Microwave Bytes

Coupler Talk

M Steve Cripps

he directional coupler is such a
familiar item in microwave engi-
ncering that we all probably
think we know what they do and can
do. In these days, where the distinction
between microwave and analog tech-
niques is becoming ever more indis-
tinct, the directional coupler seems to
survive as an exclusive tool on the
microwave side of the divide, a surviv-
ing artifact of the bygone days when
microwave engineering had a closer
affiliation to Maxwell than to Kirchoff.
Where coaxial lines and macroscopic
dimensions are standard fare, such use-
ful devices can be readily realized,
albeit with a few toicks if oplimuin per-
formance is required. Such would not
appear to be the case, however, in the
more modern REIC environment.
The most common use for a coupler is
a directional power monitor. Although a
somewhat mundane application, it is a
very uscful one. Recently I was asked if
such a function could be translated to a
more modern RFIC environment. In con-
sidering this question, it occurred to me
that [ might not have quite as firm a
grasp of the underlying theory and prin-
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ciples as 1 had previously thought and
that there may be important practical
applications for these devices that lie
outside of the normal laboratory mea-
surement function.

On revising my knowledge of cou-
plers, it seemed like a useful first step
to find a book that did the basic analy-
sis of two coupled transmission lines.
To my considerable surprise, none of
the various books on my shelf had
such a section, at least not to the point
of deriving the full four port 5-para-
meter matrix tor the general case
where the odd and even mode veloci-
ties are not assumed to be equal and
the lengilt nul necessarily a quarler
wave. There are enough microwave
books that are not on my shelf, and I'm

sure some may have this analysis. But,
¥ ¥

in the end, T had to dig quite deeply

into my archives to find a paper by
Napoli and Hughes [1], which satis-
fied my neceds admirably. Taking a
generalized pair of coupled lines, with
ports designated as shown in Figure 1,
the S-parameters work out to be
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These expressions represent a gen-
eral case where even- and odd-mode
impedances Z, and Z;, do not comply
to the familiar Z,, - Zyy = 7> relation-
ship, and the odd- and even-mode
velocities (as represented in the above
equations by the propagation con-
stants fe and fo) arc unequal. Tt can
thus be shown that if the usual ideal-

izing assumptions, viz:
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then the above expressions reduce to the
somewhat more digestible form
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My interest in the more general
equations (1) was based on something
of a chance obscrvation that even when
couplers are electrically very short,
their directional properties are retained.
In examining the expression for Sy
(1d), it can be seen that this term van-
ishes for any value of the conduction
angle, as long as the even- and odd-
mode propagation velocities are the
same (8, = B, = A) and the usual odd-
and even-mode impedance relationship
holds. So even though the expression
for the coupling factor 537 will always
show a strong dependency on clectrical
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Figure 1. Port desivnations for directional coupler analysis,
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Figure 2. Coupled and isolated port transntission versus couplor clectrical length, for 3

values of velocity ratio vK(= Boq4/Beven)-
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length—and, hence, frequency-—-the
coupler will still show directivity,
although the precision of the cancella-
tion of the even- and odd-mode terms
in (1d) will ultimately limit the useful
directional behavior.

This can be explored more generally
by plotting the magnitudes of S5 and
541 in {1c) and (1d) for various differen-
tial velocity factors, as shown in Figure 2.
S0, for example, if we take a structure
that gives a coupling factor of —5 dB
when the coupling length is the conven-
tional quarter wavelength, this coupling
factor rolls off steadily to a value of -20dB
when the coupling length is just 5°. The
correspending coupling into the isolated
port is highly dependent on the degree
of mismatch between the odd- and even-
mode velocities, and for such a coupler
to be useful, it will probably be necessary
to employ some equalization. I realize I
am probably reinventing a familiar
wheel design for many readers; commer
cial reflectometers for lower VHF and
HF applications are often based on such
use of “short” lengths of coupled line. 1
am not so aware, however, of the com-
plemetary use of this technique for
RFICs in the microwave region.

Directivity, of course, is the key prop-
erty of a directional coupler, and as the
coupling factor is reduced, the directivi-
ty becomes limited by the cancellation of
the two terms in (1d), and it becomes
more important to come up with a way
of equalizing the odd- and cven-mode
velocities. Two welkknown tricks for
improaving this equalization are the use
of a “wiggly gap” and/or the use of
compensating capacitors across the cou-
pled lines at the port terminations. The
capacitors have the effect of reducing the
odd-moede velocity, and it is interesting
to note that this form of compensation is
generally more effective as the coupling
length is reduced, as shown in Figure 3.
This can be explained by the fact that as
the length decreases, the various reac-
tive elements fend more towards
lumped, rather than distributed, proper-
ties. Under some circumstances, a
narrow band null in directivity can also
be obtained near to the quarter wave fre-
quency, as shown also in Figure 3.

It 15 interesting, and 1 have a]wnyﬁ

thought somewhat baffling, to note that
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Figure 3. Use of shunt capacitance to improve directivity of coupled lines.

the quadrature property of coupled lines
is also preserved for short coupling
lengths. Taking the expressions for So,
and 531 (1) and making the usual ideal-
izing assumptions for even and odd
mode impedances and velocity factors,
we obtain

(1= phel®
S21 = i
. 1
531 = -—an
s0 the ratio of the coupled outputs, after

some further manipulation, is
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which, remarkably, indicates a quad-
rature relationship for any value of the
conduction angle ¢. This result is also
preserved very closely when the
phase velocity assumption is lifted;
even allowing for the typical even and
odd mode dispersion in a simple pla-
nar configuration, the
phase discrepancy is less than one

microstrip

degree from the ideal quadrature
value. T cannot resist the temptation
here to quote from Tom Lee’s excellent
book Planar Microwave Engineering 12].
In referring to some of the same
resiilts frnn; a general analysis of a

directional coupler, he writes:
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Sometimes thinking about a result
ratses more questions than it
answers. Depending on vour
philosophical bent, you might
decide that it’s therefore best not to

think. That might be the case here.

[ heartily agree. The standard results,
for sure, drop out of the equations, and
the applications are well known and
widespread. But they are somewhat
counterintuitive. The quadrature split,
in pasticular, seems inscrutable. Bven in
the above analysis, it seems to crawl out
of the woodwork at the final line. This
result hag always defied my own intu
ition, cspecially when we are talking
about the electrically short coupler.
When dealing with a coupled section
that is precisely 90 long, it is not unrea-
sonable that there should be a 9P phase
difference between two of the outputs.
But how and why this is preserved over
essentially an infinite bandwidth is a
mystery that | have never been able to
explain in simple intuiive language.

Some extra light can be shed on this
problem by considering the symmetry
the
Referring back to Figure 1, if a voltage V

and  rediprocity  of structure.
is applied to port 1, then the voltage
developed across matched loads at

ports 3, 4, and 2 are
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respectively, where the coupling factor
a is a voltage ratio, the transmission
phase is ¢, and the phase difference
between Lhe direct and coupled ports is
A. TIf we now apply another equal,
cophased veltage V to the isolated port,
symmetry and superposition can be
applied, giving an equal voltage
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at both ports 2 and 4. If we now apply
conservation of power, equating the
input powers at ports 1 and 3 to the out-
puts at ports 2 and 4,
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2

2

1/2
Vew v {1- l) efira
o ol

which can be expanded fo obtain
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where

whence

which being the result of a well-known
trig identity can be expressed as

cos{g— (¢ + A =0,

50 that

cos A =10,

and A = /2. Wow!

This is an interesting result, which
essentially tells us that the quadrature
split is more a property of the symme-
try and reciprocity of the structure
than having anything much to do with
the properties of coupled lines. Once
again, the answer scems to drop out
when

rather  unexpectedly—just
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things seemed to be going nowhere
with only a singie relationship between
the two angles ¢ and A. I'm not quite
sure, however, that it completely clears
the air as far as the counterintuitive
behavior of couplers is concerned, but |
was once informed with some authori-
ty that this is the real answer to my intu-
itive problems.

This analysis leads me into another
application, which is the use of a direc-
tional coupler as an asymmetrical
power combiner. The use of 3-dB
hybrids. both as power combiners and
to make balanced amplifiers, is familjar
enough. The asymmetrical application
is less familiar but is encountered, for
example, in the output of a feedforward
linearization loop, where a correcting or
“error” signal is added to the output of
a power amplitier. Referring again to
Figure 1, we now apply unequal volt-
ages V| and — V4 at ports 1 and 4, the
inputs thus having a guadrature refa-
tionship. So using superposition again,
and now using the simplified equations
(2), the terminated port voltages can be
written as
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The interest now focuses on the voltage
at the coupled port V. The two compo-
nents are in antiphase, and if Vy =V,
this voltage will varush for the particu-
lar case given by

Vi 1
— ] ={=-1].
(v) (=)

Sa, for example, if we have a 10-dB
coupler, and the power ratio of the
inputs at ports 1 and 4 18 9 (= 10—~ 1),
then the power at port 2 will be the
sum of the two input powers, with no
power “wasted” in port 2. So, if we
put @ Winto port 1 and 1 W into port
4, with a correctly polarized quadra-
ture phase difference, we will collect
the full 10 W at port 2. This, of course,
ignores any coppet or diefectric losses
in the coupler, but the key point is that
the normal transmission to the direct
port, which would be wneasured for a

single input at port 1, 0.46 dB for a 10-
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dB coupler, is not apparent in the
power combiner case nor, for that
matter, is the 10-dB coupling factor
between port 3 and port 4, which
would appear in the case of a single
input at port 3. Somewhat mysterious-
ly, this will only apply for one specific
power ratio represented by (V1/V4)?
tor a specified coupling factor.

This result is worthy of some further
will

consideration, in  particular

respect to feedforward amplifier analy-

sis and efficiency enhancement tech-
niques for power amplifiers. Therefore,
I will continue with this theme in my
next column,
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