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MICROWAVE ATTENUATION MEASUREMENT SYSTEM*

(SERIES SUBSTITUTION)

A dual detection microwave bridge circuit has
been incorporated in a series substitution system for
the measurement of microwave attenuation devices.
The use of an optical rotary-vane attenuator in the
system yields practical resolution and stability
of 0.00005 dB from zero to 30 dB . The dual detection
system has several favorable features: (1) it
employs a single microwave source which reduces cost,
(2) measurements are obtained without power stabili-
zation of the microwave signal source, and (3) this
waveguide configuration enables measurements of
attenuation devices at any length with minimum of
effort and movement of waveguide components.

The system configuration is convenient for both
attenuation difference, and insertion loss measure-
ments from zero to 70 dB over the WR90 waveguide band
of 8.2 to 12.4 GHz.

Key words: Attenuation; measurement; rotary-vane
attenuator; series substitution.

1. Introduction

A substantial amount of work has been done to develop

various techniques for measuring attenuation in the microwave

region. Each method has definite properties that enhance its

choice for the measurement of a given range of attenuation

or a specific interl aboratory standard. The i-f substitu-

tion [1] system has been developed to a high degree of

*Presented at the Technical Applications Sessions of the IEEE
Interlaboratory Convention, New York, March 22, 1971. This
work was completed at the National Bureau of Standards,
Boulder, Colorado, under the sponsorship of the Calibration
Coordination Group of the Department of Defense.



excellence for the measurement of attenuation over a wide

dynamic range. A major disadvantage of this system is the

requirement of two microwave signal sources. The af system

requires but one microwave signal source. Both of these ad-

vantages are combined in the attenuation systems known as the

modified dc substitution [2] and the modulated sub-carrier [3]

techniques

.

A microwave series substitution attenuation system has

been developed in the Electromagnetics Division of the National

Bureau of Standards at Boulder, Colorado. Two advantages of

the microwave series substitution technique of attenuation

measurement are: (1) knowledge of the response law of the

detectors is not required because the signal power in the

detectors is constant for each null in the measurement pro-

cess and (2) the resolution of the system remains constant

through the entire range of measurement. The systems' reso-

lution of measurement is several orders of magnitude greater

than is necessary for calibrating commercially available

attenuators

.

This calibration system utilizes the NBS designed pre-

cision rotary vane attenuator as the reference standard [4].

The stability and resolution of this system is consistent

with the 0.00005 dB resolution of the reference standard at

1 dB and exceeds that of the reference standard at values

above 1 dB . The system uses a single microwave signal source

and does not require a high degree of amplitude stability.

The range of attenuation measurement for fixed or variable

2



devices is to 70 dB for this system in the frequency band

of 8.2 to 12.4 GHz. Sources of error in the microwave attenua-

tion measurement system and devices under test for attenuation

difference and insertion loss measurements are discussed.

2. The Measurement System

This microwave attenuation measurement system employs

two waveguide channels in a bridge network. Each channel has

a waveguide detector and a low frequency (1 kHz arm) . The

standard attenuator and the attenuator under test are inserted

in the same waveguide channel, and a reference attenuator in

the other waveguide channel. A block diagram of the microwave

attenuation calibration system is shown in figure 1. Fixed or

variable devices may be used as the standard or reference

attenuators

.

With this microwave measurement system, a change in the

attenuator under test is equal to the change required in the

standard attenuator to rebalance the bridge. In order to

make an attenuation measurement the following steps are

required: (1) initially balance the bridge for a reference

null, (2) make the desired change in the attenuator under

test, and (3) rebalance the bridge with the standard

attenuator.

The dual detection technique offers several unique

features: (1) it employs a single source at the microwave

frequency which reduces cost, (2) measurements are obtained



without power stabilization of the microwave signal source,

and (3) this waveguide configuration enables measurement of

attenuation devices of any length with a minimum of effort

and movement of waveguide components.

Figure 2 provides a more detailed block diagram of the

system components that are used in NBS microwave attenuation

measurement systems. The source of microwave power utilizes

conventional isolation and frequency measuring auxiliary com-

ponents, but the usual power stabilization required for preci-

sion measurement is not necessary. The main arm of directional

coupler (A) connects to a level set attenuator and an isolator.

These components are followed by a pin-diode modulator

that is driven by an audio signal source. The modulated

signal feeds into directional coupler (B) which separates

the signal to the two microwave arms of the bridges. The other

arms of the bridge are the two dc biased detectors. The

shorter microwave arm of the bridge contains the reference

rotary-vane attenuator (for initial balance of the bridge),

and an additional isolator before the waveguide detector.

The output port of the side arm of the directional

coupler provides a 20 dB power loss to the reference at-

tenuator. This reduction of the modulated signal enables

the reference attenuator to be set at a lower value where

higher resolution aids the resettability . In addition, the

reduction of signal level prevents possible damage to the

diode in the detector at small dB attenuation measurements.



In the longer arm of the bridge an isolator is followed

by a tuner, a directional coupler, and a second tuner. These

components make up the basic portion of a reflectometer as

shown in the schematic diagram. The secondary arm of the

directional coupler in the reflectometer [5] contains an

isolator and a waveguide detector. The output of the detec-

tor is connected to a VSWR indicator for use in reducing the

mismatch error [6] at the insertion point of the measurement

system. One side of the insertion point for the standard

attenuator is connected to the reflectometer by a precision

waveguide section. The other side is connected to another

precision section of waveguide and other waveguide components

which isolate the standard attenuator from the attenuator under

calibration. In order to obtain the isolation and matching

desired, this fabricated section has a stub tuner and a

precision section of waveguide at each end. The second

port of the above fabricated waveguide section is used as one

side of the matched insertion point for the attenuator under

test. On the other side of the attenuator under test is

located another precision section, a tuner, isolator, and

another detector to complete the output of the longer arm

of the microwave bridge.



The output signal of each detector in the microwave bridge

couples to the input transformer of the null preamplifier.

The output of the null preamplifier is coupled to a synchronous

detection circuit [7] which provides the readout indication

for the measurement of attenuation.

This attenuation measurement system can be constructed

with commercially available waveguide components and instru-

mentation equipment. However, some of the instrumentation

equipment used in this system was designed by NBS. The schema-

tic drawings of two such components, the modulator driver

and the null preamplifier, are shown in figures 3 and 4,*

respectively

.

3. The Standard Attenuator

The rotary-vane attenuator is a device which when fabri-

cated with high precision can meet the criteria essential

for an attenuation standard [8,9,10]. It operates at the

same frequency as the device under test and has very low

insertion loss at zero setting. This low insertion loss

enables one to make a measurement of attenuation to 50 dB

with less difficulty than is encountered with an i-f series

substitution system employing a 30-MHz piston attenuator [1]

as a standard.

*Replacement of designated parts by others may affect system
performance or the reproducibility of the results reported,
and hence should be made with caution.



Three high resolution rotary-vane attenuators with

optical readouts have been constructed at the NBS, and were

tested over the range of zero to 50 dB. The tests were

accomplished using three independent methods for making at-

tenuation difference measurements [2,3,4]. The results of

this testing indicate the three rotary-vane attenuators de-

scribed have a realizable accuracy of 0.002 dB or better from

zero to 20 dB. The estimated error from 20 to 50 dB is 0.002

to 0.025 dB , respectively.

Three errors related to the standard rotary-vane at-

tenuator are incorrect vane alignment, resettability , and

transmission errors. Incorrect vane alignment in the rotor

causes a systematic error that is inherent in the rotary-vane

attenuator. In addition, resettability of the attenuator dial

by the operator must be included in the error analysis. In

making an attenuation difference measurement with the (standard)

rotary-vane attenuator the errors at the final setting may

be written as

cos(e
£
+e

£o
+e

£I )

fo
+ £

fi
= - 40 10

§io
COS Or

where 9
f

is the vane-angle at the final setting to obtain

the calculated attenuation, r is the vane -angle error made
to °

by the operator at the final setting, and 6 £ j is the

inherent vane-angle error [11,12].



The estimated rotor vane-angle alignment error (6 fT ) is

about 18 seconds and the operator resettability angle error

(9.C ) is about 2 seconds. Figures 5a and 5b show the

estimated limits of attenuation error due to alignment and

resettability for dial settings of 10 to 70 dB . These errors

are 0.03 and 0.003 dB , respectively, for the 50 dB dial

setting at 9.0 GHz. Total attenuation error due to align-

ment and resettability at the initial or zero dial setting

is estimated to be less than 0.01 microbels or 6.8 nanobels

.

2
The transmission error or deviation from cos law caused

by insufficient maximum attenuation in the center vane can

be determined by measuring the maximum attenuation of the

standard. The transmission error is given by [10]

e = -20 log(l + e'
al tan

2
0)

where e ' is determined from the maximum attenuation, and

9 angular value of the center vane at given dial setting.

The transmission or internal leakage error is estimated to be

about 0.003 dB at the 50 dB dial setting for a maximum at-

tenuation value of 120 dB . Refer to figure 5c for the

estimated limits of the transmission error of the optical

attenuator at dial setting from 10 to 70 dB.

Leakage of the standard rotary-vane attenuator used

in this system was more than 120 dB [4] below the incident

power due to liberal use of microwave absorbing material in the



design of the housing and rotating joints. Leakage in the

waveguide system can be kept to a minimum by using waveguide

components that have flat, smooth surfaces and well mated

flanged joints

.

In order to reduce what appeared to be a ground loop

problem, mica was placed between the flanges of each detector

mount and adjacent isolator. The increase in space between

the flanges of the detector introduced another problem of

leakage. However, both problems were finally resolved by the

use of mica at the flanges of the pin diode modulator.

4. Errors of the Measurement System

Prior to each calibration the waveguide insertion points

of each system are tuned with a reflectometer to reduce

possible mismatch errors. The series substitution system

requires the tuning of two insertion points as one includes

the working standard (refer to figure 2) . The tunable reflec

tometer [5] included in the waveguide system provides a means

for matching the insertion points. Thus, the mismatch error

[6] causing uncertainty in the measurement of attenuation can

be minimized by these tuning techniques. The mismatch error

is estimated to be 0.002 dB for a system VSWR of 1.01 at the

insertion point and an attenuator VSWR of 1.05.

To insure reliable matching of the open ports at the

insertion points, the ports should be aligned prior to tuning



so that excess movement or re-alignment is not necessary.

In addition, the waveguide components should be mounted on

laboratory benches [13] that hold the waveguide in a rigid

position and provides the stability required for precise

measurement

.

The device under test may be connected in cascade with

the standard attenuator at the same insertion point. Then,

cascade mismatch errors [14,15] must be considered in addition

to the mismatch errors at the insertion point.

Instability of the signal source can cause deviations

that appear on the output recording chart as system drift. In

figure 6 the stability of the NBS microwave measurement system

is illustrated by the recording of the null detector output

for a 12 -minute run at a nominal value of 30 dB in each

microwave arm. Full scale deviation on the strip chart cor-

responds to 0.002 dB and each line is 5 microbels (10 deci-

bels). The maximum deviation is shown to be ± 10 microbels

from the reference during the 12 minute run.

A preliminary estimate of the random uncertainties for

the microwave attenuation measurement system is based on ex-

perimental data taken on five transfer standards. An average

estimate of a is 0.0010 dB for 125 determinations made during

the interval of twelve months. The estimate of a for the 75

determinations of insertion loss of the fixed transfer standards

was 0.0013 dB and the estimate of a for the 50 determinations of

attenuation difference of the variable transfer standards was

0.0006 dB.

10



It has been demonstrated with this microwave attenua-

tion system that amplitude changes of 10 dB at the signal

source resulted in deviations of less than 0.001 dB at the

null detection output.

5. Attenuation Measurements of Transfer Standards

Direct comparison was made in attenuation measurements

between the series substitution method using the optical

rotary-vane attenuator as a standard, and the i-f substitu-

tion method employing the 30 -MHz piston as the standard.

In order to obtain a comparison in both insertion loss and

attenuation difference, fixed and variable waveguide at-

tenuators were used as transfer standards.

To compare the insertion loss measurements, two NBS

designed fixed attenuators [16] were measured for insertion

loss in each system. Table I presents a comparison of the

insertion measurements obtained by the microwave series

substitution and the i-f substitution methods. The table

shows that the difference between the insertion loss meas-

urements are 0.004 dB for attenuator (A) and 0.003 dB for

attenuator (B) .

A commercially available rotary-vane attenuator was

calibrated for attenuation difference between the values of

5 to 50 dB by each method at 9.0 GHz. The measured values

11



of attenuation difference for the dial settings of 5, 10,

15, 20, 30, 40 and 50 dB are shown in table II. The devia-

tion in the measured values of attenuation difference be-

tween the two methods varied from 0.002 to 0.013 dB for the

dial setting of 5 to 50 dB

.

In order to evaluate the microwave series substitution

system at high attenuation, a fixed waveguide standard of a

nominal value of 70 dB was measured. Previously this fixed

waveguide standard was measured in the microwave attenuation

calibration system by the i-f substitution method at three

frequencies in the X-band region. Table III gives the inser-

tion loss results obtained between the series substitution

and the i-f substitution systems at 9.0, 9.8, and 11.2 GHz.

The differences between the measured values of 70 dB do not

exceed 0.07 dB

.

6. Conclusion

The NBS microwave attenuation measurement system provides

stability, resolution, accuracy, and ease of operation in the

measurement of attenuation difference and insertion loss.

The null detection employed in this system has a unique

feature in that the signal power at the detector is constant

for each null in the measurement process. Thus, exact know-

ledge of the response law of the detector is not required, and

resolution remains constant over the range of the measurement.



The NBS microwave attenuation measurement system permits

qualified metrologists to make an intrinsic evaluation of

the standard rotary-vane attenuator without additional at-

tenuation standards. Details of this method of evaluating

the rotary-vane attenuator will be presented in a forth-

coming paper.

13
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Figure 1 Hock diagram of microwave attenuation calibration system.
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Figure 6. A recording showing the system stability at 30 dB
measurement level. 19



Table I. Insertion loss measurements of fixed attenuators A
and B by the i-f and series substitution methods
at 9.0 GHz.

Nominal Value
dB

Average
Measured
Insertion

Loss
dB

Estimated
Limits of
Systematic

Error
dB

Computed
Standard
Error

dB

3.000 (i-f sub.)

3.000 (ser. sub.)

Fixed Attenuat

3.087

3.091

or A

0.011

0.005

.0024

0.0012

Fixed Attenuator B

4.600 (i-f sub.) 4.620 0.011 0.0012

4.600 (ser. sub.) 4.622 0.005 0.0008

20



Table II. Attenuation difference measurements of a variable
attenuator by the i-f and series substitution methods
at 9.0 GHz.

Nominal Value
dB

Average
Measured
Attenuation
Difference

dB

Estimated
Limits of
Systematic

Error
dB

Computed
Standard
Error

dB

5 (i-f sub.) 5.005 0.011 0.0004

5 (ser. sub.) 5.001 0.005 .0004

10 (i-f sub.) 9.997 .011 0.0014

10 (ser. sub.) 9.992 0.005 0.0008

15 (i-f sub.) 15.013 0.014 0.0014

15 (ser. sub.) 15.015 0.005 .0010

20 (i-f sub .) 20.014 0.014 0.0016

20 (ser. sub.) 20.012 .010 0.0010

30 (i-f sub.) 30.024 .018 .0016

30 (ser. sub .) 30 .030 .012 .0014

40 (i-f sub.) 39.991 0.024 .00 30

40 (ser. sub.) 39.996 .020 .0012

50 (i-f sub.) 49.981 .043 0.0 36

50 (ser. sub.) 49.994 0.038 .0032

21



Table III. Insertion loss measurements of a fixed attenuator
by the i-f and series substitution methods at 9.0,
9.8 and 11.2 GHz.

Frequen
GHz

cy
Insertion Loss in dB

i-f s ub . ser

.

sub

.

9 .0 6 8.39 68,,32

9.8 70.24 70,,29

11.2 71.77 71,,79

22
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