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A New High-Precision Method for the Measurement

of the VSWR of Coaxial Connectors*

A. E. SANDERSON~j MEMBER, IRE

Summary—A substitution method of measuring the very small

reflections due to a pair of precision coaxial connectors has been

developed. The connectors under test are mounted on a section of

precision air line which serves as the impedance reference standard.

The electrical length of this line, including connectors, is a multiple
of one-half wavelength at the frequency of measurement.

A slotted line and a termination, both having the same type

connectors as those under test, are required. With the aid of an

auxiliary slide-screw tuner, the slotted line and the termination
are matched to each other. The output of the slotted line is then

plotted by a graphic level recorder having an expanded-scale presen-

tation and a mechanical linkage between the chart drive and the
probe on the slotted line.

The section of air line fitted with the connectors under test is

then placed between the slotted line and the termination, and a
second curve is recorded. The slotted line and termination errors still

cancel each other, and any errors due to variations in probe coupling
along the line also cancel out. The difference between the initial
curve and the second curve represents the mismatch of the con-

nectors under test with respect to the precision air line. With a
recorder having a scale expansion of 2 per cent full scale, VSWR$S

as low as 1.001 are easily discernible.

INTRODUCTION

w

EASUREMENT of the VSWR or reflection co-

efficient of a pair of coaxial connectors has al-
A

ways been difficult because it is hard to separate

the reflections due to the connectors from those due to

the termination and from errors in the slotted line. In

the following substitution method, the difference be-

tween the two successive measurements represents very

closely the VSWR of a pair of connectors with respect

to a section of precision air line that serves as the im-

pedance reference standard. The most troublesome

sources of error in the usual direct method, such as

termination VSWR, residual VSWR in the slotted line,

probe reflections, and variation in probe coupling are

present in both substitution measurements to the same

degree, and therefore cancel out in the final results to a

first approximation. This technique has proved most

useful in the development of new connectors. Its use has

made possible the development of a new, high-precision

connector for use from dc to 9 Gc with reflections an

order of magnitude lower than those of any previous

connector. Partly because of the lack of suitable meas-

urement techniques, the nominal design of most widely-

used coaxial connectors is far from optimum. Many

commercially available connectors could be improved

substantially without tighter tolerances, simply by

changes in the nominal dimensions.
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The basic tools of this method are a slotted line and a

graphic level recorder. These have been combined into

one instrument, which presents a strip-chart recording

of the standing-wave pattern on the slotted line. The

chart drive is synchronized with the probe-carriage drive

so that several different standing-wave patterns on the

slotted line may be recorded on the same section of

chart. The section of chart can then be removed and

analyzed graphically to determine the magnitude and

phase of the standing-wave patterns.

Such a “slotted-line-with-a-memory” is capable of

much greater accuracy than the slotted line alone when

used in the substitution method. Without the memory

feature, the lack of flatness in the slotted line interferes

with accurate determination of the position of the

minimum and amplitude of the standing-wave pattern.

At very low VSWR’S, lack of flatness can prevent any

measurement from being made because the sine wave

variations that represent the desired signal are obscured

by the variations in output owing to variations in probe

coupling. However, these variations in coupling do re-

peat on successive passes of the probe carriage along the

slotted line, and if the two curves of the substitution

method are recorded, it is possible to subtract the curves

graphically and obtain a good-looking sine wave when

neither of the original curves resembles a sine wave at

all. Therefore, the amplitude and phase of the difference

curve, which are the quantities of interest in the sub-

stitution method, can be determined accurately by this

method under circumstances that ordinarily would make

a measurement impossible.

DESCRIPTION OF lVfETHOD

The measuring apparatus is illustrated in Fig. 1. The

electrical length of the test section (reference air line

plus unknown connectors) is a multiple of a half wave-

length. This condition is obtained by adjusting the fre-

quency until the positions of minima for a short-circuit

termination are the same with and without the test sec-

tion in place. For the initial adjustment, the termination

is connected directly to the slotted line. The auxiliary

slide-screw tuner, which in practice may be part of either

the slotted line or the termination, is used to match one

to the other, i.e., to eliminate sinusoidal variations in

the output of the slotted line. The probe is driven along

the slotted line, and an initial curve (curve 1 of Fig. 2)

is recorded on the strip chart. This curve would be a

straight line but for variations in probe coupling.

Next, a short circuit is placed at the reference plane

and the probe is driven along the line again, producing a
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Fig. 2—Typical chart record takeu at 8 Gc. Horizontal scale is 1 cm
per di~isicm, vertical scale is 2 per cent full scale. Curve 1 is the
initial condition; the diffel-ence between curves 1 and 3 is the
J’SII%. of the connectors. Curves 2 and 4 are taken with a short
circuit at the reference plane.

record of wavelength and position of minima on the

slotted line. Connectors whose inner and outer conduc-

tors do not lie in one plane pose no special problem. The

short circuit may be physically located at a distance

frolrr the junction of the two connectors. Then the posi-

tions of minima on the chart record are corrected by the

distance between the physical short-circuit and the de-

sired reference plane.

The test section is placed next between the slotted

line and the termination, and a third curve is recorded.

.% a check on the fact that the electrical length of the

test sect ion is one-half wavelength, a fourth curve should

be l.aken with the short circuit placed at the output end

of the test section. The position of minima should be the

same as before. The strip-chart record is now complete

and ma}’ be removed for graphical analysis.

With a square-law detector and a linear recorder, the

difference between curves 1 and 3 in Fig. 2 is sinusoidal,

and the corresponding reflection coefficient may be

plotted as a point on the Smith chart. As is shown in

the .4ppendix, this point represents the reflection co-

efficient of the pair of connectors under test with re-

spect to the characteristic impedance of the reference

air line, and referred to the plane of the short circuit.

This may be justified intuitive]’ if one considers that

the insertion of a reflectionless one-half wavelength sec-

tion of transmission line of alll- constant characteristic

impedance would, theoretically, cause no change in the

standilg-wave pattern. Therefore, any difference be-

tween the two curves can arise only if the connectors do

not match the air line and thus cause internal reflections

within the test section.

DISCLTSSION OF ERRORS

The result of this measurement is an approximation,

of course, but the degree of approximation is quite good.

If the slide-screw tuner is associated with the SIO tted

line, the error in the measured value of the re flectiou Co-

efficient of the connectors due to these approximations

depends on the reflection coefficient of the termination.

If the tuner is part of the termination, the error depends

on the reflection coefficient of the slotted line.

With the tuuer pm-t of the slotted line

osl Arls41rz l(]rzl+lr.1),

where

r.,ru = reflection coefficients of unknow~l connectors

A~ = error

111= r of termination.

With the tuner part of the termination

0< lAr] s41rtiL]([rz/ +Irv]),

r., = r of measuring installment.

The maximum error is a constant percentage of I I’.]

+ I I’ul , and with reasonably low-reflection components,

is negligible. For example, a slotted line with I’m = 0.01

(residual VSWR = 1.02) and connectors having r.= r,

= 0.01, could cause the measured reflection coefficient

to be in error by a maximum of 0.0008.

Attenuation in the test section may cause some error

in the measurement if the termination has a finite reflec-

tion coefficient. Between the first and the second n~eas-

urements, the apparent reflection coefficient of the

termination as seen by the slotted line is reduced by

twice the amount of the attenuation in the test section.

Thus, even if the connectors were perfect, there would

be a reflection-coefficient reading with the test sectiou

in place. If the attenuation of the test secticln is .~ db,

then the error in the measurement is given by

Ar = .23 A1rz.

Since the test section can be quite short, on the order of

a few half-wavelengths at the test frequency, the at-

tenuation of the test section can easily be kept below

0.1 db, corresponding to an error less than 2.3 per cent

of rz.

The reflections within the test section can cause an

error in setting the frequency to obtain an even multiple

of one-half wavelength in the test section. The maximum

angular error in radians in setting the electrical length,

assuming the worst phase relationship between I’z and

r,,, is

A0=2(lr, [ +Irul).
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This angular error causes the phase of 171 to be rotated

from the phase at which it cancelled the slotted-line

error. It can be shown that the maximum resulting

error is

o<l Ar]s4]r1[ (]rz[+]rvl ).

The same sort of error arises if the test section is not

set exactly to nA/2 for any other reason. In order to

estimate the accuracy with which this setting must be

made, the following formula is given:

Ax
Ar = 2Aerl = 47Y 11,

where Ax is the deviation in the length from zA/2. Note

that this is an absolute error, and not a percentage error,

so the setting is most critical when measuring low-reflec-

tion connectors, with a termination having a significant

rl.

In general it is better practice to make the tuner a

part of the termination rather than of the slotted line,

since the slotted-line residual reflection is usually

smaller than the termination reflection. The initial tun-

ing adjustment then ensures that the termination is as

good as the slotted line, and minimizes the possible

errors due to all of the above-mentioned causes.

The lowest VSWR that can be measured depends on

the detector noise level. The noise level can be mini-

mized by use of a good mixer crystal and a low-noise

amplifier with high selectivity. With these precautions,

the noise can be brought down to a level corresponding

to a VSWR of 1.0001 to 1.0003, so that a VSWR of

1.001 is well above the noise level.

RESULTS

The above method can be used to measure both co-

axial and waveguide connectors. The following results

were measured on a newly-developed coaxial connector

having a Teflon bead support. The diameter of the

outer conductor is 0.5625 inch, imposing an upper-fre-

quency limit of about 9.3 Gc. Using a 15-cm test section,

the connectors can be measured every 1 Gc up to 9 Gc.

Fig. 2 is a typical chart record taken at 8 Gc. The re-

sults for a frequency run on a single pair of connectors

over the range of 1 to 9 Gc are shown in Fig. 3. They

are plotted both as points on an expanded Smith Chart

and as a VSWFt-vs-frequencY run.

From the Smith Chart plot it is possible to determine

that the behavior of this pair of connectors is correct

theoretically. In this particular case, both connectors

of the mated pair were identical, and the reference plane

was chosen to be the centerline of a mated pair. Under

these conditions the discontin uities are disposed sym-

metrically about the reference plane, and all the meas-

ured points should lie along the imaginary axis of the

Smith Chart. From the distribution of points on the

Smith Chart, it is possible to calculate what is wrong
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Fig. 3—Test data taken on a pair of precision coaxial connectors.
(a) Smith Chart plot of data. (b) Same data plotted as VSWR
vs frequency.

with a pair of connectors. In this particular case, the

characteristic impedance of the connectors was too high

by 0.1 per cent over an electrical length of 3.2 cm. This

could have been corrected by an increase of 0.0002 inch

in the diameter of the inner conductor over the cor-

responding physical length. Note that the phase infor-

mation of the Smith Chart plot is essential to deriving

this important design information. VSWR information

alone is quite useless in trying to converge on a op-

timum design in the face of several independent vari-

ables such as are present in a coaxial connector with a

bead support.

A noteworthy advantage of this technique is that a

single slotted line and a single termination can be used

over the entire frequency range of the connectors. At

each frequency the auxiliary tuner must be set to match

the slotted line to the termination, but, owing to the

orthogonal it y of the two adjustments of the slide-screw

tuner, this is accomplished easily and quickly.

CONcLTJSIONS

The method presented here permits the measurement

of the magnitude and phase of the reflection coefficient

of coaxial connectors with or without bead supports.

The magnitude of the reflection coefficient can be meas-

ured with a resolution of 0.0005 and an accuracy on the

order of a few per cent. This compares favorably with

the accuracy and resolution of a previous methodl

which is limited to the measurement of waveguide and

coaxial connectors that do not have bead supports.

However, the method described here is limited to the

1 R. 117.Beatty, “Measurements of reflections and losses of wave-
guide joints and connectors using microwave reflectometer tech-
niques, ” IRE TRANS. ON INSTRUMENTATION, vol. I-9, pp. 219-226;
September, 1960.
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measurement of reflection coefficient, and is not adapt-

able to the measurement of connector losses. A practical

advantage of this method is that a given test setup can

be used to make measurements from a few hundred

megacycles to the cutoff frequency of the SIO tted line.

This method has been applied to the design of a preci-

sion coaxial connector, and it has been found that con-

nectors and bead supports can be designed and con-

structed with VSWR’S smaller than 1.002 over the en-

tire frequency range of the connector, i.e., dc to just

below the cutoff frequency. In the future it may be

possible to do better, because no theoretical limitation

has been reached, but only the practical limitations of

holding mechanical tolerances and obtaining adequately

smooth surface finishes.

APPENDIX

ANALYSIS OF MEASUREMENT TECHNIQUE

The measurement technique can be analyzed through

the use of signal flow graphs as described by Hunton.2

The analysis assumes that the connectors and the refer-

ence air line are lossless, and that the reflection co-

efficients of all components are less than 0.1. These con-

ditions are met easily in any practical system.

The equivalent circuit for the complete system is

shown m Fig. 4, and the corresponding signal-flow

graph is shown in Fig. 5. (Although the method de-

scribed here uses a slotted line, the signal-flow graph

analysis applies equally well to other measuring instru-

ments.) Shurmer3 has shown that “the properties of a

lossless junction are uniquely defined by the complex

value of reflection coefficient at a reference plane in the

measuring line corresponding to matched conditions at

the load, and that any such lossless system may there-

fore be represented by an equivalent system of a

matchecl line with a reactance inserted at some par-

ticular plane. ” Therefore the susceptance B~ in the

equivalent circuit of the slotted line SilrIUILiteS all the

sources of error in the original slotted line that could

cause it to read other than zero reflection coefficient

when terminated in a matched load. This includes reflec-

tions from supporting beads, end of slot, and output

con nector, as well as an error in the characteristic im-

pedance of the slotted section, and probe reflections in-

teracting with a mismatched signal source. ‘The equiv-

alent circuit does not include the effect of variation in

probe coupling, but this cancels out in the substitution

method except for a small modulation effect. This

modulation effect causes the amplitude of the sine-wave

difference curve to vary by the same percentage as the

probe coupling varies. Since the slotted line may easily

‘ZJ. FL Hunton, “Analysk of microwave measurement techniques
by mean:s of signal flow graphs, ” IRE TIULNS. ON M1cRow~v~
THEORY AND T~CHNIQUW, vol. MTT-8, pp. 206–2 12; Mm-ch, 1960.

~ H. IT. Shurmer, “Transformation of the Smith chart through
Iossless junctions, ” PI OC.IEE, vol. 105C, pp. 177-182; March, 1958.
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Fig. 4—-Equivalent circuit for the analysis of the measurement
technique. Shunt susceptances B.,, Bx, and B, sunulate the
residual reflection of the slotted line and the reflectic)ns of the two
unknown connectors.
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Fig. 5—Sigual-flow graph corresponding to I he
equivalent circuit of Fig. 4.

be flattened to within 1 per cent over the section in use,

the error from this source can be held to less than 1 per

cent oi the magnitude of the measured reflection co-

efficient.

The reflection coefficients of the unknown connectors

are simulated with shunt susceptances located at par-

ticular positions along a one-half-wavelength section

of constant-impedance transmission line. In the flow

graph (Fig. 5), these three discontinuities have been

transferred to the reference plane. All reflection co-

efficients are referred to the characteristic impedance of

the precision air line, and the equivalent slotted line

also has this characteristic impedance.

The reflection coefficient as measured by the equiv-

alent slotted line must be determined for three condi-

tions: 1) for the initial condition with the termination

directly on the slotted line, 2) for the seconc[ary condi-

tion with the connectors under test between the slotted

line and termination, and 3) for the correct answer that

would be obtained with a perfect slotted line and termi-

nation. By subtracting 1) from 2) and comparing this

answer with 3), one can estimate the magnitude of the

error.

The solution for the input reflection coetlcient may

be written by inspection, and all terms involving third-

or higher-order products of T will be omittedl under the

assumption that no reflection-coefficient magnitude ex-

ceeds 0.1.

bl
r=—

al

+

+
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where

!i’W,c2’0= reflection coefficient of measuring

equipment referred to its output,

~ze--2’ti,I’Ve2’* =reflection coefficients of unknown con-

nectors referred to ends of test section.

I’i = reflection coefficient of load referred to

its input.

I’m, I’., and 17Uare the shunt suscep-

tances in the equivalent circuit and

have the form

(2)

These susceptances are placed at electrical angles 0, 4,

and * from the reference plane in the equivalent circuit.

The initial condition is obtained if I’Z and 17u are made

equal to O in (l). Denoting this by I“, we have

r’ = rmz~’ + rl(l + 2rm). (3)

The difference between (1) and (3) is the apparent

connector-reflection

r–r’=

coefficient

I’.e-’~~(l + 2rm)

+ I’Ve2@(l + 2rm + 2rz)

+ rL(2r. + 2rU). (4)

The true reflection coefficient of both connectors can

be obtained if 17~ and 17, are made equal to zero in (1).

Denoting this by I’”, we have

rl~ = r~e-lld + rtiez~~(l + 2r.). (5)

Subtracting (5) from (4) gives the absolute error in

measuring the reflection coefficient of the pair of con-

nectors.

Ar=r–r’–r”

– 2rmr.e-2~@ + 2rmrve2~~ + 21’J’. + 2rJ’u. (6)—

This is a vector relationship, and it is very unlikely that

all the vectors would add up in phase to yield the maxi-

mum possible error. However, the maximum value of

the above expression is the sum of the magnitudes of

the four individual vectors, and the minimum value is

zero when the vectors happen to cancel. Therefore,

05 lArl S2(]rm[ +]rtl)([r. [ +]ru]). (7)

The error is a constant percentage of the sum of the

reflection-coefficient magnitudes of the two connectors,

and therefore reduces to zero with perfect connectors.

This is the maximum error in the measurement if no

attempt is made to match the slotted line to the termina-

tion. If they are matched, then I“ = O and from (3)

Irml=lrll. (8)

Substituting (8) in (7),

0<lAr15~lrzl([rml+lryl) (9)

or

05[Ar[<41rm](\rz]+]rv]). (lo)

If the tuner is part of the slotted line, then the reflec-

tion coefficient of the termination is the governing factor

in the accuracy of the measurement, and (9) applies. If

a tunable termination is used, then the residual error in

the slotted line is the governing factor and (10) applies.


