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Abstract

Errors in measurement of sU due to residual SWBof the slot.
ted line or directional Coupler are calculated using ad~ttance
considerations. This more complete treatment produces, for sqme
practical conditions, major differences frnm prior references ,for
phase errors.

Introduction

Although slotted lines have been used for measuring impedance
for over three dec8des and directional couplers have been used for
at least one decade; the phase errors due to the residual SWR and

‘the finite directivity of these devices has not been correctly
calculated. The mathematics of the phase error, for the general
case, has so far proven to be intractable. Results are presented
here of a computer program in which these errors were calculated
for a wide range of parameters using numerical methods. These
errors are compared to the incorrect relationships that have been

used by others. The errors can he very closely described by
the equation

II

.3. ~a
A@ = (1+~~1 -~sinnl~l) sin ~— (1)

x

in whichr is the reflection coefficient of the unknown (S ) and
rn is the ?eflection coefficient of the intervening mismntc~when

a perfect load is placed behind it (residual SI.fR).

The phase errors given by the manufacturers of preci$ion phase
measurement eqnipm.ent are given’ in Table I.

W

2RROR EamEact.urer

* [A + tan-l B

,C,o+tti,n::;:ll
Rantec

~

* [2” + tan-l .01 + 3.5 [rxlj Wiltron

m

* [0.50 +**-l g +4 tan-l (.0151rxl) ] Hewlett-Packard (computer-

Irxl corrected)

* [o.25 ‘t~l &AZ + 4 +.-l (.W51rxl) ] Hewlett-Fackard (cOmputer-

lrxl corrected with phase lock)

“ETrOr ~ in-table I is contributed mostly by the low-frequency
information processing circnits. UrOr B is contributed by the
finite directivity of the directional coupler used in piCking up
the reflected wave. Directivity ~ is given by

ll=2010gB

B = .01 indicates 40 dB directivity

Error of the term containing C is contributed b residtual
output sm. This error was originally taken as tan-x[r~lrxl

=60Q (rmllrxl. A residual output SWRof 1.1 would give lr~. .;5

which wonld give C = 3. Lately Hewlett-Fackard has begun to use

4 tan-llrmllrxl .

The equations for phase errors are in error in two respecz~:
first, the equations for residual SWRsre not correct, and second.,
directional coupler directitity errors must be combined with resi-
dual SWReffects before equation 3. is applied. ‘fhe manufacturers

have been careful in not publishing explanations of the errors

they have specified. The equations they give may fit their ob-
served errors but the error mechanism is not correctly associated

with the error. In fact an output SWR of 1.2 ( r I = .091) is
u!”common in specifications which for lr I = 1 wo d give an error

of’ i20.80 usi~ equation 1, but accoz-iiing to the table, the error
for the noncomputer-corrected mcssurems.nt would be about i60.

The orY

The residual SWR may be the summation of smaller SWR’S
,contri~uted by connector irregularities or transmission line im-

Co., Gaithersburg, Md.

,Frfect. ion.s. EVen though these smaller contributors may be maw
and in different electrical planes they can all be tuned out by
‘one turnng probe having two degrees of freedom: susceptance and
,electrical plane. Then the tntal residual SWR can be r$?presented
b.. one susceptance in any electrical plane. The plane of this

‘discontinuity is not limited to the plane of the connector or to

the Plane of the un’dnwn, but it may be in any plane. The experi-
nmntal arrangement for a slotted line is shown in F@I-e 1. The
t.rm r is the intervening mismatch (causins the residnal SWRj,

F, is the resulting reflection coefficient that will be measured’
on the slotted line, andli. the distance between the UUKDOWII and
the lumped discontinuity causing the residual SWB.

The nianner in which the discontinuity causes phase error is
shown in FigL.e 2. A S% = 1.5 is used in conjunction with a
short circuit giving a normalized admittance of Yx = = + j .X . The
mismatch gives an equivalent susceptance B of E = .409. The
Smith Chart of Figure 2 shnws admittance a~ding % the plane of the
discontinuity B for various values of l/k, the electrical distance

to the disconti%ity. The greatest phase shift occurs when the
discontinuity; susceptance ta:tes the t@al admittance from O-j Bin/2
to O+j Bin/2 and the phase shift is 46 .

The admittance adding process for lr I = 1.5 and SWR S 1.5 is
shown in Figure 3. In order to simplifj’ ~he calculatior!,mthe ob-
server moves toward the generator from the unknown until the

normalized admittance of the unknown is real and greater than one
(Y =3.0+ j ofor FigWe 3). hlx?n t/L is measured from this
po~ition, the process used in figure 3 is similar to that used in

Figure 2. As ~ /L is increa~ed, the circle labeled Yx is produced
which is the locus of the admittances of tbe unknown. When the
susceptance of the discontinuity is added, the circle Y + j B is
generated. The maximum phase shift is again nearest O ~ jO ana
almost centered about the real axis. Figure 3 also shows what
happens to the magnitude Of reflection coefficient. The resultins
SWR, S% is given by

~=(mx)(swsy (2)

the + sign giving the maximum2and the - sign the minimwo. E~~tiOn

2 is in agreement with Altman who gives

Irrl -lrJ*lrxl
1* Irm[[rxl

5Ut t.ke,uhase. shift is in agreement with no one.

Numerical Nethod

Many attempts to derive en analytical expression for the phase
>rror have led to intractable arrays of algebra. Therefore a
num!?rical method was set up on the computer doing tine same opera-
tions as were performed in Figure 3. 14aximum phase error occurs
fc? the phase of the onknown reflection coefficient #x when
00<$,.<900. The computation is performed as follows:

A

1.

2.

3.

4.

5.

6.

7.

With$ti =0° thenyti is calculated tiom[rxle .I @ti

Bn is added giving a new admittance Y; drt x

~~isc-atedfloni~;

A~i=~~ - @ti

@aisincrer&ented by10 (jm=@fi+l”)

% is calculated

Repeat steps 2, 3 and 4 getting A@2
.——

~2iS cou@xedtod#l

If A@i+l C@i then the calculation is stopped and A@i

is displayed as the ma!&mum error for the given

Irxl ~dBm.

If A@i+l ~ A@i then steps 5 through 7 me reP@e&~

Using this method the phase error curies were calculated as
shQwn in Figure 4, An equation has been found which fits these
curves within a few percent which _was given as equation 1.

Directional Couplers

The theory of the error from a directional coupler arranged to
detect reflected power has the desired reflection coefficient of



the unknown t’ adding to the equivalent refl~ctiOn cOeff ic ient rm

due to finitexdirectivitx tO give the res~tant r . ‘he addition
Kof these vectors gives maximnm phase error when t s vectors are

perpendicular (based on the formulas Used in Table 1) giving phase

error of
A$. t8n-1 ‘~

rx

If the mechanism were correct the maximum phase error would be

4 = sin-l h
rxII (3)

but even this is incorrect. It has been shown3 that the finite”
direct ivity of a directional coupler can be tuned out with a tuner.
The basic mechanisms causing the finite directivity are equivalent
to discontintities on the output. The way in which they contribute
to errors is the same as for other discontinuities between a per-
feet meastiing device and the unknown.

Comparison of Error Expressions

Figure 5 shows the computer generated error curves compared to
other expressions of error. The computer generated curves for SWRm
of 1.5 end 1.05 are shown as solid curves. The dashed curves show
the error that should occur if directional coupler voltage addition

were correct (equ3ti0n 3). It should be noted that simplification
of equation .&? of reference 3 also leads to equation 3.

Schaferk also produced an expression” for phase error (eq. 31)
which reduces to

“R ‘“+1 ‘4)Afl= *2 sin

eand iS s OW!I as the dotted curves in fi~e 5. iquation 5 of

Phillips also comes very close to eqnstion 4.

Conclusion

TIIe residual SWR contributions to errOr in S mea surements

are correctly calculated using equations 1 and 2.
%ere direc-

tional couplers are wed fOr S
measurements, their directivity

“+3 output SWR and combined with othershould be converted tO effectl

residual SWR using eqnation 2. Then total errors should be calcu-

lated using eqnatiOns 1 ad 2.
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Figure 1 Microwave circuit for Su Measurements

Figure 3
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R8nge of Fossible New Admittance Points for \ rxl =. 5 end

~m.l. 5 a.sumins Bm positive. Admittances axe in the plane

of rn.
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Figure 5 Comarison of various Calculations of Poe.. Errors in SU

for ~n = 1.05 and 1.5.
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