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Abstract- Design of Rotman type beam
forming bootlace lens have been discussed.
Scattering matrix of the bootlace lens has
been evaluated using the contour integral
approach. Radiation characteristics of the
bootlace lens have been investigated with
different types of the micorstrip antenna.

Index terms- Bootlace lens, Butler matrix,
microstrip antenna, electronically scanning
and contour integral approach.

I. INTRODUCTION:

Rotman type bootlace lens [1, 2] is
an useful tool for multiple beam forming,
because of its frequency independent
characteristics. It is more commonly
preferred over Butler matrix [3]. Four design
approaches [1, 4, 5, 6] have been so are
reported for the design of Rotman type
bootlace lens. Basically all the design
approaches are based on phase shift
comparison. Lot of research work have been
reported [7-14] to improve the performance
of the lens, in term of amplitude coupling
between input and output ports and phase
along the radiating elements.

In the present work Rotman type
bootlace lens has been designed at 2.00
GHz. Two-dimensional field analysis of the
designed bootlace lens has been carried out
using the contour integral approach.
Radiation characteristics of the lens have
been investigated with different types of
microstrip antennas.

Rotman type lens

Figure 1 shows the cross-section of
Rotman lens. One feed point F, is located on
the axis of the lens and two other feed points
F, and F, are located either side of the axis
of the lens at focal angles +a and -a
respectively on a circular focal arc. Array
elements are located along the straight line
I,. The array elements are connected to the
inner surface of the lens I; through TEM
mode transmission line. The inner surface of
the lens is called array contour. A general
point P(X, Y) defines the array contour.
Distance from point O, to F, is called the on
axis focal length. Distance from O, to F; or
F, is called the off axis focal length.

The array contour and the
transmission lines are designed in such a
way that the outgoing beam makes an angle
—-a, 0 and a with the axis of the lens and
terminates perpendicular to the respective
wave-front, when feed is placed at F; Fy
and F; respectively.

Figure 2 shows the direction of the
outgoing beam for the three feed points. A
ray originating from point F; on the feed
contour may reach the wave-front from F; to
O,, transmission W (0), point Q, and
terminates normal to the wave-front. Also
the ray may reach the wave-front through a
general point P(X, Y) on the array contour,
transmission line W (N), point Q(N) and
then tracing a straight line at an angle —a.
Similarly rays from F; and F, may reach
their respective wave-front.
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Fig. 1: Cross-section of Rotman Lens Geometry
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Fig. 2: Direction of the outgoing beam
for input at different feed ports

The array contour and the
transmission lines are designed from the
design equations can be derived using the
fact that at the wave-front all the rays must
be in phase independent of the path they
travel. This requires that the total phase shift

in traversing the path to reach the wave-
front in each case be equal. The design
equations have been derived in [1, 2].

In the present work Rotman type
lens was designed for the following
requirements:

Scanning angle: + 35° to -35°
Number of array elements: 10
Number of input ports: 09
Frequency: 2.00 GHz

The complete structure is assumed
to be fabricated on a substrate of thickness
1.60 mm and dielectric constant 4.4 and loss
tangent 0.02.

To design the lens using the design
equations given in [1, 2] the following
design parameters were selected

Off axis focal length = 1.448 A

On axis focal length = 1.718 A

Antenna element spacing = 2.78 cm

a=35°

Total array length = 25.19 cm
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Considering the effect of off axis
focal length and on axis focal length [7], the
suitable values of the design parameters
were selected to maximize the coupling
from the input ports to output ports. Suitable
values of antenna element spacing were also
selected to avoid the grating lobes.

The designed lens is shown in figure
3. As per the given requirements, the feed
contour has nine input ports and array
contour has ten output ports.

The feed contour and array contour
are the open boundaries. Two dummy ports
were provided to cover the gap between the
feed contour and the array contour on the
upper side of the lens and two dummy ports
were provided in lower side. Therefore the
lens has total 23 ports. The dummy ports are
terminated to 50 ohms dummy load to avoid
the internal reflections. The input and the
output ports are connected to source and
antenna elements respectively through 50
ohms transmission lines. The 50 ohms
transmission lines are connected to lens
ports through taper sections to avoid the
impedance mismatch. The lens with taper
sections is shown in figure 4. Port number 2
to 11 are the antenna ports, port number 14
to 22 are the input ports. The port number 1,
12, 13 and 23 are the dummy ports. Same
port number notation will be used in the
following sections. Table 1 shows the width
of output ports and dummy ports. The width
of the output ports were optimized for
uniform coupling (as much as possible) from
each input ports. Width of each input port is
equal and it is 0.7094091 inch.

Table 1: Width of output and dummy ports

Port No. Port width in inch | Port No. Port width in inch

(Output ports) (Dummy Ports)

2 0.5457740 1 1.256912
0.5007070 12 1.256912
0.4855116 13 1.125953
0.4770660 23 1.125953

0.4732057
0.4732057
0.4770660
0.4855116
0.5007070
0.5457740
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Fig. 3: Lens in its multiport geometry

Figure 4 shows the taper section,
length of the taper section is 1.085\. Length
of the taper section is equal for all the ports.

1-

Fig. 4: Taper section

The length was selected in such a
manner that the magnitude of the reflection
coefficient for each port must be less than
0.01. The magnitude of the reflection
coefficient was evaluated using the contour
integral approach (discussed in the next
section). Layout of the finally designed lens

is shown in figure 5.
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Fig. 5: Layout of the designed lens along
with the port numbers
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Two dimensional field analysis of the lens

In microstrip or strip line
configuration, height of the lens is much
smaller than the wave-length at the
operating frequencies and consequently
there is no variation of the field along the
height of the substrate. This type of planar
circuit may be considered as a two
dimensional circuit. Because of the arbitrary
geometrical shape of the lens, contour
integral method has been adopted to analyze
the designed lens. More details of the
contour integral approach have been given
in [15, 16].

To analyze the lens, Z-matrix of the
lens without Z-matrices for the lens without
taper and for the taper sections are
calculated  separately. For  Z-matrix
calculation of the lens without taper, each
port of the lens is further divided into ten
subports. So the Z-matrix of the lens without
taper is 230X230 matrixes. For Z-matrix
calculation of the taper, both ends of the
taper have been divided in ten subports and
the length of the taper has been divided in
into 90 subports. Overall, the Z-matrix of
the lens with the taper section is obtained by
combining the Z-matrix of the lens without
taper with Z-matrices of the taper sections
using the segmentation approach [17]. The
overall Z-matrix thus obtained is of the
order of 230X230. The multiple subports at
each external port are combined using the
approach suggested in [17].

The S-matrix of the lens is computed
from the Z-matrix with 50 ohms line
termination at each end. Radiation patterns
for the array elements are computed using
the voltage distribution for the given spacing
between the array elements. The array
elements in the present case are microstrip
antennas.

Il. RESULTS AND DISCUSSION

Figure 6 shows the reflection coefficient at
the input ports. In view of the geometrical
symmetry of the lens results for only half of
the input ports are shown.
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Fig. 6: Reflection coefficients at the input
ports

Figure 7(a-e) shows the coupling from the
input ports to output ports. Table 2 shows
the coupling from the input ports to four
dummy ports.

Table 2: Coupling from the input ports to
dummy ports

[ Dummy [ Input port Number
Port No. 18 19 0 1l 11

M 8 M 5 M 8 M 5 M 8
1 477 [F168 [200 [-2LT |99 |90 |90 |91 |-220 |-220

12 100 | 2212 =165 <184 | -166 | -170 | 165 |-163 |-110 |-150

14 207 [-202 [-164 [-161 |-133 |-176 |-200 |-168 |-100 |-1L0 |

'M - I\'/Ieaéure'VaI'ues'; S - Simuléted'VaI'uesﬁ
All the values are in dB

For Input Port No. 22

Coupling Coefficient (dB)

A
Array Port Number

Fig. 7(a): Amplitude coupling from input

port No. 22 to output ports
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Coupling CoeTlolen tid EG

2 3 4 5 § 7 8 9 10 1 imay Forthumber
Array Port Number

__+Simu|ated —a—Measured ,m
Fig. 7(b): Amplitude coupling from input Fig. 7(e): Amplitude coupling from input
port No. 21 to output ports port No. 18 to output ports
For ot Prt o, 20 Radiation characteristics of the

bootlace lens were determined using
different types of radiating elements. A
rectangular microstrip antenna was designed
for operation at 2.00 GHz. The designed
antenna is shown in figure 8.
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Array Port Number
* Fig. 7(c): Amplitude coupling from input
port No. 20 to output ports

Fig. 8: Designed microstrip antenna (All the
dimensions are in mm)

The designed microstrip antenna
was simulated using commercially available
software IE3D [18]. Figure 9, shows the
variation of return loss with frequency, the
designed antenna is operating at 2.00 GHz.

Fig. 7(d): Amplitude coupling from input
port No. 19 to output ports

Fig 9: Variation of Return Loss with
frequency for the designed microstrip
antenna
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Fig. 10: Designed Rotman Lens

Figure 10 shows the photograph of 0
the bootlace lens along with the microstrip 5 / \\\ ~
antenna array. g e / /&\\
B e
Figure 11(a-e) shows the radiation ‘“25 . \
pattern for input at different feed ports. For gi ‘
each input ports the direction of the w
outgoing beam is changing. R S —
Scan Angle (Degree)
Radiation Pattern for input at port 18
! Fig. 11(b): Radiation pattern for input at
lz port 19
g-is
=0
o
-45
Scan Angle (Degree)
Fig. 11(a): Radiation pattern for input at
port 18 Fig. 11(c): Radiation pattern for input at
port 20
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i / AN Fig. 12: Designed microstrip antenna
T . \\ 7N TN g g p
gﬂv/ﬂ/ / \\ // N\ R .
& T V V \/ Figure 13, shows the variation of
E \ return loss with frequency, the antenna is
. J operating at 2.00 GHz.
45
L —+—measured —=— simulated
ScanAngle (Degree)
>
Fig. 11(d): Radiation pattern for input at S
port 21 & 10
© 15
Radiation Pattern for Input at port 22 E -20
) S
2 5
- //; N N 30
/ \\/ " T T T
g \ ’ \_\ 1 15 2 25 3
i nT ) /’F\\ /\\ ' '
S v/ W . Frequency(GHz)
¢ 5/ ™
F / \
&g/ . . .
10 V Fig. 13: Variation of Return loss with
. frequency
45 T T T T T
S Figure 14 shows the photograph of
g e the 10 units of radiating elements. The
i e i radiating elements were feed by the
Fig. 11(e): Radiation pattern for input at developed bootlace lens.
port 22

Table 3, summarizes the radiation
characteristics. The designed lens s
covering an angular area from -38° to +38°
and beam width from 24°to 28° has been
obtained.

Table 3: Summary of the Radiation
characteristics

mput [Direction of Outgoing 3 dB Beam width in
[Beam in Degree [Degree
[Measured [Simulated [Ideal  [Measwred [Simulated
18 0 0 0 24 24
;i '?9 '?5 '?-??2 3‘5‘ 3‘5‘ Fig. 14: Photograph of the developed
o1 [ 21 26,25 o5 04 microstrip antenna
22 -38 -32 -35 28 24

Figure 15(a-d) shows the radiating
pattern of the outgoing beam for input at
different feed ports of the bootlace lens. A
narrow beam has been obtained by using

To obtain a narrow outgoing beam
an array of microstrip antenna array was
developed as shown in figure 12.
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microstrip antenna in array; however there is

R R . . ——Raddation Paft ofo\thrm
no change in the direction of the outgoing ) -
2
beam. . ya
‘ —Radiation Pattern for Input at port 18 3 = //ﬂ\/\/\\ /// \\\
0 o /N / a -~ I
2 | P v TN
_, [N S
IR Va! / AN
g 31 / \ / f TAVARIN AW \\ 1\ 7N o
T [ i\ \/ N I
g 3 \/ v y // \\J/ \\,\/ W/ \/ \/ °
L0 N
g 12 -4
o 16 , , . . .
18 40 <10 60 50 40 Rl 20 -0 0
-8 Sean Angle (Degree)
20 . - - -
e Fig. 15(d): Radiation pattern for input at
Scan Angle (Degree) pOft 21
Fig. 15(a): Radiation pattern for input at
port 18 111. CONCLUDING REMARKS
‘—RadiaﬁonPaMmforInputatPorHS‘ Microwave bootlace lens to fed
) antenna array at 2.0GHz has been developed
2 / on low cost material Glass Epoxy.
4 \/\/\\ /’\_,, . .
7 'V\f \ Scattering matrix of the developed bootlace
T .
H : o ] have been evaluated using the contour
i, integral approach. Simulated results are in
[ - -
20 close agreement with the experimental
¢ results. Radiation characteristics of the lens
16 have been determined with microstrip
8 ‘ ‘ : ‘ antenna and cascaded microstrip antenna. A
-80 -0 60 -50 40 30 20 -10 0 .
narrow outgoing beam has also been
Scan Angle (Degree) Obtained
Fig. 15(b) : Radiation pattern for input at
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