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Abstract

In this paper, design and development of compact Rat- Race
coupler is presented. The device is designed with
commercial available semi rigid coaxial cable. The semi
rigid coaxial is modified for desired impedance required for
design of Rat- race hybrid coupler. The physical structure of
the coupler is in rectangular form instead of the
conventional ring form. With this structure all the ports are
available in line on the same side. This eases the integration
of the device with other modules or devices in the system.
The total area occupied the coupler is reduced drastically by
meandering the transmission line. The shielded transmission
line provides lesser undesired coupling to other ports and
has less line radiation loss. Design, implementation and
measured results are presented.

1. Introduction

With rapid advancement in wireless communication systems
and other microwave systems, these systems are being
miniaturized. This leads to the compact and handheld
devices and systems. This compactness is dependent on the
compactness and miniaturization of components and devices.
The couplers are basically power dividers/ combiners with
equal or unequal power division and with or without phase
shift. Branch line couplers [1, 2], power dividers [3-7] and
hybrid ring couplers [8, 9] are the some of the power
dividing/ combining devices. The rat-race coupler is one of
basic building blocks used in RF and microwave circuits.
The rat-race coupler is transmission line based device in
which output appearing at a particular port depends on the
phase of the signals arriving at that port following different
paths. Accordingly this can be designed and implemented in
wave guide as magic Tee. In micro strip line, strip line and
co-planar wave guide, it is implemented as 3dB hybrid
coupler. In these designs, the implementation is easier where
the characteristics impedance of the line can be changed by
changing the widths of the corresponding lines. The rat-race
coupler design based on the micro strip line is very popular.
In micro strip line configuration, other phasing techniques
are used to reduce the size of the coupler [11-13]. The
various coupler designs [14] are compared for their
performances with respect to form factors of these couplers.

In micro strip design, the ground plane is an integral part of
the system and hence less portability. For realization of these
couplers we require to use a ring of one and half wave length
circumference and hence it occupies more area. More over
the ports of the coupler are located along the periphery and
they cannot be put in line. For compactness if the micro strip
line is meandered then the line loss increases.

In this paper, a coupler in coaxial transmission line in new
type of configuration is presented overcoming the problems
associated with the conventional ring micro strip couplers.
With this implementation the overall occupying area of the
coupler is reduced by 66.8 percent.

2. Theory

The Rat-race coupler is a 4-port device [10] which can be
used as a power divider or power combiner. The phase of
output for some port combination may be 0° or 180°
depending upon the input- output combinations. The
schematic and symbol of 180 deg. hybrid is shown in Fig.
1(a, b). Depending upon the input- output combinations the
hybrid can be used as —

(a) In -phase power splitter

(b) Out-of phase power splitter and

(c) Power combiner
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Fig 1: Representation of Coupler
(a) Schematic of Rat-Race Coupler
(b) Symbol of Rat-Race Coupler

When port 1 is used as an input port this signal is equally
divided in two pats travelling clockwise and anti clockwise
respectively with respect to port 1. The distance travelled by
signal travelling in clockwise direction from portl to port 2
is 5M4 and the distance travelled by other half signal
following anti clockwise direction is A/4. Path difference
between these two signals is A. Outputs at this port are in
phase. Similarly the outputs will be in phase at port 3 by
similar reason. The signals travelling to port 4 have the path
difference of A/2 and due to this 180° phase difference no
output appears at this port and it is isolated port for the
signal input at port 1.If power is applied at port 4, it divides
in two out of phase equal signals between ports 2 and 3, port
1 being isolated port. When the device is used as a power
combiner, the two inputs are applied at ports 2 and 3 the
output appears at port 1 as the summation of these two inputs
and difference will appear at port 4. Due to this behavior of
the coupler port 1 is called as the sum port while port 4 as
difference port.

Scattering matrix for 180° hybrid ring coupler is given by
[10]

i 0 1 1 0 T
1 0 0 -1
[ s] = (-12) (1)
1 0 0 1
LO -1 1 0

This matrix shows the various input output combinations.
Elements of this matrix can be obtained using the even-odd
mode analysis technique [15]. For input at port 1, if By, B,,
B; and B, are the amplitudes of scattered waves from the
coupler then following results are obtained:

B,=0, B2=-j/\/2, B3=—j/\/2 and B,=0. These results show that
input port (portl) is matched port, port 4 is isolated port and
the signal is divided in same phase between port 2 and 3.
Above results are the first row and first column elements of
above scattering matrix. Similarly the other elements can be
obtained. For 50Q port impedance, the characteristics
impedance of the ring must be 70.7Q to satisfy the working
principle of the coupler.
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3. Design and Realization

The required characteristics impedance of the line for the
coupler design is Zo\2, where Z, is the characteristics
impedance of port. In this condition all the ports will be
matched ports with respect to the coupler line. In case of
micro strip lines, the line of any desired characteristics
impedance can be designed easily. In case of coaxial it is not
so i.e. this cannot be designed and developed like micro strip
line due to its construction complexity. To solve this
problem, a commercially available semi rigid coaxial cable
is used. A 0.141” (3.58mm) coaxial is used [16] for this
purpose. The characteristics impedance of the coaxial
transmission is given by

Zo= (138/\g,) logjo (D/d) Q )
Where D is the inner diameter of outer conductor and d is
outer diameter of inner conductor respectively. g, is the
permittivity of the dielectric material separating the inner
and outer conductors of the coaxial cable. The PTFE is the

dielectric material of the cable having & - ,; The other
dimensions of this cable are:

D=2.98 mm
d=091 mm

using equation (2), impedance of this line is 50 Q. For
coupler design, the required the line impedance is Zy\2 =
50x V2 =70.7 Q. For this the center conductor of the semi
rigid coaxial is replaced by commercially available copper
wire of diameter 0.57 mm (AWG-23). With this
configuration, the calculated impedance of the line is 68.4 Q.
This can be approximated as the required impedance and this
serves our purpose. The line length chosen for design is 540
mm. The velocity factor for this line is 0.69 due to dielectric
constant of 2.1. The electrical length of the line is-

L = 1.5\ = 540+ 540x0.69 = 912.6 mm. 3)

This gives A 608.4 mm and hence the frequency
corresponding to this wave length is 493.1 MHz. This is the
operating frequency of the coupler. For size reduction, the
line length is meandered in such a manner that after joining
the ends of the line the ports located at A/4 intervals must
come in a line. For this the line folded and meandered as
shown in Fig. 2. First three A/4 sections are meandered and
remaining line is the combination of meandered part and
rectangular folding. Every vertical and horizontal sections of
the meandered structure are 25 mm and 20mm respectively.
Other dimensional details are shown in Fig. 2. The line is
folded maintaining the minimum bending radius of the line.
The isometric view of the coupler is shown is Fig. 3. For
feeding at the ports another commercially available semi
rigid coaxial of 0.86” (2.18mm) is used. At port positions
holes are drilled in 0.141” coaxial cable up to axis of the
cable. This is to solder the center conductor of the feed cable
to the 0 .141” cable. The outer conductors of these cables are
soldered together at the Tee junctions of the cables. The



photograph of the designed and realized rat-race coupler is
shown in Fig. 4.
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Fig. 2: Sectional view of Rat-Race coupler
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Fig. 4: Photograph of Rat-Race coupler

In order to compare the performance of the coaxial line
coupler, the micro strip transmission line coupler in its
conventional ring form and in proposed compact forms are
designed and simulated in ADS circuit simulating tool. For
this height of the substrate is taken as the thickness of
dielectric of coaxial cable. The schematics and layouts for
these couplers are shown in Fig. 5(a, b) and 6(a, b)
respectively. The coaxial line coupler could not be simulated
due to lack of coax curve modeling in the GUI of the
simulation software.

MSub F..;.-J S-PARAMETERS I
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Fig. 5: Simulation model of micro strip ring Rat-Race coupler
(a) Schematic (b) Layout



6(b)

Fig. 6: Simulation model of micro strip compact Rat-Race coupler
(a) Schematic (b) Layout

4. Results and Discussion

A well designed coupler should have good return loss at
input port, high isolation at isolated port and 3dB power
division at output ports. At output ports, practically there
will be some insertion loss of the transmission line and
hence output at these ports will be always less than 3dB.
Also there will be power difference at output ports, this is
defined in terms of amplitude balance. Similarly the phase
difference between these two ports is known as phase
balance. Using port 1 as an input port the magnitude of Sy,
will show the return loss, S;; and S;; are the 3dB power
division and Sy will show the isolation of the coupler.

The designed and realized compact Rat-race coupler was
evaluated for its S-parameters using M/s Agilent ES071C
Network Analyzer. Measured S-parameters results are
shown in Fig. 7(a-d). As can be seen from Fig. 7(a), the
achieved return loss (mag. S;;) is > 20dB over the working
frequency range of the coupler. The maximum return loss is
39.8 dB. This shows that all the ports are well impedance
matched. Fig. 7(b) shows the measured port isolation (Sy). It
is evident from the plot that the port isolation is more than
20dB over the band. The maximum value is reaching to
50dB. The 3dB power divisions (S,; and Ss3;) are shown in
Fig.7(c) and Fig. 7(d) respectively. The 3dB coupling band
width for port 2 (S,) is 487.4MHz to 840.2MHz with

maximum insertion loss of 0.6 dB. For port 3 the above band
width is reduced to 487.4MHz to 641.6MHz with maximum
insertion loss of 1dB. This bandwidth can be considered as
the actual operational bandwidth. The achieved amplitude
balance is + 0.25dB between ports 2 and 3.

The measured phase difference between two in phase output
ports is shown in Fig. 8. As evident from this measured
phase difference plot, the measured phase balance is within +
2.2° over the frequency band of interest. The bandwidth for
these specifications is 27%.

The performance comparison of the three designs is shown
in table 1.

Table 1: Performance comparison of three types of coupler
designs

Parameter | Freq. Center % Max. Port
—— | band of | frequency | band | Return | isolation
operation | (MHz) loss (dB)
Couplerl (MHz) width | (dB)
type
Micro 340-400 370 16 36 53
strip line
Ring
Micro 440-550 480 23 59.5 59.5
strip line
Compact
Coaxial 487-641 558 27 40 50
511 Log Mag 10.00de/ Ref 0.000dB [F1]
50.00
1 200.00000 MHz -7.6486 dB
2 314.57000 MHz -11.824 dB
3 487.43000 MHz -19.699 dB
40. 00 4 557.98100 MHz -39.856 dB
’ 5 641.59700 MHz -20.084 dB
6 840.18500 MHz -19.943 dB
7 978.67400 MHz -9.6750 dB
=8 1.5000000 GHz -7.0225 dB
I 0N
0.000
-10.00 4

-20.00

-30.00

-40.00

-50.00

Start 200 MHz

IFBWW 70 kHz
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From this comparison it can be seen that the operational 571 Log mag 10.00ds/ Ref 0.000ds
bandwidth for compact designs is better for similar electrical 50. 00

characteristics. The S- parameter plots for micro strip ring 1 200.00000 muz 16.1316 doB
i in Fi i 3 487.43000 MHZ -3.9420 dB
and compact coupler designs are shown in Fig. 9 and Fig. 10 3 3B7-33000 Mnz 12.2120 a8
respectively. 40.00 5 641.59700 MHz -4.0107 dB
6 B40.18500 MHz -10.408 gs
= 7 97B8.67400 MHz -7.2020 dB
521 Log Mag 10.00dB/ ref 0.000dB -8 1. 5000000 GHz J15.449 dB
50.00 30. 00
1 200.00000 MHz -5.4497 dB
2 314.57000 MHz -5.5385 dB
3 487.43000 MHz -21.661 dB 0. 000!
4 557.98100 MHz -37.249 dB '
40.00 |5 §41.59700 MHZ -22.407 dB ) I i
6 840.18500 MHz -5.4776 dB “10.00 1 it
7 978.67400 MHz -5.8380 dB 3 e
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Fig. 7: Measured S- Parameters of the proposed 3 dB Coupler
(a) Return Loss
40.00 (b) Port isolation (S4;)
(c) Coupled Power (3dB) at port 2 (S,;)
~50.00 - (d) Coupled Power (3dB) at port 3 (Ss3;)
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Fig .9: Simulated S- parameters of micro strip
Ring Rat-Race coupler
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Fig .10: Simulated S- parameters of micro strip
Compact Rat-Race coupler

5. Conclusion

A new type of Rat-Race coupler is designed and
developed. A commercially available semi rigid coaxial
cable is modified to achieve the required impedance for
coupler design. The shielding effectiveness of the semi
rigid coaxial is very high compared to micro strip line
and hence the proposed coupler can be used with
minimum interference to other devices and systems. This
is also suitable for portable applications. The designed
coupler has all the ports one side and this facilitates easy
integration with other sub systems. Size of the coupler in
this design is reduced by 66.8% compared to
conventional ring type designs. An operational
bandwidth of the coupler is 27% which is expected for
this type of A dependent designs. It is light weight as it
does not require any ground plane.
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