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A Method for Measuring the Directivity

of Directional Couplers*
G. E. SCHAFERT anp R. W. BEATTY?

Summary—This method of measuring directivity requires the
measurement of the ratio of powers delivered to the side arm when
the normal input arm is connected alternately to an adjustable sliding
termination and a sliding short circuit. The short circuit is phased to
yield maximum and minimum responses and the amplitudes are
averaged. Two techniques of adjusting the termination may be used.
One procedure requires zero reflection from the termination. The
other procedure requires adjustment for a null at the detector and
then measurement of the maximum response due to changing the
phase of the termination. The inherent errors of the method are ana~
lyzed and found to be within the limits—0.01 to 0.00 db in a specific
example.

INTRODUCTION

METHOD to measure directivity of a directional
A coupler is described. The errors in the method

are evaluated and graphs are presented for esti-
mating the total error.

Previously described methods!? required measure-
ment of the combined attenuation of coupling and
directivity, the impedance of an auxiliary component,
the reversal of the directional coupler, or a combination
of these. This method permits measurement of the
directivity values up to the entire dynamic range of the
attenuation measurement system and completes a meas-
urement by attaching first a short circuit and then an
adjustable sliding termination to the same terminal.

PROCEDURE

The arrangement of equipment is indicated in Fig.
1, with the coupler oriented as in Fig. 2. Preliminary
adjustments® are made to the tuners shown in Fig. 1
so that: 1) the calibrated attenuator is operated in a
matched system, (the condition under which it was
calibrated) and 2) the reflection coefficient I';; (measured
at terminal surface 2 of the directional coupler with
the normal signal source inactive) has a magnitude
less than 0.01.

Procedure 1) is to attach the short circuit and ob-
tain a maximum and minimum amplitude reading by
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Fig. 1—Arrangement of equipment.
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Fig. 2—Representation of directional coupler as a 3-arm junction.

adjusting the phase of the short circuit. The average
of these two readings is a reference level and is denoted
by |b:| 4. An adjustable sliding termination (abbrevi-
ated AST in the remainder of the paper) is then at-
tached in place of the sliding short. This AST must be
capable of providing zero reflection? at the frequency
being used. The condition of zero reflection is indicated
by no fluctuation in the output level of the detector as
the termination is moved along the waveguide. This
level is called 'bslo and is determined either by the
calibrated attenuator or the detector.

| b3| av 18 approximately equal to the amplitude of the
forward coupled wave, while |b3[ o 1s the amplitude of
the reverse coupled wave. Therefore, the directivity
can be determined to a good approximation by the
expression

| bS[av
D = 20 10g10_— -

[ 3 lo
The adjustment of the AST for T',=0 [in procedure
1)] is often tedious. Procedure 2) eliminates this opera-

* R. W. Beatty, “An adjustable sliding termination for rectangu-
lar waveguide,” IRE TrANS. ON MICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-5, pp. 192-194; July, 1957.
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tion and substitutes instead a null adjustment which is
readily obtained.® (The short circuit measurement re-
mains unchanged from the first procedure and the signif-
icance of | bs].y is the same.) The AST is manipulated
to yield a null in the output of arm 3, and is then moved
along the waveguide until a maximum response, bgl 7,
occurs. This is approximately twice ! bg' o. The ratio

] bS‘av

| bs|z

can also be used to determine the directivity to a good
approximation by the expression

2| b3 la
D%ZOlogm—— e .

| bslr

THEORY

Analysis of this method is accomplished by writing
a matrix equation for the three-arm junction repre-
sentation of a directional coupler

b = Sa, (1)

(where S is the scattering matrix, and 5 and a refer
respectively to outgoing and incoming wave ampli-
tudes), and solving for the above ratios. The elements
of ¢ and b in (1) are displayed in Fig. 2.

The substitution of the appropriate elements into
matrix (1) yields a solution for the amplitude of the
emergent wave from arm 3,

’ Sz 1 — Sel'r
Sis — Sul'L
bg = bg <2>
’ 1 - SnFG - SlzPL - S13FD
’ - Sl 1 — Swul's — Sul'p |
—Sule —Sul'z 1 — Sul'p ’

where b, is the fixed wave amplitude characteristic of
the equivalent generator as designated in Fig. 2, and
where reciprocity in the form .S, = .S;, has been assumed.
This may be written in a convenient partition sug-
gested by the form derived by MacPherson and Kerns,$

k

by —

2

|bsk= ) ; 3)
(7+R+rexp<j¢> ‘
where

R = ! = | KT R
_lﬂtKI‘L’Z, ¥y = L 5

5 A similar technique is described by H. C. Poulter in “A note on
measuring coaxial coupler directivity,” Hewleit-Packard J., vol. 8,
pp. 1-4; May-June, 1957.

8 A, C. MacPherson and D. M. Kerns, “A new technique for the
measurement of microwave standing-wave ratios,” Proc. IRE, vol.
44 pp 1024-1030; August, 1956.
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For the arrangement with the short circuit attached,
maximum and minimum responses are obtained as the
phase of T'z is shifted. These responses are given by

Ibg‘maxz s

and

i

| 65| min

ez

The average value of these two responses may be written

| b3 lav = 1/2(| B3 max + | 85 |min)
ot 7|
o/

F4

(6)

2

Y
2 | L
e

For procedure 1), the AST is adjusted for zero reflec-
tion (I'y=0), and the response may be written

&
bQT

2

| bs]o = S
|y 4 2]

(N

The ratio of these two responses is a measure of the
directivity and the apparent directivity is given by

l b3|av
DA1—~20 10g10
e
[y+2] k4
201 2
0gio 72_1 % LR ®)

In procedure 2), it is convenient to express the re-
sponse as

Ib3l=.ba

’ )]
y+

1+ KT o8t
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Fig. 3—Limit of error calculated from (17a) (Term 1) and (20),

where (3] is the electrical length between reference
planes of the load and the junction. One adjusts ‘TL!
and [/ to give a null response and it is apparent from (9)
that KT e=%8!= —1., In deriving the equation for maxi-
mum response as /is varied, one considers that the locus
ot )

2
1 + KT e2Pt
when [KPLl =1, is a straight line parallel to the imagi-

nary axis through the point (1, 0) in the complex plane.
The maximum response may be written as

oo = | bk |
3|\ — b
g+1
where g is the real part of y. Therefore, the apparent
directivity may be written as
2 l ba 1av
Dz = 20 logiy ———

| bsir

(10)

( | 7]

I
= 2010%10(8'*”1){ 72_} 2+ R
2

2

(11)

J

Error ANALYSIS

The sources of error can be evaluated by considering
the true directivity, defined by

| S
Dr = 20 Jogip ———» (12)
| Su
and evaluating the error in db as
€ = DT - DA (13)

where D, 1s given by (8) and (11) for procedures 1)
and 2), respectively.

The {ollowing three conditions are sufficient to reduce
the error to zero:
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Fig. 4—Limit of error calculated from (17a) (Term 2).
y=0, which reduces the ratiosin (8) and (11)
to | KT.]; (14)
iI’L‘= 1, which reduces (14) to I Kl; (13)
. | S
Szg = 0, 512 = 1, Wthh reduce (15) to 'I—S‘T . (1())
13

It is assumed that departures from these conditions
will be small and are therefore considered as individual
cases.

Case I

Ses5#0 and Si#1, but other conditions arc satisfied.
Since Dg; and Dys reduce to 20 logy | K| in Case I,
the error is

201 >
€ = o8| ——~——————
512523 - Sl3k922
1 |
= 20logyy Sm<1 B} _‘Eﬁi“’f) ‘ . (17)
SIQASQJQ/

One can separate (17) into two terms. If the coupling
in decibels is 10 db or more, Si» may be climinated
from the second term with little loss of accuracy:

Lo

23

S13

€ ~ — 20 logw I 512!_ 20 10g1() . (17&)

The magnitude of the contribution from the first
and second term is shown in Figs. 3 and 4, respectively.
If the coupling in decibels is less than 10 db, the contri-
bution of the second term is appreciably larger than
shown in Fig. 4 and it is advisable to employ (17) for a
more accurate estimate of the error. (In these cases
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where the error caused by assuming ]Slzl =1 would be
large, it would probably be desirable to determine
1.5'12! and make a correction to the measured ratio.)

Case IT

vy#0, but other conditions are satisfied. Considerable
manipulation of (12) minus (8) and use of the approxi-
mation

y Ta;
2 K
yields for procedure 1),
T,
1—2 | — | — 4| Tl
20 logm S €r1,1
1 + PZi
K
P - T
K 27
S 20 10g1o (18)
Ty
K

where T'y; is the reflection coefficient of arm 2, with the
inactive generator and detector connected to arms 1 and
3.For the second procedure the limitsof error after similar
manipulation of (12) minus (11) may be expressed as

P2i
1—2 — 4| Ty |
20 10g10 I To: = €I7.2
K
142 = — 4| Ty
K- “v
< 20 logzo - (19)
T
1—2 =
K

This expression differs from €71 only in the denominator.

Fig. 5 shows the limits of error for both procedures 1)
and 2) as a function oy;, (the VSWR corresponding to
T'3;). The solid lines indicate the limits of error for
procedure 1) and the dashed lines the limits of error
for procedure 2). The limiting values for the error as
the directivity becomes infinite are indicated on the
right-hand side of the graph.

Case 111

An imperfect short circuit, IFL| #1, but other condi-
tions are satisfied.
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Fig. 5—Limit of error calculated from (18) and (19).

By use of (16) and implications of (17), the error may
be written

€y = — 20 10g10 1 FL’ . (20)

This is of the same form as the first term of (17a) and
is included in Fig. 3 as an alternate abscissa. This for-
mula applies to both procedures.

The following example shows the limits of error for a
case that might be considered typical. For a well-con-
structed, high directivity, 20-db coupler (|S23| =0.1),
the absolute values of the other coefficients are usually

| Su]<0.025, | S|~ 0995,
| S»]<0.025, | Si|< 0.001,
| S5z | < 0.025,

With the preliminary adjustment of |I'y| to less
than 0.01, and use of a short circuit with a reflection
coefficient of magnitude greater than 0.995, the limits
of error from the above sources are —0.01 to +0.08.
By measuring |Si| and |T'z|, and applying correc-
tions {or their departures from unity, the limits of error
are reduced to —0.01 to 0.00 db. One must also con-
sider the error made in measuring the ratio

[ 63 |av l bs Iav .
| 9310 lbsiT

Using IF substitution techniques with a below-cutoff
standard attenuator, the error may be held to +0.03
db with normal precautions. Unless this error is reduced
to £0.01 db or less, the error in measuring directivity
in this example would be limited by the error in measur-
ing the above ratios.
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