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EVALUATION OF LOW-LOSS/LOW-REFLECTION TOO-PORT DEVICES OR ADAPTERS
BY AUTOMATED MEASUREMENT TECHNIQUES

R. L. Jesch

With che addition of a hardware modification on the National Bureau of
Standards (NBS) Automatic Network Analyzer (ANA) and the incorporation of
diagnostic procedures in the adapter software program, accurate values of
adapter scattering parameters can now be obtained up to 12.4 GHz. Measure-
ment results that verify the adapter scattering parameters are given along
with a data base that was accumulated at 8 to 10 GHz for three 7mm to Type
N female adapters from different manufacturers. Statistical methods were
applied to this measurement data and an inference made about this family
group of adapters.

Key words: Adapter; data base; maximum efficiency; power meeers;

reflection coefficient; scattering parameters; test set.

1. INTRODUCTION

In response to a request from the Department of Defense Calibration Coordination Group

(DoD/CCG) R. F. Measurements Working Group, the National Bureau of Standards, in 1973,

undertook a project to reduce to practice a proposed theoretical method [1] for character-

izing adapters by automated measurement techniques. The work performed during the period

May 1973 to September 1973 was reported in NBSIR 73-350, "Adapter Evaluation by Automated

Measurements" [2].

That report described the basic theory, equations, instrumentation, and procedure

required to evaluate adapters by automated techniques. Further, it showed that in auto-

mating the manual measurement technique for adapter efficiency that the entire set of scat-

tering parameters required for adapter evaluation could be obtained with little further

effort.

The present report, which is the final report on CCG project 72-72B, covers the work

performed from July 1974 to February 1976. It reviews the instrumentation and measurement

method that is required to obtain the adapter scattering parameters. One goal of the work

to be reported here was to verify measured scattering parameters with known standards and

evaluate the characteristics of a selection of adapters, e.g., 14mm and 7mm to type N and

7mm to WR-90. Another goal was to start to accumulate a data base for 7mm to type N female

adapters at 8 to 12.4 GHz. The final goal of this project, to develop an algorithm that

showed how to correct the measurements taken where the adapter was connected to a device,

such as bolometer, attenuator, etc., was never completed because of reduced funding for the

adapter evaluation project for FY 76.
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2. INSTRUMENTATION

Existing, commercially available automated measurement systems are generally designed

around the reflectometer concept and include a complex ratio detector as shown in figure 1.

COMPLEX
RATIO
(W)

vw -vw

Figure 1. Basic test set.

The performance of the complex ratio detector generally falls substantially short of what is

required to achieve state-of-the-art accuracy on low-loss/ low-reflection two-port devices or

adapters. To achieve these accuracy goals, it was necessary for the National Bureau of

Standards to replace the test set of figure 1 by that shown in figure 2. (The addition of

the two power meters, of 0.1% accuracy, is the key feature which permits a measurement of

the absolute levels at the sidearms in addition to the response of the existing complex

OUTPUT
PORT

Figure 2. Test set for adapter evaluation.

ratio detector which is retained primarily for phase information.) This hardware modifica-

tion and a complete description of the mathematical theory and its reduction to measurement

practice were described by Engen [3].

Although the power meters P3, provide an absolute level indication, it is only their

ratio which is of interest in adapter evaluation. In short, the power meters permit an

order of magnitude, or more, improvement in the accuracy with which the magnitude of the
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complex racio is measured [3]. Although the dynamic range over which this improvement is

realized is only 20 dB or so, this is more than adequate for the immediate application.

3. MEASUREMENT METHOD

The well-known relationship between the complex ratio, w, and the reflection coeffi-

cient, T^, at the output port is given by,

aT + b

v - —- (1)

where a, b, c are complex constants which characterize the measurement system. The rela-

tionship between P3, P1+, and w may be written,

|w| 2 -K— (2)

where K is a real constant. The evaluation of a, b, c is generally referred to as a cali-

bration of the system and is basic to automated measurements. The parameter, K, can be

easily evaluated by comparing the values |w| 2 and P3/P4 for several values of w and aver-

aging. Provided that T is such that P3 and Pi^ are within the dynamic range of power

meter operation, |w| 2 is determined from (2), and the only role of the complex ratio detec-

tor is to provide the argument. As |r^| becomes small, however, P3 also becomes small, and

it is necessary to obtain both magnitude and phase from the complex ratio detector.

The calibration of the measurement system is conducted at the output port (see fig. 3)

CALIBRATION
CONSTANTS

a,b,c

(ANA)

H

—

OUTPUT
PORT

fQ—C FIXED SHORT

O^gr SLIDING SHORT

O-yfis SLIDING LOAD

Figure 3. System calibration procedure.

using a fixed short circuit, a sliding short circuit, and a sliding low-reflection load to

determine the calibration constants a, b, c. The adapter calibration is performed in the

same manner as before with the adapter connected to the measurement system and the cali-

bration conducted at the output port (see fig. 4) of the adapter using a fixed short, slid-

ing short and load in the type of transmission line or waveguide which terminate the adapter

to be measured. The new calibration constants a' , b' , c' include both the measurement

system plus the adapter.
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CALIBRATION
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a ',b',c'
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ADAPTER

OUTPUT
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O C

O

—

Figure 4. Adapter calibration procedure.

The design of the hardware and software for the adapter measurement system is arranged

to measure the scattering parameters of any adapter or two-port device regardless of input

and output connections. Accordingly, in order to measure a coax-to-waveguide adapter, a

coaxial fixed short, sliding short and load are used for the initial system calibration

while a waveguide fixed short, sliding short and load are used for the adapter calibration.

The system also provides for measuring S\\ only, the magnitude and phase of reflection co-

efficient, for a termination. This type of measurement is performed immediately after the

system calibration.

The scattering parameters for the adapter are obtained by mathematically extracting the

calibration constants of the measurement system from the calibration constants of the ad-

apter calibration and are related by equations (3), (4), and (5).

(3)

s 22 "
a - b'c

(4)

and

a' — be'
s 12

2
*

a _ b
>

c
+ s ll s 12- (5)

The assumption is made that S12 * Sjj. The software is designed to lead an operator through

the measurement procedure without his having a knowledge of the basic theory.

4. VERIFICATION OF MEASURED SCATTERING PARAMETERS

The original adapter software that was developed for the initial adapter evaluation

project, in 1973, lacked certain important features making it extremely difficult to prop-

erly analyze and to systematically eliminate certain calibration and measurement errors.

This deficiency was overcome by developing and incorporating diagnostic procedures for
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measuring and analyzing Che adapcar measurement system for pover drift, phase error, and

detector error. Also, the capability of this new program to correct the detector error for

both magnitude and phase ultimately increased the measurement accuracy of 3-_^ and 322-

A number of measurements vera taken to examine and verify the scattering parameters

with known standards. Test results are given in Tables 1, 2, and 3 that show the effects

of adding the diagnostics. These results show a significant improvement in repeatability

between the same efficiency neasurements and the other scattering parameters, i.e., Sj] and

S22- Briefly, the design of the hardware and software for the adapter measurement system

is arranged to determine the scattering parameters of any one-port device and of any adap-

ter or relatively low—loss two—port device by measuring the magnitude anri phase of the

input reflection coefficient with various terminations on the output as described in Sec-

tion 3 on the measurement method.

Shown below in Table 1 are Sii measurement results of an 5-band (VB.-284) flat short

circuit and a 14 mm flat short circuit taken between 2.4 and 4 GHz. These results demon-

strate the high degree of aeasurement accuracy that is possible with the power neters that

are used in the adapter measurement system for measuring complex ratios. The estimated

reflection coefficient value of both short circuits is 0.997 /-ISO 8 This value was ex-

trapolated from test results that compared open-circuit measurements with quarter-wavelength

short circuit primary reference standards that were evaluated at fixed frequencies.

TA3LZ 1

S-3and Flat Short Circuit 14 mm Flat Short Circuit

Mag—511—AN'G FRZQ MAG— Sil—AUG

2400. .99703 - 179.39 2400. =99730 179.94
2500. .99710 - 179.93 2500. .99732 179.93

2600. .99702 - 179.99 2600. ,99732 179.95

2700. .99710 - 179.93 2700. =99738 179.90

2300. .99712 - 180.00 2800. .99727 179.90
2900. .99707 - 179.92 2900. .99733 179.99

3000. .99703 - 179.99 3000. .99728 179.93

3100. .99688 - 179.94 3100. .99738 + 179.99

3200. .99637 - 179.95 3200, .99728 179=93

3300. .99706 - 179.99 3300. .99726 179=97

3400. .99701 - 179.92 3400 = .99724 179=90

3500. .99631 - 179.91 3500 = .99724 179=97

3600. .99690 - 180=00 3600 .- .99738 179=92

3700, .99685 - 179.93 3700. .99735 179=96

3300. .99703 - 179.92 3800

.

.99742 179=93

3900. .99652 - 179.98 3900, .99747 179.91

4000. .99664 - 179.92 4000. .99762 179=93

In order to obtain a good indication of the validity of the calibration procedure and

the precision to which the impedance standards can be connected and disconnected, a special

test was designed. The same procedure for measuring adapters is followed for this special

test but without the adapter being inserted. This special test consists of measuring a

nonexistent adapter which the computer program print-out refers to as a "phantom two-port"

5



and gives the degree to which \Sn* 0, | S22. 1

= 0» an<^ Max - Eff. 3 1. Table 2 shows the

test results that were obtained for Sn. S 22 and Max Eff. between 4.5 and 7.5 GHz using 14

mm precision components. Similar results at these and other frequencies are rarely achieved

the first time the adapter measurement system is calibrated which indicates a poor connec-

tion or insufficeint system warm-up time.

TABLE 2

PHANTOM TWO-PORT

FREO

4500.

5500.
6500.
7500.

MAG—SU—ANG

.00011 144.04

.00053 -78.19

.00083 176.62

.00025 -76.34

MAG—S22--ANG

.00075

.00092

.00089

.00137

249.13
126.48
-36.46
-40.22

MAX. EFF.

1.00000
1.00000
.99999

1.00000

A reciprocal but nonsymmetric test device to simulate an adapter was constructed using

a WR-90 waveguide tuner and a 20 dB variable attenuator set for a minimal 3 dB value. The

test device was measured at three X-band frequencies (9.2, 9.3, and 9.4 GHz) to determine:

a. The correctness of the calculation procedure, and

b. the accuracy of the measurement method for obtaining the adapter parameters,

i.e., Sn, S22» and maximum efficiency.

The parameters of the test device were measured in one direction, then ports 1 and 2

were reversed and the parameters remeasured under the same conditions . As a check on the

accuracy, S\i\ forward should equal S22 I
reverse, S22I forward should equal Snl reverse,

and Max. Eff. 1 forward should equal Max. Eff.

|

reverse. Results shown in Table 3 indicate

measurement agreement in Sn and S22 that varies within 0.0003 to 0.0019 in magnitude and

0.00006 to 0.0012 in Max. Eff. The angles, $u and $22« become indeterminate as the magni-

tude gets smaller.
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TABLE 3

Forward (Tuner + Attenuator)

FREQ.
9200.

9300.
9400.

MAG

—

SU—ANG
.24320 -26.58
.22908 -55.60
.20869 -81.45

MAG—S22—ANG
.08274 83.72
.07647 51.12
.06798 12.96

MAX. EFF.
.45770
.45898
.45838

Reverse (Attenuator + Tuner)

9200.
9300.
9400.

.08428

.07687

.06839

82.67
49.68
19.08

.24510

.22755

.21024

-25.83
-55.32
-82.98

.45892

.45814

.45932

5. EXPERIMENTAL RESULTS OF DATA BASE

An adequate data base of various kinds of adapters must be accumulated, analyzed, and

applied to important measurement situations. These data enable one to derive limit-of=error

data on measurements of devices made through and interconnected by means of these adapters.

We begin to accumulate a data base on 7 mm to type N female adapters at 8 to 12.4 GHz

using adapters from different manufacturers. This adapter type was requested by the project

sponsor. The characteristics of a selection of other adapters, e.g., 14 mm and 7 mm to type

N, 7 mm to WR-90, were also investigated, but only at a few spot frequencies.

Test results for three 7 mm to type N female adapters from different manufacturers are

given in Tables 4, 5, and 6. The test results show the mean and standard deviations (sd)

for the magnitudes of Sn, Sgzs and the tnaTdmitm efficiency that were determined from measure-

ment runs taken at 8 to 10 GHz. The adapters were measured in one direction only. The

column for S\i represents the results for the 7 mm connector used as the input side while

the column for S22 represents the results for the type N female connector used as the output

side. A plot of the magnitudes of Six anct s 22> taken from Tables 4, 5, and 6, is given in

figure 5. Shown below in Table 4 are the mean and sd for the parameters that were deter-

mined from 3ix measurement runs. The sd for S\i varied between a low of 0.00071 and a high

of 0.00168. The sd for S 22 varied between a low of 0.00255 and a high of 0.00525. The sd

for the maximum efficiency varied between a low of 0.00188 and a high of 0.00485.
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TABLE 4

Adapter A

Mag. Su (7 mm side) Mag. S?? (Type N side) Max. Efficiency

Freq.GHz Mean sd Mean sd Mean sd

8.0 .00221 .00071 .00743 .00525 .99390 .00485
8.2 .00125 .00077 .00670 .00255 .98816 .00188
8.4 .00176 .00128 .00309 .00322 .98819 .00254
8.6 .00250 .00151 .00301 .00286 .98851 .00325
8.8 .00338 .00168 .00284 .00276 .98812 .00276
9.0 .00412 .00158 .00412 .00302 .98933 .00322
9.2 .00492 .00156 .00358 .00319 .99008 .00390
9.4 .00547 .00143 .00481 .00294 .98914 .00376
9.6 .00593 .00143 .00584 .00328 .99130 .00356
9.8 .00612 .00139 .00382 .00331 .99204 .00298
10.0 .00594 .00102 .00299 .00269 .99478 .00421

Shown in Table 5 are the mean and sd for the parameters that were determined from three

measurement runs. The sd for S\\ varied between a low of 0.00076 and a high of 0.00124.

The sd for S22 varied between a low of 0.00039 and a high of 0.00162. The sd for the maxi-

mum efficiency varied between a low of 0.00047 and a high of 0.00834.

TABLE 5

Adapter B

Mag. Su (7 mm side) Mag. S22 (Type N side) Max. Efficiency

Freq.GHz Mean sd Mean sd Mean sd

8.0 .03175 .00076 .03063 .00091 .98777 .00285

8.2 .03198 .00066 .02960 .00162 .98397 .00391

8.4 .03310 .00062 .03051 .00086 .98691 .00131

8.6 .03455 .00084 .03055 .00119 .99043 .00834

8.8 .03400 .00076 .03062 .00141 .98749 .00270

9.0 .03390 .00111 .02941 .00079 .98593 .00122

9.2 .03354 .00112 .02748 .00106 .98608 .00047

9.4 .03273 .00095 .02422 .00111 .99031 .00114

9.6 .03139 .00123 .02638 .00011 .98908 .00047

9.8 .03024 .00124 .02516 .00079 .98885 .00142

10.0 .02794 .00043 .02362 .00039 .99186 .00295

Shown below in Table 6 are the mean and sd for the parameters that were determined from

three measurement runs. The sd for S x 1 varied between a low of 0.00674 and a high of

0.01338. The sd of S 2 2 varied between a low of 0.00321 and a high of 0.01196. The sd of

the maximum efficiency varied between a low of 0.00222 and a high of 0.00961.
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TABLE 6

Adapter C

Mag. S H (7 mm side) Mag. S22 (Type N side) Max. Efficiency

Freq.GHz Mean sd Mean sd Mean 3d

8.0 .01594 .00674 .01901 .00360 .99114 .00767
8.2 .01606 .00721 .01785 .00321 .98340 .00222
8.4 .01611 .00814 .01430 .00757 .98740 .00282
Q C8 .0 . 01593 .01044 .01560 . 00456 .99171 .00726
8.8 .01441 .01071 .01478 .00996 .98909 =00233
9.0 .01289 .01200 .01280 .01196 .98640 .00428
9.2 .01165 .01309 .01334 .00927 .98633 .00414
9.4 .01064 .01338 .01297 .00912 =98788 .00538
9.6 .01074 .01240 .01632 .00645 .99186 .00794
9.3 .01097 .01174 .01518 .00487 .99071 .00935

10.0 .01059 .01028 .01602 .00507 .99107 .00961

Some of the measurement runs for all three adapters were taken close in time—within a

two-day period, while the other runs were taken about three weeks later. Some of the

measurement runs used the same ANA calibration while the others were each preceded by a

separata ANA calibration. The main point is that despite this variation in method and time

span, the results are remarkably consistent. The magnitudes of S\\ and S22 for Che adapter

from Table I are about an order of magnitude better than for tne other two adapters in

Tables IX and III. The maximum efficiency for all three adapters is about the same. There

is of course a difference in evaluating the statistical properties of a single adapter and

in evaluating the characteristics of a selection of adapters from a family group. An ade-

quate data base of adapters from a family group must be accumulated before making inferences

from the measurement data about that family group by application of statistical methods.

6. CONCLUSIONS

A technique has been presented that gives a complete description of an adapter or other

low-loss two-port device in terms of its scattering parameters. Test results show the

accuracy of the measurement method for obtaining these scattering parameters. Previously,

accurate values of the adapter scattering parameters were not attainable on existing auto-

mated measurement systems.

A partial data base was accumulated and tabulated on 7 mm to type N female adapters.

The reduced level of funding for FY 76 left this particular goal incomplete, in addition to

leaving one of the most important aspects of this project unfinished; Resolve the question

of how the scattering parameters of an adapter should be used when the adapter is connected

to a device, such as a bolometer, attenuator, etc. This is of importance in each of the two

cases: First, when it is desired to measure the device properties by means of a measuring

system (ANA, etc.) whose terminal connectors differ from those of the devices. Second, when
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Figure 5. Plot of the magnitudes of Sn and Sjj*
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it is desired to use that device in conjunction with a system whose terminal connectors

differ from those of the device.
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