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Measuring the Carrier Frequency of Single
Short-Duration MW Radio-Wave Pulses
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Abstract—A new method for measuring the carrier frequency modulation follows a law not being known beforehand. More-
of single microwave (MW) radio-wave pulse is described, which over, the frequency range of delay lines based on SAW’s is
is based on its transduction to a series of echo pulses using Aestricted to 1—2 GHz. The MSW's having more high value

transversal filter. The analysis of the radio-wave pulses exhibiting f th locity th fi d tall anifi i
constant carrier frequency or frequency modulation is shown Or ine VEIOCIty than acolSHC Waves, do Not aliow a signiiican

to be both theoretically and experimentally feasible with the delay time.
help of a bulk acoustic-wave delay line. A frequency meter has  Hence, a frequency meter for single and rarely recurring

been developed for single short-duration 2.5-10.5-GHz radio- short-duration MW radio-wave pulses has to meet a number
wave pulj_es_, WTCh was de(;!‘?f‘stfated to be operative under o gpacifications. They include a wide enough band and the
t -int tions. : . ) N
Slrong radio-interierence conditions lack of high quality-factor @-factor) elements in the circuit
Index Terms—Bulk acoustic-wave devices, frequency control, where the output response is formed. These features allow the
frequency measurement, microwave devices, microwave measure-time of transit processes to be as small as a few MW periods
ments, pulse measurements Moreover, it is desired to delay an output signal for a time
sufficient for the impulse radio interference to decay.
|. INTRODUCTION This meter unit can find realization on the base of a

N URGENT problem of current interest is the measurdt@nsversal filter [9]. In this paper, the development of a
ment of the carrier frequency of powerful single shortiransversal-filter frequency meter is analyzed, while the results

duration microwave pulses generated by relativistic electrofft €XPerimental investigation of such a filter on bulk acoustic

beam generators [1]-[3]. The available methods based on Yaves (BAW's) are described for the microwave band.
use of a system of filters, heterodyne reception, or dispersive

delay lines have a number of shortcomings. [I. THEORETICAL ANALYSIS OF OPERATION OF
The system of filters (a set of cutoff waveguides [4] or THE FREQUENCY METER FOR SINGLE MW
of microwave (MW) resonators [5] and acousto-optical spec- RADIO-WAVE PULSES

trum analyzers [6]) permit one to assess only the amplitudeThe transversal filter is a two-port containing a divider,

spectrum of a signal. As for the phase spectrum, informatiof_channels with different weight coefficiea, and delay time

about it is lost, resulting in the characteristics of frequency~ _ 7+ A7y, and a summer [8]. Here is the channel

modulated radio-wave pulses which are not measurable. Fyfimper ands"N_, a2 = 1, T; is the delay time, which is

thermore, the reso_nator’s system is incapable_z of _measuring tBnmon for all the channels, anxll” is the difference in delay
frequency of a radio-wave pulse whose duration is comparalle.e values for any two adjacent channels. Sigfig) applied

to or less than the time of oscillation transition to a steady stgt¢ ihe input of this filter is divided between the channels.
in a separate resonator. Finally, the above frequency met¢fn, the responses from all channels which have different

offer poor noise immunity against the low-frequency impulsgmpjitudes and delays are summed by the summer and form
radio interference which is attendant on a radio-wave pul§€common output signa,...

while operating with MW relativistic electron-beam generators | ot ys first consider a monochromatic Sign8,,

[1]-3]. Ainp exp(j2 ft) traveling through the multichannel system.

The exception is provided by the heterodyne method [ﬂere,Ainp , f, andt are the amplitude, frequency, and time,
which employs a semiconductor hot-carrier-charge mix%spectively. At the output, we obtain

However, this method is successful only at a high input power

(>1 GW). . N .
As for dispersive delay lines, e.g., those on magnetostatie:t = Ainp €xpli27 f(To + t)] ZO‘" exp (j2r fATn). (1)
waves (MSW's) [7] and surface acoustic waves (SAW’S) [8], n=1

they are unsuitable for analyzing signals whose frequentye gainK (f) for the system under study is as follows:
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particular number of channel®/, as well as«,, and AT
values, one is able to essentially derive all dependerdcigs.
The time of output signal formation after a lapse of tiffie
is determined by a maximum additional delay’/NV.

When a narrow-band signal is applied to the system, whose
spectrum width is many times smaller than the me@gn
value, and its gainK, is measured, we can fingy using
the known dependencE = K(f). Evidently, to provide a
needed measurement accuracy, the above dependence must
have a sufficiently steep slope and be unique, while the time of
the output signal formation must be much smaller compared
to the signal duration.

Moreover, the dependenéé(f) must be periodic to find the
values ofa,, and AT with the help of Fourier transformation.

This can be artificially achieved in the following manner. Let ' Frequency (GHz)
the function K(f) be of desired shape inside the operating @)

frequency band. Outside this band, it is defined arbitrarily,

but so as to be periodic as a whole. Then, this function can Time

be represented in the form of a Fourier series by temporal I——
harmonicsATn, namely, U——l—l—_]——r

K(f)= Z o, exp (727 fATn) (3) o
n=1

wherea,, = (1/AF) [ K(f) exp(j2r fATn) df, AT =
1/AF, and AF is the functionK(f) period.

We think of K(f) in the operating frequency band such
that a specified relative measurement error for the dais W
AK/K produces the required relative error of frequency
measurementd = Af/f. The K(f) may be conceived in (©) '
the form of a piecewise-exponential periodic function [9] as
shown in (4), at the bottom of this page, whetds an integer
and f1 is an arbitrary coefficient.

When passing to real measuring systems with a finitg. 1. Characteristics of the transversal filter. (a) Amplitude-frequency

number of channels, the infinite series (3) must be truncat@tgracteristics under multiple reflection conditions. (b) Series of delayed echo
foll . ' pulses for the input signal with a constant carrier frequency. (c) Series of
as follows: delayed echo pulses for the frequency-modulated input signal.

—~
foe]
=
~
M

Amplitude

Amplitude

N

VK (f) = ao/2+ Z &y, cos(2m fATn). (3) in practice, especially under the conditions of strong impulse
n=t radio interference.

Here, we use expansion by cosines since the fundiigf) is The dynamic range ol K'(f) variation without adversely
even. Calculations have shown [9] that the frequency resporagfecting the measurement accuracy can be achieved by us-
K(f) becomes slightly pulsating, unlike the specifi€df). It ing a multichannel system that operates under the multiple
should be noted that increasing the number of channels yietdflection conditions. As an example, in the case of imperfect
a smaller pulsation amplitude. As the peridd is raised, the matching of the channels to the summer, the single signal
dynamic range of" K ( f) variation is wider and the pulsationunder study is transduced into a series of nonoverlapping
amplitude is greater. delayed echo-radio-wave pulses as the duration of the input

Let us make some estimates. It follows from the calculatiostgnal 73,, < 1y. Every ith echo pulse is characterized
that to ensure a relative measurement error, e.g4 6f0.1% by an individual amplitude-frequency characteristié(;( f).
in a frequency band of 2.5 GHz & = 10%, it is sufficient Our calculations have shown the frequency response is to be
to employ a transversal filter composed of 40 channels whosried within 20-25 dB to obtain the above parameters in
gain K (f) has a period\ /' = 20 GHz. In this case, the time of this case [see Fig. 1(a)]. The individual dependefid€;(f)
the output signal formation after a lapse of tiffigis smaller may have a nonmonotonic behavior, but in the aggregate these
than 2 ns and the dynamic range lies within 100 dB. Howeveatependencies must uniquely define the frequency. The required
a MW receiver with such a dynamic range is difficult to realizaumber of channels is lowered to 20-30 by operating the

([ - mAR)RIP, femAF; (mt 1/2) AF]
) = S e SO e e s o @
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transversal filter under such conditions. The time of the outpwhere A;(At;) and Ain,(At,;) are the amplitudes of the
response formation is thereby decreased to 1-1.5 ns; this isitty echo pulse and the input signal withjth descritization
an order less than for resonance systems providing the samnterval, respectively. Then comparing the secured values of
accuracy of measurement. gain K;; to the corresponding responsEg( f) [see Fig. 1(a)],

The evaluations mentioned above were made under the ws-determine, using the above technique, the frequencies for
sumption of a full decoupling between the channels. Howevevery descritization interval. IAf is sufficiently small, the
in real systems it is impossible to entirely eliminate mutualistribution of instantaneous frequency inside the radio-wave
coupling between the channels, which implies a certain varijgulse is obtained.
tion of the frequency respons&g<;(f). The calculated results  One is able to automatically accomplish a similar procedure
taking into account incomplete decoupling demonstrate tbé transition from analog-to-digital form with the help of a
decrease of the frequency band that ensures the measurerdigitial storage oscilloscope compatible with a computer that
within a necessary accuracy while increasing the couplif@s dependencieK;(f) in its memory. By this means, our
magnitude. But if the coefficient of coupling between thenethod permits the measurement of both the mean frequency
channels and the summer is less thatb dB, the variation of value of narrow-band signals and the distribution of the
the frequency band and the measurement errors are negligibistantaneous radio-wave pulse frequency.

I1l. M EASUREMENT TECHNIQUE FOR THE V. R M D
SHORT-DURATION RADIO-WAVE PULSE FREQUENCY - REALIZATION OF THE METHOD DEVELOPED

If a narrow-band frequency-unmodulated signal with carrier 1 "€ @pproach was realized for the microwave band by

frequencyf, is applied to the input of the above system undéf>'"d: as a transversal filter, a lede-barer(/f ~ 30%)
multiple reflection, a series of delayed radio-wave pulses qgoustic delay Ime_: (ADL) on BAW'S that operates_under the
produced at its output whose amplitudes are determined %z[ldmons of multlple rgflecthn. The AD_L waveg_wdes W_ere.z
the corresponding values &f;( fo) at point fo [see Fig. 1(b)]. n |'Fher aco_usucally uniform in attengatlon nor in velocity;
We drop a superscripiV' that is relevant to the number 0fthe|r reflecting edges were slightly fringe counted and near

channels in the system (and do not use it below). It is appargﬁlra”e' (the edges are parallel only to within 15“p0Such

that the observed echo pulses will exhibit different amplitudeS€12Y line can be represented as in-parallel-connected acoustic

however, they will be of the same shape. Measuring the gﬁhannels with different weight coefficients and delay times,

K, for each echo pulse in terms of the known dependenci'e%" as a transversal filter. The function of an oscillation divider
K%(f) one may unambiguously determine the frequeficgis and of summer was performed by a piezoelectric transducer for
T L]

the only value of argumenf that is common for ali-indexes the ADL operating in the “reflection” mode or two transducers

[see Fig. 1(a)]. Again, with such an approach, the quantiE?r the “transit” mode. The multiple acoustic-signal reflections
Sought is measuredil times, whereM is the number of echo 0¥ imperfectly flat reflecting edges of the waveguide, its static

pulses. Therefore, the total error of frequency determinatiﬁ?hom_ogeneity’ and_ Qiffraction divergency resulted in a strong
decreases by a factor o£M/2 with respect to a mean distortion of the original flat phase front [10] (at the BAW
quadratic error length as long as 1-Z2m) and a great echo-pulse amplitude

Now, we apply a frequency modulated radio-wave pulse gsapenden'ce on frequency. Fig. 2 presents the ty.pica'l echo-
the input of the system. Since the functién(f) depends on pulse osqllograms at the output of an ADL operating in t_he
the é-number, a series of delayed radio-wave pulses will pscm radio-wavelength band for various carrier frequencies.
observed at the output which have a varying envelope sha ge may conclude that the envelope of the f|_rst 4-6 gcho
[see Fig. 1(c)]. The distortion of the pulse shape will obviousk!'SES IS an exact and unique frequency portrait of the input
be stronger, the greater the frequency deviation. This may gpal. Th|s. |s_conf|rmed' in Fig. 2(c) V\(here two echo—'pulsg
a qualitative criterion for the frequency modulation. series are indicated, which are superimposed and differ in

Thus, the use of the wide-band multichannel system Wi{ppqutke)ncy byllo-?ﬁ;. The amplitudes of echo pulses are seen
multiple reflection and delayl; enables one not only to {0 Substantially differ. o el ] it
perform transduction of a single MW signal to a series of SINC€ It IS impracticable to calculate the amplitude-

radio-wave pulses, but also to be informed on the chan§§duency characteristics for the ADL, due to the lack of
of instantaneous frequency inside the radio-wave pulse. T ormation on the nonhomogeneous properties of waveguides,

information is available in the form of additional amplitudéhe ADL's were calibrated by expgrimentation. TO 'do this, the
modulation that differs for each echo pulse relative to W radio-wave pulses were applied to the ADL’s input under

envelope of the input signaliy,, (). To extract a knowledge of regurring conditions at a high puIse-period—to-pulse-duratio_n
the frequency modulation law from the shape of the envelob tio from a stan.dard generator. The frequency dependencies
A,(t), we partition all the echo pulses and the input signdf (e Power gain were measured for every echo pulse. As
into portions of the same duratiaht being equal in number, an echo-pulse receiver, the amplifying circuit of traveling-

for which the instantaneous frequency and amplitude m%’;\ve tubes, detector, and oscillograph were used. The above

be assumed to be constant. For each of these discretizafighendencies normalized to the gain of the first echo pulse,
intervals, we define the gain as follows: i.e., relationP; /P, were measured whet®,; is the power of
' ' the ith pulse. These dependencies, called calibration curves,

K;; = Aij(At)) [ Ainp(AL;) (6) are shown in Fig. 3 for the typical 3-cm-band ADL.
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Fig. 4. Measuring results for the instantaneous frequency of an input ra-
. . . dio-wave pulse with frequency modulation. (a) Oscillogram of delayed echo
Fig. 2. A series of delayed echo pulses at the output of a typical 3-cm-bag@ses. (b) Distribution of instantaneous frequency inside the radio-wave pulse
ADL for various frequencies. (af = 8200 MHz. (b) f = 8325 MHz. () measured by means of the standard wave met@raqd the ADL 6).
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pulse to the input of the transversal filter. Fig. 4(a) depicts the
oscillogram of echo pulses from an input of 3-cm-band radio-
wave pulse of rectangular shape whose frequency modulation
follows the nonmonotonic law. This oscillogram was obtained
using the ADL with the calibration curves indicated in Fig. 3.

It is seen that the delayed pulses are shaped differently, and
this qualitatively points to the frequency modulation. Using
this analysis technique for frequency-modulated radio-wave
pulses, the distribution of instantaneous frequency inside the
pulse was defined, which is shown in Fig. 4(b). At this point,
the measurement results are shown, which were obtained by
means of the standard resonance wave meter with a measuring
error of about+-0.05%. From this figure, we notice that the

Relations P, /P, (dB)

7.5 5 9.5 X . . . . .
s 103 error of the instantaneous frequency determination is not in
Frequency (GHz) excess 0f+0.3%.
Fig. 3. Frequency dependencies of relatiodd/P; for the typical
3-cm-band ADL for different echo pulses. V. MEASUREMENT OF OPERATING CONDITIONS

FOR RELATIVISTIC MW GENERATORS

Relying on investigation performed in the recurring mode,

Any series fraction consisting of four to six echo pulseg measuring device has been developed and fabricated to
can obviously be adopted for measurements. For exampigtermine the responses of single short-duration MW radio-
under the conditions of impulse interference arising at the scgive pulses under the conditions of strong-impulse radio
origin, one is able to carry out the measurements on the thirdigferference. This device consists of wide-band BAW ADL's,
fourth echo pulse that exhibits a great delay. In this situatiofansistor amplifiers, and detectors operating in different sub-
it is more convenient to normalize the calibration curves f§ands and, as combined, covering an operating frequency
the power of the third or fourth echo pulse, respectively. Tigand as wide as 2.5-10.5 GHz. The errors of frequency
lessen the BAW attenuation loss in the waveguide, the ADheasurement within the 2.5-7.5- and 7.5-10.5-GHz bands
may be allowed to cool to the boiling point of liquid nitrogenwere smaller thant1% and+0.25%, respectively.

As mentioned above, an additional amplitude modulation is By application of this device, various operating conditions
observed for every echo pulse with respect to the input signveére examined for relativistic electron-beam MW generators
envelope when applying a frequency-modulated radio-wairecluding carsinotron, magnetron, and others. In Fig. 5, the
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VI.

In summary, it may be noted that the proposed method for
measuring the carrier frequency of single MW radio-wave
pulses can be realized not only on the ADL'’s, but also on
coaxial, strip, or waveguide electromagnetic-wave transmis-
sion lines that operate under multiple reflection conditions.

CONCLUSION

100-,'
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Fig. 5. Oscillograms of delayed signals at the output of the ADL for
radio-wave pulses generated by a relativistic MW generator. (a) The input
signal has a two peak envelope with the constant carrier frequency. (b) The
input signal is composed of two pulses exhibiting different carrier frequency[7]

(8]
measurement results displayed are most representative of tige
potentials of the frequency meter developed. Fig. 5(a) shows
the echo-pulse oscillogram for a typical two-peak envelope
of the instantaneous power of a MW radio-wave pulse witfig)
the 30-40-ns duration. The shape of the echo pulse seems
to be independent of its number. This means the absence of
frequency modulation, i.e., the carrier frequency is constant
along the pulse in spite of its two-peak behavior.

One of the most interesting operating conditions for rel-
ativistic electron-beam devices is generation of single seri~~
of two or three and more closely spaced short-duration M'
radio-wave pulses. Unlike the methods mentioned in Sectior
our method of keeping the information about phase spe
trum allows us to measure the distribution of the carrie
frequency for such pulses. Fig. 5(b) is a typical oscillogra
of echo pulses corresponding to a double radio-wave pu
from the output of the relativistic magnetron. It is seen th

(3]

' (4]

2
[5]
[6]

amplitude envelopes for two echo-pulse series diverge duegiQunsist in 1981 and

on relativistic electron-beam microwave generators.
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