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11.1 INTRODUCTION

The quantities which are measured at microwave frequencies are essential
the same as those measured at lower frequencies. But, because the wa
lengths of the signals are comparable with the dimensions of the e i
ment, it is not possible to use the same techniques. In this chapter we s
examine how frequency, signal level, impedance, attenuation and o
quantities are measured at microwave frequencies. i

All measurements contain sources of error and it is important in ar
particular case to know what these are and to have an estimate of
magnitude. Strictly speaking no measurement is of any value unless
estimate of its accuracy can be given. We shall therefore pay attention
the errors which occur in microwave measuring systems in the discussiol
which follows.

11.1 Sectioned view of a slotted section of coaxial line.

different values for the wavelength can be obtained am_:l the average taken
to reduce the standard deviation. (Topping, 1962). This appro.ach h?s the
dvantage of directness but the accuracy which can be obtam.ed is low
(perhaps 0.1% at best) and the measurements are time consuming.

~ For most microwave laboratory measurements it is mu.ch better to_have
a direct reading of frequency. Originally this was achle‘:ved by using a
alibrated resonant cavity. By careful design of the‘ cavity the_Q factor
ould be kept high to give a sharp response. The tuning mechanism could
s0 be made to give a direct reading of frequency. Qav1ty resonance wave-
eters, as these devices are called, are still sometimes encountered but
they have been superceded by microwave frequency counters. The accuracy
of a cavity resonance wavemeter is typica?ly 0.1%. ‘ .
Microwave frequencies are too high for it to b_e possible to use the dn_-e(_:t
‘counting technique employed at lower frequencies. The way around this is
mix the signal to be measured with that from a crystal controlle(_i lo.cal
scillator as shown in Fig. 11.2. If the local oscillator waveform is rlvch
harmonics then the output from the mixer will be a set of frequencies

11.2 MEASUREMENT OF FREQUENCY

One simple way of measuring frequency is to measure the wavelength of
standing wave on an airspaced coaxial line. This wavelength is half
free-space wavelength so the frequency can be calculated. Figure 11
shows the arrangement of a slotted coaxial line. The strength of the elect
field on the line is sampled by a wire probe which protrudes a short ¥
into the space between the conductors. The signal picked up is passed via
detector diode and a sensitive amplifier to a meter. The probe must d
some current in order for a measurement to be possible. This, therefo
limits the accuracy of the measurement. As the probe is moved along
line maxima and minima of the standing wave are detected. For a pe
standing wave the minima are zeroes and their positions can therefore
determined with considerable accuracy. In practice there is some un
tainty about the position of a minimum beause the signal detected fa
below the noise level of the detection system. This error can be reduced
measuring the positions of as many minima as possible. In that way several

fi=f — nh, (11.1)

‘Where 7 is the order of the harmonic and it is assumed that fx > nf;. The
‘mixer output is fed through a bandpass filter which selects just one fre-
« uency out of the set generated. This frequency can be ch_osen tc_) be low
€nough for it to be measured with a conventional'counter. Since f, is known
itis possible to compute the source frequency f, if n can be determined. To
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o this a second measurement is taken with the local oscillator freq Fig. 11.3 A liquid-flow CRlprizetEr D MRS INE IR oware power

jr:?}l::sdgit\?e}z l\:«}l’wre the offset (f; — f2) is known. The unknown frequ 1
To=nf 41 (11, Thermistors are more rugged but have response times o_f up t‘o a seoo_nd.
and _ In either case the resistance of the sensing element varies with ambient

b=+ fiz (11 temperature as well as with the microwave power absorbed. A power
meter head therefore normally incorporates two matched thermistors or
bolometers which are connected to two arms of a Wheatstone bridge. Only
one of the devices is exposed to microwave power. The result is that the
balance of the bridge is unaffected by changes in ambient temperature.
' The bridge is balanced automatically and the output displayed directly in
‘milliwatts on a meter.

At higher power levels (a few watts) the power meter head must be
protected from the full power by a calibrated attenuator which is capable of
dissipating the full power. An alternative technique is to use a directional
‘coupler to sample the power.

Direct measurement of high power levels is carried out by using a
continuous-flow calorimeter as shown in Fig. 11.3. The input power
(normally in a waveguide) is absorbed by liquid flowing in a dielectric tube.
The tube crosses the guide at an oblique angle to ensure a good match.
Very often water flowing in a glass tube is used. The temperature rise in
the liquid is measured by a pair of thermocouples. The device is calibrated

for a particular flow rate and the flow rate carefully controlled. Alterna-
tively an electric heating element is used as a calibrating heat source.

where it is assumed that the frequency offset is small enough so that |

same harmonic i§ responsible for the output measured. Eliminating f, fr
these two equations gives -

fiz_fil

"=
Fi-fa 3

so that n can be computed. The unknow l
at n g n frequency can then nd
substitution back into (11.2). ! ’ - 4
In practice it is necessary for the method to be a little more compli ca
to tak_e account of the possibility that one or both of the harmonic §
quencies may lie above the unknown. It is also necessary to take stej

ensure that the measurement is accurate even if the incoming signal
frequency modulated. r

11.3 MEASUREMENT OF POWER

When a simple detection of a microwave signal is required it is usual
employ a semiconductor diode of the kind shown in Fig. 9.14. At freque e
fib(?\-'e 1 GHz it becomes difficult to match the diode satisfactorily bec: !
its lmpe'dance varies with power level and alternative techniques ba ed
converting the microwave power into heat are used. [

At ].ow power levels (a few milliwatts) the detecting element is eithi 3
thermistor or a bolometer. A thermistor is manufactured from a mi
semiconducting oxides and has a negative temperature coefficient of 1
sistance. A bolometer is a thin film resistor deposited on an insulati
substrate. Bolometers have response times of less than a millisecond
are very casily damaged by being exposed to too much power.

11.4 MEASUREMENT OF GAIN AND LOSS

In many microwave systems it is necessary to know the gain or loss of each
component in order to compute the system performance. These quantities
are commonly measured by comparison with standard attenuators. The
two possible configurations shown in Fig. 11.4 are r.f. and d.c. substitution.
In both cases there is a signal source, a standard attenuator, a detector and
some kind of signal level indicator. In r.f. substitution (Fig. 11.4(a)) the
attenuator would be a rotary-vane attenuator in a waveguide or a switched
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Fig. 11.5 Block diagram of equipment for making swept-frequency insertion-loss

Fig. 11.4 Block diagrams of systems for measuring microwave attenuation: (a) r. ‘measurements.

substitution, and (b) d.c. substitution.

arrangement. The signal from the sweep oscillatoF is sampled by hlgh-
directivity directional couplers before and after passing through the device
‘under test. The signals in the coupler side-arms are d{j:tected and passed to
the scalar analyser which is able to display the two signal levels and their
ratio in dB against frequency. The output from the scalar analyser can be
fed to an x—y plotter to provide a permanent record of the performancc of
the device under test. The signal-to-noise ratio of the system is enh.ance.d
by square-wave modulation of the signal and the use of a tuned amplifier in
the scalar analyser. S

This arrangement removes errors produced by variations in the output of
the oscillator by taking the ratio of the signal levels. It is §tlll liable to errors
from a number of sources including the finite directivity of the couplers
and any differences in the frequency responses of the couplers and the
detectors. Systematic errors which are independent gf frequency can be
eliminated by removing the device under test and setting .the zero leyel on
the analyser. Some systems incorporate a storage normalizer whrfzh is able
and the system to reduce the possibility of multiple reflections as to store the characteristics of the system in the absence of the device under
possible. ' test and correct for them when the result of the measurement is dxsplayed.

Frequently the measurement is to be made over a band of frequencies It is tempting to regard the results produced by such a system as being free
The signal source would then be a sweep oscillator set to sweep repeate from errors though this can never be the case. If the device under test hasa
over the band required and the output could be fed to an x— high reflection coefficient, for examp_le, then the ‘mcasurements will _be
. ] appreciably affected by multiple reflections between it and the source (which
can never be a perfect match).

attenuator in a coaxial line. In d.c. substitution (Fig. 11.4(b)) the atten
could be made in the form of a switched network of precision resistors,
indicator could be a meter or an oscilloscope. The procedure in either
is to set the signal level to a convenient value with the device under te
(DUT) in position. It is then removed and the attenuator adjusted to b;
the signal back to the same level. This method avoids errors caused by nox
linearity in the detector.

In general the gain or loss measured is made up of two compo
namely that caused by the gain or attenuation inherent in the device
that caused by reflection at mismatches. As the device under test can
be perfectly matched some of the input signal is reflected back towards
source at both the input and the output terminals. Unless the source is v

common practice is to put a 10dB attenuator (a ‘pad’) between the so

the output of the oscillator and the sensitivity of the detector vary
frequency it is necessary to produce a set of calibration lines with
attenuator. The performance of the device under test can then be deducec
by interpolation between them as shown in Fig. 11.5. Commonly the o:
lator is levelled by an external or internal feedback loop to reduce
variation of its output power with frequency.

Better plots of the gain or loss against frequency can be produced if
scalar network analyser system is used. Figure 11.6 shows the gene

Example

In the system shown in Fig. 11.6 the reflection coefficients of the device
under test and the source are (.3 and 0.05 respectively and _the couplc_rs
have 20 dB coupling and 40 dB directivity. Investigate the possible errors in
the measurement of the insertion loss if all other components can regarded

as perfect.

MEASUREMENT OF GAIN AND LOSS N \ 269
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St Modulation Goalat ' Since the couplers have 40dB directivity the signal level in the side arm
oscillator analyser :;:{ler roduced by the backward wave is 0.01 of that of a forward wave of the
Sweep me amplitude. Thus the signal detected is 0.1(1 + 0.003)V,, as shown in

11.7(b), giving a possible variation of £0.026 dB depending upon the

elative phases of the signals. The variation is likely to be below the noise
evel of the equipment.

" Conservation of power at the input port of the device under test requires
hat the actual signal input is (1 — 0.09)V;. If we suppose that the insertion

Detectors

[i5 ] =< b3 (including any effects of internal reflections) is nominally 20dB then
. |——J 5 2 ; signal detected by the second detector is 0.01(1 — 0.09)V,. The scalar
evice under

nalyser compares the signal levels at the two detectors. The result will be
2 error to the extent that the analyser does not form an exact ratio of the
121 als.

ot In this example the errors calculated would be likely to lie below the
oise level of the system so that they would not be detectable. In other
es this might not be so and it is necessary to be aware of the ways in
hich the result of a measurement might be in error. For more complicated
icrowave systems the method of signal flow graphs (Seely, 1972) is used
o analyse the errors.

test

Fig. 11.6 Block diagram of a scalar analyser system for making insertion-
measurements.

Solution

Multiple reflection of the incident signal between the device und or
and the source is illustrated in Fig. 11.7(a). The incident signal level at
device under test is therefore :

— Vo
1 + o0y’

where the positive and negative signs represent the extreme cases
phase of the reflected signal relative to V. V; can therefore vary by 3
(0.13dB) about its nominal level.

1.5 MEASUREMENT OF RETURN LOSS

A simple modification to the system shown in Fig. 11.6 allows us to measure
he return loss of a component directly (see Fig. 11.8). This time the two
irectional couplers are set to measure the incident and reflected power in
he transmission line connected to the input port of the device under test.
The arrangement, known as a reflectometer, is widely used for the adjust-
ent of the matches of devices during manufacture. The errors involved in

Vi

I |
I 01Vyi k- . g ; 2 5
! Frr—t ! his measuring system can be estimated in the way illustrated in the example
i o P i ibove. Notice that errors caused by the directivity of the coupler detecting
V;
Vo 1 Voxoo0iVy "
(a) Source Device under test
Modulation
Sweep - Scalar x=y
0.1V,4(1 £ 0.01 04) oscillator Sweep analyser plotter
r.f.
Detectors
V. V.
(b) ‘ o - S5 7] g
Fig. 11.7 Sources of error in microwave measurements: (a) multiple reflectif el s

between the source and the device under test, and (b) finite directivity of dire Device under test

couplers. Fig. 11.8 Block diagram of a reflectometer for measuring reflection coefficients.
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the reflected power increase as the match of the device under test i
proved. Note also that if the transmission loss of the device is caused
internal reflections rather than by dissipation of power then the result w

F_e affected by match of the matched load used to terminate the outpy
ine.

11.6 MEASUREMENT OF IMPEDANCE

Although a reflectometer can be a very useful tool for checking and ac
justing the match of a device it suffers from the disadvantage that it ca e
provide any information about the phase of the reflection. If the req
ment is to match a completely unknown impedance then phase inform
is often necessary.

A basic technique which is still useful though rather tedious is to use
slotted line. These exist for both coaxial line (see Fig. 11.1) and n’;l'-.
The method depends upon the measurement of the positions of the stan din
wave mimima and the voltage standing-wave ratio (VSWR) produced b
the unknown. 4

The equipment used for slotted line measurements is illustrated in Fj
11.9. The signal picked up by the probe on the slotted line is passed
the detector diode to a special instrument known as a VSWR meter.
oscillator is square-wave modulated (normally at 1kHz.) and the V.
meter incorporates a tuned amplifier which rejects all signals outsi
narrow band centred on the modulation frequency. The purpose of
to give the best possible signal-to-noise ratio. The VSWR meter also
tains both step and infinitely variable attenuators which are used to se
level displayed on the meter and to change from range to range. The
is calibrated directly in VSWR and usually has scales displaying decibels
well. The way in which measurements are made is described below.

If the reflection coefficient of the unknown is o then the reflected wa
amplitude is

V. = oV (116

VSWR

Slotted line

Oscillator

Fig. 11.9 Block diagram of equipment for making slotted line measurements ¢
impedance. ]

EASUREMENT OF IMPEDANCE
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" The maximum of the standing wave has amplitude

Vrnax = vl(]' + |Q|) (117)
and the minimum
Vain = Vi1 = le]) (11.8)
so that the voltage standing-wave ratio is
1+ ol
§= : 11.9
1= el S

The VSWR is measured by moving the probe to a signal maximum and
setting the meter to full-scale deflection (marked ‘1" on the VSWR scale)
using the attenuators. The probe is then moved to a signal minimum and
the VSWR read directly from the meter. Greater accuracy can be obtained
by taking the average of several measurements.

By rearranging (11.9) we find that the magnitude of the reflection coef-
ficient is given by
S=1
S+1

lol = (11.10)
The equipment can therefore be used to make measurements of reflection
coefficient as an alternative to a reflectometer. It has the disadvantage that
the measurements must be made at spot frequencies.

The positions of the minima can be used to determine the magnitude and
phase angle of the impedance at a reference plane. At a standing-wave
minimum the current is given by

V.
Lnin = 7 (1 + le]) (11.11)
Zy
5o that the apparent impedance of the unknown at that plane is
Z; = Vrninffmin
I l@l)
\1 + el
= Zy/S. (11.12)

Thus, at a standing wave minimum, the apparent impedance is real.

If the unknown is replaced by a short circuit as shown in Fig. 11.10 a new
set of minima can be detected which are spaced at half wavelength intervals
from the short circuit. Suppose that there is a minimum at P in the presence
of the unknown and one at P’ with the short circuit. Then, because the
apparent impedance of the unknown is known at P, it can be calculated at
P’ using the usual formula for transformation of impedance on a trans-
mission line (Carter, 1986)
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Complex .
ratio Display
detector

Reference
o

Phase shifter m
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Oscillator Device under test

f Short circuit
} { |P |
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Fig. 11.10 Measurement of impedance using a slotted line: (a) standing wave whe;

the line is terminated by the unknown, and (b) standing-wave pattern with a shory
circuit termination. b

Fig. 11.12 Block diagram of a vector network analyser for measuring complex
transmission and reflection coefficients.

‘and passed through a variable attenuator. These two signals are then com-
bined using a 3dB hybrid coupler so that the phasor sum is detected. The
attenuator is adjusted so that the amplitudes of the signals are the same.
Then the phase shifter is adjusted to produce a signal null at the detector.
If the unknown is replaced by a short circuit the measurement can be
repeated to give a phase reference.

The phase bridge just described is an r.f. substitution method. It has
Jargely been supplanted by an instrument in which the reference and
reflected signals are converted to an intermediate frequency at which
the phase comparison is made. This system, known as a vector network
analyser, is shown in Fig. 11.12. The signals reflected from or transmitted
by the unknown are compared with a reference signal by a complex ratio
detector. The phase of the reference signal is adjusted by a phase shifter. A
modern vector analyser usually contains an accurate signal source and a
computer which is able to carry out error correction and calibration as well
as displaying the results of the measurements in a variety of forms. For a
more detailed discussion of the vector network analyser see Bryant (1988).

Zy _ Zp+jZotan ki

Zy jZ,tankl + Zy (11.13

v:rhere Lis positive if P’ lies closer to the generator than P. The transforms
tion of impedance can be carried out graphically using a Smith chart (se
Appendix A).

Although, in theory, the maxima of the standing wave could be used f¢
these measurements the minima are always used because their posi _
can be found more accurately.

Another way of measuring the phase angle of a reflected signal is to use
phase bridge. The arrangement of the bridge is shown in Fig. 11.11.
reflected signal is sampled by a directional coupler and passed through
calibrated variable phase shifter. The incident signal is sampled likewis

3dB hybrid
coupler

Refeckr Mates 11.7 TIME-DOMAIN REFLECTOMETRY

In a complex microwave system it is sometimes easier to measure the mis-
match at a port than to say exactly what part of the system is responsible
for it. Time-domain reflectometry (TDR) provides a complementary tech-
nique to the frequency-domain reflectometry described in Section 11.5.
The equipment used is illustrated in Fig. 11.13.

The step generator applies a step function to the system under test and
the voltage on the input line is detected with a high-impedance probe. If the
system is perfectly matched then the probe voltage is just half the generator
voltage. The presence of mismatches within the system causes pulses of

Oscillator Unknown

Fig. 1111 B]ockv diagram of a phase bridge for measuring the phase angle of th
reflection coefficient of the unknown.
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@ Display
Synch
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Tee System under test

Fig. 11.13 Block diagram of equipment for makin i
refisctomety. quip 2 measurements by time-domair

returned power which add to, or subtract from, the input pulse dependis
upon the sign of the reflection (Carter, 1988, p. 113 ff.). The time del
the returned pulse gives a measure of the position of the mismatch wi
the system. This technique is used at lower frequencies to find faults
t(?lephone cables. If the rise time of the pulse is very fast (of the order
prfzosecond) then it is possible to resolve discontinuities which are a
millimetres apart.

The method just described can only be used with systems which use
c_onlductor lines so that they can carry signals down to d.c. For syste
llmlted_ bandwidth such as waveguides it is necessary to use pulsed mier
wave signals instead (Gardiol, 1984), 3

The time-domain and frequency-domain responses of a circuit are rel
to one _anothcr (Dunlop and Smith, 1984, Ch. 1). Suppose that the refle
coefficient measured at the circuit input as a function of frequency is ¢
and that the input signal is V;(r). The input signal can be expressed as
superposition of sinusoidal waves whose amplitude varies with freq
as

I o= :
G(w) = EI Vi(eye™ " dt.

Th('z amplitude of the reflected signal at any frequency is obtained by mul
Plymg G{w.) by the reflection coefficient. Finally the system response in the
time domain is obtained by Fourier synthesis as !

0 = | G do. (11.13)
The relationship between the time- and frequency-domain descriptions Of

the reflection can be used to compute the one from the other. Some ve
network analysers can compute the TDR response from a swept frequen:

-
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measurement using the fast Fourier transform (FFT) method (Dunlop and
Smith, 1984, p. 21).

11.8 SPECTRUM ANALYSER MEASUREMENTS

When measurements are to be made on non-linear or active microwave
systems the waveforms may not be sinusoidal. This may be because they
are amplitude or frequency modulated, or contain harmonics or spurious
frequencies caused by parasitic oscillations. In all these cases it is useful to
be able to take the actual waveform in the time domain and analyse it into
its frequency components. An instrument which performs this function is
called a spectrum analyser.

In principle spectrum analysis could be carried out using a tunable narrow-
band filter. The output from the filter would then be proportional to the
harmonic amplitude at each frequency. In practice it is difficult to make
such a filter except for small frequency ranges. An alternative is to mix the
signal to be analysed with that of a swept-frequency local oscillator as
shown in Fig. 11.14. The result is the production of sum and difference
frequencies of which the latter is selected by a narrow-band i.f. amplifier
and passed through an envelope detector to the display. There can be
problems with this arrangement if the swept frequency has appreciable
harmonic content. The output from the mixer would then be

f.=f % nfy (11.16)

so that the same f; could be generated by more than one input frequency
depending upon the value of n. A possible solution to this problem is to
pass the input signal through a swept filter before it enters the mixer. This
filter can be quite broad band because it only needs to eliminate those
frequencies which are far enough from the centre frequency to produce
spurious output. Thus if the analyser is designed to work with the nth
harmonic of the swept oscillator the nearest frequencies which can give
spurious output are

A Mixer Detector
f A . = Display
Atieuatoe i.f. amplifier
A—
Swept oscillator ~ Sweep generator

Fig. 11.14 Block diagram of a spectrum analyser.
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f=fi+ @+ 1f
F=f tedn= Df

so that the pre-filter bandwidth must be less than 2f;.

and

11.9 ELECTROMAGNETIC COMPATIBILITY MEASUREMENTS

Electromag'netic compatibility measurements fall into two main classes
the- sesceptlbility of equipment to external electromagnetic fields an
emission of radiation from equipment. i

Measurements of immunity to external fields are made by placing
equipment under test (EUT) in a known radiation environment. Fi
strengths as high as 200 Vm ™" are required by military test speciﬁc-a
At low frequencies this can be achieved by placing the EUT between
cc_mductors of a specially constructed section of TEM transmission [i
Figure 11.15 shows the arrangement of one such TEM cell. A section e
50Q ]:_»arallel-plate line is connected by tapers to coaxial lines. This arrai .
ment is satisfactory provided that the dimensions of the EUT do not excee
30% of those of the cell and that the width of the line is less than half ;
wavelet}gth. The method is used at frequencies up to 500 MHz. ‘

{Xt microwave frequencies the test field is provided by antennas of know
gain radiating within anechoic chambers. There is, however, the difficult
that the field is perturbed by the presence of the EUT si;'lce the latter

Equipment
under
test

r.f.in
Taper

Fig. 11.15 Arrangement of a TEM cell for measuri -
ST suring th -sus-
ceptibilities of electronic equipment. g the electromagnetic sus-
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]

Test
antenna
Equipment Direct path
under / |
test /
A Reflected
path Spectrum
analyser

7
Metal mesh ground plane

4 7

Fig. 11.16 Arrangement of an open field test site for measuring the radiation
emitted from electronic equipment.

commonly has a metal case. Thus it is necessary to specify whether the test
field is to be set up in the presence or absence of the EUT.

Radiated emission measurements are commonly made on an open ficld
test site as shown in Fig. 11.16. The radiation from the EUT is received by
a standard antenna and fed to a spectrum analyser. Because reflection of
the radiation from the ground is unavoidable a metal mesh ground plane is
used to ensure that the reflection is as close to that predicted by theory as
possible. When the test antenna is moved vertically on its mast maxima and
minima of the signal are observed corresponding to constructive and de-
structive interference between the direct and reflected signals.

Open field test sites suffer from the disadvantage that the test antenna
also picks up the signals from nearby radio transmitters. To avoid this
problem an anechoic chamber can be used, but it is difficult to make one
which is satisfactory below 100MHz. At lower frequencies screened rooms
have been used to make measurements of radiated emission. In order to do
this satisfactorily it is necessary to characterize the room at all frequencies
in the range of interest because of the effects of reflections from the walls.
An added problem with low-frequency measurements is that the receiving
antenna is inevitably in the induction field rather than the radiation field of
the EUT.

In many cases emission or susceptibility of the EUT has more to do with
conduction along cables rather than direct radiation. Measurements are
then made by using current transformers to couple signals off or on to the
cables as shown in Fig. 11.17. The ferrite rings provide matched terminations
for the signals to be measured.

Electromagnetic compatibility measurements are becoming much more
important because of the introduction in 1992 of an EEC directive that all
electrical equipment marketed and put to use within the EEC must satisfy
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Fig. 11.17 Schematic diagram showing the use of a current transformer and fe

damping rings to measure the conducted susceptibili S1 te
. ibility and emiss
equipment. P y ion of electronie

fo

Fig. 11.19 Measuring the Q of a resonator from the width of its frequency-response
curve.

regulations for both emission and immunity, Further information is

by Keiser (1983) and Jackson (1989). harmonic content or spurious responses will appear. The sweep can then

be narrowed down to isolate a single resonance (see Fig. 11.19) and the

~ frequency swept manually to locate the peak of the response. This fre-
quency is read directly from the counter to an accuracy of around 0.1/Q.
The vertical scale of the scalar analyser display is calibrated in decibels so it
is easy to locate the 3dB points, measure their frequencies, and calculate
the Q factor of the resonator from (7.10).

To measure the shunt impedance of a cavity resonator a perturbation
technique is used. This can either involve a perturbation of the cavity
boundary by a metal probe or the insertion of a dielectric rod (Waldron,
1967). The latter technique will be described here with reference to the
TM,; mode of a cylindrical pillbox cavity.

Figure 11.20(a) shows such a cavity with a thin dielectric rod inserted
along its axis. For this mode of oscillation the electric field is axial and
maximum on the axis. Provided that the perturbing effect of the rod is
small we can assume that the fields in the cavity outside the rod are un-
affected by its presence. The equivalent circuit of the perturbed cavity is
then as shown in Fig. 11.20(b) where L, and Cy are the inductance and
capacitance of the unperturbed cavity and C, represents the effect of the
dielectricrod. C; is calculated by treating the rod as a parallel-plate capacitor

11.10 MEASUREMENT OF RESONATORS

A microwa.ve resonator is characterized by its resonant frequency, Q facte
and.shunt impedance (R/Q). These parameters can be measured using |
equipment illustrated in Fig. 11.18. The signal from a microwave swe
oscillator is coupled into the resonator by a probe. The coupling must
weak to avoid loading of the resonator by the measuring system. A sim
probe: couples the output to a scalar analyser. The frequency of the os
lator is measured by coupling some of the signal into a microwave count
Beca.use the counter requires an unmodulated input and the scalar anal
requires a modulated input it is necessary to modulate the output s
from the resonator before it is detected.
If the oscillator is swept over a wide band of frequencies a series of p

appears on the screen of the scalar analyser correspondin g to the differe
modes of the resonator. The oscillator signal must not have appreci

Sweep Microwave Scalar
oscillator counter Modulation analyser

— 2R —

Detector

2a I Co=—=1G1 ===

Y \l\\
!

L

Resonator Modulator

Fig. 11.18 Block diagram of equipment for measuring the properties of microwa s
resonators.

(;:IJ (b)

Fig. 11.20 Perturbation of a cylindrical microwave resonant cavity by a dielectric
rod: (a) general arrangement, and (b) equivalent circuit.
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and subtracting the capacitance of an air-spaced capacitor having the same
shape. The result is

Ep T[a2

i

where ¢, is the relative permittivity of the rod. If the frequency perturbation
is Ao then, since the frequency is proportional to 1/yC, 1

:\/(CUS-UC)'

If C, < G, the square root can be expanded by the binomial theorem
give !

G

= - 1),

wy + Aw
g

(11.20)

Wy ZCO. ]
Substituting for C, from (11.19) gives
% - _E{]naz(er - 1) 11
wo 2hC, (118
Now from (7.4)
L , (E) 11
G~ g (
so that (11.22) becomes
Aw _goma’(e, — 1) (E) o

Thus, if the dimensions of the rod and its relative permittivity are know
the R/Q of the cavity can be calculated from measurements of w, and A®
Note that the negative sign in (11.24) means that the frequency is per
turbed downwards by the rod.

A more exact analysis takes account of the changes in the cavity fields :
a result of the presence of the rod. For a ratio a/R = 0.06 the error in R/
resulting from the use of the approximate formula (11.24) is about 3%.

This technique is used to measure the R/Q of cavities for klystrons
can be adapted to measure the coupling impedances of the slow-wav
structures used in travelling-wave tubes and linear accelerators (Ch.
(Connolly, 1976).

11.11 MEASUREMENT OF DIELECTRIC PROPERTIES

The dielectric properties of a material can be measured by essentially
same method as that described for measuring R/Q in the previous section

MEASUREMENT OF DIELECTRIC PROPERTIES
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If the cavity resonator has a simple shape such as a cylindrial pillbox then
its R/Q can be calculated from theory (see Section 7.3). Equation (11.24)
can then be used to calculate the relative permittivity of the perturbing rod
from the frequency shift. The change in the Q of the cavity produced by the
rod can be used to calculate the loss tangent of the material.

This method suffers from a number of disadvantages. It requires the
sample of material to be of a particular size and shape, it suffers from
errors caused by the approximations made in deriving equation (11.24) and
it is not good for measuring the loss tangents of low-loss materials because
the change in Q is too small to measure accurately. The first two problems
can be overcome by using a method in which the sample protrudes into a
cavity through a slot and making measurements for different depths of
insertion. When the frequency shift is plotted against the insertion depth
the slope of the line gives the permittivity free from errors produced by the
finite size of the sample and the slot in the cavity wall through which it
protrudes.

Another technique for measuring the dielectric properties of materials
depends on measuring the properties of a section of coaxial line or wave-
guide which is filled with the material. The transmission loss and return

Vector
network
analyser

i I

Transmlssmn
line with dielectric

sample
< >\
Horn
(b) Dielectric
slab

Fig. 11.21 Measurement of the dielectric properties of materials: (a) using a section
of transmission line filled with the dielectric, and (b) using a slab of dielectric.
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loss can be measured with a vector network analyser (see Fig. 11.21(a))
and the dielectric properties of the sample deduced.

When the sample of the material is in the form of a large slab its properties
can be measured by placing the slab between two microwave horns ac
shown in Fig. 11.21(b). The slab has the effect of changing the path leng
between the horns and also of reflecting some of the incident power beca
of the mismatch of wave impedance at its surface. The transmitted
relected signals are then analysed and the dielectric properties calcul
as in the previous paragraph.-

A useful review of methods of measuring dielectric properties and

table giving figures for a wide range of materials are given by Metaxas
Meredith (1983).

11.12 CONCLUSION

This chapter has set out to show how the devices and theory disc
carlier in the book are employed in a variety of microwave measu
systems. Most of the techniques and instruments likely to be found in
industrial or university microwave laboratory have been described.
the most part they are used routinely as part of the process of pro
development or manufacture. Very often the instruments are connected
each other and to a computer by a data bus which enables the meas
ments to be automated and results output which have been calculated
the raw data. Other, more specialized, techniques exist which are used in
standards laboratories and for measurements in physics laboratories. ,'

When a measurement is made it is important to know the sources of
possible error. The measuring technique must minimize these as far as
possible and provide an estimate of the residual error. In this book it
only been possible to give a brief discussion of this subject. It is partict
larly important to remember that sophisticated modern instruments whi
appear to give very accurate results are not free from errors. The ma
facturers’ manuals usually include discussions of measurement errors
their correction and these should be studied carefully. Fuller discussion:
microwave measuring techniques including the signal-flow graph meth
for estimating errors will be found in the books by Bryant (1988) and
Laverghetta (1976). ’ '

EXERCISES

a short circuit the standing-wave minima are 18.6mm, 16.3mm,
12.7mm and 9.6mm apart at four different frequencies. What are
those frequencies?

EXERCISES

L 285 |

[

11.2 If the figures given in Question 11.1 were obtgined with a WG16
waveguide slotted line what would the frequencies be?

11.3 Examine the effect of increasing the source reflection coefficient in
the example on p. 269 to 0.1.

11.4 In a series of slotted-line measurements the separation of the mipim_a
is 36.5mm. When the unknown loads are replaced by a short circuit
the minima move towards it by 18.2mm, 23.7mm and 31.8 mm. The
corresponding VSWR figures are 1.07, 1.20, 1.43. Find the normalized
impedances of the unknown loads.

11.5 A cylindrically symmetrical cavity resonator is 11 mm high and res-
onates at 3.56 GHz with the electric field directed vertically. When a
3mm glass rod (g, =4.1) is inserted along the axis the_ resonant
frequency drops by 45 MHz. Calculate the R/Q of the cavity.

11.6 The resonator described in Question 11.5 is perturbed by a different
dielectric rod 2.54mm in diameter. If the frequency drop is 94 MHz
what is the relative permittivity of the rod?



