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ABSTRACT

An improved rat-race coupler is described which,
in the ideal case, has a pair of ports with infinite
isolation between them at all frequencies. This
improved rat-race coupler is useful in such
applications as the design of balanced mixers with
high LO to RF isolation.

INTRODUCTION

The conventional rat-race coupler provides a 3dB
power split with the two outputs having 180° phase
difference at band centre only. The rat-race coupler
is often used in baanced mixers, but its
performance is the limiting factor in determining
the LO to RF isolation of the mixer over broad
bandwidths. An improved rat-race coupler is
described which, in the ideal case, has a pair of
ports with frequency-independent infinite isolation
between them.

Figure 1(a) shows a conventional rat-race coupler.
At band centre, i.e. when the eectrical length of the
ring is 1.5, a signa incident at port 1 will split
equally between ports 2 and 4 but the two outputs
will be 180° out of phase with respect to each
other, and there will be no output from port 3. The
conventional rat-race coupler is a narrowband
device with the isolation being better than 25dB
only over a 20% bandwidth and the phase split
being within 180+/-10° over a 32% bandwidth.

The bandwidth can be enhanced if the phase
difference between the clockwise and counter-
clockwise waves travelling between ports 1 and 3
isas close as possible to 180°. March’s[1] method
of achieving this is shown in Fig 1(b). The 3A/4
uncoupled transmission line is replaced by a pair of
Al4 coupled transmission lines with aternate ends
shorted to ground. Figure 2 shows the equivalent
circuit of the coupled line section. At band centre
the coupled line section is equivalent to a single
uncoupled transmission line of characteristic
admittance (Y .Y /2 in cascade with an ideal 1:-1
transformer.  Obvioudy, the characteristic
impedance of the equivalent A/4 uncoupled
transmission line must be identica to that of the
origina 3A/4 transmission linei.e.

(Yoo = Yoo)/2 = Yo/‘/E (D)
March aso imposed the additional requirement that

\/EZO = VZeroo (2)
It should be noted that there is no necessity for
imposing this additional requirement as can be seen
from Fig.2. Furthermore, it also leads to extreme
vaues of impedance since Z,=170.7Q and
Z,,=29.3Q in a 50Q system. March's additional
requirement results in a unique solution for the
value of Z, and hence of Z,, whereas an infinity
of values of Z , can be used such that the higher the
value of Z_, the broader the bandwidth of the
coupler, with Z , determined from equation (1).
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IMPROVED RAT-RACE COUPLER

It is obvious from Figure 2 that if quarter-wave
shunt short-circuit stubs of characteristic impedance
Z,, are connected to the ring at ports 1 and 2, as
shown in Figure 1(c), with Z,, and Z,, chosen as
before to satisfy just equation (1), then an exact
180° phase difference will exist at al frequencies at
port 3 between the waves travelling clockwise and
anti-clockwise around the ring. This has two very
important consequences. Firstly, infinite isolation
will exist between ports 1 and 3 at all frequencies
irrespective of the value chosen for Z.. Secondly,
if port 1 isthe input port then an exact 180° phase
difference exists between the outputs from ports 2
and 4 at al frequencies, again regardless of the
value chosen for Z_.. Once again, the higher the
vaueof Z_,, the broader the bandwidth over which
flat coupling and a good VSWR is achieved. This
improved rat-race coupler has certain similarities
with the conventiona 3dB single-section
guadrature coupler since both devices have one
port perfectly isolated at al frequencies, both
devices have a frequency-independent phase
relationship between their coupled outputs (90° for
the quadrature coupler and 180° for thisimproved
rat-race coupler), and both devices offer nominal
3dB coupling over an octave bandwidth. The only
mgjor difference isthat the 3dB quadrature coupler
is perfectly matched at all ports at all frequencies
whilst this improved rat-race coupler is perfectly
matched only at band-centre, although the VSWR
is better than 2:1 at all ports over an octave
bandwidth.

Since the rat-race coupler shown in Figure 1(c) is
eectricdly symmetrical with respect to ports 2 and
4 gpart from a 1:-1 transformer, the S parameters
can be determined using an even-odd mode
anaysis. Theresultis
) 32 + YZ, + 2Z)Y,, + jtand
S 27, Yga0 — 32Xz, 22X, - (22X Ze, Itand (3)

0% oe 0 oe

) Y, + j(Yy+/2Y,)cotd
2/2Y, + Y, + j@@Y.tan® - (Y. +/2Y )cow) (4)
0 oe o o oe)

Sis i 0 (5)
S‘12 - _514
Sy = Sy

Since the device is losdess the coupling
performance is given by

SP=3f- 18 ©
Sal? = 2 - ISl

The expressions for S,, and S, are exceptionally
cumbersome and so will not be presented.
However, oneis normally interested in the values
of S,, and S, in the passband of the device, and
accurate gpproximate values for their magnitudes in
thisregion can be determined as follows. Since the
deviceislossess

|821|2 + |Szz|2 + |Sz3|2 + |Sz4|2 =1 (7)
Now in the passband |S,,|? ~ 0, and making use of
eguation (6) then

ol = 18ul=3 (1917 + 184°) @

Thusthe performance is determined entirely by the
reflection coefficients of ports 1 and 3.

The computed performance of this improved rat-
race coupler is compared with that of the
conventiona rat-race and March's version in
Figures 3(a)-(d). The computation has been
undertaken with Z , set to 100Q in order to ensure
that the device is physically realisable. It can be
seen that the price paid for improved isolation and
phase-split is a dightly degraded bandwidth for
coupling and match but, nevertheless, the device
still offers an octave bandwidth capability.

Equation (6) shows that the key to improving the
bandwidth isto improve the match, and this can be
achieved by connecting a series open-circuit stub to
port 1. Numerical analysis shows that the
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optimum characteristic impedance for this stub is
60Q, and the improved match and coupling
performance resulting from its addition to port 1 is
shown in Figure 4 (@) and (b). This stub has no
effect upon either the isolation or phase-split
performance. This additiona stub eliminates any
bandwidth degradation compared with the March
rat-race. Whilst it is difficult to implement a series
stub in microstrip, it is more readily redised in
CPW.
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FIGURE 1. (a) Conventiona rat-race coupler, (b)
March’'s version of rat-race coupler, (C) rat-race
coupler described in this paper.
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FIGURE 2. Equivalent circuit of coupled line
section
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FIGURE 3(a) - (d). Performance comparison of the ~ FIGURE 4. Effect of adding a 60Q series open-
three types of rat-race coupler. circuit stubto port Lon S;; and S,,.
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