db) SLL(db)
Substrate -
. Circular
Circular lens
lens
€r=22 1.865 -14
€r=32 2.165 -14.37
€Er=34 2.18 -14.75
€r=44 4.077 -14.8
€ r=4.78 708 -149
The insertion loss increases as the permittivity

increases. The side lobe level is better in case of the
circular contour. There is a rise in the side lobes if the
permittivity increases.

V. CONCLUSION

A design approach for trifocal Rotman Lens has been
presented in this paper making use of different substrate
like Bakelite, FR4 and RT Duroid with different value of
permittivity .The shape of the lens is Kkept
circular .Rotman Lens prototype with 3 beam ports and 5
array ports has been simulated using RLD1.7 designer
software. A simulation result shows the effect of change
in the substrate. Various important parameters like array
factor, side lobe level, phase error, coupling magnitude,
insertion loss and S-parameter have been analysed. It has
been clearly seen that for the circular contour the array
factor plot showing the side lobe level improves as the
value of the permittivity increases for various substrate.
The formation of grating lobe is not there .The phase
error plot shows that as the value of the permittivity
increases the phase error decreases sharply. The insertion
loss increases as the permittivity increases. The coupling
magnitude also shows some kind of sharp
variation .Hence a trade-off has to be kept between the
permittivity and the insertion loss. Analysis of S
parameters reveals that the return loss of the designed
Rotman Lens is —12.34dB for port 2 (S,,). This indicates
that only 5.8% of the incident power is reflected back to
port 2 and 94.2% of the power is successfully transmitted
through the system.
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