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Measurement of Bandwidth of Microwave Resonator

by Phase Shift of Signal Modulation*

D. S. LERNER~ AND H. A. WHEELER~

Summary—Bandwidth is measured by transmission of a signal
with sine-wave modulation through a microwave resonator under

test. The modulation frequency is adjusted so that the envelope is
delayed 45° with respect to the input, indicating that the two side-

band frequencies are separated by the half-power bandwidth. The
resonance ratio (Q) is then equal to the ratio of carrier frequency over

twice the modulation frequency. This depends on observations of

these frequencies and the modulation phase shift, but not on the ampli-
tude. It is insensitive to detnning or incidental frequency variation
of the resonator or the signal. In a resonant cavity tested, an ob-
served bandwidth of 30 kc at 700 mc indicated that Q =23,300.

T
HIS PAPER describes a technique for measuring

the bandwidth of a high-Q resonator by observing

the transmission phase shift of the envelope of a

modulated signal. Furthermore, this technique is suited

for microwave distributed-circuit measurements as dis-

tinguished from techniques which are suited only for

lumped-circuit measurements at lower frequencies. In

general, prior methods have depended on amplitude

observations, whereas the subject method does not.

Microwave resonators typically have a high Q, much

greater than 1000. They are utilized in narrow-band

filters, wa~emeter cavities, and echo boxes. The com-

mon method [1], [2] of measuring the bandwidth would

require an observation of the resonance curve, noting

the frequency difference between the half-power (3-db)

points on the sides. IVfuch ingenuity has been applied to

this method, such as sweeping the curve, much ex-

panded, on a scope and then superimposing amplitude

and frequency markers for ease and precision of observa-

tion.

A special method of microwa~e measurement, com-

monly applied to the echo box, relies on observing the

envelope of the damped free oscillation following excita-

tion by a short pulse. This also relies on observation of

amplitude, particularly its rate of decay with time.

In a lumped resonant circuit, the “Q meter” relies on

directly observing the ratio of the voltages across one

reactance and the net resistance [3], [4]. It relies on

amplitude measurement also, and, in addition, it is not

generally applicable to distributed-circuit resonators.

As an introduction to the principle of the subject

method, Fig. 1 shows the well-known behavior of trans-

mission through a resonator at frequencies near reso-

nance. The upper curve (a) shows the amplitude peak at

f~ and the two side points separated by the half-power
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Fig. I—’rransrnission characteristics of single- tuned resonator.

(3-db) bandwidth Af. The lower curve (b) shows the

phase slope and the corresponding two side points at

~ 45° relative to the center.

If a carrier with sine-wave amplitude modulation is

transmitted through such a resonator, with the carrier

at the resonator center frequency and the sidebands at

the half-power frequencies, the modulation envelope is

delayed by 45° at the output. This phase lag with re-

spect to the input results from the 45° phase shift at

each of the sideband frequencies relative to that at the

carrier frequency.

The block diagram of Fig. 2 shows the means of utiliz-

ing this principle for determining bandwidth. The signal

generator provides an RF carrier with sidebands to give

a sine-wave envelope of amplitude modulation. This is

transmitted through the RF resonator under test. The

input and output signals of the resonator are rectified

in a detector, and the resulting modulation waves are

amplified. The two resulting sine waves are applied to a

phase meter to indicate their phase difference. An auxil-

iary amplitude indicator is provided for assuri ng that the

amplitude is within the wide limits of normal operation

of the phase meter.

In operation, the signal is tuned to the resonator

center frequency and the modulation frequency is ad-

justed to give an indication of 45° on the phase meter.

The details of this procedure will be given after a fur-

ther description of the equipment,
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Fig. 2—BIock diagram of measurement equipment.

In the signal generator, the carrier frequency must

be tunable to the resonator frequency, and should be

stable within about 1/10 of the bandwidth being meas-

ured. The signal generator must have provision for

sine-wave modulation. This is readily accomplished in-

ternally in the types of circuits commonly used in sig-

nal generators below 1000 mc. At higher frequencies,

where internal linear amplitude modulation may not be

available, a crystal or magnetic modulator may be in-

serted in the output of the signal generator. The modula-

tion factor should be kept moderately low (say less than

0.3) so as to hold down any envelope distortion in modu-

lation, which may be a cause of error.

The modulation generator must provide a sine wave

of a frequency which will be made equal to one-half the

bandwidth. A continuous y adjustable frequency is pro-

vided because the setting of the modulation frequency

is part of the measurement procedure.

The coupler provides a reference signal by sampling

the input to the cavity. Its coupling loss should approxi-

mately equal the insertion loss of the cavity. If the

coupler is not directional, the line from coupler to res-

onator should be padded so that the reflections from the

resonator will not cause errors.

The detectors and amplifiers are similar, and must

have the same phase shift at the modulation frequency.

The detectors may have any law of rectification that is

not too unusual. The measurement procedure corrects

for errors caused by distortion in detection, provided

that the distortion is not so large as to change the num-

ber or the sequence of the zero crossings. The modula-

tion-frequency amplifiers are needed to provide a suffi-

ciently high amplitude for the operation of the phase

meter.

The phase meter may be of any (within limits) of the

several commercial types which indicate relative phase

angle independent of amplitude and frequency [5].

Such a meter may rely on the zero crossings of the two

applied signals, as will be assumed here.

The amplitude indicator is an oscilloscope or a volt-

meter which indicates the output from the resonator.

It is required merely to indicate whether the amplitude

is within the operating limits of the phase meter.

In operation, the output of the RF signal generator

is applied to the resonator under test. A sample of the

applied signal is coupled to the first crystal detector, and

serves as a reference. The applied signal is transmitted

through the cavity and thereby has its modulation en-

velope changed. The modulation factor is reduced and

the phase angle of the modulation is retarded; only the

latter change is used for the measurement. The trans-

mitted signal is detected and amplified like the refer-

ence signal. Both signals are applied to the phase meter,

which then indicates directly their phase difference. The

amplitude indicator may be used for setting the initial

tuning in addition to monitoring the signal level to in-

sure that it is within the range specified for the phase

meter.

The measurement procedure is as follows:

a)

b)

c)

d)

The modulation frequency is set at some value less

than the bandwidth to be measured, so that the

detected modulation can be used for setting the

carrier frequency.

The carrier frequency is set by adjusting the RF

signal generator for maximum transmission

through the resonator, with the aid of the ampli-

tude indicator. This operation may be made com-

pletely independent of amplitude by tuning the

RF signal generator for maximum phase shift in-

stead of maximum amplitude. These alternative

procedures yield the same result.

The frequency of the modulation generator is ad-

j usted for 45° phase shift as indicated by the phase

meter. The effects of any detector distortion can

be corrected by making two measurements, as dis-

cussed below.

The bandwidth is equal to the frequency differ-

ence between sidebands, or twice the modulation

frequency. The resonance ratio (Q) is therefore the

carrier frequency divided by twice the modulation

frequency.

The wave forms involved in the phase measure-

ment are shown in Fig. 3. The like sine waves (a) illus-

trate the modulation signals applied to the phase meter

in the absence of distortion. The time intervals marked

45° indicate the intervals used for the phase indication.

The unlike wave forms (b) represent the outputs of de-

tectors having different laws of rectification. The dis-

tortion does not change the time of positive and nega-

tive peaks of the signal, but it does change the time of

the zero crossing. For a sine-wave modulation envelope,

this distortion is symmetrical about the peaks. That is,

if one zero crossing is advanced, the other is retarded by

an equal amount. This is illustrated by the two time

intervals which deviate from 45° by t e. By using the

average of two phase lmeasurements, using respectively
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Fig. 3—Detected waveforms of modulation envelope,

the positive-going and the negative-going zero crossings,

the effects of a moderate amount of distortion may be

cancelled. For the particular phase meter used, this is

accomplished by interchanging the two inputs, In gen-

eral, the two measurements may be made by reversing

the polarity of both inputs.

The bandwidth is indicated directly- as twice the

modulation frequency. This is inherently more accurate

than separately measuring the half-power frequencies

and then subtracting these frequencies to evaluate their

small difference. Amplitude variations of the signal gen-

erator have no effect, since the measurement utilizes

phase angle only. The envelope phase shift through the

resonator has its greatest value with the carrier at the

resonant frequency. Therefore, deviations from this

frequency have only a second-order effect on phase
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shift, and the measurement is relatively insensitive to

frequency drift of the signal generator and the resonator

under test. A small amount of frequency modulation at

the amplitude modulation frequency does not impair the

accuracy, because its sidebands do not affect the de-

tected amplitude.

For example, measurements by this procedure have

been used to determine a bandwidth of 310 kc at a fre-

quency of 700 mc, which gives a Q of 23,300. The ac-

curacy is estimated to be within 3 per cent, correspond-

ing to an error of 0.7° in measuring the phase. If indi-

vidual half-power frequencies were measured to obtain

this result, they would have to be determined within

one part in 2 million. As compared with other tech-

niques that are available for determining the band-

widths of high-Q resonators, the mocludation phase

method offers advantages of simplicity in operation and

accuracy of determination.
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