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AN ACCURATE SUBSTITUTION 

METHOD OF MEASURING THE 

VSWR OF COAXIAIL CONNECTORS 
Introduction 

One ~f the most vexing problems facing the micro- 
wave design engineer who must make accurate measure. 
rnents of reflection coefficient or VSWR in coaxial systems 
is the limitation imposed by the connectors. In standard 
military types of coaxial connectors at microwave frequen- 
cies, the industq- considers a VSWR of 1.1 quire g d ,  
and a VSWR of 2.05 abwt  all that m e  can possibly ex- 
pect of the present state of the arc. This means that the 
VSWR of the connectors is often the limiting factor in 
the performance of microwave instruments and equip- 
ment. For example, coaxial slotted sections can be de- 
signed with residual VSWR's b r  below the VSWR of any - presently avaiIable connector, and it is also possible to 
design terminations that are better than the connectors 
themselves. Faced with the necessity of using connectors 
with a substantial VSWR, the average design engineer 
carries his design to the point whcre the VSWR of the 
component including connectors is roughly the same as 
the VSWR he expects frorn the connectors alone. There 
is RO point in going any further. To achieve any further 
reduction in over-a12 VSWR he must distort the design of 
the component to compensate for the connecror's defici- 
encies, a "solution" that is effective only over a narrow 
frequency range. 

Since connectors are she botdeneck both in the design 
of microwave components and in she accuracy of mmur- 
ing equipment, one naturdly wonders what factors pre- 
vent connectors from being any better. Is it necessary to 
tighten tolerances on the individual pieces? Dms a highly 
variable dielectric constant of the bead supports cause high 
VSWR? The cdorit is neither of these factors, but is the 
facc that the nc Ggns of a' :ommonly used 
connectors are 1 optimu leads to high 
VSWR's whick relation riabiliry of the 
individual parcs, and which could easily be corrected by 
small changes in she nominal dimensions. Eot example, 
rhe standard military type BNC CQnnKtOt h z  a VSWR 
that rises to a b u t  1.1 at 2 Gc and stays at 1.1 to 6 Gc. 
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The design of this connector was optimized at General 
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the diameter of the inner conductor. Nominal diameter 
of this piece was 0.083 40.001 inch, and to achieve an 
optimum result, chis had to be increased to 0,088 inch. 
When this change and some smaller ones were made, the 
VSWR d r o p d  to 1.01 to 4 Gc and 1-04 to G Gc. It 
should be noted that this optimum-design connector 
would have been a reject according to the standard draw- 
ings since 0.088 is outside the tolerance of 0.083 k0.001. 
In redesigning types N, TNC, HN, C and others for mini- 
mum reflections, the same situation has been found. 

A possible reason that these connectors were not of 
optimum design was the lack of an accurate method of 
measuring Iow VSWR's. Designing connectors is a sort 
of a bootstrap operation, since before you can design a 
g d  connector, you have to have both a good slotted 
line and a g d  termination with which to measure it. 
On the other hand, before you can design a g d  slotted 
line and termination, you need g d  connectors to put on 
them. 'Phe substitution method of measuring the VSWR 
of connectors to be presented here breaks this vicious cIr 
cle by separating the connector errors frorn the errors in 
the measuring equipment and termination. Connector 
VSWR's of the order of 1.001 can be measured with 
slotted Iines and terminations having VSWRs of the 
order of 1.1 or less. The trick is to make two measure- 
ments of reflection coefficient, one with the connectors 
under test in the circuit and one with them out of the 
circuit, Under the conditions discussed below, the dif- 
ference between the two rmIcs represents the reflection 
coeficient of the m e c t o r s  under test, while the m e s  of 
error in the measuring equipment and the termination 
cancel out. 

The availability of a simple and convenient m e t h d  of 
measuring the VSWR of coaxial coenectors can lead to 
better connectors. ?The barrier to better connectors is 
mental, not physical. Engineers have become accustmed 
to thinkirig that a VSWR of 1.1 is acceptable in a caaxial 
connector, bct there are very few other fields of engineer- 
ing in which an accuracy of 10% in a measurement is 
considered acceptable. Better connectors are passible, and 
with the present state of the an,  most commonfy used 
connectors can be improved by an order of magnitude. 



Figure 1 -Test  setup for measuring connector V S m .  Output 
of slotted line is fed to rccnrder which plots the standing- 
wave pattern on strip chart. The standard half-wave section 
OF air line with connectors and terminatian can be seen at 
the right-hand end of the slotted line. 

Description Of Method 
The instrumentation required by this test method con- 

sists of a slotted line and a graphic level recorder, which 
are linked together so that the recwder presents a strip- 
chart recwdine of the qtanding-wave pattern of the 
slotted line. Photographs and a semischematic drawing of 
the test setup are shown in Figures 1 and 2. The con- 
nectors under test are mounted, as shown in Figwe 3, on 
short sections of precision air line for the most precise 
measurements; for measuring cable-to-cable VSWR, the 
connectors may be mounted on a section of coaxiaI cable. 
This section of air line or cabIe serves as the impedance 
reference standard for the measurement and so should be 
made or selected with great care. The electrical length of 
the test section (coaxial line plus two connectors) should 
be one-haIf wavelength at rhe lowest frequency at which 
measurements are desired, or at the minimum spacing fre- 
quency between measurements, whichever is che lower. 
Measuremenrs can be made with one test section at all 
integral muItipIes of the frequency at which the electrical 
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Figare 2 - f lock diagram of test setup for measuring connector 
vsm. 

length is one-half w~velcngch. For example, connectors 
mounted on a test section 30 cm long can be measured 
every 500 Nc up to the cutoff frequency of the slotted Iine 
or connectar under test, whichever is lower. 

The slotted line and termination shouId be fitted wirh 
the same type of connector as those used on rhe test sec- 
tion, or with adaptors to this type of connector. Critical 
dimensions on the mating parts should be checked to make 
sure that the engagement of the spring fingers and con- 
tacts of all four connectors is she same, so t l~at  any gaps, 
such as those in the inner conductor of cype N connectors, 
will' be the same for all possible combinations of mat& 
pairs in the test setup. It should be emphasized that the 
four connectors need not be the same electricaIly, but they 
must mate with each other in a mechanically identical 
manner in order for the substirution m e t h d  to  be valid. 

The generator driving the slotted line is square-wave 
modulated at an audio frequency. The audio outpur of 
the detector of the slotted line is fed to a graphic level 
recorder having a suppressed-zero charr presentation. A 
typical chart record is shown in Figure 4. The motor in  
the recorder that drives the strip chart is linked rrr the 
slotted-line probe carriage with a positive chain drive, 
so that the standing-wave pattern on the line can be re- 
corded for several different terminating conditions on the 
same section of chart. paper. Recording the output of a 
slotted line in this manner greatly increases its capability 
for making accurare measurements. Since all the curves 
are recorded for one direction of probe travel, backlash in 
the carriage drive has no effect. The position of minimum 
can be I m t e d  much more accurately on a chart of the 
compIete sranding-wave pattern than it can by manud 
means. It is also much easier to separate the effects OF 
slope probe pickup from the sinusoidal 
variat lections when the whole standing- 
wave y e r r c ~  ,: t a glance. Therefore, the graphic 
record leads to a more accurate value for the magnitude of 
standing-wave pattern as weEl as for the phase. 
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After the test section has been constructed and the 
slotted line and rerrnination equipped with the same type 
of connectors, the next step is ro make a recording of the 
sranding wave pattern with the termination pIuggd di- 
rectly onto the slatted line and with s k  auxiliary slide- 

Figure 3 -Connectors under ten  are mounted on short sections 
of precision air line which serve as the impedance reference 
standard. Left to right, precision 50-ohm termination used 
in  the measurements, GK Type 900 Precision Connector, 
GR Type 874 Connector. and Type N Connector. 



other reference plane is preferable, the easiest way to move 
the reference plane is to draw on the chart paper a new 
reference plsne separated from rhe spikes by the electrical 
distance between the physical short circuit and the de- 
sired reference plane. 

The intuirive justification for this metho$ is as follows: 
The input impedance of a one-haIf wavelength section of 
transmission line of any characteristic impedance is rhe 
same as Its rerminatine i r n d a n c e .  Therefore, if these are 
no int on, that is, if 
the cc racteristic im- 
pedant are mounted, 
the slotted line sees the same terminating Impedance under 
both conditions of mmeasurement. If there is some dder-  
ence between the two measurements, it mmns that the two 
connectors do not match this section of coaxial line, and 
the difference between the two curves is a measure of this 
mismatch. 

The one-half-waveIength condition is beneficial in an- 
other ro connectors are separated by a 
multir :length, they are in the same rela- 
tive p T to the reference plane as they 
would be ~t t t , ,  ,,,, plugged inro each other. This 
means that the result of the measurement is the reflection 
coefficient of the two connectors measured as a mated pair. 
The fact that the rwo connectas do not happen to be 
mated to each orher is unimpcstant as long as all four 
connectors mate wlth each orher in a mechanically iden- 
tical manner. 
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Figure 4-Typical chart record &en at 8 Gc. P d - t + @  
amplitude of curve 3 minus curve 1 equals the VSWR of 
unknown connectors. 
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the tuner is IS follows: With the probe carriage station- 
ary, the penetration of the tuner is set so that sliding the 
tuner along the Line produces a peak-to-peak change in 
output equal to that produced in the initiaI measurement 
of the termination done. The mamirude of the reflection - 
from the tuner is now correct, and to get the phase right, 
the tuner is positioned, with the probe carria~e moving, 
far minimum VSWR on the sbtted fine. small Brief Theory Of T h e  Method 
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changfi in penetration and position may b rV to 
get the sIotted line as flat as possible. I l u w c v c I ,  it is 
necessary to tune only until the residual VSWR is s m d  
compared with the expected VSWR of the connector pair 
under rest, a matter determined by experience. 

The complete theory of the m e t h d ,  with formulas for 
the errors introduced by the aanraxtmatims, is presented 
in reference I. However on the reflec- 
tion-coeficient plane, alt as, does show 
how the method works I lation, and the 
approximations involved all approach zero as the re- 
flection coefficients of the unknown connectors approach 
zero. This spprmch assumes that the total reflection co- 
eficienr due to a number of reflections is equal to the 
vector sum of the individual reflection cwficients taken 
one at a time. 

T h e  reff ection-caeffrcient vector diagram corresponding 
ro the 5 shown in Figure 5a. I?, is the 
error i luipment, which may be a slotted 
line, a lance plotter, or any other instru- 
ment , ,,,,,, ,,,,w,.,, ,,,nplex refl m i o n  coefficient. J?, is 
the false reflection coefficient that the measuring equip- 
ment would measure if terminated in a lmd having a re- 
flection cmficient of zero. The reflection cwficient of 
the load is  called I'), and the refl C the 
auxiliary slide-screw tuner J?!. I n  s ad- 
justed so that its reflection coefic ~agni- 
nide and opposite in phase n, rht aU1ll vJ SI, SO 

that the total of these three reflections is xro. The second- 
ary cmdirion with the connectors under test between the 
measuring equipment and the termination is shown in 
Figure 5b. Depending on the electricat length of the test 
section, the phase of r, will be different from that in the 
initial measurement. The phases of I', and rt will be the 
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After the tuning adjustment, the curves shown in 
Fimre 4 are recorded on a fresh section of the chart paper. 
Curve 1 is the standing-wave pattern wirh the oerminarion 
directly on the slotted line after the tuning adjustment. 
Curve 3 is the patrern with the test seccim in place be- 
tween the slotted line and the termination. The spikes 
(curves 2 and 4 )  represent the positions of minima on the 
slotted line with a shor at the rr >lane. t circuit 
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recorded h t h  wirh the reference short circuit on the 
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between the short and the slotted line. The positions of ecrion co 
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minima must be the same in either case. 
It can k shown1 that the difference between curves 1 

and 3 in Fitrure 4 repxesenrs very closely the VSWR of 
t with re the cc under tes spect to the characteris- 

tic irn ,f che line I they are mounced. The 
phase ot the mismatch is determrned by a measurement of 
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;he position of minimum of the difference m e  with re- 
saeci to the short-circuit spikes. This refers the measure- 
ment to the plane of the physicd short circuit. If some 
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Figure 5 -Vector diagram lor anaIysis of method 
of measurenmmt. 

same, however. If the frequency i~ adjust4 so that the 
electrid length of the test section is a multiple of one- 
half wavelength, r l  can be bmught back to its originaI 
phase so that it cancels r, and Ft. The onIy remaining un- 
canceIed reflections are I?, and J?,, the reflections from the 
two unknown connectors. The measuring equipment mea- 
sures l?, the vector sum of r, and J?,. 

The effect of small rnisadjustments in the tuner can be 
compensated for if the vector difference between initial 
and 'secondary measurements is taken rather than the 
secondary curve alone. This can be seen easiIy from a vec- 
tor diagram for t'nis case. 

The most important errors in the measurement are 
second-order cff ecss dependent on the reff eccion cwffici- 
ena of the unknown connectors and the load. They can 
cause an error in setting the frequency, and they interact 
wirh the other reflections to prduce errors. The maximum 
resulting error, A r ,  is 

IQrl = I ~ I I  (lT=I+IrJl 
assuming the tuner to be mounted on the slotted line. It 
can be seen that the error g m  to zero as the reflection 
coefficients of the unknown connectors approach zero. 

Three sers of measurements were selected to represent 
a range of measurement problems that might be encoun- 
rered in practice. All measurements were made on a test 
setup quipped with experimental GR Type 9M Precision 
Cmncctors, and only one slotted line and one termination 
were required to cwer the entire frequency range. Adap- 
tors were used on the slotted Iine and termination to make 
measurements on other types of connectors. The time re- 
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Figure 6- Measurements of modified Type h- connectors. (a) 
Smith cham pIot; (b) Corresponding VSWR plot. 

q u i d  to make and plot a complete set of measurements cm 
a given pis of connectors was a b u t  four hours. 

The impedance standard for these measurements was a 
seaion of 50.0-ohm *O.1 % air line having nominal in- 
ner and outer diameters of 0.2442 and 0.5625 inch respec- 
tively. 
Figure 6 shows measurements made on a pair of m d i -  

fied Type N .Connectom, and includes the effect of a 
stepped transition to the diameter of the air line in both 
the male and fernde connectors. Changes have been made 
in these N connectors to reduce the VSWR. The refer- 
ence plane for the measurement was the outermost shouI- 
dex in the male inner contact pin, and the male connector 
was on the load side of the refkrence plane. The contact 
gap between the male and female inner contacts on these 
connectors was 0.026 inch, which I s  just about nominal 
for the Type N Connector. An analysis of the Smith 
chart plot shows the inductance of this gap to be the pre- 
dominant swrce of reflections in the connectors. 

The data in Figure 7 were obtained on a pair of ex- 
perimentd GR Type 874 Connectors. T2ese connectors 

I 

can be mounted directly on the 0.5625-inch air line, and - 
the electrical length of the test secricm was preadjusted to 
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P F i p r e  7 -Meawremmts of a pair of experimmtal G R  Type 
a74 Connectom. Scale is twice b e  scale of Figure 6. 

be exactly I5 em so that the test frequencies would fall at 
intervals of 1 GG The reference plane for this measure- 
ment was the face of the bead nearest the generator = 
that the reflections are all on the load side sf the referene 
plane. The reflection coefficient curve must the- .e f me ro- 
tate always in the clockwise direction. An analysis of this 
curve shows the predominant reflections to be two capaci- 
tive discontinuities in the two bead supports. Considering 
the physical strumre of the comeam, this seems ream- 
able because of the corner capacities of h e  step chaoges 
in diameter going though the bead. 

In order to show the resolution of small reflections pos- 
sible with this methd ,  the data of Figure 8 are presented, 
showing: rneasurernw on an expwimentd precision con- 
nector, the GR Type 700 previously mentiwed. These 
connectors mount direccly on the 0.5625-in& air line. 
These data are plotted on a n  expanded Smith chart having 
a VSWR of 1.005 full scale. The reference plane was the 
centerline of a mated pair of connectors, and since this b a 
sexless tonnector and the discontinuities are symmetrically 
disposed about the reference plane, all the points of the 
measurement should fall on the vertical {imaginary) axis. 
Since chis is very nearly true on the plot, it proves that 
rhe two connectors being measured are very nearly identi- 
cal. 
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Figure 8 -Measumments of a pait d experimental GR Typ? 
900 Precision Connectors. kak is twenty times b e  d c  of 
Figure 6. 

Even though the VSWR of these connectors does not 
exceed 1.003 over the band ftom dc to 8 Gc, they ate still 
not optimum. An analysis of this reffeccion-cdcient 
curve shows that the characteristic impedance of the con- 
nectors was too high by 0.1 per cent over an dectricd 
Iength of 1.2 un centered about she reference plane. This 
corresponds ;to an error in the diameter of the inner con- 
ductor of 0.OM32 inch in a nominal diameter of 0.244 inch. 
The nomlnaI design of this connector can be determined 
to the nearest 0.0001 inch on dimensions of metal parts - 
only slightly less accurately for the bead supports -and 
should result in a connector with a design center VSWR 
of 2.001 from dc to 9 Gc. The only problem, of course, 
is holding mechanical tolerances so as ro make such a 
fine design meaningful, and it is expected that the toler- 
ances will determine the test Iimits on VSTWR for this 
connector, rather than limitations in the design of the 
"nominal" conamor. 

With the method presented here, measurements of 
VSWR or rdection coefficient of a pair of connectors 



joined to either an air- or dieIectric-filled line can be made 
conveniently over a wide frequency range and on a11 
types of coaxial connectors using a single test setup. The 
resolution and accuracy of the m e t h d  are such that i r  is 
quite possible to perfect the design of a given connector 
to the point where the mechanical tolerances prove to be 
the limiting factor in the performance that can be achieved, 
rather than reflections built into the nominal design. 

Since rhis m e t h d  yields the phase of the reflection co- 
eficient as well as the magnitude, it is possible to analyze 
the data obtained and determine the exact nature and 
position of the discontinuities present in the aonnectw.* 
Perfecting a given connector is then simply a conver- 
gence problem, in which the connector is alternately mea- 

* MaboL of analjzing  hi^ dota will be covered in a psper Br 
A. P. Lagon entitled, "YSWR Considma~ions In Precisian Co- 
axial Connector Derign." 

surd and corrected, measured and corrected until the 
performance is limited by tolerances or some other factor 
over which the design engineer has n o  control. In  any 
case, the Iimiring factor should no longer be the inability 
of the design engineer to measure and resolve small re- - 
fledions in the unknown connectors in the presence of 
sizable reflections and errors in the measuring equipment. 
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