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. FOREWORD

This Technical Documentary Report, RADC-TDR-64-°50, is the
RAT SCAT Research and Development Report No. 3 and has been as-
signed the report number I'ZE-222-3 by General Dynamics/Fort
Worth. The contents of this report and the abstract are un-
classified. This report was prepared by J. W. Tucker, J. W.
Jones, C. H. Fletcher, and W. P. Cahill.
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RADC-TDR-64-150
ABSTRACT

When a large, complex target is rotated to obtain a radar
cross section (RCS) pattern, the observed RCS typically exhibits
violent oscillations. These oscillations are characteristic of
the changing relative phase between reflections from individual
scatterers as the target rotates. Significant RCS data may be
obscured by the oscillations. These oscillations may be smoothed
through the use of a frequency-stepping technique in which the
radar frequency is shifted from pulse to pulse. The result is an
RCS pattern in which the characteristics of individual scatterers
are emphasized rather than the interactions between the scatterers.

An ancillary result of the frequency-stepping technique is
that it may be used to obtain greatly improved range resolution.
This capability arises as a direct consequence of the wide band-
width of the frequency stepping waveform. Instrumentation re-
quirements include a stairstep voltage waveform generator, a
voltage-tuned oscillator, a narrow-band filter, and a moving cor-
ner reflector.

The results of frequency stepping measurements on a two-
element interferometer, a target with theoretically predictable
back scattering characteristics, correspond closely to predicted
results. Predictable features appear on frequency-steppilng meas-
urements of a vehicle mock-up. No theoretically significant
changes in the experimental frequency-stepping system are requirco
to implement an operational system.
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SECTION 1

INTRODUCTION

This report contains a description of the frequency step-
ping techniques and instrumentation provided at the RAT SCAT
Site under Contract AF30(602)-2831, RADC Project 6503. The
theoretical material discussed herein is based on a summary of
techniques and theoretical aspects of frequency stepping pre-
sented to participants in the RAT SCAT Technical Direction Meet-
ing held at General Dynamics/Fort Worth on 28-29 November 1962
by Dr. Franklin A. Rodgers, Jr. A frequency stepping theoreti-
cal analysis, contained in Reference 1, by J. W. Tucker, J. W.
Jones, and C. H. Fletcher is also reprnduced herein in revised
form. The measurement data are the results of an experiment
per formed at the RAT SCAT Site in September, 1963.

The general problem of smoothing radar cross section data
is considered, and the concept of phase averaging is defined in
Section 2. A detailed mathematical development of frequency
stepping is presented in Section 3, and supporting material is
provided in the appendices. The character of the averaging
process is analyzed, and the resolution enhancement technique
is demonstrated through spectral analysis. A description of
the instrumentation is given in Section 4. 1In Section 5 the
results of a series of frequency stepping measurements are pre-
sented and compared with theoretically predicted results. Rec-
ommendations for an operational frequency stepping system are
made in Section 6.




SECTION 2

FREQUENCY STEPPING FUNDAMENTALS

Radar Cross Section (RCS) data are commonly presented in
the form of polar or rectilinear graphs of RCS (expressed in
decibels as 10 log;p RCS/0,, where U, is an arbitrary reference
level, typically 1 square meter) as a function of aspect angle
0. For small bodies, the curves are characterized by relatively
wide and infrequent lobes. However, large complex bodies exhibit
violent oscillations of RCS because of the angular dependence of
the phase relations between individual scatterers. These vio-
lent oscillations sometimes obscure useful information, and it
is commonly accepted practice to perform some sort of smoothing
of the data.

The most commonly used smoothing technique for RCS data is
angular smoothing over a small angular interval. However, since
the violent oscillations for which smoothing is desired arise
from the angular dependence of phase relations between individual
scatterers, a more useful averaging is phase averaging. When
this is used, the oscillations arising from the changing phase
relations between individual scatterers are de-emphasized, and
the effects of individual scatterers and closely spaced groups
of scatters are more easily studied.

A simple example of phase averaging is obtained by consid-
ering two scatterers which are separated a distance AX and are
observed by a radar signal, in which the angular frequency is
Wy, directed in the X direction. If0; and 0, are the respec-
tive RCS's of the scatterers, the observed RCS is

R R P

= 0; + GZ + 2\0105 cos2aXw/e (2-1)

2

If the frequency Is varied so that the relative phase angle
2aXw/c isuniformly distributed over 0, 24r, the average of the
cosine term will be zero, and the observed average RCS will be

To=01p + 0, (2-2)

A more detailed analysis is presented in Section 3.




The indicated phase averaging is easily implemented through
the use of a radar which is capable of frequency-stepped trans-
mission. In this system, a uniform, pulse-to-pulse frequency
ircrement is used to provide a sufficient number of pulses to
cover a bandwidth B. The frequency stairstep is then repeated.

At times it is desirable to be able to accurately locate
the position in range of flare spots on a complex target. These
spots can be located by using the range resolution capability
inherent in the wideband waveform which is characteristic of
frequency stepping. A detailed discussion of a suitable tech-
nique is presented in the following sectioms.




SECTION 3

TECHNICAL DISCUSSION

Cross Section Averaging

As stated in Section 2, a phase averaging process is easily
implemented through the use of variable frequency transmission.
In particular. a frequency-stepped transmission will be consid-
ered. The two-scatterer case will be analyzed first, and the
results will then be extended to the N-scatterer (complex) tar-
get.

In the frequency-stepped radar, the transmitted frequency
is changed in uniform frequency steps from pulse to pulse through
a set frequency interval. Each shift in frequency is accumplish-
ed during an interpulse period. The staircase variation of fre-
quency with time is shown in Figure 3-1, in which T, is the
staircase repetition period and T, is the interpulse period

As shown in Figure 3-2 a radar at K is used to observe a
target composed of scatterers 1 and 2. The distance from radar
K to scatterer 1 is dj, and the distance to scatterer 2 is d2.
The difference between d] and d2 is Ad. The radar frequency is
w= 27f. The total signal voltage, Vg, received by the radar at
K is

Vg = \12_81 cos(wt - _‘_4_171\21 - ¢l)+ \/2_ ar cos Wt - é%d-z - @2;
(3-13
Fcr a pulsed transmission, a squeare law detector provides

an output that consists of a sequence of positive voltage pulses
in which the amplitude is proportional to

Plw) = ;;7 (3-2)

where the bar indicates a time average over one puls:.

By multiplying and using the identity 2cosA~osB = cos(A-8j
+ cos(A+B),

P(w) = 2a12coszcot - ﬁ;ﬂl - @1) + 2822c052¢vt - ﬁ%QZ - 99)
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+2a; a9 Eos(.‘izgﬁc_l + af) + cos(2wt - Slay ) -9 -¢23

)
(3-3)
and since cos? @t-«) = 1/2 and cos (201:-@) = 0,
2 2 L77ad %
= + + U 2E + a =
P (w) ay a, 2ajaycos [ s (3-4)
: 217
or, by writin = W
4 g = .
2 2 2ad
P(w) = a) + a% +2aja) cos = + Ad:l (3-5)

If the frequency is stepped along a uniform staircase, as
described above and shown in Figure 3-1, the eavelope of the
pulse amplitudes is a function of time as shown in Figure 3-3.
The envelope function P(t) for the linear frequency staircase,
shown in Figure 3-1, is obtained from P(w) by substituting
W= +%¥t . in equation 3-5 to obtain

2ad
P(t) = a + a2 + 2aja) cos |: s

1 2

where to goes from zero to T, and then repeats, &as shown in
Figure 3-1. The resemblance between this equation and equation
2-1 s apparent. However, the phase angle is not necessarily
uniform over an integral number of 27 radians. The actual aver-
age observed can be found by averaging P(t) with respect to time
over the observation interval T.:

- L Te
P = f P(t) dt

C (0]

+ Ap +léd.i‘t-| (3-6)
c c ¢

) Aquc
+ ap + 2dxT,) b W
c adoT o

Cc

_ a% 2adw,

+ ag + 2aja) cos(

Finally, by substituting (1) xT. = 2wB, where B is the total
bandwidth in cycles per second, and t22) Wyle =22,

2770d B
sin—L—
P = a:12 + a2 + 2a;a, cos(MrAd + 49 + ZWMB) <
2 Ao c 2qd B
¢
(3-7)



Thus P is seen to consist of two parts:
1. The incoherent scattering

2 2
a) + af

2. The coherent scattering

si 2mAd B

. a bpod | ag . 2004 B SindTeEl
2 44, cos (55 =+ A ¢ ) " madb
C

The precise manner in which the averaging process suppress-
es the coherent scattering term (and it is this term that gives
rise to the violent oscillation of RCS) can now be seen from the
(sin x)/x factor in the ccherent scattering term. If the argu-
ment x is greater than approximately 7/1.23, then -10 logyg
(sin x)/x is always greater than 6.7 db. In other words, the
coherent scattering term is suppressed more than 6.7 db when

2nad 8 > uli
) R i
c 1.23

This result will be obtained whenever the scatterer separation
is

Ad S S
2.46D

By way of example, if the bandwidth is 1 kilomegacycle
(10 per cent at X-band), then ¢/(2.46B) = 0.4 feet or 4.8 in-
ches. Hence, in the case of scatterers farther apart than 4.8
inches, this coherent scattering interaction will be suppressed
by at least 6.7 db. The actual averaging process is most di-
rectly accomplished by a low-pass filter.

Ir is of interest to examine the frequency spectrum of the
envelope function shown in Figure 3-3. The spectrum of one
period is ~iven by the Fourier transform of equation 3-6.

/2 }
Flw = J'II‘/ cos(w’ot +?%) e e dt (3-8)
B
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Wit + ¥ = 20d@0 + 2g + L
C C

The power spectral density is

% . I:sin(u-u(;)%]z 4 |:sin(w+a6')%]2

+ T w4 W)L
o 2 ( °)2

o

w-w

cosWn T - coswT
+ 2 cos 2¥ (3-9)

w ? -w(')z

The spectrum consists of two continuous (sin x)/x spectra
centered at w’y and -w’y. If this wave form is considered to be
a strictly periodic function (i.e., over -oo, +2°) the contin-
uous spectrum will be replaced by a discrete spectrum with lines
centered at multiples of 27/T¢ and (sin x)/x envelopes cent.ered
atéyy and - wy, as shown in Figure 3-4. The spectrum which re-
sults from an intermediate observation interval is similar to
that shown by the dotted lines in Figure 3-4. The lines which
occur at multiples of 2m/T. have now become continuous spectra
centered around the multiples of 27/T..

The geometry of the situation in which a radar is used to
observe a multi-source target is shown in figure 3-5. The radar
1s located at K. The target is composed of N scatterers, and
the distance from radar K to scatterer i is dj. The total sig-
nal voltage Vg received by the radar K is

V—ZF a cos(wt - iﬂi -9 ) (3-10)

where 8; is the amplitude of return from scatterer 1i.

The square law detector produces an outout that consists
of a sequence of positive voltage pulses in which the amplitude
is proportional to

Pw) = vi (3-11)

10
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By substituting equation 3-10 into equation 3-11 and per-
forming the indicated operations,

Pw) = ZZZaiaq cos I})t - ln;di - ¢i] cos l:wt - %d—q - ¢;]

By using the identity, 2cosBcosA = cos(B-A)+cos(B+A), P(w) may
be written as

P(w) “ZZaiaq<cos Eér;dq - agd") + (0q - ¢ii|

+ cos |Z’lwt: - %Z(di +dg) - (05 + ¢q£|) (3-12)

And, since cos (2wt -p) = 0,

P(w) ZZ cos[fm;q L Aaq,i] (3-13)

If 27/2 is now replaced by its equivalent w/c, equetion
3-13 may be written as

N N 2whd, 4
P (w) =Z o ajaq cos —_—2 o@ i (3-14>
lnl q=1 q e q,

By considering two separate cases, namely, aj; = aq and
aj *# 8q, equation 3-14 may be expanded into

N Ad .
. i
P@) ‘“Z 81 +§1 %:‘1 PiRq s [2“’_3“ * A¢q,i]
itq (3-15)

If the frequency is now stepped along a uniform staircase,
as previously described, the envelopes of the pulse amplitudes
are a function of time. For the linear frequency staircase the
envelope function, P(t), is obtained from P({w) by substituting
W=, +Xt. in equation 3-15 -o obtain

i@‘ Z N ZAdq i%o s ¢
P(t) = <4 Ylajaq cos 2 a9
(t) i=1 i 1I=1 c‘l:l 1 ¢ ®

i#q
26d, ;o
2] i

13



where t. goes from zero to T and then repeats. The first term
1"e

of equation 3-16 may be called "incoherent scattering,' and the
second term may be called '"coherent scattering.’

By taking the time average of equation 3-16 over a period,

_ _N N N sin274d B 4rad,
P-> al+3 5 aa C__ cos(—t= + afg,
i=1 1 {e1'g=1 197 2nad B o
ifq c 217ad B
U

(3-17)

The averaging process is the same as that described previously
for equation 3-7.

The coherent scattering is the dc component,

N 2
P ’Z 8.1

i=]

The phase averaging thus results in the smoothing of the
violent oscillations which are characteristic of the RCS pat-
terns of complex targets.

Range Resolution

The mo=t important result of the use of a frequency-step-
ping radar in RCS measurement lies in the phase averaging pro-
cess previously described. In addition, a fine range resolution
capability c#n also be realized by virtue of the wide bandwidth
of the frequency-stepped transmission. In the system to be
described, a coherent reference is used in the form of an auxil-
iary reflector in the neighborhood of the target. In addition,
to overcome the effects of spectral spreading, this auxiliary
reflector is moved at a constant speed past the target toward
the radar (Spectral spreading is caused by (1) the cyclic nature
of the frequency sweep, which gives rise to an output envelope
that consists of pieces of a sinusoidal function, as shown in
Figure 3-3, and (2) non-linearities in the frequency-time
characteristic of the frequency sweep).

A multitarget geometry, similar to that shown in Figure
3-5, is again used; A, is the reference reflector, the pulsed
radar used to observe the complex is located at K. The total

14




signal voltage VS received by the radar at K is

brrd 4
\/_Z aj cos@t - m
i=] %

77
- 9;) + Arcos@t - z - ¢rﬂ
(3-18)
When this signal is fed through a square law detector, the

output, P(w), is proportional to the original voltage &nd may
be written as

P(w) = 75 (3-19)

When equation 3-18 is substituted into equation 3-19, the
right hand side of equation 3-19 will have the same form as
that of equation 3-3. Since these expressions have the same
form, the evaluation of equation 2-19 may now be written as

N _N modg 4
P(w) = AIZ, * Fa P ajaq cos[n + 88y :l
i=]1 q=1

< brrody
+£i_;1 2a;Arcos ['——%—’— + A¢1 r (3-20)

Equation 3-20 may then be expanded to

4 od
P(w)sA +Z a +Z Z a;a cosl:ﬂ ;l
i=1 gq=1 ]
i¥q
4 Ad
*‘Z.. 2a;A, cos[nh +op, (3-21)

Equation 3-21 contains three characteristically different
groups of terms:

1. The dc terms

15




2. The terms arising from the interaction of individual
scatters within the target

N N brrad
22 aikq °°S[“—7sﬂ’—i * ““’q,i]
i=1l q=1

itq

3. The terms arising from interaction of the corner re-
flector with individual scatterers within the target

N birad
2 iZﬂ:l ajA, cos[ 7\1 L+ Aq’i,z]

In the static situation described by equation 3-21, these
three types of terms are superposed. However, these terms can
be separated by using the frequency stepping mode described
earlier and shown in Figure 3-1. The result is a saw tooth
variation of frequency with time which is sampled at the PRF of
the radar. Appendix I contains a detailed calculation of the
frequency components present in the radar output. The general
characteristics of the spectrum can be discussed without in-
vestigating all of the details

When the radar frequency 1is varied, the dc¢ terms of equa-
tion 3-21 are unchanged and the effect of this variation on the
other terms is qualitatively the same. A typical term may be
written as

P(t) = cos,:zég @, +0\’tc_;J
c
OStc<Tc

t. = t-n T, (3-22)
This form shows explicity that P(t) is periodic with period
Tc. and that the behavior within the period is a cosinusoid with
a frequency
1
2ad

f-E-T' =

(3-23)
that depends on (1) the rate /2w at which the radar frequercy
is changed and (2) the distance, Ad, between two scatterers.
The actual output is a sampling of this wave at the PRF, as
shown in Figure 3-3, but this sampling need not be considered

16



in this qualitative description. The spectrum of the voltage
envelope of the output, equation 3-22, is a set of lines at the
harmonics of the frequency 1/T.. The harmonics which exhibit
maximum amplitude are those falling nearest f and its harmonics.
Thus, if the spectrum of the radar output is analyzed, the dis-
tances,ésdq’i and[&di’r, in equation 3-21 can be determined.

If the corner reflector is far enough behind the target,
all of the distances,Ad; ;, will be larger than any of the
Adq, i, and a spectrum analysis will enable the determination of
each distance. In practice, however, jitter &and nonlinearities
in the frequency sweep of the radar make it difficult vo resolve
these frequencies.

The technique of moving the corner reflector at constant
velocity towards the radar provides a means for overcoming the
effects of jitter and nonlinearity. It also provides a means
for separating the interactions between the scatters from in-
teraction between the reflector and its scatterers by frequency
discrimination. This possibility arises because (1) a Doppler
shift of 2v fy/c is impressed on the lines involved in the in-
teraction of the reflector with the target, (2) low frequency
spectral components may now be used in the distance determina-
tion, and (3) these low frequency components are less affected
by the jitter and nonlinearity previously mentioned. Since £,
is the radar frequency, significant Doppler frequencies can be
obtained with modest velocities. Use of the moving reflector
also permits discrimination between the interactions with
scatterers that are equidistant from the reflector, one in front
and the other behind. .

The following qualitative description is based on the analy-
sis in Appendix I. In the mathematical sense, the spectrum con-
sists of two sets of lines. One set contains harmonics of the
fundamental frequency 1/T., and the amplitudes of this set de-
pend on interactions between scatterers of the target. The
other set is displaced from the 1/T¢ lines by the Doppler shift,
ana the amplitudes depend on interactions between the moving
reflector and the target. The interaction between the reflector
and each scatterer furnishes a varying amplitude to these lines.
Within the set of Doppler lines are two sets of lines which are
shifted in opposite directions from the 1/T. lines. The shifted
lines showing the greatest amplitude occur at a frequency of
large numerical value when the reflector is behind the scatterer;
as the reflector moves toward the radar, lines nearer zero
frequency have the greatest amplitude.

17




As far as any measuring equipment is concerned, the nega-
tive frequencies are measured as if they were positive. However,
the Doppler shift for one set of lines increases the positive fre-
quencies, and decreases the numerical value of the negative fre-
quencies, and the converse is the case for the other set of Dop-
pler-shifted lines. Consequently, for a set of doppler shifted
lines, the fold-over that occurs in the representation of the in-
formation obtained from measuring equipment does not result in
superposing the negative frequency lines on those of positive fre-
quency unless the Doppler shift is related to the line spacing by
(n + 1/2)Tc where n is an integer.

The doppler frequencv is chosen so that the shifted lines
fall one-third or two-thirds of the way between the unshifted
lines. Consequently, the folded-over lines of a set of Doppler
shifted lines fall tw~-thirds or one-third of the way between the
1/Tc lines, and the result is three sets of equidistant lines (The
folded lines at one set of Doppler shifted lines will always co-
incide with the real lines of the other set). When this choice is
made, the possibility of interference between the returns from
scatterers behind the reflector and those in front is minimized.

This choice of Doppler frequency provides optimum discrimi-
nation between scatterers in front of and behind the corner re-
flector as well as discrimination against spectral components
which arise from interactions between the fixed scatterers. Math-
ematically, the optimum Doppler frequency is defined by

£, = . = 1 1
D 3T n = 1,2 (modulo 3)
(i.e., n=1,2,4,5,7,8,10...) (3-24)

where T. is the period of the stairstep, as shown in Figure 3-1,
and the symbol = means ''congruent to."

When such a Doppler frequency is chosen, the 2 sets of lines
represented by groups 2 and 3 will become three sets:

Set 1: Lines at n(%L), no relative motion
¢

Set 2: Lines at (n+%) %—, relative motion in one sense
c

Set 3: Lines at (n-%) ;L3 relative motion in the opposite
. C sense.
18




As previously mentioned, a narrow band filter is provided
to accept one of the Doppler components. This filter will re-
spond to the (sinzx)/x2 type of envelope associated with a given
source, as the separation,z&di,r, varies through the appropriate
range. Fmphasis is placed on the fact that it is the envelope,
and not the lines in the spectrum, that moves with variation in
Adj r. Thus all ambiguities which result from the sawtooth shown
in Figure 3-2 can be removed.

The minimum distance, A d, which will provide a full cosine
cycle of P (equation 3-22) during one cycle period, T., can be
found by equating the right hand side of equation 3-23 to 1/T¢:

where B = o T./2 is the bandwidth from the beginning to the end
of one stairstep cycle. Appendix I contains a derivation of
resolution based on spectral analysis while Appendix II contains
a derivation based on computation of the autocorrelation func-
tion of the transmitted wave form.

19




SECTION 4
RAT SCAT

INSTRUMENTATION

In the preceding sections, consideration has been given to

the basic principles of frequency stepping and the application
! *his technique to radar cross section measurement. This sec-

20" %ains a description of the instrumentation that has been

»u, 4ted in the RAT SCAT equipment to enable measurement
bused on the principles previously discussed. The three main
groups of radar equipment will be discussed: the transmitter,
the receiver, and the sigma servo. A more detailed description
of this instrumentation will be found in References 2 and 3.
The experimental moving corner reflector configuration is also
discussed in this section.

Radar Equipment

Figure 4-1 is a block diagram of the transmitter, which
incorporates a frequency stepping unit. This transmitter has
been designed to operate in Band 7 (8 to 11.5 kilomegacycles)
It consists of a master oscillator (backward wave oscillator),
a driver amplifier (TWT), and a power amplifier (TWT), together
with associated control and monitoring equipment. As shown,
both of the TWT's are pulsed to produce a good on/off ratio and
a good pulse wave form. The peeak output power is 1 kilowatt
Other characteristics include the following

l. Pulse width: 0.1 microsecond to 1.0
microsecond, variable

2. Pulse Power: 1.0 kilowatt
3. Repetition rate: 500-5000 cps
4. Stepped Frequency: 32,64,128,256 steps per cycle

5. Stepped frequency mode,
frequency range per
sweep cycle: 0 to 1.5 kilomegacycles,
adjustable

6. Transmitter on/off ratio: greater than 100 db
20
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Frequency stepping 1s accomplished by applying a stairstep
voltage to the voltage-tuned master oscillator. The stairstep
generator produces a voltage of the desired stai.step form with
a high degree of linearity and accuracy. The generator is con-
trolled by a binary counter, which is triggered through a 20-
microsecond-delay generator by the system synchronization pulse
One step of the stairstep voltage is produced for each synchroni-
zation pulse. A total of 32, 64, 128, or 256 steps is produced
for each frequency sweep cycle; the numbecr of steps is controlled
by the setting on the operation control on the binary counter.

A block diagram of the receiving system is shown in Figure
4-2. The receiver receives a CW signal directly from the trans-
mit.ter local oscillator. This signal is attenuated to approri-
mately -50 dbm to reduce interference. The attenuated signal is
mixed into the AFC IF amplifier and discriminator. The dis-
criminator produces a dc error voltage which is proportiocnal to
the frequency error of the local oscillator. This error voltage
is summed with the output of the transmitter frequency stepping
unit and fed into the helix of the receiver BWO to rontrol its
frequency. The receiver BWO is identical to the one used for the
transmitter master oscillator; the AFC will c(ompensate for small
frequency differences. Thus, the receiver's local oscillator
is stepped in frequency and synchronized with the transmitter
master oscillatcr to maintain a constant i.atermediate frequency.

The local oscillator provides 10 milliwatts of RF power
This power is divided, pert being used to drive the signal chan-
nel mixer ~nd part to drive the AFC mixer. Two ferrite isolators
are incorp. ated in the line between the power splitter and the
AFC mixer. [hese isolators are used to prevent the transmitter
master oscillator signal from feeding through the AFC mixer,
through the power splitter, and into the signal channel mixer.
Since the frequency of this signal is the same as that of the
transmitter, it tends to mask out low-level target echos.

The problem of converting the target echo signal to a
proper form for recording is solved by comparing the signal
with a standard reference oscillator signal and driving a servo
with the resulting error signal. The complete servo loop, as
shown in Figure 4-3, consists of the IF amplifier, gate circuits,
boxcar circuit, error detector, amplifier, mctor, 60-megacycle
oscillator, attenuator, and amplifier.

For single frequency operation or for frequency stepping
operation, when it is desiravle to record average signal return,
the equipment is operated in the following manner. Echo signals

22
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are fed to the IF amplifier, along with a pulse from the refer-
ence oscillator. The gate circuits then allow the return pulse
and reference pulse to be routed to the boxcar circuit. The
boxcar stretches the pulses and relays them to the Error Dctector.
The error detector transforms the difference in pulse height be-
tween echo and reference signal into a 400-cps voltage to drive
the servo. The servo drives in such a direction that the ampli-
tude of the attenuated 60-megacycle reference oscillator pulse

is matched to the amplitude of the echo signal. At this point,
shaft position represents the inteusity of the received signal

or echo. For the case of frequency stepping the sigma servo acts
as a low-pass filter and drives to a position that corresponds

to the average echo return from the target

An encoder on the sigma shaft permits a direct digital read-
out of cross section. Two potentiometers on the sigma shaft are
used to control the pens on two recorders to yield polar or recti-
linear plots of cross section, at the discretion of the operator.

To use the equipment for flare spot location, a high se-
lectivity filter is connected to the boxcar output, and the filter
output is recorded as a function of time. In this case, the sig-
ma servo is rendered inoperative. The previously discussed in-
strumentation is shown in Figure 4-4, plus the additional instru-
mentation needed to obtain flare spot isolation. This additicnal
instrumentation consists of a movable corner reflector and a
set of railroad type tracks on which to move the reflector.

Experimental Moving Corner Reflector Equipment

2 A self-contained cart with a mast-mounted corner reflector,
a track, and the necessary instrumentation were provided for the
range resolution portion of the frequency stepping experiment.

A photograph of the initial equipment configuration is shown in
Figure 4-5. The cart platform is about 33 inches wide by 48 in-
ches long; the top surface, exclusive of the protruding batteries,
is about 6 inches above the track. The cart con ains a dc shunt-
wound motor, batteries, and the necessary control circuits. The
cart weighs approximately 200 pounds. Sealed bearings and com-
partments were used to avoid excessive deposition of dust or sand
in the cart components. A shield, which extended to a height

of 14 inches above the track, was placed on the fron:c of the cart
in an effort to reduce the radar cross section of the cart con-
figuration.

The track for the cart was constructed of parallel 2.5-inch
pipes, 3 feet apart on centers, in two 20-foot sections. Two
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men can position a section of track. A transit was used to es-
tablish the level of the treack.

For operation of the frequency stepping system for range
resolution measurement, the cart motion was started from the
operations building with the cart at the far end of the track.
The cart traveled to the near end of “he track, automatically
reversed direction, and moved to the far end of the track where
it stopped automatically.

Five cart-operated switches were placed along the track at
5.0-foot intervals to provide signais for use in determining
cart position and velocity; the timing signals and radar signals
were simultaneously recorded on separate tracks of a multi-track,
strip chart recorder. The experimental cart was designed to
travel at a veloccity variable from about 1.3 to 3 feet per sec-
ond through the use of an clectrical control and three different
gear ratios. The cart was actually somewhat overpowered, and
the velocity was higher than predicted and was not constant.
Weights were added to the cart to provide a more constant
velocity. Typical velocity measurement data obtained on differ-
ent days is shown in Table 4-1. The effect of velocity variations
is discussed in Section 5.

An examination of the preliminary data led to efforts to
reduce the radar cross section of the cart configuration to
insure that only one scatterer of significant cross section was
present. The shield was replaced by a block of KAM, and the
wooden mast by a thin Styrofcam column.

The preliminary data runs were made by using a 19-inch
corner because the 4-inch corner specified for the experiment
was lost in shipment. The final data runs were made with a 9-
inch corner, which somewhat improved operation over the 4-inch.
The 19-inch corner proved to be too large and was placed low on
the mast, as shown in Figure 4-5.

28




Table 4-1 TYPICAL MOVING CORNER REFLECTOR
VELOCITY MEASUREMENTS

Velocity Toward Velocity Away From

Range Marker¥ Radar (£fps) Radar (fps)
1-2 1.41 1.41
2-3 1.41 1.41
3-4 1.44 1.41
4-5 1.42 1.42
1-2 1.33 1.33
2-3 1.33 1.33
3-4 1.4 1.4
4-5 1.36 1.36

*Range marker 1 is at maximum range.




SECTION 5

FREQUENCY STEPPING MEASUREMENT DATA

Measurements were made at the RAT SCAT site with the equip-

ment nreviously discussed.

Special targets were used to pro-

vide a theoretical basis for analyzing measurement results.
These targets and the results of these measurements are discuss-

ed in this section.

Some interesting results associated with

the ducting of RF energy by Styrofoam and frequency stepping
range ambiguity are also discussed.
frequency-stepping measurements on a Mark 1l mock-up is includ-

ed in this section.
using the following radar parameters.

1.

2.

10.

11.

Frequency:

Bandwidth:

PRF:

Pulsewidth:
Polarization:

Number of steps:

Doppler Shift:

Moving Reflector Speed:
Filter Center Frequency:
Filter Bandwidth:

Theoretical Resolution:

A brief discussion of

The majority of the data runs were made

9.3 kilomegacycles
1 kilomegacycle
2560 second™l
0.175 second
horizontal

64

227 cps

=1.4 fps

=53 cps

7 cps

0.5 feet

Variations from these parameters (except for the filter
center frequency which was not accurately determined) are shown
in the appropriate figures; both radar cross section and range
resolution measurements were made on the experimental targets.

Radar cross section results consisted of single-frequency measure-

ments at 9.3 kilomegacycles and frequency-stepping measurements
from 8.8 to 9.8 kilomegacycles; targets were rotated in both

instances.

30

The range resolution measurements were made by using




the moving corner reflector with the target fixed at known
azimuth angles.

Experiment Targets

Targets with a theoretically predictable radar cross sec-
tion pattern for some aspect angles were selected for the fre-
quency stepping experiment. The initial target consisted of
two 6.0-inch diameter spheres embedded in a shaped Styrofoam
billet in dumb bell fashion and supported by a tapered Styro-
foam column. A photograph of this target is shown in Figure
5-1. Single-frequency measurement:s were made on this target
to provide data for comparison with the frequency-stepping meas-
urements. Some aspects of the single-frequency measurements
are discussed in this subsection.

The model chosen to represent the frequency-stepping tar-
get is that of two uncoupled point scatterers, as shown in Fig-
ure 5-2. The radar cross section of the model, consisting of
two unit radar cross section point scatterers, can be defined
as

T o |1+ o-i2kD sing| 2 )
After simple manipulation, this equation becomes

0 = 4 cos?(2kD sin@3) (5-2)
Near broadside, the radar cross section can be defined as

0 = 4 cos?(2kp@3) (5-3)
and the angle between the peaks of the pattern is

Aﬁ- 0 (5-4)

kD

For the target configuration and frequency used, D = 3 feet and
f = 9.3 kilomegacycles, A/3 = 1.0 degree. This broadside feature
can be seen in the single-frequency measurements data for this
target.

An examination of the preliminary data run shown in Figure
5-3, will reveal the presence of periodic variations in the
m..Xximum values of the trace near broadside. The variations are
shown in the sketch in Figure 5-4. It can be seen that the
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Point
Scatterer

Radar

Fig. 5-2 TWO-ELEMENT INTERFEROMETER TARGET MODEL
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pattern maxima are alternately high ond low rather than the
same value (a periodic variation in the nulls is suggested but
will not be considered further). As shown in the following
analysis a phenomenon of this type couid arise from the pres-
ence of a fixed scatterer.

If it is assumed that the target consists of the 2-element
inter ferometer and a fixed scatterer, as shown in Figure 5-5,
and that no interaction occurs, the back-scattering cross sec-
tion can be found in the following straightforward manner:

di = y cos9 + (L/2 + x) sin O
dg = y cos@® + (L/2 - x) sin ©
d3 = fixed (5_5)

The radar cross section, relative to the cross section of a
single scatterer of the interferometer, can be defined as

i2kd -i2kd -i2kd. , 2

0 (@) = |[e L +e 2:ace 3 (5-6)

where k = 21m/a. After straightforward manipulation, this equa-
tion becomes

G (8) = al + 4 cos2 (kL sin 0)
+ 4a cos [ékd3 + 2k(y cos 6 + x sin Oﬂ
.cos (kL sin 0) (5-7)

In the vicinity of broadside, © is small and

(@) = a2+ 4 cosz(kLO) + 4a cos [2kd3 + 2ky + 2kx9ﬂ
.cos (kLO) (5-8)

An examination of equation 5-8 will reveal the presence of (1)
the interferometer periodicity; the cos2(kLO) term, which has
peaks for values of @ = Op = n7 /kL; (2) a rapid periodicity
introduced by the fixed scatterer, the cos (kLO) term, which has
maxima at @ = Oy = 2nw/kL; and (3) a slower periodicity intro-
duced by the fixed scatterer, the cos (2kdjy + 2ky + 2k6x} term,
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Fig. 5-5 INTERFEROMETER TARGET AND FIXED
SCATTER MODEL
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which has a period defined bya@ =T /kx. For the parameters used,
L=3 feet and frequency = 9.3 kilomegacycles, the interferometer
pericd is 1.0 degree, as previously shown, and the period of the
fixed scatterer associated effects are 2.0 degrees and 28.6 A/x
degrees. An examination of the data shown in Figure 5-3 will
verify the presence of the 1.0- and 2.0- degree periodicities;
the slower variation would be caused if x = 2.1 inches, where

L0 is estimated to be 17 degrees.

The relative radar cross section of the fixed scatterer
can be estimated by finding the ratio of the maximum and minimum
value of the peaks. From equation 5-8, the maximum peak will
be (a + 2)2, and the minimum peak will be (a - 2)2. Near broad-
side, the maximum difference in the peaks is approximately 1.5
db so that the ratio is 1.41 or a2 = 0.03; this value corres-
ponds to a relative level of -15.2 db. Since the radar cross
section of the 6.0-inch diameter sphere is about -17.4 dbsm
(geometrical optics approximation), the radar cross section of
the fixed scatter is approximately -32.6 dbsm.

T'he model considered above provides a satisfactory expla-
nation for some aspects of the data in the vicinity of broad-
side. 1In the vicinity of end-on, where the target interaction
occurs, the model is no longer appropriate; some interesting
end-on effects for this target are discussed later in this sec-
tion. An apparent shielding of the sphere farthest from the
radar by the Styrofoam billet resulted in a change in the target
configuration. A sketch of the three basic target configura-
tions is shown in Figure 5-6.

In subsequent data runs, the variations considered above
are not as apparent for two possible reasons. First, an effort
was made to reduce the background level; second, most measure-
ments were made on Targets B and C and wind effects caused a
variation in the observed cross section even when the target
was not rotating. System stability was verified by monitoring
the return from the more rigid transfer standard. The sensi-
tivity of the cross section measurement to relative sphere
position changes can readily be seen by considering the -radial
displacement required for one of the spheres to reduce the peak
radar cross section value by a given amount. The expression
20 + 25cos(4war/2), where ¢ is the radar cross section of one
sphere, can be used to illustiate this effect. Whenar is zero,
the theoretical peak value of 40 is realized, but the radar
cross section measurement will be down more than 1 db when aAr
is 0.12 inch. A similar but more pronounced effect can occur
at the nulls of the psttern.
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Cross Section Averaging

Polar and rectilinear scattering diagrams of the freqency-
stepping targets with and without frequency stepping are shown
in Figures 5-9 through 5-18. All scattering diagrams were made
with the moving corner cart in place. The predicted near-broad-
side (90- or 270-degree azimuth) period cf 1.0 degree is present
in the pattern with and without frequency stepping. The pre-
dicted (sin x)/x envelope can be seen in the frequency-stepping
data. The effect of some type of interac'ion, such as shielding
and/or shadowing, can be seen near the end-on aspect (0 or 180
degrees of azimuth).

The theoretical frequency-stepping cross section pattern
of the target with no coupling can be discussed by using the
appropriate equation in Section 3.

sin 21 &dB
=1 Yo 22 & 75 s ,"41rad+A¢+2ﬂAd§l c
P*= a a 2. 1,08
1 ) 172 L 7~° ] 24rcAdB oy

The 1.0-degree-period observed arises from the 4vAd/», and the
2adB/c terms which combine to give exactly the same theoreti-
cal period as that obtained in the singie frequency case The
predicted (sin x)/x type of envelope appears on the pattern
near broadside. A comparison of the measured and theoretical
envelopes is shown in Figures 5-7 and 5-8; the theoretical
values in these figures were calculated by using the expression

sin 21mrAdB

s
1010 1 + - <
810 LL 216dB
c (5-9)

and the appropriate radar and target parameters. A plot of the
measured peaks was made from the data in Figure 5-9 and fitted

to the theoretical curve. The absolute amplitude of the meas-

ured data is not significant in itself in this case, especially
in view of the wind effects previously discussed.

Interesting results were obtained when measurements were
made with and without frequency stepping, on a target consisting
of a 6- and a 12-inch diameter sphere. These data are shown in
Figure 5-15 through 5-18. A pattern asymmetry can be clearly
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secen in the frequency-stepping run. This effect is easily ex-
plained by the fact that the leading edges of the spheres are
not at the same range at the 90- or 270-degree a-imuth angle
and the fact that, in the high frequency region, the phase
center of the backscatter from a sphere is near the leading
edge. The angular distance between the peaks,~171.2 degrees,
can be very favorably compered with the calculated angle of
170.4 degrees (a setup error can also be seen in Figure 5-15
and 5-16).

An effect of using spheres of different diameters can be
seen in the peak-to-peak variation in the patterns. If it is
assumed that the cross section csa be defined by the use of
geometric optics, the theoretical variation for single-frequency
operation is the ratio of the maximum value cross section
( &G + )2 to the minimum value ( ﬂﬁf«ﬁ?)z where ¢ is the
radar cross secrtion of the smaller sphere. This ratio corres-
ponds to 9.54 db; on the data trece, the average peak-to-peak
level is close to the theoretical value. The theoretical varia-
tion of the frequency stepping trace from the peak to the aver-
age value can be readily determined by using equation 3-7. The
peak value car be written (560 + 40 ); the average value is
then 57, and the theoretical variation is 2.56 db for this case.
Fcr the equal diameter sphere case, the theoretical variation
is 3 db.

All scattering diagram data2 runs were made with the cart
in place and only the corner reflector was removed. Back-
ground (including the Styrofoam sphere support) scattering dia-
grams are shown in Figures 5-19 through 5-22. The average fre-
quency stepping background is about 5 db above the 9.3-kilo-
megacycle level; the peak level is very nearly equal in both
cases. Consideration of the theory of frequency stepping aver-
aging leads to the implications that (1) the background could
be lower if the background scattering were largely coherent and
(2) the effects of relatively large, discrete background sources
on target measurements would be reduced. 1n practice, the
frequency stepping background level was greater, probably be-
cause of noise intrcduced through beam position and pattern
and VSWR changes over the bandwidth. In spite of the greater
frequency-stepping background level, the frequency stepping
data is relatively clean, especially in the vicinity of the
(sin x)/x envelope.
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Range Resolution

Final resolution data runs are shown in Figures 5-24
through 5-32. 1In each figure, the output of the band pass fil-
ter is displayed on the upper data strip, and the cart posi-
tion signals (at 5.0-foot intervals) are displayed on the lower
strip. The trace was made from left to right with the cart

moving tov radar on the left side and away from the radar
on the riy ideo signal appears when the phase cen-
ter of the ., rej jector is at a discrete distance from that

of a scatterer. This distance is dependent on monitoring of a
particular Doppler-shifted line with the band pass filter. The
variable range parameters and target configurations used for
each data run are shown in the figures.

The variation in the amplitude of the signals in the for-
ward and backward runs and between runs is attributed primarily
to a drift of the band pass filter center frequency about a
Doppler-shifted spectral line, although variations in cart ve-
locity had some effect. The sensitivity of the measurement
results to the filter setting is qualitatively illustrated in
Figure 5-23. These measurements w¢re made with the band pass
filter center frequency dial set at the frequencies indicated.

Range resolution measurements were made with the three
basic target configurations siiown in Figure 5-6. Three corner
reflector sizes were used; a 19-inch corner was used in check-
out runs because the specified 4-inch corner was not available,
and & 4-inch and a 9-inch corner were used in the final data
runs. The 9-inch corner appeared to produce the best results.
Data runs for (1) Targets A and B (shown in Figure 5-6), (2)
different corner sizes and (3) selected azimuth angles are
shown. The azimuth angle of 90 degrees corresponds to a broad-
side aspect angle.

Since the distance between the cart position marks is
known and the two data strips were recorded simultaneously,
the distance between spheres can be measured for comparison
with the theoretical separation. A comparison of the theoret-
ical and measured range differences between the target scatter-
ers is subsequently shown in Table 5-1. The errors are at-
tributed primarily to errors in cart position due to velocity
variations and trace distortion introduced by velocity changes
and the drift of the band pass filter. Cart velocity changes
and band pass filter changes have the effect of distorting the
data trace and thereby causing an error vhen position
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measurements are taken from the trace. [t can be seen that the
larger errors occur when a peek of the trace is distorted.

Consideraticn of the spectrum derived in Appendix 1 will
reveal that cart velocity changes will not introduce distortion
in the data, unless the specrtrum shift is out of the band pass
filter range. The spectral pcsition of the maxima of ¢} w!
and G2 (w) are influenced by a change in velocitv so that the
maxima shift in opposite directions for a given change in ve-
locity but in the same direction and the same amount az the
Doppler-shifted lines associated with the respective maxima.
The direct effect of velocity changes on cart position relative
to the target scatterer is the only significant effect =f ve-
locity in all practical cases. An examination of the cart veloc-
ity data, shown in Table 4-1, suggests that the veliocity wsas
reasonably constant although velocity changes of the order in-
dicated could introduce errors of the order shown in Table 5-1
where the average over a 5-foct interval was used to calculate
position differences. In any case, cart velocity changes can
be readily remedied in an operational model. The velocity
changes in this experimental model were generally less that 5
per cent, and it is suggested that this variaticn was largely
due to friction between the wheel flanges and the track and
wheel slippage. Data could presumably be taken from the trace
more accurately if the scale were expanded, i.e., with higher
strip chart speed. 1In addition, it appears that data reduccion
would be more accurate if the trace deflection was greater;
in this manner, a better reference for measurement between
pulses would be provided.

Range resolution data runs were obtained at azimuth angles
of 6.5 and 11 degrees in an effort tc display relative ampli-
tudes of the return from the spheres for a condition where the
one sphere was partially shadowing or influencing the back-
scatter pattern of the other sphere. These azimuth angles
were chosen through an examination of the single-frequencv azi-
muth pattern shown in Figure 5-33. A definite null and peak
appear in cthe back-scatter pattern at azimuth angles of 6.5
and =~11.0 degrees (CCW scale), respectivelv. This finding in-
dicates that the return from the far sphere was relatively
small in the first case and larger in the second. This obser-
vation is borne out by an examination of the data in Figure 5-29
and 5-30, although the drift of the band pass center frequencv
may have significantly influenced these resuilts.

Further checks on the shadowing effect was made bv using
Target C (a 6-inch sphere and a 12-inch diameter sphere!. Re-
sults of these measuremerts are shown in Figures 5-31 and 3-32
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In each case, the 6-inch sphere is nearest the radar. The
shadowing effect of the 6-inch sphere can be seen in the data
in Figure 5-33. The pen displacement was adjusted to keep the
trace of the return from the 12-inch sphere on the paper; con-
sequently, the return from the 6-inch spheres appears small
relative to previous data runs.

Table 5-1 RANGE RESOLUTION MEASUREMENT RESULTS

Calculated Measured
Sphere Sphere

Figure Separation Separation Error Error
Number (feet) (feet) (feet) (%)
4-24 3.0 2.81 -0.19 6.33
4-25 3 2.89 -.11 3.66
4-26 2.12 2.10 -0.02 0.944
4-27 1 0.96 -.04 4
4-29% 2.98 2.70 -.28 9.4
4-30 2.94 2.86 -0.08 2.72
4-31* 1.87 2.08 0.21 11.8
4-32* 2.75 2.54 -0.21 7.37

*Note trace distortion.

Additional Observations

The remaining data runs were included to illustrate two
interesting phenomena observed during the experiment. An ad-
ditional "target' appears on the trace of Figures j-34 and 5-35
although no change was made in the actual target configuration
This effect was caused by the appearance of an ambiguous target
return which was removed by doubling the number of steps in the
frequency-stepping system. This ambiguous target appears at a
range of approximately 16 feet from the center of the pit. The
presence of the ambiguous target is not sigrificant in itself,
but it does introduce an undesi- able data presentation effect.
Had the track been only slightly longer than the maximum target
dimension, the ambiguous target would not have appeared. This
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phenomenon was treated in Appendix B of the original frequency-
stepping document, Reference 1, and that appendix is reproduced
in Appendix II of this report. An ambiguous target will appear
when the system responds to second order maxima of the auto-
correlation function, C(8), of the frequency-stepping wave form.
As shown in Appendix II, second order maxima will occur when

£ 0
= i
2M (5-10)

wheref2 = the total angular band width, M = the number of fre-
quency steps, and i is an integer.

The first maxima will occur at

0 = B (5-11)
which corresponds to a spatial position

Adl = MC
2B (5-12)

For M = 32 steps and B = 1 kilomegacycle, an ambiguous target
will appear when the corner reflector is 15.7 feet from an ac-
tual target. Obviously, with 64 steps, this distance is in-
creased to 31.4 feet so that an ambiguous target return will
not appear with the cart track length used. A significant
feature of the frequency-sterping technique is illustrated by
the shape of the ambiguous target return relative to that of
the actual target. It can easily be seen that the ambiguous
target return is distorted; this effect is the result of system
instability and lack of linearity, especially ir the frequency
ramp, which has the effect of broadening the spectrum. This
effect can be seen in Figure 5-35 where the ambiguous returns
from two targets have merged together. This effect becomes
increasingly severe for maxima further from the zero order so
that a system which is dependent on a clean spectrum cver a
wide band also requires an extremely linear and stable system;
such is not the case for the frequency stepping techniques. The
results of a linearity measurement are shown in Figure 5-36.

An experimental data run was made by using widely different

radar parameters to eliminate the ambiguous target return; the
results are shown in Figure 5-37.
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The second phenomencon of interest is illustrated in Figure
5-38 where the target (Target A in Figure 5-6) is oriented for
a separation of 3 feet between the spheres. It can be seen that
the sphere farthest from the radar does not appear. The effect
of some type of coupling between the spheres can also be seen
on the azimuth patterns near the end-on aspect. This effect
was investigated further, first by removing one of the spheres.
The results of measurements made with and without frequency step-
ping are shown in Figures 5-39 through 5-42; the sphere is
nearest the radar at 0-degrees azimuth. It is clear from an
examination of these data that the Styrofoam support is in-
fluencing the back-scatter pattern of the sphere. Also, the ef-
fect does not appear to be a resonance phenomenon because it is
a broadband effect; i.e., the frequency stepping pattern (1
kilomegacycle bandwidth) is similar to the single-frequency
pattern. A possible explanation is that the horizontal portion
of the Styrofoam support is ducting the energv as a waveguide.
The target configuration was then changed by mounting the single
sphere on a 7-inch pedestal. Measurements made on this configu-
ration are shown in Figure 5-43 through 5-46; no significent
effect of the Styrofoam appears in these data, and subsequent
data runs were made with the spheres on pedestals, as shown in
Figure 5-6.

A range resolution data run was made by using Target B in
the end-on aspect (see Figures 5-24 and 5-25). Both spheres
appear on the trace under these conditions.

Vehicle Target

A limited number of experimental frequency stepping meas-
urements have been considered in a brief analysis of a vehicle
configuration which was used as a target. The measurements con-
sisted of single frequency data runs and frequency-stepping
averaging and range resolution data runs. The actual data are
not included in this report because of security classification.
The sketches shown in Figure 5-47 are included to show qualita-
tive results of these measurements. The hypothetical vehicle
is also shown in this figure.

An examination of the sketches will reveal the presence of
certain theoretically predictable features. The effect of the
proximity of scattering centers on averaging can be seen from
an examination of the scattering diagram. At the aspect angles
where the primary return results from the presence of a number
of scattering centers with only a small radial range separation,
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the effect of frequency-stepping averaging is small. This ef-
fect is illustrated in the vicirity of 90- and 180-degrees of
azimuth. At other aspect angles, the primary source of the re-
turn consists of scattering centers separated by an appreciable
range, and the use of & frequency-stepping system has a pro-
nounced effect on the measurement results.

An examination of the range resolution sketches shown in
Figure 5-47 reveals the presence of flare spots in places where
flare spots would be expected from an examination of the target
configuration.

78



(I9U10d 6T ‘2Vo0 ‘v 393aea ‘sdd 9oz ‘sdais zg)
VIVaQ NO1INT0SI¥ IONVYE ON1ddILS ZONINDAUS 8€-S ° 314

79



Fig. 5-39 POLAR SCATTERING DIAGRAM
(8800-9800 zc, 32 steps, target A

- one sphere)
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Fig. 5-41 POLAR SCATTERING DIAGRAM
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SECTION 6

RECOMMENDATIONS

Recommendations for operational procedures and equipment
for frequency stepping measurements are presented in this sec-
tion. In view of the successful frequency stepping measurements
previously discussed, no significant changes relative to theo-
retical considerations or measurement procedure are required.

Procedure

Background level and calibration criteria and procedures
for single frequency operation appear to be satisfactory for
frequency stepring measurements. Relative background effects
were considered briefly in Section 5 Calibration of range
resolution measurements, with the system and recorder used, can
be accomplished through the use of data runs on a series of
spheres of various sizes or by using known attenuation steps
to obtain the relation between pen deflection and radar cross
section. Alternately, a more elaborate system cculd be de-
vised to provide radar cross section scales. Unfortunately,
this system would have to compensate for the response of the
IF amplifiers and the box-car, possibly in a manner similar to
the compensation provided by the sigma servo system.

Radar cross section averaging measurements should be made
in the same manner as single-frequency measurements. Range
resolution measurements should be made in the straightforward
manner used for the experiment; the only special setup required
is that of adjusting thre receiver parameters tou ;rovide adequate
dynamic range. Measurement results should be independent of the
direction of cart travel.

Equipment

The only equipment problems encountered during the experi-
mental runs were associated with the band pass filter and the
experimental cart. The band pass filter center frequency drift
was excessive. The required stability of the filter is dependent
on the filter band width, the cart velocity changes and the de-
gree of measurement accuracy required. For a velocity change
of 5 per cent, the Doppler lines will also be shifted 5 per cent
in frequency. For the paremeters used in the frequency stepping
experiment, this shift will be only slightly more than 1 cps
The primary concern is the drift of the filter. In addition,
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the skirts of the filter should be suitable steep to preclude

a response from the next spectral line. There appears to be no
problem involved in constructing such a filter; an active T-
filter would be suitable for this application if tuning over a
wide frequency range is not required.

Cart velocity requirements are dependent on the position
accuracy required and the depth of measurement needed to col-
lect data on the target. The effects of the depth of measure-
ment can be largely eliminated by providing range marker switches
at short intervals along the track. A velocity variation of 5
per cent from the average and range markers at 2-foot intervals
will be adequate for most practical cases although the cart
velocity can be made more constant if desired.
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APPENDIX I

SPECTRAL ANALYSIS FOR RANGE RESOLUTION

The mathematical details of the application of the fre-
quency stepping technique to range discrimination and the anal-
ysis of complex scatterers are presented in this appendix. The
physical situation that is to be treated may be described as
follows:

The radar transmitter provides a sequence of pulses. In
each individual pulse the carrier frequency is constant. How-
ever this carrier frequency is changed in each succeeding pulse
within the sequence. The angular frequency of the m'th pulse
is given by

W = u% + mo(fp

where o{ is the rate of change of frequency and Tp is the inter-
pulse period. The integral index m varies from O to M-1 and
then the cycle is repeated. There is thus a cycle period

Tec = MT,. An observation time T,,g is made up of an integral
number of cycles N, Tohg = VIo- A corner reflector that has

a large reflectivity is provided and is moved slowly with con-
stant velocity v toward the radar. In the analysis to be pre-
sented herein, consideration is given to the interaction be-
tween the reflected wave from the corner reflector and that from
one scatterer of a complex target. An extension to the case
that involves the several scatterers of the target, as well as
the interaction of the reflections from the complex target it-
self, will be made on the basis of the simplified development.

It has been shown in Section 3 that the output of the radar
receiver for a single pulse can be written as

P = A+ B cos 20d .,
c

where A and B dévend on the cross section of the reflector and
the scatterer and

od is the distance from the scatterer to the reflector

measured positively when the reflector is farther from
the radar than the scatterer
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w is the angular frequency of the transmitted radiation

c is the speed of light.

The output from the radar is the sequence of outputs from
the pulses that occur during an observation time as shown in
Figure 3-3. 1In the following determination of the spectrum of
the radar receiver output, the dc component represented by A
will be igncred, and the constant B will be treated as unity.
The effect of these simplifications can be allowed for later if

desired.

It will be assumed that each receiver oufput pulse may be
treated as an impulse and represented by adfunction. The de-
velopment is simplified by making this assumption, but the re-
sulting spectrum does not decrease at infinite frequencies.

In a complete treatment, the finite width of the pulses would
be taken into account so that the spectral denisty would vanish
at infinity; however, the frequency range of interest only
covers low frequencies and the actual ervelope is quite wide
for sufficiently short pulses; consequently, any corsideration
of a vanishing envelope is irrelevant.

The required Fourier transform for the function of time is
. 2. Sl 2
f(t) Tobsg(t pTp) cos [—c-d(t)w(cil

It is convenient *to count the pulses so that n denotes the
cycle in which the pulse occurs and m denotes the location of
the pulse within one cycle. Then,

N-1 M-1
£(e) = 22,25, &(t-mTp-nT.) cos B d(t)ca(t)jl

n=0 m=0

The Fourier transform is

Gy = o £lere e

which becomes

a =1 M-1

Glw) ”Lf ZE: ZZ; S(C-mTp - nTe) cos[%d(t)o)(tﬂ e'h»tdt

~00 0N=0 m=0
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The integration may be carried out to give

N-1 M-
Ce) = 2. 2. cos|:2 d(tm pw (g n)] e'i“)tm,n

n=o0 m=o
where tp n = mT, + nTg

In this expression, the frequency a)(tm n) 1s independent of the
value of n because of its periodic nature. Since the reflector
is moving with velocity v toward the radar, the distance d may
be written d = do - vt, where d_ is the initial distance from
the scatterer to the reflector and distances are measured posi-
tively away from the radar. Thus the function G(w) may be writ-
ten in the fo'™m

G(w) -ZZcos[ d(ty o) (wo'*m«T)jl o~ iw (mT,+nTc )

The argument of the cosine function may be written as

2 _ 2
= Ei(tm,n)(womo(Tp)] S [d(cm’n)woﬁno(Tpd(tm’nﬂ
& % (do-vt:m’n) Coo'*'nw( Tpd(tm,n}
-2 _(d (nT +mT_)+m T _d
c o~ oy I Ly M Ry

In tne latter expression, the time dependence of d in the last
term his oeen suppressed. This approach has been taken because,
for swrll velocities, d is a slowly varying factor and may be
considered to be constant over an observation interval. The
effects of the time dependence of d will be considered later.

If the cosine term in G(w) is replaced by its exponential
equivalent, the sums can be evaluated as follows:

cey = 5T 1 Ty [e-zcj—‘(dowo-vcoo(nTc-hnTp)-im.(rpd)

N=0 m=0 b )iz

-2i
“=(dgoy-veg (nT+mTp ) tmeTy

e
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1[21 oo N=1  -inT (w+-2—"w)

2
S ominTp (w+ T sz )
m=0

~2idgeep Mol i (o 24
- g—e= 3* 1nc( C o>

n=o0
, 2v 20<d
M-1 i1 (0.
e elm'lp( %5 )]
o)
In this form the sums are finite, geomctric series and may be
evaluated to give

fxg 2v . 2ad
2id Wy - iNTo (@ 5 @o) - iMT @+ R evpr 30

G(w)-:.% [:e—-c-— L-e l-e
-iTCCCU'*' g%wo) -iT (w+ -—“’o - 2%‘5.1

l-e l1-e
- 2idgo - iNTo (@ & W) - M7 (@ - Do + 2d

g T lze 1-e ]
-iT (@ - Rw,y) -iTp(w Y XS
1l-e i-e

This spectrum may be written in a more familiar form as

. NT 2 2ad
L 18 Ll c( o) sin -22@”' vw - °)
Ge)= 1 [e S T
s$1n "7(“/’" Cwo) sin —§<w+ c % — T
. 2ed
= ig, Sin _2—@- wo) sin “Z‘C -—:(“)o c ) ]
e -
n @B B B, , )
where
2d NT .. MT
- o2 - 2{“’*"2_2“; "52““’2"‘*’0-2‘%9]



and

2d w NT
s, - L2 Zc[w_sz] —Bl—w-&w +2«d]

i '3
If C(w) = %‘(e ¢1 Gy + e1¢2 G72) where G] and Gy are the real

functions determined by comparison with the expanded form above,
then the function |G«»x is given by

1 i -1i .
IG(wxz =7 |:G12 + G22 + G162 <e 1(¢f¢2) + e (¢l ¢2)):|
1 r
=7 |612 + 6% + ZGlecos(¢1-¢2):|
1
= 4 G12 + 622 + 2G1Gocos ( 4ddwo N'I'cg\éﬁ)o - MT;

WA 2«d
¢ CU)O '_%—il

The argument of the cosine term does not contain the fre-
quency w but only the parameters of the system and the sepa-
ration distance d. In the simple cases, the cosine is one or
minus one. If the cosine is one, k?@oﬂé = %(Gy + 62)2, and
if it minus one, IGGJﬂ = %(G; - G2)2. 1In these simple cases
it is instructive to consider G; and G, separately and then take
the proper sum and square.

The function Gy is the product of two well known functions

NT. 'ZXCJ
G’ @) = sin 2 (w - o)
2 Tc 2v

sin —2- (w - _c wo)

and

sin =7 (W- =g 4, + =
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These functions have the same general form and can be plotted
schematically as in Figure 1I-1.

The influence of the varlcus parameters in G,' and G,"
can be described as follows:

1. The locations of the principal maxima are specified
by the vanishing of the denominator.

2. The number of minor maxima and minima between con-
secutive principal maxima is specified by the ratio
of the argument in the numerator to that in the de-
nominator.

3. The spacing between successive principal maxima is
inversely proportional to the coefficient of «w in
the denominator.

Thus GZ' provides a set of closely spaced principal maxima
whose spacing is 277/T., and G)'" provides a set of principal
maxima with the larger snacing 27/T,. This latter behaves as
an envelope of the finer structure. The fine structure maxima
are centered on -2v&}/c +1m where/ is an integer.

If the term which includes d is neglected in G2 (w), the
principal max%mum atw= 2vaay/c coincides with a principal
maximum of G, (), and the nearest zeros of G2"(w) coincide with
the nearest principal maxima G} (w). Thus the spectrum of
G2(w) can be represented as shown in Figure I-2. The spectrum
of G1() is given by reflecting the spectrum of G2(w) in the
origin. Since negative frequencies are recorded in physical
measurements as if they were positive, as far as physical
measurements are concerned the spectrum of G] and G2 coincide.
For this reason, it is convenient to discuss only Gy(w) to
determine the behavior of the systemn.

The function Gp(w) is repeated below as a foundation for
the following discussion.

' . NTC/'H 2v : , _H_F_E/w_ sz 2od

5, as ya \ [ o/ slin 2 \ C + C

¥z RSS2 Tc 2v T 2v 2ad
sin—z(w-_zw) SLn—’§<w‘_""’o+ c)
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For d=0, this spectrum has the form illustrated schematically
in Figure I-2. 1If d has a positive value, the principal maxi-
mum of GY (w) is displaced to the left, and as d decreases in
value, this maximum moves towards higher frequencies. As the
maximum of G2 (w) moves, it will next coincide with the princi-
pal maximum of G (w) that is located atw= 2vay /e + 2«1TC

and then, in order, with the other principal maxima of G2 (w).
An example of the above process can be illustrated by use of
the following measurement situation

1. A narrow band filter centered at 2vcy/c is used to
filter the output of the radar receiver.

2. The target consists of a single scatterer.

3. The reflector starts behind the target and approaches
at the low velocity v.

The output of this filter will then increase as d decreases and
the maximum of G} (w) approaches 2vap/c. As the reflector
passes the target, the output will decrease. If the target is
made up of several scatterers, each will furnish its own peak
in the output rirom the filter.

The preceding development can be used as a basis for se-
lecting specific values for the characteristic parameters of a
system. The first point tc be noted can be established by re-
ferring to Figure I-2, if it is kept in mind that amplitudes
of negative frequency components are measured as if the fre-
quency were positive. Thus the peak marked A would be observed
at 2m/Tp - 2vep/c. It is somewhat more convenient to change
to units of frequency and discuss these quantities in terms of
cycles per second, f, wherew = 27f.

If fo = @Wo/29 is chosen, the offset in the spectrum in
Figure I-2 can be adjusted by varying v. The value of this
offset has the foim of a Doppler shift, af = 2vf,/c, and it
may be conveniently referred to by that name. The cycle fre-
quency 1/T. denotes the spacing between the basic lines ziven
by G%. The function G; selects the amplitude associated with
each basic line. To avoid superposition of basic lines and the
resultant complication of the measurements, the Doppler shift
caun be chosen in accordance with the following two criteria:

1. The basic lines of the shifted spectrum should not
overlap the lines of the spectrum that results from
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the interaction of the nonmoving scatterers of the
target. These latter lines appear at n/T., where n is
an integer.

2. The basic lines of the shifted spectrum should not
overlap the lines at negative frequencies when these
latter are reflected by the measurement (i.e., ob-
served as positive frequencies). The optimum spacing
that can be obtained appears when th¢ three sets are
equally spaced. This optimum is given by the relation

f =m/(3Tc), m =1, 2, (mod 3)

where af is the Doppler shift, T, is the cycle time, and m is
one o/ the integers 1, 2, 4, 5, 7 ---. The velocity of the
corner reflector is thus given by

mc
= o = r )
\Y bfoTo ’ m 1, 2 mcd 3

The cycle time is subject to several requirements. First,
distance between the three sets of lines discussed above must
be sufficiently large 1o allow their separation by use of a
practical filter If Pf is the bandwidth of the filter, then
1/T, must be greater than 3Bg. Second, if the cycle frequency
is too small, then the cbservation time becomes too long be-
cause the width of the principal maxima of G) (i.e., the width
of the basic lines) is 2/Tgpg and, for efficiency, the filter
should pass most of this band. Third, the width of the moving
maxima of G, is given by 2/7¢, and the ability of the system
to resolve individual scatterers in the target depends on the
width. The relation involved here is

c

Ad:fx_T_l 2
where ad is the distance the reflector moves to cause the whole
of peak B (Figure I-2) to pass the Doppler line. In this re-
lation, x] = 6f,/T. where af, is the available variation in the
radar frequencies. Thus ad = c/af,. Scatterers that are sepa-
rated Ly cne-half of this distance are usually considered to be
resolved. 7The number of pulses in one cycle determines the
intensity of the subsidiary maxima of the dashed curve in Figure
I-2.
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If a particular radar system incorporates the following proper-
ties:

£ ® 1p%0 cycles per second
af, = 1.5 x 109 cycles per second
Bf = 4 cycles per second

PRF =~%B = 50 to 5000 pulses per second (adjustable)

The resolution available with this system ‘s given by

c 1
s 2af =LAgRAC

The parameters should be chosen so that the number of pulses per
cycle and the number of cycles per observation time are about
the same size. Use of this approach reduces _he subsidiary max-
ima of both curves in Figure I-2.

For convenience, the PRF can be set at 2560 pulses per
second and the number of pulses per period, M, at 32; then for
a 1/4-second observation time, there are 20 cycles and t. = 1/80
second. By using the relation given abovs to calculate the
velocity, v =4m/3 in feet per second. The useable value of m
is unity since the use of m = 2 results in a displacement cof
twice the expected resolution. With thi: choice of m, the
Doppler frequency becomes f = 80/3 = 26 2/3 cps. Ilnstrumenta-
tion to provide these parameters is withia the state-of-the-art
and is des ribed in Section 4.
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APPENDIX II

AUTOCORRELATION FUNCTION ANALYSIS

FOR RANGE RESOLUTION

The range discriminaticn feature of a frequency-stepped
transmission system is analyzed in this section through the
derivation and in*erpretation of the autocorrelation function

of the frequency-stepped wave form.

The frequency-stepped wave form to be considered consists
of a sequence 1, 2, ---, M of radio frequency pulses of total
bandwidth B, uniform amplitude, duration7, and spacing Tp =
T./M. The angular frequency of the mth pulse isw, = woﬁmpr,
and the duration of one cvcle of the sequence is T The
total angular bandwidth is 22 = xT.. Each pulse is described by

<
Z

cos W _(t-ty), |t-tm|

The autocorrelation function, C (8), over the range of 0 for
which 9 <7, is given by

SN (t-0)
c(e}) = cCos Wt cos W ,(t-0) dt
@m0 ST+ "
M-1 T/ 9
Lor J\ [cos (26t - @ 8) + cos a)m()] dt
-Tlp + 0
which can be written as
el ? g
cC(o) = (2w .t - w0O) dt + w_0 d
= mzuf[ -;rz*ic’S‘“‘ n’ Jffgsm t]
"2

Upon integrating,
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7 7
C(O)-g_’l[l-— in (2wt - W Q) 2 +l( wG)t7 ]
m_:O Awm sSin & S = _;_*_9 2COS m _f+g

2

sin (W7 - 6 0) + (cosw, ) ({- -QQ)}

By factoring out 7T/,

M-1

w (7’-9)
7 0 w sin wyp ]
= = - = +
c(9) mzo > [(1 ) cos @0
Now,
M-1 M-1 =
cos W @ = 2. cos (W, +m ) 0
m=o0 m*0
M-1 smn“—zO
= cos [(w +-2'§ﬂ) ]
sin £20
2M

and if Q¢gw

M-1 sin W q(7-9) v
wnT

m=0

1
sin 3 0 (T- 9)

1 sin [(wo - M_;il._(l) (7- O;J

wo T Jdsin La@- 9)
2M
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Therefore,

2 N g .9.' { M;l Sin( 2
4\'(‘(9\-.1-,r,>cos,:(wo+2M-Q)9 ——=
sin (")
2M
= L oz
+5)_17:’ sin L(a)o - M-;Tln) (= 9):' = 'Z'Q(‘ 8)
0 1
sin m.ﬂ—(’r’- 0)
Typically,

a)0?217’x5x108
7 21.5 x 10~/

and the second term of the equation makes only a small contri-
bution By neglecting the fine structure,

sin QO)

2o =a-fH 2
sin (‘9i
M’/

If the resolution OR is taken to be the distance to the first
null (analogous to telescopic reso.ution),

1l 0 =
702 R

or

9R=

o |-

as would be expected. The corresponding spatial resolution is

c
od = ZWmc
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where

o(Tc = () .
od is found to be equal to

c
ad 7B

which is the same as equation 3-25.

Second order maxima will occur when

€18 o jqr
oM

where 1 1is an integer. To prevent the occurrence of second order
maxima and to cause C(8) to exhibit minimum ambiguity, it is de-
sirable that

ne ¢ 1
2M 2

wh2n 0 £ @ <71, which gives

> 20T

- BT
o = 2P

M

where M is the des. red number of pulses. Hence, it is seen that
optimum resoiution performance will be obtained when the number

of steps is equal to or greater than 2 B7 where B is the band-
width and“7” is the pulse wic¢th. On the other hand, a severe range
ambiguity may result if the number of equispaced pulses is less
than BT .

The effects of this ambiguity depend on the nature of the
target complex which is being observed. If the target is dis-
tributed over a range interval exceeding one-half the pulse width,
then the number of pulses per interval must be as shown above to
avoid ambiguity. On the other hand, if the extent in range of
the target is smaller than C7T/2, then fewer pulses will be re-
quired. In particular, for a target of length D<c//2, ambiguities
must be avoided over an interval of only 0<0<2D/c. By using the
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value 2D/c¢ for @, it is found that

202 (D/e) 2B T

8> 21r target

where 7

carget 2D/c.

Typical values of M = 2BT and M = BT are shown in Table
I1-1.
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