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Measuring Adapter Efficiency Using a
Sliding Short Circuit

WILLIAM C. DAYWITT AND GEORGE COUNAS

Abstract —This paper deseribes a simple technique for measuring the

efficiency of adapters with losses less than 2 dB. The teefnique is usefnf iu

microwave applications where a moderate error in the measured loss is

acceptable. This error is less than 10 percent of the loss for losses between

0.5 and 2dB, and is less than 0.05dB below 0.5dB. An expression for the

error is given.

I. INTRODUCTION

T HERE are many examples in the field of microwave

metrology where adapters are used to interconnect

components with different connectors, and where accurate

knowledge of the adapter efficiency is required but is not

readily available or easily measurable. This is an especially

vexing situation in calibration laboratories, where mea-

surement accuracy may require a separate standard for

every connector type. For example, a waveguide noise

source cannot be calibrated directly with a coaxial noise

standard because of their different connectors. The obvi-

ous solution, attaching a waveguide-to-coaxial adapter to

either the standard or the waveguide noise source, requires

a measurement of the adapter efficiency in order to com-

plete the calibration. Unfortunately, obtaining an accurate

measurement is often difficult or impossible. Even at the

National Institute of Standards and Technology Laborato-

ries (NIST), where there’ is an extensive collection of

measurement instrumentation and expertise, it is often

difficult to obtain the required measurement. Similar diffi-

culties are encountered in power, attenuation, and antenna

measurements.

Existing techniques [1]–[5] for adapter evahtation re-

quire considerable effort and are designed to achieve the

greatest possible accuracy. In particular, [5] contains a

discussion of a highly accurate means of accomplishing the

objectives of the present paper using a tuned, fixed-

frequency reflectometer. In contrast to these techniques,

however, the technique to be described uses approxima-

tions that yield accuracies sufficient for most microwave

applications, and is relatively simple to perform.

The calibration of a waveguide noise source is illustrated

in Fig. 1, where the output noise power Px of the source is

to be cMibrated by a coaxial noise power standard. Unfor-

tunately, the waveguide power cannot be compared di-
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Fig. 1. Schematic drawing of a noise calibration.

rectly with the coaxial power P, because the source and

standard have different connectors. With a waveguide-to-

coaxial adapter attached to the waveguide source as shown

in the figure, however, the ratio Y of the powers can be

measured by the radiometer, giving (noise generated in the

adapter and radiometer have been neglected)

PXTJ= YP, (1)

where q is the adapter efficiency (it is a function of the

radiometer reflection coefficient ~r and approaches 1 as

the dissipative loss within the adapter vanishes). If Y and

P. are known, Px can be obtained from (1) and the

calibration completed if the adapter efficiency q can be

determined.

A simple technique for determining q using a sliding

short circuit (SS) is the subject of this paper. It takes

advqntage of the fact that q can be factored into the

product

T = {m) (2)

where q. is the intrinsic adapter efficiency and is a func-

tion only of the adapter parameters and not r,. It accounts

for the dissipative loss intrinsic to the adapter and ap-

proaches 1 as that loss vanishes. The effects of the ra-

diometer reflections may be accounted for by {, which is 1

if either the adapter loss or the radiometer reflection

coefficient magnitude Ir,l vanishes. Because of this fact, {

is close to 1 (see (A15) in Appendix 1) and can be dis-

carded in many practical applications, leading to

‘q ~ qo. (3)

The following sections of the paper describe a simple

and moderately accurate method for measuring To, and

hence for determining q. It requires an SS and a reflec-

tometer (or an ANA operating in a fixed frequency mode)
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Fig. 2. Schematic drawing of an adapter measurement,

capable of measuring reflection coefficient magnitudes.

The measurement procedure for the waveguide-to-coaxial

adapter example described above involves calibrating the

reflectometer with a coaxial connector as its input port,

attaching the adapter to the reflectometer and the wave-

guide SS to the adapter, and measuring the reflection

coefficient magnitudes of the SS/adapter combination as

the phase of the SS is varied over approximately half a

wavelength. The efficiency is then determined from

(4)

where ( Ir 1) is the average of the measured reflection

coefficient magnitudes (obtained by the experimental ar-

rangement shown in Fig. 2) resulting from the series of SS

phases and where lr,,l is the known reflection magnitude

of the SS. This “known” value must be determined before-

hand in the region where the SS shorting element is

operated.

The next section describes the theory leading to (4),

where two “averaging” methods are discussed, the second

of which is of primary interest. A few comments concern-

ing both methods and the determination of Ir,, I end that

section. Experimental data supporting the theoretical con-

clusions are presented in Section III for a waveguide-

to-coaxial and a coaxial-to-coaxial adapter. Section IV

examines the errors in the technique, with summary and

conclusions in Section V. Theoretical details are found in

Appendixes I and II.

II. THEORY

A measurement of the intrinsic efficiency To is illus-

trated in Fig. 2. The adapter is connected to a reflectome-

ter that has been calibrated with a coaxial connector at its

input port. A waveguide SS is attached to the adapter, the

reflection coefficient of which has a known magnitude 117~,1

and a variable phase ~ that varies as the position of the

shorting element in the SS is varied:

r,, = Il?,,leyo. (5)

The S shown in the figure is the scattering matrix [6] of

the adapter and is used in the appendixes.

The reflection coefficient I’ of the SS/adapter combina-

tion can be expressed in the form (Appendix II)

where A and B are complex quantities independent of the

SS phase +, and where the phase Z varies with ~. As @ is

varied the magnitude of r in (6) traces a sinusoid that lies

between IB I+ \A\ and IBI – IAI. This implies that IAI van-

ishes and that IB ] is 1 for a lossless adapter and an SS with

a reflection coefficient magnitude of 1 since \17 must be 1

for all phases @ under these ideal conditions. A IBI of 1

under lossless conditions further implies that IB I is propor-

tional to the intrinsic efficiency of the adapter. These ideas

are pursued in Appendixes I and II, where the following

approximation is derived:

. IBI

‘0= Ir,,l’
(7)

Equation (7) shows that q. can be determined by measur-

ing IB I if Ir,, I is known. There are two ways of performing

the measurement. The more involved of the two will be

discussed first for completeness sake. This will be followed

by the simpler technique, which is the subject of this paper

and which is used in the next section with the measure-

ment data.

Taking the magnitude squared of (6) leads to (A24):

lr12=lA12+ lB12+21ABlcos(@ r-@~) (8)

where @r and @Aare the phases of r and A respectively.

The SS is now varied through 180° in a number of steps,

yielding a sequence of values for lrl 2 which can be used in

a nonlinear least-squares fitting routine to determine IAI,
\Bl, and OA, as shown below. Using the definitions

a=lA12+lB12 (9)

and

b = 21ABI (lo)

in (8) leads to

Iry=a+bcos($r- +.) (11)

which can be fitted to the sequence of Ir 12 data to

determine a, b, and @~. Using these values with (9) and

(10) gives

,B, =m+m

2
(12)

and

(13)

The value of IB I from (12) can now be inserted into (7) to

determine qo. The reflectometer must be capable of mea-

suring the phase of r to use this technique. This phase

information is not required in the following method.

The simpler technique for determining 1111makes use of

the fact that lA/Bl <<1 (Appendix II) and leads to the

following approximation of (8):

If the sequence of lrl values generated by sliding the short

is now averaged (see Fig. 3 and the discussion at the end of

this section), (14) leads to
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Fig. 3. Simulated reflection coefficient for the adapter/SS combination.

where ( . ..) indicates the averaging process. lA/Bl is

small by virtue of the low-loss nature of the adapter, and

(COS) can be made small by proper sliding of the short.

Thus, their product is quite small. For example, if the

short is slid an even number of times over half of a guide

wavelength (e.g. O, 30, 60, 90, 120, and 1500), then or will

vary over a wavelength (approximately O, 60, 120, 180, 240,

and 300° if ~~ is O), and the second term in (15) will be

close to zero. Then, (7) and (15) yield

. (Irl)

‘0= Ir,,l “
(4)

This is the desired equation that will be used with the

experimental data to determine the adapter efficiency.

A computer-simulated adapter/SS reflection coefficient

magnitude for a WR90 waveguide-to-coaxial adapter at

10 GHz is plotted in Fig. 3. The magnitude 1171is plotted

from 0.8 to 1 for a phase change in ~r – +~ from O to

1800°. This phase change is the result of pulling the SS’s

shorting plunger away from the adapter (increasing the

length of the short) a distance of 2.5 wavelengths, the

average slope (exaggerated by a factor of 2) in the curve

being caused by the increased line loss due to the longer

length of SS line between the connector and the shorting

plunger. The sinusoidal variation is due to a nonvanishing

lA/Bl ratio in (14). The shaded area in the figure corre-

sponds to the 0.5 wavelength distance the plunger is varied

for the adapter measurement, where the circles depict a set

of six measured data points similar to those mentioned in

the previous paragraph. These points are used to calculate

the average in (15). II’,, I is determined with the shorting

plunger in this shaded area before the adapter measure-

ments are begun, the small slope due to line loss having an

insignificant effect on the result.

A few words should be said about the sinusoidal varia-

tions in Fig. 3, although an in-depth discussion concerning

reflectometer or ANA errors is beyond the scope of the

present paper. The six data points derived from the varia-

tions shown in the figure assume no reflectometer error

and could, therefore, be used in either (12) or (15) to

determine IB1. Certain types of reflectometer error vary

with @r – O. in a sinusoidal pattern similar to (15), how-
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ever, often obscuring the sinusoidal variation associated

with the adapter loss and making the determination of IBI

by either method ((12) or (15)) open to question. Fortu-

nately, the averaging process leading to (15) and the aver-

aging process inherent in the least-squares fitting giving

(12) both tend to average out these types of errors, en-

abling either method to yield IB 1, destroying only the

determination of IAI by (13). Measurements show that

either method gives approximately the same result (usually

within one or two thousandths of a decibel), so the method

of (15) is clearly preferred since it is easier to perform and

since the determination of 1AI is lost anyway due to

reflectometer errors.

111, MEASURENIENTS

The theory in the previous text and the appendixes

indicate that (4) is an ticcurate approximation for calculat-

ing adapter efficiency by averaging the reflection coeffi-

cient magnitude of an SS/adapter combination. A number

of experiments were performed to check this conclusion.

Highly accurate measurements of low-loss adapters are

difficult to obtain at the present time, however, although

there are a number of techniques under investigation at

NIST and elsewhere for performing this type of measure-

ment. Hence, the following noise temperature [7] compar-

isons were performed to check the theory in the absence of

more accurate adapter measurement methods.

The noise temperature comparisons were performed by

measuring the noise temperature of a noise source/adapter

combination and then calculating the intrinsic adapter loss

qOdB with the equation

()T. – T.
~od~ = lolog ‘—

T: – T.
(16)

where

1
‘qodB = 10 log — (17)

~o

and where T.’ is the measured noise temperature, T. is the

ambient temperature of the adapter, and T. is the noise

temperature of the source attached to the adapter.

Three different types of waveguide-to-coaxial adapters

and a type N-to-7 mm adapter were measured. Table I

shows the results, where the first column designates the

noise standard (with noise temperature T.) attached to the

adapter; the second column designates the coaxial stan-

dard used to measure the noise temperature T; of the

source/adapter combination; the third column designates

the various adapters measured (e.g. ‘6W.NF” means a

waveguide-to-type-N-female adapter); the fourth column

gives the measurement frequency; the fifth column gives

the intrinsic loss of the various configurations as measured

by the SS technique; and the sixth column gives the

comparison error, i.e., the difference between the losses

measured by the SS and the noise temperature technique

(eq. (16)). The values in the last column should be less than

the combined errors of the two ~measurement techniques
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TABLE I

SLIDING SHORT ADAPTER MEASUREMENT RESULTS

Adp Std coax Std Config. Freq (GHz) LOSS (dB) Diff. (dB)

901V8 7mm W.NF 10.0 0.371 0.016

901V5 N W.NM 9.0 0.149 0.016
901V8 N W.NM 9.0 0.152 0.005

901V5 7mm W.NM.7 11.2 0.141 0.053

Ss1 N 7.NM 8.0 0.019 0.014
SS2 N 7.NM 8.0 0.019 0.007

(the SS and the noise techniques), +0.056 dB, used in the

comparison. The +0.056 dB value is derived in the next

section. The last column in the table shows that the

comparison differences are within the +0.056 dB error

limit. That is, the measurement results support the theoret-

ical conclusions of the previous section.

IV. ERRORS

The purpose of this section is to estimate the error in the

SS measurement of the intrinsic efficiency qo, and the

resulting total error in q which is a combination of the q.

error and the error in substituting q. for q in practical

applications.

The derivation of (4) can be retraced through (A20) and

(A24) to obtain the following approximation:

[ 1.~ I+ p1112(l-p7,,12)- ; (cos(l#lr-(pA)) .
‘0= Ir,,l

(18)

The relative error in TJOdue to setting the second factor in

(18) equal to 1 to obtain (4) is

(1- qo)’+ Is,,l(h 1%12) <Cos(+r - +A)) (19)
+

~or,.l

where (A28) has replaced 1A/B 1. The averaged cosine

factor is less than 0.2 if the SS is varied in accordance with

the prescription in Section II. With this value, (19) gives an

error less than +0.002 dB for parameters appropriate to

the SS waveguide-to-coaxial measurements in the preced-

ing section and an error less than +0.0005 dB for the

coaxial measurements.
The relative error in measuring q. described by (4) due

to errors in (I rl) and lr~,l is

HATJO fwl) + AIM_— —
To ‘ - (m) Ir,,l

(20)

where the two terms on the right side of (20) are the

relative errors in ( lrl) and lr,~ 1.

An additional error is added to the previous errors to

account for the r, reflection (Fig. 1) from the system to

which the adapter is attached. This error is derived from

expression (A15) by dropping the 1, and is + 2 Ir,l(l – To)’.
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Fig. 4. The absolute loss error as a function of adapter loss.

The total error Aq/q in q is the quadrature sum of the

three errors:

In summary, the first term in the brackets is the error due

to the theoretical approximations leading to (4); the sec-

ond term is the experimental error; and the last term is the

mismatch error due to substituting To for q.

The relative error in (21) expressed in decibels

(4.34Aq/q) is plotted as the solid curve in Fig. 4 for the

following typical values: IS1lI = Irxl = 0.03, Irf$l = 0.99,

Alr~~l = A(\171) = 0.005, and (cos(@r – q$~)) = 0.2. This
curve represents the error in the decibel loss (– 10 * log q )

of the adapter. The THEO, EXPM, and MISM curves are

the dB errors obtained from (19), (20), and the last term of

(21) respectively. Clearly, the increased error above 1 dB

loss is due to a breakdown in the theoretical approxima-

tions for adapters with losses above that value. In particu-

lar, the magnitude of lA/Bl is no longer negligible above

the 1 dB loss value. The experimental error dominates

below this value.

The relative loss error in percent is plotted in Fig. 5 as a

function of the adapter loss. The solid curve corresponding

to the total error (21) is less than 10 percent of the loss for

adapter losses between 0.5 and 2 dB. The increase below

0.5 dB is due to a relatively constant absolute error being

divided by a decreasing loss. The absolute error (Fig. 4) is

less than 0.05 dB in this region, however.



DAYWITT AND COUNAS: MEASURING ADAPTER EFFICIENCY 235

100~ measurements in microwave applications where loss errors
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Fig. 5. The relative loss error as a function of adapter loss,

The SS measurements described in the previous section

provide an example of (21), where a single six-port reflec-

tometer [8] was used in the reflection coefficient measure-

ments. The (I r 1) term produces the largest source of error,

+0.006, because the reflectometer has a coaxial input for

this phase of the measurement. The measurement of the

waveguide SS lr,~ I is better, producing a +0.004 for the

average as the shorting plunger is varied. These give a

f 0.010 experimental error. The adapter was attached to a

radiometer with a 117,I of 0.1 for the noise measurement

portion of the comparison measurements. Assuming a

0.2 dB loss (q. = 0.955) as an average for those measure-

ments, the third therm of (21) gives an error of ~ 0.004.

The total error is the quadrature sum, or + 0.011

(~0.0022 + 0.0102 +0.0042) for q. This amounts to a

+0.047 dB error for q~~.

The error in the noise measurement of qO~~ is the

quadrature sum of the TN, T;, and mismatch errors lead-

ing to (16), and is +0.030 dB for the adapters described in

the previous section. Adding this error in quadrature to the

+-0.047 dB error for determining q. indicates that only a

+0.056 dB or larger comparison error in Section III be-

tween the SS and the noise data should be of concern.

V. SUMMARY AND CONCLUSIONS

A simple method for determining intrinsic adapter effi-

ciency q. (eq. (A7)) by measuring the ratio in (4) was

discussed in Section II. Appendix I discussed its relation-

ship to the q (A4), which leads to (21) as the total error

when using -qOin place of q. For example, the error is less

than +0.047 dB for a 0.2 dB adapter attached to a system

with a Ir,l of 0.1.

Loss measurements using the SS and noise techniques

were compared in Section III for a number of adapters,

with results showing discrepancies less than the +0.056 dB

sum of the separate experimental errors. This agreement

(shown in the “Diff.” column of the table) indicates that

the SS technique produces the results predicted by the

theory and that this technique is useful for efficiency

of a few hundredths of a decib~l are acceptable.

APPENDIX I

The efficiency q of the adapter in Fig. 1 includes the

effects of multiple reflections befiween the adapter and the

radiometer. These reflections slightly modify the efficiency

~0 that the ada@er would @d~ if the radiometer Were

reflectionless. The magnitude of this modification is inves-

tigated here.

The adapter is characterized by its scattering matrix S

[6]:

()s
s = Sll ’12.

21 s“
(Al)

The reflection coefficient of the adapter/sliding short

combination (Fig. 2) can be expressed as

(A2)

where

u = S;l – s~,s’~. (A3)

The adapters under consideration are reciprocal devices

(S,2 = S21) so that u is symmetric under an interchange of

the indices “l” and “2.” That is, the S~l in (A3) could just

as well be replaced by S~2 or S12&l.

The adapter efficiency q is related to the scattering

coefficients in S and to 17,by [6, p. 49]

(l-lrrlz)pzllz

q= (1- lr112)p-s,2rr12
(A4)

where 171and I’, are defined in Fig. 1. Equation (A4) can

be written in the form

by using the definitions

~= (1- IC12)(1- 1s1,1’)

(1- Irll’)p-- s22rrl’

and

(A5)

(A6)

(A7)

For low-loss adapters both q and q. are close to 1,

approaching 1 as the loss vanishes. Therefore, J must be

close to 1, and it also must approach 1 as the loss vanishes.

Furthermore, { is usually closer to 1 than To because {

describes the effects of reflections upon the adapter loss,

and not primarily the loss itself. IEquation (A7) shows that

both reflective and dissipative adapter losses are contained

in IS211since the reflective loss, 1 – ISill 2, must be divided

out to get the dissipative efficiency qo. These two types of
losses are small in a good adapter. Hence, both IS2,1 and

ISIII must be very accurately measured if (A7) is to be used

to obtain q. by direct calculation, Connector imperfections

can make such measurements difficult, but the SS tech-

nique circumvents these problems to a large extent because

it measures efficiencies directly.
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It is possible to rearrange ( so that its reciprocal takes the form

r O for lossless 1
I I

4’r121&112

[.

(1+ p22/y- 1%112)- l~zll’ + ,~1,~221 Cosd

+ (I- Irry)(l - IS1112) w,llz

-1

(A8)

– 1 for lossless

ISIIS221 for lossless

where

o = 2421 – $11 – 422. (A9)
Finally, inserting (A14) into (All) gives

The quantities +21, +11, and I#sz2are the phases of S21, S1l, .r=l+21’rl(l-qO),. (A15)

and S22 respectively.

The quantity in the overbrace of (AS) is small and

approaches O as the adapter loss vanishes [6, p. 47]. The

two quantities in the underbraces combine to give a value

close to the quantity in the overbrace times IS11S221.Conse-

quently, the second term in (A8) is proportional to I’,S221

times a small quantity, while the third term is proportional

to Irr2slls22 I times approximately the same quantity.

Therefore, the third term is much smaller than the second

and can be discarded to obtain the following approxima-

tion:

APPENDIX II

The purpose of this appendix is to derive (A21) and

(A24) and to show that lA/Bl is small.

Equation (A2) is a linear fractional transformation [9] of

‘,, at reference plane 1 to ‘ at reference plane 2 in Fig. 2.

As such, it represents a circle in the complex or Argand

plane, and can be expressed in the form

I’=A+Bej* (A16)

where [4]

(A17)

Neither the phase of ‘, nor the phase of the parenthetical
and

expression in (A1O) is known, so the sum of these phases sm., 1
can be any value from O to 27r. Therefore, { is uncertain by B=

I– pllr,$12”
(A18)

the second term of (A1O) and leads to.,

s;s:l/s22
IB] is the radius of the circle whose center is at A (Fig. 6).

f=wms221 1+ ~_ ,5,,,2 . (All)
The phase angle + is given by

(

Isll’,,lSin(@ + $11)
The strict realizability conditions [6, pp. 46-4’7] for d- T = @+2 arctan 1 – Isllr,ps (4 + +11)
crowave networks and a considerable amount of manirmla- )

tion lead to

where

.
+ o +2pllr,J[Sin(@ + +11) (A19)

where @ is defined in (5). For a [Slll of 0.1 or less, ~ and
< (1– 710)[IS2212+(1– %)] (A12)

@ agree within 6° (arctan 0.1). (Although (A16) through

(A19) are shown specifically for I’,,1, they apply in general

to any reflection coefficient at the input of the adapter.)

152112
Equation (A18) can be combined with the definition

(A13) (A7) to obtain
‘L= 1– IS2212

[)

IBI 1-- lS111’,~12
is the intrinsic efficiency of the adapter in its reverse

‘0= Ir,,l 1– IS1lI’ “
(A20)

direction. For a typical adapter 152212 is an order of

magnitude less than 1 – q{. Furthermore, computer simu- The parenthetical factor in (A20) is close to 1 in most
lations show that the inequality in (A12) still holds in most

practical applications. For example, this factor is 1.0001 or
cases if the first term on the right side is neglected. 0.0004 dB for a 1’,, I and an ISIII of 0.98 and 0.05 respec-
Therefore, dropping the 152212 compared to the 1 – % tively Therefore setting

term, and setting q~ ~ q. yields
>

. lB/

< (1 – TJO)2. (A14) ‘“= Ir.fl

leads to little error.

(A21)



DAYWITT AND COUNAS; MEASURING ADAPTER EFFICIENCY 237

——. —

Fig. 6. An Argand diagram for A and B.
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[1]
Re

[2]

[3]

[4]

Taking the magnitude squared of (A16) leads to [5]

p712= [AI’ + IB1’+21ABICOS(T - rflA ++B). (A22)

The phase angle of r is given by [6]

[

l~lsin+. + Illlsin(* +@B)

‘r= arctanIzqcos+. +p?lcos(v ++,) 1

[7]

rQ1

The first approximation is good to 0.2 percent for a typical p]

adapter, Combining (A22) and (A23) gives

11’12= IA12+ lB12+21ABlcos(rjr - @~). (A24)

Note from (A19) and (A23) that +r and @ vary in the

same manner;

The magnitude of A can be shown to be small by the

~ following argument. From (A17) and (A3), -

1– Islll’ s + S;ls;
lA1 =

fw(l – m)

I – tslluz 22 1– plly – l–ply

S;ls;
~ S22 +

‘1 11( I .ss ) . (A25)–s’s* 1– r 1’
1– pill’

It follows from (A25) that
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+ plll(l – lr,,l’) (A26)

where the IS2112factor in the last term of (A25) is close to

1 and therefore dropped. Finally, inserting (A14) into

(A26) gives

IAI < (1- qO)2+ 1S,,1(1- 11’S,12). (A27)

Then, combining (A27) and (A21) leads to

~ < (1- ~o)2+ IS,,(I - lr,,12)

B
(A28)

qolr,,l

Measurements show that (A28) is a conservative estimate

for the upper bound to the ratio lA/Bl.
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