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Automatic Microwave Q Measurement for

Determination of Small Attenuations

ARTHUR UHLIR, JR., FELLOW, IEEE

Absfracf—The Q’s of a waveguide transmission cavity with and
without insertion of a length of waveguide give the insertion loss.
Least-squares fitting of transmission versus frequency data have
been used to determine Q and resonant frerluencyf, with cOmPuter-
controlled equipment in an iterative process. Preliminary values of
Q and j, are used to calculate an improved set of test frequencies,
and so on. A rapid least-squares method is described which minL
mizes truncation errors.

INTRODUCTION

w

AVEGUIDE RUNS frequently include many

relatively short components. Lengths of flexible

guide are often necessary. The cumulative at-

tenuation of such components is often a significant sys-

tem parameter. Assembly is performed in the field at

significant expense. lf an overall measurement suggests

that a high-loss component has been included, the iden-

tification of the inferior component by substitution can

be difficult and costly, especially if components were

delivered in lots which might all be afflicted by the

same defect.

For this reason, inspection testing of the loss of indi-

vidual components is desirable. The entire quantity

being measured, e.g., 0.1 dB, could be obscured by the

uncertainty in the ordinary single-frequency method of

using a commercial automatic network analyzer. There-

fore, the waveguide component is made part of a trans-

mission cavity and the Q of the cavity if determined.

The cavity method gives the dissipative losses of the

waveguide.

The effect of line loss on the Q of such a cavity has

long been understood but has not been widely advo-

cated as a basis for loss determination because of uncer-

tainty about the additional dissipative loss in the irises

[1]. ln the method to be described, this problem is

attacked simply by measuring the loss of the irises (also

by the cavity method) and correcting approximately

for these losses. A simple but key feature is that the

iris-to-cavity contacts are not disturbed in the proce-

dure; connections are made at waveguide flanges re-

moved from the irises.

The method is not restricted to waveguide compo-

nents, although they constitute an important applica-

tion of their generally low values of loss. The general
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Fig. 1. (a) Initial cavity. (b) Initial cavity transmission. (c) Cavity
with specimen. (d) Transmission of cavity with specimen.

principles of the procedure will be described and fol-

lowed by a discussion of algorithms for automatic Q

measurement.

PROCEDURE

The microwave hardware configurations and corre-

sponding transmission characteristics are indicated

schematically in Fig. 1. A coaxial-to-waveguide input

transition, an iris, a “launching” length of waveguide, a

‘(receiving’” length of waveguide, another iris, and a

waveguide-to-coaxial output transition are shown in

Fig. 1(a). Initially, the launching and receiving wave-

guides are connected together to form a cavity. The

transmission characteristics are shown in Fig. 1 (b). The

resonant frequency, peak value of transmission, and Q

of one or more resonances are determined as described

below.

The piece to be tested is inserted as shown in Fig.

1 (c) to give the transmission characteristic shown in

Fig. 1 (d). The spacing between transmission peaks is

narrowed by the increased electrical length. Resonant

frequency, Q, and peak transmission are again deter-

mined in the desired frequency range.
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An exact analysis of the measurement situation

would require the scattering parameters of each of the

irises. However, it is hardly practical to hope for better

than 10-percent accuracy in the measurement of the

dissipation, and that only if the irises have small trans-

mission. The following approximate analysis permits a

simple understanding of the method.

ANALYSIS

For each cavity, the voltage decrement 6 is related

to Q by

(1)

so that the voltage is reduced in one cycle by the factor

‘-’’’=ex+&”:)=e-”Q(2)

or, in decibels,

207r 27.3 dB
20 loglo e–U/Q = — — loglo e = – —— —–

Q Q cycle
(3)

which can be interpreted as 27.3/Q dB loss per guide

wavelength.

Let LI and Lz be the physical lengths of the first and

second cavities and ~~1 and Agz be the guide wavelengths

at the resonant frequencies. Then the apparent attenua-

tions are 27.3 LJ (QJJ and 27.3 LJ(Q&J. Both val-

ues include the loss contributions of the irises. The loss

of the short cavity is subtracted from the loss of the

long cavity to obtain the loss of the inserted length of

waveguide:

( LZ L1

)
insertion loss (dB) = 27.3 ————– — .

Q2~g2 Qi~,l
(4)

Strictly speaking, the two cavities should have the same

resonant frequency or interpolation should be used.

However, a 5-percent difference in frequency is rarely

significant in comparison to other sources of inaccu-

racy.

Since the irises are near-short-circuits, the end-current

distributions for each cavity will be similar, which is

another requirement for the validity of the subtraction.

This determination gives dissipative loss only. Wave-

guide connections made with normal care usually have

negligible reflection losses. When there is any doubt

about this matter, nonresonant reflection measurements

can be made by standard methods.

ALGORITHM FOR Q MEASUREMENT

The phase-locked version of the Hewlett-Packard

8542A network analyzer system can be set on a digitally

specified frequency with more than adequate accuracy

and resolution for determining the highest Q values

likely to be encountered in waveguide-attenuation

evaluation. However, the time required for setting fre-

quency and taking a measurement is about 250 ms.

A simple search for the frequencies of maximum trans-

mission and 3-dB loss, mimicking typical manual tech-

niques, would be prohibitively time-consuming. At the

same time, the computer capability of the system

should permit basing the results on more than three

measurements so that accuracy can be innproved over

manual methods.

One technique that is simple to program is based on

the principle that group delay peaks at the resonant

frequency and the Q is proportional to the peak group

delay. In its simplest form, however, this method does

not make use of more than two or three measurement

results. Also, the Q value is distorted by line lengths,

unless corrections are applied.

A larger number of measurements COUIC1be involved

in a procedure of fitting a curve to the cc~mplex trans-

mission coefficient. Again, however, line length adds an

extravaneous parameter to the problem.

The method now used iri both the search and the

final Q determination is to fit a theoretical resonance.

curve to the transmission magnitude measurements.

Since phase data are disregarded, line lengths are unim-

portant.

Instead of the exact formulation for the multiple

resonances of the waveguide cavity, the theoretical

curve for a simple resonance is adequate:

/pl=-
4RgR~

(

— (5)

)
(R, + R. + RJ2 + 2n-jL – ?$; 2

.

where
R~ = R,<< R, (6)

is the favorable condition for this measurement (lightly

loaded symmetrical cavity).

The loaded Q(Qz) obtained from this ]measurement

can be corrected to the unloaded Q(QJ by the relation

Q. = QJ/(1 - I Tmaxl ). (7)

If the peak transmission \ Tins. [ corresponds to a

30-dB loss, the difference between Q. and QZis 3 percent.

To obtain true transmission coefficient T, the raw

complex transmission measurement R would, have to be

corrected by dividing by the raw calibration measure-

ment Rt obtained on a through connection:

Since the exact measurement frequencies are not known

beforehand, it is practical to work with the raw-mea-
surement values on the assumption that ] Rt \ does not

vary appreciably over the bandwidth of the resonance.

In fact, under this assumption one can determine ~, and
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Q without any measurement of R,. The resonance curve

(6) can be cast in the form of a polynomial in ~’ by

treating f 2/ I R 12 as the dependent variable:

4=Y2L2 (9)
‘R,’p,p

where it has been assumed that RL = Rg. By the substi-

tution x =f2 and y = 1/1 RI 2, this equation can be

written

xy = a. + alx + azx2. (lo)

A least-squares determination of the coefficients a~, al,

and az is adequate for the measurement procedure and

simple to implement with one precaution.

Roundoff error is a major pitfall in least-squares

calculations when the variation in the dependent vari-

able is small in comparison to its absolute value. For

this reason, one must transform to a new independent

variable. Also, for computational simplicity, this vari-

able can be an integer K. Thus let

x= G+ SK, –N<KSN (11)

where V@ is the estimated resonant frequency (initial

guess or previous result) and S is a step size (in squared

frequency) appropriate to the bandwidth of the reso-

nance. Then (1 O) becomes

G. + SK. = ao + alG + aiG~ + (al + 2aaG)SK + aJi2K2

= CO +- CIK + CZK2. (12)

The coefficients .CO, Cl, and C’ can be found by solving

the moment equations

G~y~+S~Kyk=CO~l+O+ C,~K2

G~Kyk+s~K2yk=o+cl~K2+ O

G~K2yk+ s~K’y, =Co~K2+ 0+ C,~K4

where the summation extends from K = — N to

(13)

+ N.

The summations on the right-hand side of (13) can be

written in closed form as polynomials in N. The linear

equations (13) can be solved for arbitrary values of N,

However, it is much simpler to choose a particular value

of N (8 is used in the sample program). Also, the solu-

tion for ao, al, an”d ai from Co, Cl, and C2 is obvious from

(12). For the chosen value of N, all of these calculations

can be carried out in five basic statements with appro-

priate rational constants.

The resonant frequency ~r and Q are calculated from

\ Rt 12ao = ~6r,~ ,C2
9

()\Rt[’al= 1+32 --&
2Rg 9

IR,12(z, == &
o

(14)
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Fig. 2. (a) First deplo~ment of measurement frequencies based on
deliberately low estunate .of Q. (b) Second set of measurement
frequencies often results m a computed f, and Q substantially
equal to final result.

so that

(15)

(16)

close to res-

—-

(f,= 1 - +’
27r4LC

Qt = (2 + aJv’ aou2)-’/2.

For accuracy, frequencies reasonably

onance should be used; otherwise, undue weight will be

given to the least accurate readings since the reciprocal

of transmission appears in (9). The sample program

settles down to a frequency range corresponding to

twice the bandwidth,

If correction for loading is desired in accordance with

(7), one can determine the peak transmission I T&.1

from (8) and

l/lR~.X]a = a1+2<aoal. (17)

In the program the correction for loading is based on

the assumption that the through reading magnitude

will be a slowly varying function of frequency. Two

points and linear interpolation give I Tm,X I with ade-

quate accuracy for the loading correction if the cavity

is reasonably well decoupled.

In operation a first estimate off, and a decidedly low

estimate of Q are given. The resulting f, and Q are used
in selecting the frequencies for the next set of measure-

ments, as shown in Fig. 2, and so on until stable values

are found.

RESULTS

This program has been applied both to waveguide

cavities and to coaxial cavities containing mechanical

and semiconductor variable capacitors. The Q’s range

from 250 to 4000. Two to six iterations were required

for convergence (depending upon the initial guess), after

which further iterations generally varied stably withil]

a 3-percent range.
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A 2-ft length of X-band waveguide (WR-90) was

measured by this method and a dissipative loss of

0.12 ~ 0.02 dB was found at 8700 MHz. If the correction

for the short cavity had been neglected, the apparent

loss would have been 0.18 dB. The irises were made

from 0.020-in copper by punching 3/16-in diameter

holes.

CONCLUSIONS

Since the losses of both irises and the launching and

receiving sections are all lumped together, the correc-

tion for these losses is approximate. However, the wave-

guide-attenuation measurement is practical only when

these losses are small enough so that the approximation

introduces negligible error. At the same time, these

losses are often too large to be neglected entirely.

The curve-fitting algorithm that has been described

is capable of determining the Q of microwave circuits

with as much accuracy and reproducibility as can be

hoped for in dealing with practical circuits. The repro-

ducibility of connections is generally the limiting factor

in circuits of the type studies. (Special cavities could be

designed as Q standards for more critical evaluation of

reproducibility and for intercomparison of different

instruments and methods. )

The algorithm has a modest ability to, find and con-

verge upon a resonance, if given a good initial guess,

which is usually a simple matter in production testing of

similar parts.

However, the search capability could be enhanced by

using the measured transmission magnitude as a weight-
ing factor. This technique would increase the computa-

tion required but would make better use of the mea-

surements.
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Impedance Measurements of Microwave Lumped

Elements from 1 to 12 GHz

ROBERT E. DEBRECHT, MEMBER, IEEE

Ab.sfracf-The impedance measurement of small, microwave
lumped elements of the order of 1 mm has been extended up to
12 GHz by a technique in which the frequency and Q of a resonant

transmission line are perturbed by the connection of a lumped ele-

ment. With the use of low-loss resonant coaxial lines, the technique

has been applied to the measurement of lumped-element capacitors

ranging from 0.4 to 3.6 pF and inductors ranging from 1.1 to 4.3 nH.

Conductor Q values for capacitors as high as 1700 at 1.4 GHz and

100 at 12 GHz have been measured and estimates of dielectric Q

values for capacitors of over 5000 have been obtained. Single-turn

l.1-nH inductor Q’s of 40 at 1 GHz and 90 at 7 GHz have also been

measured. The capacitors and single-turn inductors are found to

have constant C and L values up to 12 GHz.
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1. INTRODUCTION

A

T MICROWAVE frequencies the increasing use of

solid-state active devices and thle trend toward

smaller electronic packages has stimulated an

interest in replacing distributed circuits with smaller

sized lumped-element circuits. In the past the use of

lumped elements has been limited in frequency to below

1 GHz by problems of fabrication and relatively high

losses. However, because of recent advancements in the

technology of thin-film fabrication [1], [2], low-loss

lumped-element circuits capable of competing with

distributed circuits have been made in the S- and

C-band ranges [1 ]– [6 ]. Unfortunately, the losses of

lumped elements operating in the gigahertz range have

been difficult to measure. The smaller :sizes and lower


