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July 1964

FOREWORD

In order to meet the need for a National Radar Reflectivity
Range Rome Air Development Center (RADC) awarded a development
contract on 29 June 1962 to General Dynamics/Fort Worth (GD/FW)
to design, fabricate, and develop the Radar Target Scatter Site
(Project RAT SCAT) on the Alkali Flats, Holloman AFB, New Mexico,
(Contract AF30(602)-2831). The operational RAT SCAT Site was de-
livered to the Air Force on 30 June 1964

The RAT SCAT facility was developed for rull-scale radar
cross section measurements. 1In the pursuit of this development,
an R&D Program was undertaken to provide for the specific needs
of Project RAT SCAT as requirements appeared in the implementa-
tion of the function of the site. A significant portion of this
work was subcontracted. Emphasis was placed on those areas
thought to be most promixing in achieving measurement objectives.
The presentation of the results of the R&D Program is covered in
eight reports which were prepared as RADC Technicel Documentary
Reports.

This report (General Dynamics/Fort Worth Report No. FZE-222-8)
is No. 8 in the series. It contains a description of the results
of an investigation of analytical and analog techniques for re-
ducing the influence of target support systems for radar scatter-
ing measurements. The report was prepared by W. P. Cahill and
C. C. Freeny.

The contents of this report and the abstract are unclassified.

i-i1
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ABSTRACT

The results of an investigation of analytical and analog tech-
niques for reducing the influence of target support systems for
radar scattering measurements are presented and discussed in this
report. Several areas of electrical and mechanical requirements
associated with these techniques were theoretically and experi-
mentally investigated. An experimental system for analytically re-
ducing the influence of terget supports was implemented by in-
corporating a phase measurement system and a digital computer into
an operational radar cross section measurement facility. Data was
obtained by using the system to reduce the influence of the return
of Styrofoam support columns during the measurement of 1/2-, 5/8-,
7/8-, and 2-inch diameter spheres and a 30-degree, 5.1-inch diam-
eter sphere-cone as targets at L-Band. A cross section measurement
error of about 7 db, resulting from the influence of the target
support system, was reduced to about 1 db by using this discrimi-
nation system in the vicinity of nose-on in the case of the sphere-
cone target. The discrimination system output was compared to a
low background measurement on the sphere-cone. This {8 Report No.

8 of a series of eight RAT SCAT Research and Development Program
reports.
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SECTION 1

INTRODUCTION

Accurate measurement of radar scattering is commonly depen-
dent upon achieving a condition wherein the influence of a target
support on the incident and scattered field is much less than
that of the target. This condition is commonly realized by pro-
viding a support system with an effective radar cross section mucl
less than that of the target. This solution may become difficult
to implement in the case of heavy, low cross section targets. 1In
these cases, a means for reducing the influence of the support
system through analytical or analog means becomes of interest.

This report contains a description of the results of a theo-
retical and experimental investigatinn of electrical and mechani-
cal system features associated with discrimination or cancella-
tion techniques and a description of the implementation of a dis-
crimination system and the results obtained by use of this system

The discrimination system was used to extract the cross sec-
tion of a series of targets. The system was designed to extract
target data by phase and cross section measurements on the target
support system (or background) and measurements on the support
system with the target in place. The target data extraction is
accomplished by straightforward vectorial subtraction of the in-
put data. The discrimination system was incorporated into the
RAT SCAT Band 4 (1- to 2-gigacycle) equipment complement.

A technical discussion of the general equipment features and
system concepts is included in Section 2. Section 3 contains a
description of a series of preliminary experimental tests designe
to obtain a measure of the feasibility or utility of techniques
of interest In Section 4, the discrimination system implemented
for use with the radar cross section equipment is described. The
results of a series of measurements made by using the discrimina-
tion system components and the complete system are described.

The target used included the 1/2-, 5/8-, 7/8- and 2-inch diameter
spheres and a 30-degree, 5.1l-inch-diameter sphere-cone as targets
Conclusions and recommendations are presented in Section 6. Be-
cause of the large number of figures in Sections 3 and 5, the
figures in these sections will be located at the end of the text.




SECTION 2

TECHNICAL DISCUSS™ON

The the retical investigation asociated with a study of
means of red:cing the .nfluence of ex:raneous si’nals in radar
cross sectio: measurements was orimar:ly devoted to an examina-~
ticn of phas: stability and accuracy requirement:. Details of
this invest{ -ation appear in th: foll-wing parag-aphs «nd in
Reference 1. Many phares of this investigation :re applicable
to active an . paseive signal reductic:i or canceliation and ana-
loe and anal tie means of signal reduction. A s stem devised
for an inter::ediat: frequency cancell:tion, conc:ived uy ,
Conductron Crrpora:ziom, is briefly dircussed in ..ppendix I. A
dizcussion o  a number of tests oriented toward :valuastion of

a radar syst = for phase m:asurements are discus.:ed irn Appendix
IT. ‘ '

Phase a' i am litude stability and accuracy iire esaential
in some sens: in implementing cancellation or dircrimination
techniques but phese requirements appear tc be ard are demon~
strated to bte in some cases more difficult to reclize. A test
of the amplitude srabiiity of the RAT SCAT 2quipirent was con-
ducted over a six-nour period by using Band 4 eq ipment and
coupling the outp t of the tramnsmitter through ar» attenuator _

into the input of the receiving system and recording m:loemindtee

intervals; the t-tal variation was only 0.3 db cver =z é-hour
period.

In this investigation, consideration was given to both
electrical end mechanical phenomenon which could influence the
phase inforration obtained, as well as to criteria which couid
be used for system evaluation. Aside from difficulties asso-
clated with the usz of the measurement equipment, many system
parameters can inf.uence the phase information obtained. The

nfluence of these parameters can be geen b’ cor-:idering the
e‘(press ions

er = 12 Ep cos(wt + 2aWR/e + 2wad/e + @)  (2-1)
er = Y7 i. cos(ut + @) (2=2)
where < is the orerating r .dian frequency, and the ¢ are

arhitrar-y phase constants. The 2 AW /¢ term is included te
account for the irfluence ol a frequency change for a path

EEST AVAILABLE COPY




leng:'h difference of R Dbetween the signal sources of e, and

er- The 2 A d/c term is included to account for the effect of
a pa 1 length change for cne ¢f the signals. The effect of these
paraucters is numerically 1iilustrated in Figures 2-1 and 2-2.

The Equationg 2-1 and 2-2 do net account fer such features as
coupling and other mesna by which the target may influence the
actunl background signal. It can be seen that phase stability
and ~ccuracy requirements may be influenced by the physical lo-
cati-n of the reference relative to the target. For example, the
use £ a gcatter in the wizinity cf the target as a reference
sign 1 source or cancellation signal source would essentially
elim nate the infinence ¢f frequency changes and many sources

of p-3sible relative phase changez because the pathz of both sig-
nals of interest are largely the zame.

The cancellation ztudy reported in Reference 1 was devoted
te { ) the cowparison «f active cancellation {sigrnal injection)
and yassive cancellati-n (byv placing adjustable scatterers in
targ. > regiont and {2} the investigarion of the expected crossa
section reducticn as a functicvn of phase and amplitude instabil-
ity. A comparison bhetween active and passive cancelilation was
made on a qualitative hasis. To cbtain the necessary conditions
by use of the passive feshnique, the zignal returned by the can-
celling scattewrers must Se nearly equal in wagnitude and opposite
in phase to these of the background, plues the scatterers from
the target support as aeen bty the receilvirg artenra. In this
scheme, cancellatisn i: accomplished cutside of the receiving - -
system. When the active testwnique is used, a carcelling signal
is added to the signal to be cancelled at either the RF or IF
level of the receiving syste.:. In the case cf this analog tech-
nique, ¢ constant cancellinp signal 18 commonly used. The cri-
terion vsed in the compariss - of the two techniques was that
the maxiaum cancellation err - be no greater rthan 100 per cent.
If absolute amplitude stabil .ty 1is assumed, an error of 100 per
cent in<icates a phase rever al of the cancelling signal. The
reasor :or selecting this critericn is that it is relatively easy
to meet when a scheme lnvelving active canceliation is used. To
naintair this conditicn by the uge of active cancellation, all
chat 18 vequired is reazsonabe amplitude stability of the cancel-
{ation network. To irsure that the maximum -vror criterion is
et when passive cavcellation is used, the cross gection ¢f the
cancelling scatierers must exhibit the =same type of amplitude sta-
tility irndicated above. However, this type of amplitude sta-
“ility can only be obtained in the passive case if the cancelling
. catterers ave isolated Jdecoupled} from the target support and
carger. To aczhleve such isnlation without increasing the back-
round on a ground plane range would be difficult unless a large

4
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number of small gcatterers could be used. However, if passive
cancellation is to be used operationally, a convenient means of
adjusting the phase and amplitude of the cancelling scatterers
must be provided to prevent an inherently unwieldy operation.

As indicated by Equations 2-1 and 2-2, the stability of
beth types of cancellation are influenced by frequency stability
and target support movement. The influence of target support
movement on the signal amplitude is probably greater in the pas-
sive technique because of the coupling between the cancelling
scatterer and target support. Aside from mechanical instabilities
and temperature variation, which can influence the phase of the
return from a target, wind effects may also introduce apprecia-
ble phase changes. This can be seen in the results of the fol-
lowing analysis of wind effects on circular columns. For this
analysis, maximum column deflections were calculated on the basis
of the assumption that circular columns were used and secured so
as to act as cantilevers. The relationships used to relate wind
velocity to maximum deflection are defined in Equations 2-3 and
2-4 (see References 2 and 3):

P = .00256 V2 (2-3)
where
P = Pressure (lb/ft2)

V = Wind Velocity (mph)

y Fr + L3 -
max 8EI
where
Ynax =~ Maximum column deflection
Fe = Force acting uniformly on length of column
L = Length of column
E = Modulus of elasticity
I = Moment of inertia




For the circular columr, the value cf I is given by
T = . (2-5)

where R 1is the radius of the coiumr. If it is assumed that no
friction forces act between the wind and the cciuxrn, then the
force acting uriforxly or. the column is given by

Ft » 2 PRL '\2'6,'

Combining Equations 2 ’, 2 4, 2-5, a~d 2-6 results ir obtairing
the following eguation icr

- 4’
= S R T R e 0"2- 7)

Data obtained from the wuse ~tf Fjuaticn 2-7 15 plcotted in Figure
2-3 Values assumed for computariznal purpcszes were "1 E = 450
psi, (2) column length = 10 feet, ard ;3: ¢Siumn diameter = 1,
1.5, 2.0, ard 2 5 feet

To estimate the allowan.e range of wind velccities under
which cancellatior would be feasirle, a maximum phase deviation
of 0.1 radian (5 73 degrees: at 3 gigacycles was assumed This
phase deviation corresponds to a 20-dd reduc-icy» irn the signal
level through canceliiaticr under the -ordition of ro amplitude
error. Figure 2-4 is a plor 2f c¢-lumr height verzus wind ve-
locity for a 1.5-fc¢rt aiameter ~clumn under the above assump-
tions  The data in Figure 2-4 irdirates that, for a column 10
feet in length and 1 5 feet in diameter, a ¢ 1 radiar phase
shift will result from a 3-mgh wird

One corcept for system evaluatior is ~hat cowmmenly referred
to as background impreovewert Backgrcourd imprcvemernt R, can be
mathematically expressed as

R = -i0 lcg e e (2-8?

where the subscript B represen:s the original background signal
or extraneous signal and C represents -he cancelling signal In
terms of an effective cross section level, T ;, backgroand

8
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improvement can be represented by

Ty = (1 -o0)2 + 4otsin? %’- (2-9)
where

uncancelled signal
cancelling signal

$ = phase difference between the uncancelled and the
c&éncelling signal.

This relationship was obtained by evaulating and normalizing the
mean square of the difference between two sinusoidal voltages of
the same frequency. The only requirements were that the ampli-
tudes and phase differences cf the two voltages remain constant
over an electrical cycle. The normalizatiorn was accomplished by
dividing the mean square by the square of the cancelling signal
amplitude. The above formulation should be valid for pulse sys-
tems in which there are several cycles in each pulse and the can-
celling signal remains the same frequency as that of the signal
to be cancelled during each pulse period. This relationship will
be used later in a statistical estimation of the background im-
provement concept. Thus it can be seen that, for effective signal
reduction, the cancellation signal must be nearly out of phase
and equal in amplitude to the extrareous signal at the time that
the receiving system converts the signals to ar amplitude level.

As an illustration of the influence of measured quantities
on background imprcvement, calculations made by using Equation
2-8 are shown in Figure 2-5 as a functicn of the deviation of the
signal parameters from the ideal case of equal amplitudes and an
out-of-phase conditicn for the two signals. The data illustrated
should be considered to represent peaks or 100 percentile values.
These data, considered relative to the data in Figures 2-1 and 2-2,
indicate that equipment requirements are stringent for a reason-
able background reductio~n under these conditions; consequently,
a statistical evaluation of requirements is suggested.

The concept of background improvement can be related to the
common criterion for radar cross section measurements Since the
error in the measurement of a coherent signal in the presence of
a coherent background level is dependent on the phase relation-
ship between the two signals, the criterion for maximum error re-
sulting from constructive or destructive interference is commonly
used for error estimates. In this same sense, the reduced

11
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background background level can be substituted for the origimal
level, and the resulting expression, which has the same basic
form as Equation 2-3, becomes, by using Equation 2-9,

¢ = 20 log I 1 +K uu -o)? + 4ousin? 6/2 (2-10)

max

where § is the phase measurement error and K2 is the ratio

OB/CT. In the case where amplitude errors are considered neg-
ligible, Equation 2-10 becomes

(2-11)

“max = 20 log }1 + 2K sin(& /2)

The sign used is dependent on the selection of constructive or
destructive interference. It is evident that expression 2-11 be-
comes the maximum error expression in the case where there is no
background reduction when & = 60 degrees. Thus, for any value
of K, the effective level of the background will be reduced if

< 60 degrees. However, an examination of the maximum error
criterion (constructive or destructive interference between the
target and background signals) will reveal that the resultant
maximum error possible with the reduced background may exceed the
maximum error possible without background reduction for certain
values of K.

The maximum error is showa in Figure 2-6 as a function of
§ and K from Equation 2-11. The common maximum possible error
curve (8§ = 60 degrees) is also shown in this figure for compari-
son. The break in each of the curves is a result of displaying
the maximum error; this display of maximum error results from
the selection of destructive or constructive interference in cer-
tain regions. The maximum error results from destructive inter-
ference in the case of the smaller K and from constructive inter-
ference in the case of the larger K. The change-over point occurs
at a K value given by

V2 K sin (8 /2) = 1.

It is of interest to consider the error in phase which can
be allowed before the maximum possible measurement error exceeds
that without background reduction. The maximum allowable phase
error is shown in Figure 2-7 as a function of K. To obtain the
data shown, it was assumed that the region of interest is

2K sin 6/2 < 1.
13
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The curves shown in Figure 2-4 indicate a need to increase the
phase measuring accuracy when background levels are large rela-
tive to the level of the target.

An ejquivalent error situation appears in measurements of
phase in the presence cf a ccherent background level. The total
recurn from the signal of interest plus the extraneous signal
can be written as

E~ = Eg¢ + Ex (2-12)

where the t and x subscripts dencte the signal of interest and
extraneous signal, respectively. The measured amplitude and phase
then are E7 and @1, respectively, and Equation z-12 can be writ-
ten as

Ced 4 fa _
srelwﬁ +o) at_e"q’t + Exewx (2-13)

By & manipulation of Fguatint 2-13 i% can be shcwn that the maxi-
mum value & , is

E
LD St
&6, = tan - (2-14)
. Fx
which, for small B becomes
8 EK
om = -LE.:“:.:_

Figure 2-8 is & plot of the Relatien 2-1l4. Frem an examination
of this curve, it can be seer that a reiative level between the
desired sigrnal and the extranecus signel of 20 and 30 db can pro-
duce a2 maxiwum phase measurement erreor of 5.7 and 1.8 degrees,
respectively.

While tle backgrcund iuprovement data shown in Figure 2-5
are .f value for estimating sysrem performance, a more reasonable
estimete may be obtained in wmany cases through an estimate based
on statistical system properties. Since the measurements to be
obtainesd are time dependent, the idea cf using a statistical
evaluation is a reasonable apprcach, and by this means accuracy
or atabilitv requirements can be based on a large percentage of
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the time so that the stringency of requirements are effectively
reduced. To investigate the problem from a statistical stand-
point, a normalized cross section ( O ;) formulated in terwma of
the normalized amplitude and phase parameters (ol) and (A @) can
be used. The relationship between these parameters is defined
in Equation 2-9. To obtain an estimate of the amount of cross
section reduction obtainable by us~ of a given cancellation
scheme, the statistical distributions of oL and A ® over a meas-
uring period could be used if they were known. A measure of the
system requirements for & practical levei of improvement can be
obtained by assuming distribution functiors for the problem
parameters If it is assumed that the smplitude and phase error

components (1 -o() and 2o sin 20 9/2 are independent and norm-
ally distributed with equal variances and mean zero, then the
probability that O is less than the selected value O o is
given by (see Reference 4)

or

Gro = 20’0‘_ Lﬂ t 1 /7 (2'15)

where CQLZ is equal ftc the variance o: the amplitude and phase
function distributions and Ty 18 ejual to ainimum cross sec-
tion reduction for a given

i-Pr;LOSOrﬂfJ',O.I
A curve of the Equation 2-15 is shcwn in Figure 2-9 for ) = 0.9
and 0.5. An examinaticr. of Figure 2-9 :ndicates that a 20-db
cross section reductiorn is possible 50 per cent of the time if
the amplitude an< phase stardard deviations remain less than or
equal to 0 085. This value corresponds tc an error of about 5
degrees of phase and canc¢li. tion to background cross section
ratio of about 0.7 db at tne 17 point. For 10-db reduction,
the standard deviations become 0 25 and 14.3 degrees. It is in-
teresting to compare the 10-db reduction point for ¥ = 0.5 with
the 10-db reduction point shown in Figure 2-5. 1In both cases,
the values of the amplitude ard phase deviations are approximately
equal except that in Figure 2-5 the deviations represent maximum
variations ar.d in Figure 2-9 they represent standard deviations.

i8
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The earlier curve indicates that more than 10-db reduction is

not poesible 100 per cent of the time, whereas the data in Figure
2-9 indicates that 10-db reduction is possible 50 per cent of

the time.

More comparative data can be obtained by assuming independ-
ent, uniform distributions for the amplitude and phase factors

(1 -o) and 2} sin :42_“ If the limits of the two uniform

distributions are assumed o be equal and defined by + A¢./2,
the cumulative distribution U, can be obtained for a selected

Oro by use of the equation

r = “ Au'z
Pr | 0 <Or ¢ arcji - —Az Oro, 0 $0rq < 7 (2-16)
. I 20 r 20 T
- a -
Pr 0 <Gr < Oroi = Arg tan 1 = L J +
L | = _Bel40r -0,2)*
2 2
1/2
1 ‘ A A
= (4014 - b)), —= ¢ O, < "
o 4 2
2
AOL

If Or, 1s a value less than and

4

—

i 1
= Pr 050 SOy |

N —_

is equal to 0.5, the expression for minimum cross section reduc-
tion, as a function of the deviation parameter A, , is

c Beg

rg ~ — (2-17)

© 27

Data obtained through use of Equation 2-17 is plotted in Figure
2-10. To permit a comparison of the results obtained on the basis
of assumed normal and uniform distributions, the 0.5 probability
curve from Figure 2-9 is alsc shown in Figure 2-10. On the
deviation parameter abscissa, &, is used for the uniform case,
and 0o is used for the normal case.

From the data plotted in Figure 2-10, it is observed that,
if the amplitude and phase variations are uniformly distributed
between the limits of +0 125, then a radar cross section re-
duction of 20 db can be expected 50 per cent of the time. This

20
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corresponds to a total angular variation of approximately 14 de-
grees and total amplitude variation of 0.25.

In the previous discussion, the amplitude and phase devia-
tion parameters were assumed equal (i.e., Oo = Tg and L =

4 g). To determine the impact of such an assumption, the follow-

ing analysis of the expected cancellation is made on the basis
of assuming (1) a negligible amplitude deviation and (2) a uni-
formly distributed phase deviation. For the case when o= 1,
the cumulative distribution of ¢, is obtained from the equatiom

2

(2-18)

Solving Equation 2-18 for Jr, and again assuming a probability

of 0.5 result in

)
Oro e ——‘0“ 0
16

This Is compared to
2-17. 2w

obtained from the use of Equation

iils comparison cf the two cases indicates that an addition-
al 3.5-db reduction is achievable if a negligible awplitude var-
iation is maintained, as opposed to the case where the gain and
amplitude deviatiorns are equal.

A quantitative estimate of the expected cancellation of a
given uncancelled signal may be obtained by (1) estimating o,
and &, from a plot of the uncancelled signal and (2) using the
data shown in Figure 2-10 to find the cancellation expected for
the value of O, and 4. determined in step 1. This procedure
is described in the following paragraphs.

An estimate of O, may be obtained by letting

N
= = L > o (2-19)
fo = v = o1

where O4 represents the value of cross section of the uncancelled
system at the ith sample point which corresponds to scme aspect
angle 0.

22




1f the cancelling signal amplitude is assumed to be equal
to the sample mean,‘f; , then an estimate of C; , say &, ,
is obtained by use of the equation

L i=1

: N \271/2
G| 4 > 1 - @/ J (2-20)

An estimate of A, can be obtained from the cross section plot
through use of the maximum and minimum values of cross section

(Cmaxs Omin):- If the cancelling signal amplitude is assumed
to be equal to the average, (Opax * Tpin’ /2, then an estimate
of AO_, say 2;’ , 18 obtained from the equation

- iomax - rgmin

‘—— — (2-21)
O max ¥ “c

min

A
AOO

In the case of the preliminary measurement data discussed
in Section 3, a more flexible and useful distribution model 1is
defined and used to predict the background improvement expected.

Another means of obtaining a measure of the effect of phase
accuracy is a direct comparison of the true target cross section
and the resultant computed value of the target cross section in
the case of a discrimination system, such as that implemented
under this program. The computed value of the cross section can
be written as

|
. 2
RTINS U (2-22)

O, = g 9

t 1

where the subscripts 1 and 2 represent the target-plus-background
and the background alone, respectively. If the amplitude error
is neglected, the subtraction error resulting from a phase meas-
urement error ¢ can be written as

1+R2 - 2R cos(@, - 0; +-8)
¢ = 10 log (2-23)
1+R2 - 2Rcos(@#, - @)

23




where RZ = Jps Or+g or Or+ig/ B Formulating the error in
this manner will allow evaluation of the possible errors as a
function nf the available data, i e , the crcss section values
Op and Ty« rather than J1 and T !f the statistical distri-
butions of R and (@7-¥]' are kncwn, the expressio- can be used
to obtain maximum error limits for fixed probpabiiities This
type of error estimation fermulation is of irterest because, in
the case of the techaiques urder consideraticn, Ot mav be of

the same order as O g ard the avaiiable measured yuaztities will
be GT+B and GB'

The above discucsed corceprs are of vaize ir. the gZeneral
case, system effectiver.c: evaluation, cr error estimation of a
large set of measurement: ~r r~lais =i venicies Alsc cf inter-
est is the confidence level aszociated with the results obtained
by using a specific targer ard ser cof parameters or vesults ob-
tained in a limited regicn of data. In this serse an evaluation
of specific pcints by using Equaticn 2-23 is «f irterest. Evi-
dently the accuracy of the comrured result will be irfluenced
by the relative cress secticn ievels as well as rhe shase accu-
racy or stability. As wiil be seen, the degree tc which the
target can influence the cross section of the targe=-vlus-back-
ground is significant an? is of course deve~den* or Tne relative
cross section levels menticred abnove. The data show~ in Figures
2-11, 2-12, and 2-13 are precented tor use with Egsaticr 2-23
when the values cf R are 0, 3, and 6 d> By ucirg these data,
the cross sectinn arnd phase error can he deverzired by comparin
the data at the points i#-@;) and {@,-@1+ %' cr *he abzissa
Thus it can be seen that tne sensitivicy of the computed value
to phase measuremer< errcrs is alss deperdent on the vicinicy of
(6,-901) It is evident trat rhe influence ~f a phase error is
minimized if rhe relative phase of the rarget-plus-m>unt and the
mount only is in the viciritv of 180 cegrees, ~r if the target-
plus-mount and wmount differ :ignificantlv in wagritude. The
influence of a pnase errc: is small if (@2-61s is 1r the vicinity
of zero degrees This obserwvation suggests that :ore control over
the accuracy of the computed rrc¢s secticn is posaibie if the
relative phase (@7-0)) car he .ontrolled This ~cptrel is pos-
sible if the cross sectizr of the razget is suitablv large rela-
tive to the mount cross servrion Tnis relative cras¢ section re-
quirement has been illusrrated irdirectly earlie: in this section
in terms cf the irfluence cf a ¢ ~herent background sigral cn
phase measurement accuracy  Equati:cr /-ls and Figure 2-8 can be
used to deduce the degree cf relative phai:e ctange pnssible as
a function cf the rarget cress section reiative . that of the
support system.
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SECTION 3

PRELIMINARY MEASUREMENT RESULTS

Prior to implementing the discrimination system described in
Section 4, tests were conducted to obtain a measure of the feasi-
bility of the techmniques under consideration. As discussed in
Section 2, egquipment stability requirements for & cancellation or
discrimination technique are dependent on the location of the
reference. Preliminery measurements made with RAT SCAT equipments
included a limited number of tes:s designed to provide data for
use with a technique in which use is made of a scatterer in the
field or a local oscillator to furnish a reference signal.

3.1 Column Stability and Target
Extraction Tests

Tests were conducted by using a flat plate scatterer as a
reference in Band 4 (1.616 gigacycles) and Band 6 (6.5 gigacycles).
The reference scatterer was located at the target range. Data on
the stability of the return from a Styrotoam column and on the
utility of extracting target cross section data was obtained from
these tests. The data reduction scheme used in conjunction with
these tests is illustrated in Figure 3-1. (It should be noted
that all figurec in this section are located at the end of the
text.) A sphere was used as a target in these tests. The meas-
urement data consisted of

OE(O) = cross section of column as a function of azi-
muth angle @ (subsequent terms incorporation
@ are also so expressed)

Cot+s(®) = cross section of column-plus-target

O+£(9) cross secticn of columm-plus-fixed scatterer

Oc+f45(0) = cross section of column-plus-target-plus-fixed
scatterer

Of¢ = cross section of fixed scatterer and is assumed
to be constant during the experiment.

Other terms of interest are

GC(O) = relative phase between ‘CTC(Q) and V?E; expressed
as a function of azimuth angle ©.
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$.+5(8) = relative phase betweer. '0545(9; and WS}
expressed as a function of azimuth angle 0

@ = phase of V?T} {arbitrarily defined to be cons-
tant during the experiment;.

The relationships associat.ng the above amplitude parameters are

Oc+£(0) = O.(8) + Cg + 21 S_(0) T¢ cos #c(6;

73-1)
and

Ooig+£(0) = Oo4g(@; +Tg + z‘iccés;g;cf ces Bovg 0)
‘3-2)

From the Relations 3-1 and 3-2, aiong with the awplitudes listed
earlier, the relative phase angles, @.(0! and @.4+g{0), can be
determined to within an ambiguity of sign. The broken line phas-
ors on Figure 3-1 are included to illus’rate the single ambiguity
in the magnitude of the target cross section In the case of

the experiment presently being ~onsidered, the ambiguity of angle
sign is not an impcrtant factor since phase stability is of
primary concern.

To make general use of this technique, additional irforma-
tion i8 needed in order to resolve the sign ambiguity inheremnt
in Equations 3-1 and 3-2 One method for resolvirg the sign
ambiguity is based on the assumption that the fixed scatterer
can be shifted by 17 /2 degrees Then, if < ¢ is chosen toc
represent the cross section of the fixed scatterer when it is
shifted by7r/2, and O +i'{0), the cross section of the column-
plus-scatterer, & relationship similar to Egquation 3-1 1s ob-
tained. This relationship is denoted by Eguaticn 3-3

Oc+£'(8) = TL(0) + O¢ +2 C (9Y Of- cos 1@ci@) -77/2)
c f c
13-3)

Since cos(@.(8) - 85 -77/2) is equivalent tc -sinv@c(9) - @57,
Equation 3-4 can be written as

Tc+£(8) = 09} + O - 210018 0t cin 9700 (3-a)
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By using Equations 3-1 and 3-4, the correct value of #.(0) can
be determined.

Also, the ambiguity of sign can be resolved in this partic-
ular experiment by assuming that the amplitude of the target is
the amplitude obtained from the Mie curve. The means selected
to resolve the ambiguity consisted of comparing the computed cross
section of multiple runs on the column-plus-target, for example.
The value for which the smallest difference was noted was selected
as the true value. This procedure resulted in the selection of
values much different from the theoretical sphere cross section
in many cases, but a completely arbitrary selction of values was
avcided. An IBM 7090 computer programs was prepared and used to
obtain values of Og, O, #c, and @ 44

Typical data obtained at 1.616 gigacycles are shown in Fig-
ures 3-2 through 3-6. The target for this test series was a
7/8-inch diameter sphere with a thecretical radar cross section
of -41.7 dbsm. Measurements were made with the sphere near the
center of rotation and also offset sabout 4 inches. The measured
cross section of the fixed reference scatterer was -35.7 dbsm.
Only horizontal polarization was used in making measurements at
this frequency.

The phase stability data obtained from this series of tests
is shown in Figures 3-7 through 3-9 in the form of the cumula-
tive density distribution of phase change. The phase change data
was obtained by comparing, at the appropriate azimuch position,
the computed phase results obtained from different sets of data.
The measurements data was obtained over a period of 3.5 hours.

The background improvement criteria (or measure of system
per formance) discussed in Section 2 can be used in interpreting
the significance of these experimental results. As developed
for the discussion of Section 2, background reduction in terms
of relative cross section is defined (see Equation 2-9):

or = (-2 +4o sin? (5 (3-5)

where

o = ratio of background cross section to cancellation sig-
nal cross section

Lt = phase difference between background signal and cancel-
lation signal
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O, ™ ratio of the cross section of the backgiound afte:
cancellation to the cross section of the background
before cancellation

As in the previous discussiors, -10 Log ¢, wiil be referred to
as background improvement

In the previous analysis, backgroun< improvement was esti-
mated in one case under the a:sumption tiat A @ was uniformly
distributed abcut zero and in a second :ase under the assumption
that A @ was distributed normally about zero MHcwever, inspection
of the cumulative distritutions shecwn in Figures 3-7 through 3-9
indicates that tne densitv >f A @ migh! be approximated more ex-
actly by use of the densit: expression

o
-
>4

' »
>
" -t
oD

(=)

[¥a)
~<
v

13-6)

s

]

>

o

8

[T

on

N

] I

where

X = random variabie | & ©1

>
]

upper bound on 1A Q! as indicares by fre cumulative
distribucion

§ = denrsity parameter used tc aporoximate the siope of the
cumulative distributiorn.

It is noted that the density given in Equaticn 3-€ is reduced

to a uniform distribution wnen £ = 0, furthermere, the density
becomes the other distributicrnal extreme (i e , the impulse dis-
tribution) when § = - 00 Ferice, in the present analvsis, an ex-
pression for the probability ¢f 2 given background improvement
will be obtained subject only te the conditicn that the density
given in Equation 3-7 may be used to describe the abtsolute phase
difference between the artual background sigral and tqe recorded
background signal. In the present amnaiysis, the value of X will
be taken as unity because {l! the discrimination system imple-
mented at RAT SCAT varies rhe amplitude c¢f the cancellaticn sig-
nal as a function of azimuth by using the recorded cross section
level of the background and -2: on the basi: of experiwvenral
evidence, the amplitude of the backgrcun? is relative stable with
the exception c¢f a smail bias which results from calibrazion
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error. The (1 - )2 term in Equation 3-5 may be evaluated to
illustrate the influence of a 0.5-db shift in level between the
recorded background and the actual background (from which the re-
corded background is subtracted).

Under the specified conditions, evaluation of the term shows
that the background improvement is bounded by = 24 db as a result
of amplitude drift. In terms of phase difference, a background
improvement on the order of 24 db corresponds to a phase change
of 2 3.5 degrees. The above illustration, plus accumulated sta-
tistics on envirommental phase stability, serves to indicate that
the phase term of Equation 3-5 will be the controlling factor on
the amount of background improvement which may be expected. How-
ever, because of the limitations imposed by the random variable
ac, a skeptical view should be taken of improvements resulting
from the present analysis if the improvements cited are much
greater than 20 db a large percent of the time. By letting & be
unity in Equation 3-5, the normalized background may be written
as

r

o, = wsi? &8 < g <y (3-7)

The probability relationship between O, and |A@] is

PU [0 S "Ur S "O—ro] = Pr [0 _<.. |A¢|§. 2 Siﬂ-l Zro]

ro

(3-8)

By using Equation 3-8 and Equation 3-6 (which gives the dis-
tribution of |A@]| ), the background improvement -10 log Ty,

may be obtained in terms of Paro’ S , and |Aa| 1f background

improvement is denoted by BI, and if P = 77, then the expres-
sion of interest is given by ro

—

In [:(ejz8 -1)7 + 1] (3-9)

—

- A S
BI -6 -10 log sin {-28

where

7 = pr| 0< 0. £ O, = Pr | BI. < BI £ o0
r ro [0}
|

Note that, when 7" is unity, i.e., when the background improve-
ment is greater than -10 log Tro 100 per cent of the time, the
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E<pression 3-9 is reduced ro the ''worst case’ expression given
by Expression 3-7 when ! A@| is replaced with the maximum phase

deviation X. Alsc, if 5 = 0 in Expressior 3-9, the expression
cbtained is equal rc the expressicn obtaire1 in the previous
analyvsis for a uniform distribution. On the basis »f the statis-
tics obtained at RAT SCAT, hcwever, the Expressicr 3-9 indicates
a significant increase ir hackground improvemer.! cver the im-
provement predicted in the earlier analysis. The difference be-
tween the twc estimates is due to the ccncentraticon ~f the phase
difference about zer. rather than being ue to a wore uniform
distribution, such as that anticipated befcre experimenral evi-
dence was ob:ained.

The graph ~of the *elaci'nsnip iliustrated in Equaticn 3-9
is shown in Figures 3-10 a-4 3-11 fcr 2 = 0 95 a< a functicn of
§ and X. Also, the "worst case” curve of ¥ = 1 it plctted in _
each of the two figures T~ cbtain the curves in Figure 3-10, X
is presented as the abci:sa, X values range betweer 5 and 30 de-
grees, while § is allowed the vaiues -30/57.3 and -60:57.3. To
obtain the curves shown iz Figure 3-11, 3 was allowed to vary
between 0 and -100/37 3 for esch of the Y valuss b»etweer 10 and
20 degrees

Table 2.} cantaics a iist of vaiues for 5 end X evaluated
from the phase sca’xéitv curves chtained from the experimental
dars. The value c¢f ¥ was abhtaiprec by Kféuul ng the experimentally
determined cumulative ¢itve to zero by of & straight iine
approcimarion  The valu: of 5 wés dete rained by passzing the
theorezical curve througn the peing Pr 8 2 480 € A8 = 142,
Ou the basis of the curves »7cwn in Figure 5-12, & comparison

way be wade between The wodel cumularnive and an experimentally
datermined cumygjavive by tne use 7% rthe above techmnigque for ob-

r

tainiag X and &

On the basis of rhe previous analvsis and on the basis of the
experimental data chtained at RAT SCAT, a significant background
improvement wag zupected vhrough tre use of the Band 4 data dis-
criminstion svarem. Bv a2 <igpificant jmprovement,” it is meant
that sn improvemert of 0 (0 ZU b mav be expected 9% per cent
of 2he time. [t shcuid be horne in mind that the experimencal
data was obtained hy wmegns of 3 vechnigue wherebvy problems caused
by freguency drift were eiiminated, furinerwmecre, swmall targets were
used in the expeviments, and "helr use terded to minimize the
spacial wmovement of the ¢aluwn compared to the wevement of the
larger targets.




Table 3-1 MODEL PHASE DISTRIBUTION PARAMETERS

X 8
Column 32 -5.24
Column-Plus-Offset Sphere 13 -21.2

The results of the effort to extract the radar cross section
of the sphere target are shown in Figures 3-13 through 3-16. Fig-
ures 3-13 and 3-14 were prepared by superimposing computed sphere
cross section data and the theoretical cross section data on the
measured column-plus-sphere trace for the centered and off-center
sphere cases. The improved accuracy in the determination of the
sphere cross section is evident from an examination of these data.
The cumulative distribution of error in the computed cross sec-
tion is shown in Figures 3-15 and 3-16. It will be noted that
the 90 percentile error for the centered sphere case is near the
1-db accuracy specification for RAT SCAT measurements. The error
expression form used in this calculation was

o
€, = 10 log -

Tsphere

An almost identical effort to that described above was com-
pleted at Band 6 (6.5 gigacycles). In this band, the target was
a l-inch-diameter sphere with a theoretical cross section of
-38.35 dbsm. Typical data runs for this series are shown in
Figures 3-17 through 3-20. The reference scatterer cross section
was -36.8 dbsm.

Results of phase calculations for the column are shown in
Figures 3-21 and 3-22; data for horizontal and vertical polari-
zation are presented. These data are superimposed on typical
analog cross section plots of the column cross section. The re-
sults of two phase computations are shown. The data points were
selected from data maxima and minima which differed by at least
10 degrees. One set of data points is connected with a straight
line to aid in visualizing the punase variation. The gaps in the
phase data are attributable to missing tape data points and/or
an impossible solution in the computer output. These data indi-
cate that the phase variation of the Styrofoam column was not
extensive. It should be noted that the relative variation in
phase may be positive or negative so that the total excursion
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zay be twice the maximum values cbtaired. Although the more
random components tend to cbscure the exact locatior cf the max-
ima and minima, an examination of these data suggests the pres-
ence of discrete scatterers cf significant cross section within
the column;, the presence cf the scarterers 158 evidenced by the
phase maxima (or minima’ data that appears (o vrecccur at approxi-
mately a 180-degree aziwmuth shift The scatterer phenorena may
be interpreted to suggest the pcssibility of reducing tne phase
variation by carefully locating rhe axis of the columr relative
to the axis »>f rc-ation The phase variaticn of the returns

from the column is shown in a different form in Figures 3-23 and
3-24  Although this phase inZcrmation is relative, the data
presented has not been adjustea, i e , the angles shown are the
actual angles calculated 7. ::e of the computer program, and they
are relative to the fixed scatterer.

A measure of the phase shirt cf the column is shown in Fig-
ures 3-25 and 3-26. In the case of rhese data, the phase of the
column was compared at each azituth point available i+(}.]1 degree)
by using the first data rup as a re«terence The -sariable for
these data was the column-plus-fized scatterer data rans In
these figures, the separarte :-urves describe d&ta run: made ap-
proximately 20 wminutes apart n one case, the Jata obtained
for the longest time periece fel: within data for shorrer time
periods.

A comparison of the Band 4 and Band 6 phase stability data
suggests only a slight degradation in the performarce of a dis-
crimination system in Bard 6 relative tc Band 4. Corsideration
of the success in reducing the effective backgrcund with the
Band 4 discrimination system f(subsegqunetlv treated in Section 5)
relative to the fixed scatrerer reference results indicates that
a definite gair can be realized with such a discrimination system
at Band 6 frequencies. However, the precently unresolved prcblem
of a phase instability external tc the electronic 23quipment,
discussed in Sectien 5, mav prcfoundly influence the urility of
such a Band 6 system. It agpears that further testing is neces-
sary to insure a reasonable degree of success at these higher
frequencies.

The probable success ~f a system operating in Band 6 is sup-
ported by the results of the sphere target extraction for this
band. Examples of the results ¢t spbere cross section extraction
are shown in Figures 3-27 through 3-30 In the case of both
horizon*al and vertical polarizaticr, the computea sphere cross
section values are superimposed on rectil!inear analcg olots of
the measured radar cross section of the column-plus-otfset sphere.
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The computed data points were selected at 3-degree increments.
The blank spaces resulted from computer error code output. The
theoretical cross section of the sphere (-38.35 dbsm) is also
shown in the figures.

The cross section of the column selected for this test was
on the order of 10 db below the sphere so that the error intro-
duced in the measurement by the column was generally small; as a
result, a large error reduction is not to be expected. Examina-
tion of these data and the cumulative error distributions shown
in Figures 3-31 and 3-34 shows this to be the case. However,
the improvement in background is significant in view of the orig-
inal background and the equivalent background required to produce
the reduced error. Aside from the unknown errors associated
with coupling between the various scatterers, several factors can
influence the accuracy of the computed results. Two of these in-
fluencing factors can be identified as the proper resolution of
the previously mentioned sphere cross section ambiguity and the
phase variation in the return from the various scatterers. Much
better resuits could have been obtained if a selection had been
based on the computed values nearest the known theoretical values.
Since the column return was small, the difference between the
correct value and the ambiguity of both the centered and offset
sphere was small, ard as a consequence, small errors could to a
large extent influence the selection of values. The effect of
phase stability or phase variations on the background reduction
which can be realized has been discussed previously.

3.2 Transmitter System Stability Test

A test system used to cbtain a measure of the phase stability
of the Band 4 driver and power TWT amplifiers is shown in Fig-
ure 3-35. The cross-hatched blocks denote additional components
required for the test. The test effort was concentrated on the
stability of the driver TWT and the power amplifier since these
components are driven by use of a very stable signal obtained
from the phase measurement system. Tests were also conducted
with the driver TWT and PA components out of the system in order
to evaluate the instrumentation system which included the Band
4 receiver.

During these tests, an effort was made to obtain the clear-
est spectrum possible from the auxiliary TWI amplifier used for
the experiment and from the power amplifier TWI. The pulse from
the power amplifier was adjusted so that it was somewhat shorter
in length than the pulse from the auxiliary TWT and was within
the TWT pulse on the basis of the time relationship. The range
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gate was adjusted to be shcrter in length than the pcwer ampli-
fier pulse and w7ithin this pulse. For the data shown, the selec-
ted signal lengths were 2, 1, and 0.1 microseconds The power
amplifier pulse length of 1 microsecond was finally selected be-
cause the spectrum for this pulse length was considerably cleaner.
Satisfactory resuits were obtained at a pulse length &s short as
0.2 microsecond. The signals to be cancelled were hoth directed
into the receiver so that an analog record could readily be made
of the results and so that the range gate could be used to sample
the signals over the same time interval.

For these tests, tne recorder was cperated in the manual
mode with the speed adiusted downward to the slowest operable
level . The recorder speed was nect constant, ard the recorder
occasionally stopped so that it was pericdically recessary to
mark time on the record to provide an approximate time base. The
majority of the data runs were wmacde at & frequency cf 1.C giga-
cycle. A few brief checks were made at freguencies of 1.2 and
1.6 gigacvcles > demonstrate stability that could be achieved
at move ~hsr cpe poiir. Mo sigrnificant variations in stability
were noted &t the uifies ent operatingz frequencies.

Shown in Figures 3-36 and 3}-37 are examples of the results
obtained in tests conducted by bypassing the transmitter TWT
amplifiers. These tests were conducted to verify the fact that
the instrumentation system was adequate to obtain meaningful
measurements. The two sigral level: were initially adjusted to
produce a signal level at the pnint marked 20 db; a 20-db pad
was introduced into the sy:stem so that an actual zerc-cb level
was displayed The cancellaticn level achieved was on the order
of 10 to 20 db btelow the level achieved for the overall trans-
mitter system-

The flat spots on the traces resultr from intermediate system
checks made without readjusting system parameters. The primary
ingstability effect observed is illustrated in Figure 3-37 This
effect marked the onset of a large system traunsient which intro-
duced a significant phase shift irto the test system; this shift
was due to a large frequency shift or a change in the operating
parameters of the auxiliary TWT axplifier. Because there was a
shortage of “ime for conductirg these tests, the exact source
and nature of this shift was not determined; consequently, no
long-term stability measurements were obtained The primary in-
stability effect apparently was initiated by power line trans-
ients. In every case, a good null could be realized by readjust-
ing the phase shifter. The cancellatien level achieved in this
measurement appeared to be a limit in the sense that the resulting
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noise level appeared to be essentially incoherent. This noise
level was evident on the null of the CRT monitor display.

Example results of the tests conducted by use of the overall
system are shown in Figures 3-38 and 3-39. In each of these fig-
ures is shown the occurrence of a transient which stopped the
data runs. The trace on Figure 3-38 was the best example ob-
tained. For this test it appeared that a noise level which had
been reached was caused by spurisus phase modulation of the sys-
tem TWT amplifiers. This noise level is probably at a minimum
because of the use of regulated power supplies in the RAT SCAT
equipment. No phase sensitivity tests have been performed on the
TWT amplifier used in these tests, but data on other tubes indi-
cate that it is possible to cause large phase shift variations
by smail changes in the electrode voltages. The phase shift re-
quired to cause the step in the trace on Figure 3-37 is almost
equal to the shift required to cause the step in Figure 3-39.

The signal level check record shown on Figure 3-38 can be used
to demonstrate that the relative level change is insuti.cient o
cause the cancellation level change observed.

To determine the relative phase of two equal amplitude sig-
nals at a given cancellation level, the expregsions developed in
Section 2 can be used. For a high degree of cancellation, the
phase accuracy required, A @, is given by

~ | 9¢c
4}

A

A curve of this relation is shown in Figure 2-8 of Section 2.
Except for the large transient phase change revealed, the phase
stability of the transmitter appeared suitable for the phase
measurement capability, which included frequency stabilization,
a similar transient phase change reportedly occurred; conse-
quently, a loop had to be incorporated in order to phase-lock
the signal at the power amplifier output.
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f ~ Fixed Reference Scatterer
¢ ~ Coluumn

s ~ Sphere

Fig. 3-1 PHASOR DIAGRAM FOR COLUMN STABILITY AND SPHERE
CROSS SECTION EXTRACTION COMPUTATIONS
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Fig. 3-8 CUMULATIVE DISTRiBUTION OF PHASE CHANGE FOR

COLUMN-PLUS-CENTERED SPHERE AT1.616 GC -

HORIZONTAL POLARIZATION
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