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AFIT/GE/EE/80D-41
Abstract

"Terraln Bounce" is an electronic countermeasure intended to defeat
Amplitude Comparison Monopulse Tracking. In this paper the counter=
measure technique is described and 1ts theoretical basis 1s developed.
The two-target tracking problem, the Doppler offset and spreading of the
ground-reflected signal, and a model for reflection from rough terrain
are presented. A methodology 18 developed for snalyzing the Terrain
Bounce problem, The theory is applied to a typical Terrain Bounce

geometry, and the resulting jammer requirements are derived,
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I. Introduction

Background

"Terrain Bounce! is an electronic countermeasure intended to defeat
Anplitude Comparison Mnnopulse tracking. The countermeasure is based
upon the creation of a false radar target by 1lluminating the ground with
a jamming signale. The purpose of this study 1is to establish a method
for analyzing the Terrain Bounce problem in order to determinc the jammer
requirements for an assumed problem geometry.

The Terrain Bounce problem geocmetry 1s shown in Filgure 1. R is the

ground range between the missile and the target alrcraft; H_ and Hr are

t
the altitudes of the transmitter (aircraft) and receiver (missile); 6

ma
is the angle made by the line of sight ({between the missile and the aircraft)
with the horizontalj; er, Rra’ and Rma are the distances from the ground
radar to misslle, radar to aircraft, and missile to alrcraft, ng and Rga
are the distances from the missile to the ground patch, and from the ground
patch Lo the alrcraft, It is assumed that the threat is a semi~active
misaile which detects in Doppler and uses an Angle Amplitude Comparison
Monopulse system, The jammer ls assumed to he a repeater which receives
a signal from the radar and re-radiates it towards the ground. The
terrain reflects a portion of the signal back towards thé mlasile, thus
creating a false target. The presence of the false target causes missile
tracking errors. It is desired to cause a lgrge enough tracking error
that the missile is either driven into the ground, or is driven so far
off target that it misses.

The success of the countermeasure depends upon the jammer's ability
to create a false target at the correct frequency and in an appropriate

locatiocn to cause errors in tracking. Thus, it depends upon the terrain's
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reflective properties, Reflection from terrain has been the subject of
a great deal of investigation. Dlfferent authors have variously modeled

rough scattering surfaces as perfectly reflecting mirrors (Reference 7),

_ arbitrary protuberances (Reference 25), polnt scatterers (Reference 23),

corrugation (Reference 2) or a composite of these features (Reference 6),
in order to determine a reflection coefficlent or scattering coefficient.
The model developed by Beckmann and Spizzichino (Reference 7) proved to
bo the most readlily adaptable to the Terrain Bounce problem, since it
models the surface reflection properties for fixed gecmetries (transmitter
at one point, and receiver at another point). This model wus chosen for
use in the analysis, andwlll be further described in Section II.
Scope

This paper presents the theoretlical recquirements for successful
Terrain Bounce jamming. A methodology is developed for analyzing a
Terrain Bounce situatlion, given a particular problem geometry. A detalled
example 1s presented to 1llustrate the methodology for missile approach
from the forward hemisphere.
Approach
——

The ground reflection is assumed to be diffuse, and the false target
is considered as a point target located beneath the grouﬁde In Section II
the two=point target tracking problem is developed, and the resulting
tracking errors are derived.'.Next, consideration 1s glven to the Doppler
shift ‘and spreading which affect the ground-bounced signal. A model for
the terrain is presented and applied to the Terrain Bounce situatione.
Firally, & methodology is presented for analyzing a Terrain Bounce problem.
In Sectinn III, the methodology is applied to a particular problem geometry

ir order Lo determine the circumstances under which the countermeasure
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will be effective, and the requirements on the jammer (jamming beam
Ofientation and beamwidth, Jamming-to-Signal Ratio (J/S), antenna slde~
L lude levels, and required Doppler offset and spreading of the jamming sige

nal). Section IV presents conclusions, and recommendations for furtheyx

investigation,




II. Theory

Analysis of Terrain Bounce Countermeasure

The Terraln Bounce problem will be analyzed as a two=-polnt tracking
problem, assuming both the true target (aircraft) and the false target
to be point targets. The false target is created by illumdnatlng a patch
on the ground which reflects a signal towards the missile. Ideally, the
reflecting point may be raeplaced by an image of the source located beneath
the ground. (See Figure 2a.) The signal from the lmage point will differ
in Doppler frequency from the direct path signal £rom the target.

For a reallstic surface, the reflectlon comes from & finlte-sized
patch, rather than from a single point. Thus the reflected signal will
be spread in Doppler over a range of frequencies. Furthermore, reflection
ocaurs at angles other than the specular angle, Thus, the reflectlng
ground patqh may be replaced with a "diffuse image" lacated beneath the
ground (as in Figure 2b), displaced from the "specular image" point, The
power centroid of the diffuse image defines the False Target,

There is usually some uncertainty in the problem geometry (missile
speed and direction of approach unknown), which creates ; requirement for

spreading of the reflected signal. Thus, the Doppler spreading of the
reflected signal, mentioned above, can be utilized to advantage. The

‘dlfference between the required spreading and that provided by the terrain-
reflected signal must be provided by the jnmmer.

A model for reflection from rough terrain (Reference 7: Chapter 12)
provides information ahout the magnituda and location of the reflection

to be expected from the terrain., This model provides the reflection

" characteristics of the False Target (the diffuse image point).

These theoretical concepts are developed in this Sectlon, and will

be applied to a Terrain Bounce problem in Section III.
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Tvo=Toint Jamming of Monopulse

The first problem to be examined is the influence of two point
jamming on the missile tracking., This problem shows the theoretical
roots of the Terrain Bounce Countermeasure. In this analysis, the false
target will be assumed to be a point source located beneath the ground.
{see Figure 2b.) The reflection from the ground will be represented
by a constant reflectlion coefficient times the signal incldent upon the
ground.

The influence of two incoherent point sources on an Amplitude
Comparigon Monopulse System with simultaneocus comparison of signals has
been examined by Vakin and Shustov (Reference 26: Chapter 4). Pigure 3
shows the geometry of the problem. The two point sources (the target
alrcraft Ai’ and the false target Az). are gseparated by angular distance
A 6 and the ratio of their powers is Cz. The voltage received by the
missile (at the output of the phase detector) is derived in Appendix A,

Equation (A=1):

2
Voam Kog £2(0%(8 -8 )-g? (040 ) w(c® (0= 6,-00)-( 040 -80)) (D)
where
g(e) = goexp(-Z in2 ( 8/’93m)2) for a Gaussian antenna pattern

Bs = squint angle

8 am ™ 3~dB beamwidth of missile

K

pd phase detector constant

-] is measured from source A,1
Equation (1) determines the gene -alized direction finding characteristic
of the system, and may be used to determine the stable tracking points,.

(Positive slppe nulls indicate stable tracking.)
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Figure 4 plots this equation for K, 41 and %21 (identical pover
gsources), assumin; 8 g/ G3y=e3s For A8 small, the system tracks a
point midway between the two targets. As A8 increases, the slope of the
v pd curve decreases until, at Af « ere ! the slope 1s equal to zero.

(9 re s=.95 93m in Figure 4). This is the resolution angle, beyond which
there are two stable tracking points corresponding to the two targets.

For two targets of unequal power ( Czﬂ) similar plots indicate that
there 18 no polnt for which both the slope of the curve and the value of

v_, are equal to zero. (See Flgure 5 for § =,5.) Thus, there is no

pd
physical "resolutlion peint"; the system tracks the power centroid, which
is located nearer to the nore powerful target,

The slope of each curve in Figures 4 and 5 is equal (within a constant
factor) to the gain of the ﬁransfer function of the direction finder
(Reference 26: 195), Thus & decrease in slope (and, hence, in the
transfer fﬁnction of the system) degrades the quality of the transient
process and éffects the dynamic error.

The parameter & / 93m may be ipterpreted as the tracking exror.
Figure 6 plots 8/ 93m vs. A 6/0 3y £Or various values of { for an
assumed Gaussian antenna pattern. As sgeen in Figure 6, in order to
achieve large errors, a small value of { is required, (:'L.e., the false
target signal must be stronger than the true target signal). Beyond a
certain value of A&/ 93m (the points of disc6ntinuity in Figure &) there
will be two stable tracking points (corresponding to the true target and
the false target). Figure € indicates that, up to a point, the error
will increase with increasing A8, (l.e.,, as the missile closes on the

' targets)., For a given anternna pattern function, it is assumed that after

A6/8 , reaches some critical value (Ag/@ 3m)crit.' the weaker target

Lt
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has disappeared from the misslle 3-dB beamwidths Thus, a value of { must

be selected which will give increasing exrors as A 6/ 93m approaches and

an)crit'
tracking point for A8 / Osmg_ (A8/ 8

attains (A8/ € In other words, there must be only one stable

)

crit’

The quantlty 08 /Af 1s a measuwre of the error away from the true

3m

target (A'l)’ This quantity may be determined by solving Equation (1) for
8, (with vy 420 &t the stable tracking point), and normalizing by A8 .
Using the derivation in Appendix A (Equation (A-3)), the solution can be

found from the transcendental ecquation:

2 2
¢ “vexp(-4ln2 (AW 6, ) -2(A6/8, )(8/85 )))exp(~Bln2 (A8/8, ) (8. , ))

[FEPCIEIN . PR TH R TTT FUE - VPUUERIE BOX il i o b Ul :

CZrexp(-a1n2 ((A8/8, )°-2(AB/ 8, )(©/8, )))exp(+8ln2 (AW, )(6_/8, ))
= exp(«16 1n2 (95/ 93m)(9 / 93m)) (2)

The parameter ;2 (the ratio of target powers) is the effective

Jamming«to Signal Ratlo, and is derived in Appendix B, Equations (3«5)

‘

and (B-6): /
‘2= .l,lzn f"_“i 2 (xj/4r)cjrersjm+,t
Vo . Roa (A"/4w) Gerrng P
vhere
v,l,vz = amplitudes of signals from targets A’l and A2
Rma = range from migsile to alrcraft
Rmf = range from migsile to faise target
Gjr » gain of jammer in direction of ground radar
G » = gain of repeater
ng = gain of jammer in direction of ground
Gjm = gain of jammer in direction of missile

13
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countermeasure requires that the ground target?!s signal be more powerful

o £ = target (alrcraft) cross-section
Pe . terrain reflection parameter

A = vavelength

Assuming that the reflection from the terrain i1s entlrely diffuse, the
ratio of the power scattered frlom the ground to the direct path jammer
pover is defined as the diffuse reflection coefficient p i. It may be
seen that , gn(‘l/ %) if v,=0. For an omnidirectional jamming antenna

. 2 2 2
(bjm'ng)' this gives » o P (Rma/Rmf) « 'Thus, w:a' obtain:

|
2 |
2 _ ( N/4») GerrGjm +o, - ’
2 2
(\/4w) Gerrng Py
This equation may be further simplified to:
£2 (/(a/8) ) + (Gjm/Gj_l) (1/€a/s),) + 6, @
- » 2 = - 1
v«heré

a/8) g = ( x2/4 ) Gerrng/’t ‘'m System J/S

|
G = Cyn/Cyq !

Equations (2) and (4) essentially establish the System J/S and

[ DIPUERE SR

antenna sidelobe levels (G jm/G j g) required of the jammer, to obtain the
desired miss (given in terms of 8/A8).

Doppler Offset

The previous section shows that the success of the Terrain Bounce

than the true target's signal. To be so, lt ls necessary that the ground-

bounced jamming signal fall within the missile's Doppler Bandwidthe.
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Assuming the reflecting ground patch to be a point target, some Doppler

1 \ offset may be requircd to shlft it into the missilets Doppler Bandwidth.
?’ If the Doppler Bandwidth 1s Bl Hz wide and is centered at the frequency
of the target!s skin return (fc), the ground-bounced signal must be

offset in Doppler enough to shift it to within 4 BW/2 Hz of fc. Thi.s

of fset f° may be calculated for any polnt on the ground which reflects
the signal towards the mlsslle. If the reflecting ground patch has a
finite extent, (rather than being a point source), there are a range of
offsets allowed. For any particular finite sized ground patch, this
range of offsets will be designated AE&. If multiple problem geometries
are to be covered simultaneously by the jammer, various ranges of AE&
will be required. The entire range of offsets required for these various
ground patches will be designated AFt.

In order to determine the range of Doppler frequency offsets AFt’
it is first necessary to determine the offset fo assocliated with an
arbitrary point on the ground. Figure 7 depilcts the generalized alrcrafte
missile=ground geometry to be considerei (Reference 27). V; and ?; are
the velocity vectors of the alrcraft and missile respectively, Using the
alrcraft as the center of the coordinate system, ima and &ga are unit
vectors in the directions of the missile and the ground. ﬁmg is the
unit vector in the direction from the ground to the missile. Considering
the aircraft as stationary, the velocitles of interest become 3; <--$a),

and ;; (-5;—7;). Along the direct path between the aircrauft and the

missile, the range rute is:

.
>

VR (Vv
= X * V=V
ma ma vm = xma m a (5)

Along the indirect path from the alrcraft to ground to missile, the

15
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range rate is:

(6)

The difference between the direct path and some indirect path

range rate is glven by:

- -

*mg Vm

. . [ ] ~ - rY e —
AR = Rma' (Rge"'ng) = X4 V" % Va t xga ya -

(7N
Equation (7) may be rewritten, using the results of Appendix C:
AR = v, (Cos ¥ = Cos $) + v (Cos 7 ~Cos V) (8)

where the angles are ldentified in Appendix C as follows:

o ) ) 1'11 2 2 2
N = gngle between Vo and xg a® Cos R ai*R i
: - A -7,
{ = angle between v_ and “Xog ™ Cos i
2 Rming
e a : -]
- ( v
¢ = angle between v, and -X . = Sin (.va/vm) sinV)
-t
¢ = angle between v_ and ﬁma

Here a subscripted value of R lndicates the range between two positions:

g, a8, snd m indicate the ground, aircraft, and missile; i indicetes the

projected polnt of intercept between missile and aircraft (assuming

constant velocities) .

-~

At long ranges, X .= img’ and Equation (7) becomes:

AR = vy (Cos?n = Cos V) (9)

The Deppler offset required to shift the reflected signal (from any

17
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point on the ground) into the missile's Doppler Bandwidth is:
£, = =(£,/€) AR = = AR /) (10)

where
ft = original transmit frequency

¢ = velocity of light

An offset of this amount will place the bounced signal (from an
arbitrary point on the ground) at the center of the missile's Doppler
Bandwidth. Thus, Equations (7) or (8}, and (10) may be used to calculate
the Doppler difference between the direct path jamming signal and the
signal reflected from any point on the ground. The frequency to be
transmitted by the jammer is ft"'fo'

Doppler Spreading

-

In reality, the ground-bounced signel will be reflected from a
finlte-sized ground patch, rather than from a single psint, If fo is
colculated for all of the points in the ground patch, there will be a
range of offsets (AFi) asgoclated with a particular ground patch. In
general, the countermeasure will be designed to utilize one of a number
of possible ground patches, (because of uncertainties in the problem
geometry, to be described later in this section)e Thus, the total range
of oasible offset frequencies (APt) includes the AFi's agsoclated
with many different ground pacches. (See Figure &a,}

Assuming that this total range of offset values (A Ft) i1s bounded
by fm n and fmax (see Figure 8a), their total spread in Doppler is

A Ft- f

max"f o | The AFi associated with a particular ground patch

may lie anywhere within this range. Thus, it 1s desirable to he able

to shift any frequency between £ mn and fma:' into the missile's Doppler

18
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L 1
AF:\. Fdn f
max c
A Ft
(a) Range of Doppler frequencies (A Ft) of reflected signal
which may be availsble for jamming

(1l \ 1 ,
fmax fm:i.n fc+ £ jo
+f jo +£ jo

. /
?j o
(b} Doppler offset of £ jo’(f ndn+fmax)/2 shifts center of

A Ft to center of Deppler Bandwidth, and ghifts directs
path signal out

R | -

AFyT—LF, /% A¥,
Fa 8
(c) Spreading ofA Fg= Emax'f aintEW= AFt+B1'J spreads any free

quency between f o and fmay' such that it may occupy
and £i11 the Bandwidth

Flgure 8. Doppler Offset and Spreading - Optimum Case
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Bandiiidth, If AFt is larger than the missile's Doppler Bandwidth, it
is clear that no single jammer offset will place all of these frequencies
within the Bandwidth. In order to utilize all frequencies between f win
and fm ax for jamming, each one must be both offset and spread in Doppler.

Assuming that the direct path jamming signal is initially centered

in the missile's Doppler Bandwidth (fc) » one may determine the jammer

offset (f 3 o) which will shift the center of AFt to the center of the
Bandwidth (as in Figure 8b):
fjo * fn' frax (11)

Note that, while the center of AkFt is shifted to the center of the
Doppler Bandwldth, the direct path jamming signal is shifted away from
the center of the Bandwidth (and possibly out of the Bandwldth altogether,
and into the sicle~bands). This represents an edvantage to the jammer,
tBince it reduces the direct path signal‘received by the missile),
which should be exploited if at all possible.

Some spreading is also required to insure that either fmin or fmax
(or any frequency in between) may overlap and fill the Bandwlidth. (See

Figure 8c.) This spreading (AF3> is given by:

Ar = |f

s max~ fmin +BW-AFt+BW (12)

where BW 1s the missile Doppler Bandwldth in Hz.. Note that this
additional spreading AF s also affects the direct path signal, and care
ghould be taken not to spread it back into the missile Bandwidth,
Optimally, fjo and AFs are chosen such that the signal reflected from
any ground patch may fall within the missile Bandwldth and the direct
path signal may be shifted completely out of the Bandwidth. This

20
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amounts to the requirement that:

A Fs/2$. fjo

Using Equations (11) and (12), this glves:

Tnax = fman * B £ frax * fnin
2

2

or,

Emin & BW/2 (13)

If Equation (13) is not satisfied, then the use ofLEquations (11) and
(12) will allow the direct path signal (after offset and spreading by
the jammer) to spread into the missile's Doppler Bandwidth. (See Figure
Ya=b,) Thils condition is highly undesirable, since it allows the direct
path jamming to compete more severely with the false target. In ordey
to keep the direct path signal from spreading back into the Doppler
Bandwidth, the jammer offset and spreading must be designed to utilize
only a portion of the range of frequencles avallable from the ground.
That is, the points which reflect frequencies very close to fc will
not be utllized in the jamming. The sub-optimal parameters f5° and
AE} are selected using one or both of the following:

1. Increase fjo (that is, shift only & fraction of the possible
terrain-reflected signals into the Doppler Bandwidth)
or,

2. Decrease A Fs (that is, fi1l the Doppler Bandwidth partially,

instead of completely)
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R path jamming signal i
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(b) Offset by £ jo and spreading of AFB shifts the direct-
path signal out of the Doppler Bandwidth, but spreads it 4

back into the Bandwldth

I P

+fx:mx +f5° fm:l.n ft'.'

jo +f3‘° +f3°

(c) Offset by f3°= (fmax"'f')/z’ vwvhere f' £ BW/2

l TTETM

.- A DU

- N R !

FH/Z

(d) Spreading of AF;-Z(fSo-BW/Z)anBO-BN spreads most of .
the frequencies within AF, suth that they may occupy ' !

and fill the Bandwldth

Figure 9. Doppler Offset and Spreading - Sub=O1timum Case

22




This amounts to the requirement (Figure Yc«d) that:

—agve—; iw

| o= £ 4 EL APV (14)
i 2

.

; AFy =2 (81 - B/2) (15)

The penalty for choosing the parameters in this way is the loss of

NP E TmaT 3T
Ol 2

reflection from some ground points which could otherwise contribute

to reflection. However, keeping the direct path jamming signal out of

the missile's Doppler Bandwlidth represents a sizeable advantage for the

jammer, which will usually overcone the penalty described above,

TFaTTI T e o

A Py (or AF&) represents the spreading required of the reflected

L

signal, 'Since the finlte~slzed ground patch provides some spreading

(AF:L)’ the additional spreading required by the jammer is given by: [

i F - AF -
.. AT, g . (16)

R U gt ¥+

Using Equation (10), one may calculate the Doppler offset required

to shift a signal (reflected from any point on the terrain) into the

missile's Doppler Bandwidthe A Ft represents the total range of

frequency offsets required to make any of the possible reflected signals
(from a number of finite-sized reflecting ground patches illuminated by
the jammer for different problem geometries) available for jamming.
Equations (11) and (12) (or Equations (14) and (15)) give the Doppler
offset (fJ o) and spreading (A Fs> required of the jammer in order to
insure that the signal reflected from any point on the terraln may fall
within the Doppler Bandwidth of the missile. Equation (16) gives tha
additional spreading (AT J) which must be provided by the jammer in

order to obtain the spreading A F‘s.
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Jerrain liodel (Reference 7: Chapter 12)

Glistening Area Model. Thus far, the properties of the reflected
signal have been analyzed. It is now necessary to determine what points

en the ground will reflect the jamming signal in the direction of the

missile, and how much reflection may be expected, The model for rough
terraln which was chosen for thls analysis was developed by Beckmann
and Spizzichino (Reference 7: Chapter 12). The model does not account
for shadowing of pqrtions of the terrain by very large surface irrequ-
larities, or for multiple scattering from the surface,

Rough terrain may be modeled a&as a reflecting surface consisting of
elementary mirrors of slope @, The probabllity distribution of slopes
is assumed to be Uniform for |a | ¢ A ax? where a max 18 the meximum
slope of sny mirror, The angle A is made by the bisector of the angles
of incldence and reflection with the vertical., The fleld at the point
of receptionl.i.s caused by those of the elementary mirrors for which the
normel to the surface bisects the angle betweein the incident ray and

the ray reflected towards the receiver, At these points, ¢ =Tanp « 8,

and a max"Tm Bmax B max® (See Figure 10.)

a= Tan 38

wr/lﬂ/

Figure 10. Model of Rough Surface
24



For a surface l1llluminated by an omnidirectional transmitter and
recalver, the region of the surface for which lﬁl < pmax participates
in reflection for a qglven position of transmitter and receiver. This
area is defined as the "glistening area". The use of directive antennas

for the transmitter and receiver may reduce the size of this “"glistening

"area" (if the entire glistening area is not illuminated by the beams).

(See Flgure 1la.) Thus, the size of the glistening area is determined
principally by the irregularities of the reflecting terrain, and
secondarily by the antenna patterns. The boundary of the glistening
area i determined by finding A in terms of Xq9 %Xn9 and y (PFlgure 12),
and setting |g| = Brax at the boundary. The equation of the glistening
area is derived in Appendix D, Equation (D-2). In general, the width

of the glistening area (y) &s a function of distance x, from receiver

(Figure 12) is given by:

Cos B max = 1 Hr Ht (17)
— et + —
b a,l a2

a, - Vx‘?l-o-ya-l-l-l

a, = Ux2+y2+}{
2 2

e
b = \fz + 2(--x.1:>:2 + Y+ HrHt)/!.-\,la2

5N

TN

For a given problem geometry and terrain roughness ( Bmax)’ Equation
(17) may be solved iteralively for vy, in order o determine the size
and location of the glistening area (that is, the area of terrain which
participates in reflection towards the receiver). Thus one may determine
the area of terraln over which Doppler offset and spreading must be

consldered.
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S = Contour of Glistening Area
S'= Contour Illiminated

(a) The use of directive transmit and recelve antennas may
reduce the size of the reflecting ground patch, Lf they
do not illuminate the entire glistening area.

S = Contour of Giistening Area
8" = Contour Illuminated

(b} If the antennas illuminate an area larger than the
glistening area, the area outside the glistening area
contributés nothing to the reflection towards the
receiver,

Figure 11, Illumination of Glistening Area by Directive Antennas

-

-
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Blstatic Scattering Coefficient.

The bistatic scattering coeffle
clent ( cr°) is a normalized parameter representing radar cross=-section

per unit area of the surface illuminated, For the Uniform Slope Distri-

bution used in the derivation of the gllistening area, the bistatic

scattering coefficient is glven by Beckmann and Spizzichino (Reference
I 7 252-253) ¢

% u G L8 By = {cot:2 B l81< 8 (18) :"

: 181> By

In general, it is desirable to model the terrain as having a Normal

Mstributlion of 1rregu1arit1es, rather than a Undiform Distribution, For

[ Ory

the Normal Distribution, the bistatic scati:ering coefficient is given by
(Reference 7: 252+254): N

=6 (8,8 = c:ot"’po exp(-Tan’ 8 /Tan’ 8_) (19)

e AT Ten o aw e R e

ﬂo = rns slope of facets w 'I‘an".l(2 d'h/'.l‘)

1
= rms surface helght variation

Q
b3

T = horlizontal correlation distance

e e % e 1

In the expression in Equetion (19), it is assumed that T l1s

el Rl

identical for all direchions, It is also assumed that the surface is

rough enough that the reflection is primarily diffuse and that specular

v
i

reflection is negligible. Note that the o (Bquations (18) and (19))

applies to reflection from the glistening area ( Iﬂl < ‘Gmax)‘ However,

- the reported values of o° are depandent upon measurement technique, To

( be used in Equations (18) and (19), c_o must be measured over an area

which lies entirely within the glistening area., If ¢ 18 averaged over

a large area (larger than the glistening area), then it will be averaged

L ' i i e e i el .Mzau,mummﬂwxmgammm.
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over npoints which do not contribute to the reflection towards the
receiver., (See Figure 11b.) Thus, the measurement of e will be
smaller than the theoretical value used here,

Fof snall B (¢ Bo) Equation (19) is approximately equal to
Equation (18), with 50- Bm ax® Thus, Bo may be used to represent
elther the maximum or the rms slope of the surface irregularities, and
Equation (18) may be used to describe the scattering,except when the
detailed scattering behavior at 8 > ﬁ; is considered. Furthermore,
one may use the glistening area derived for the Uniformly distributed
rough surface to approximate that for the Normally distributed rough

surface (Reference 3: 690),

Diffuse Reflection Coefficlient.(Reference 3). It is now necessary

to incorporate this terrain model into the desired reflecﬁion parameter

of Equatioen (2) (p 2). In this case, it is assumed that the reflection

is purely diffuse (negligible specular component), so that , 2 in

Equation (2) is replaced with the diffuse reflection coefticient p g,

which is dafined as the ratio of the groundwrefluected (reflected diffusely

from the ground) power receilved to thie direct power recelved.

The direct power Pd recelved at the missile is given by:
A

2
Pt G me A
P, = % dmm) (20)
d (41!')2 R2
ma
where
p, = transwmit power

t -

Gjm' gain of target (jammer) in directlon of receiver (missile)
ana gain of receiver in direction of target

4
Rma= direct path range = R/Cqs gma
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2 0 e |
Pi = !dPi = PtGmeg ods (21)
ey R R?
L ga'mg
‘vhere
Rya = distance from terget to ground = x,/Cos 4%
qu = distance from receiver to ground = x,/Cos Wr
ng = galn of jammer in directlon of ground
Gmg = gain of misslile in direction of ground

Tihe indirect, or terrain-reflected, power Pi recelved at the '

missile L5 given by (keference 3: £690): l;ﬁ

c°=¢%WH49¢)-Mﬂchmuwmﬂm

*t’ 4& = grazing angles of incidence and reflection

¢ = azimuth angle of incildence
a5 = element of surface of reflection .

S = limits of the surface of reflection

The diffuse reflection coafficlent for a small element of surface

(over which R co, and the antenna gains are assumed to be

ga’ Fng?
constant) 1s given by (Reference 3: 690):

2 °
&, 6,06 R ¢ as
dpq Lo 919 ma (22)
Py Syt \RgaRog

el et D

The diffuse reflection coefficient is given by:

2 | '.J
G, G R ]
p2 - 209 f il e © das (23) w
Gijmj4' 5 Rgang 3 \
o, .
Using Equation (18) for ¢ ; the defiritions for Rma’“ga’ ng,
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and dSsZydxi, we have;
' 2 2 2 1
2 G4Cmq R Cos™ ¥, Cos Wr y dx,
a " G, G .27 Tan’ B Cos® @ X % 3
Jm w3 o ma g 1 72 3
.
A
il Gakz C052 L 4 tC082 \Pr y dx 4
.:; =« P 5 7 o 5 5 5 ( 5 (24) ‘ .
. .
_‘\ where -
'% =% : .
} RuX ® X, ‘
f : »Ga = (ngGmg/Gijmj)

Pl R Y
v s

It is desirable to evaluate pi over an increment of surface of g -

length A x, rather than over the entire surface. This glves:

sl

2 x+Ax 2 2
2 G_ R Cos \PtCOs ¥ y dx
2xTan” B Cos ema x~ (R=X) -_;,
x E
2 2 ‘

; PL = ZAp (26) p
d d ' g
) In all of thess calculations, it has been assuned that the antenna | _;;.

gelns are constant over the 3-dB beanwldth, and may be moved outside l !
" ) : | .
r' the integrals., It will also be assumed that G =G __ as long as AQ £ @ ..

mg ma 3m P

(that is, both the target and the ground putch are witnin the 3-dB o
beamwidth of the missile), and thereby omit these two perameters from j
future equations, Further, the jamming antenna will be assumed te¢ be
omnidirectional (G jm'ng) for calculation of the glistening area, (in
order to obtain the largest terrain patch which contiibutes to reflection

(m‘,{. at the receiver). Adjustments will be made for actual antenna pattern

in later calculations.
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Given Bo, exna’ Hyy and R for a particular geometry, Equation (25)
may be solved for A pi vse, x (where the range is brcken up inte
intervals of length Ax). For intervals vhere the glistening area (from
Equation (17)) does not exist, there is no contribution to the reflected
signal received at Hr‘ The intervals where the glistening area exists
define the ground pakch target.

Thus, Equations (25) and (26) may be used to determine the terrain
reflection coefflclent pi s 8nd the position and spatial spread of the

reflecting ground patch. These parameters characterize the false turget

discussed previously.

Additional Doppler Spreading, In addition to the Doppler spreading
addressed above (caused by reflection from a finlte-sized ground patch,
and by additional spreading provided by the jammer), there is also agome
spreading caused by the amplitude variatlon (from one facet to another)
of the ground-reflected signal. (See Figure 13,) This spreading may be
descrived in terms of the correlation distance T (= 2 ¢, /Tan ﬂc). The

time required for the alrcraft to move across one corraelatlion length T

is:
t o= T/va
This gives additional frequency spreading on the ordexr ol:
Fg = v, /T = v, /(2 o, /Tan Bo) (27)

Thus an additional spreading of Fg affects the reflected signal. 1In
general, this spreudihg is negligible compared to the spreading A.Ft;
however, 1t should be considexed if AFE is small (a few hundred Hertz).

Effects of Antenna Directivity

Thus far iu the development of the terraln model, it has been
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assumed that both the recelve (missile) and the transmit (aircraft)
sntennas are omnidirectional. Now, the effects of antenna directivity
will be considerad. The receive antenna directivity will be used to
establish the critical range at which the Terrain Bounce problem can
be analyzed,(that is, the range at which the target aircraft is about
to disappear from the missile's 3.dB beamwidth), Furtharmore, the use
of directive antennas will reduce the effective size ¢of the reflecting
ground patch, sirce they will not illundnate the entire glistening area,
Thus, the directivity of the *transmit antenna may be used to define
the location and slze of the reflecting ground patch.

Critical Range., Assuming that the receive antenna has 3«dB beam-

width Fam, it 1s required that the illuminated ground patch fall within
that beamwidth. Furthermore, it is desirable that this condition hold
at the range where the target (alrcraft) is sbout to disappear from

the misslle's 3-~dB beamvidth. Figure 14 indicates the locations of the
target alrcraft (A), false target (F, whose location is determined by
that of the power centrold of the reflecting ground patch), and the
power éentroid (C), with respect to the mlzsile., The aﬁgular separation

of the two targets, A & (used in Equation (2)), is given by:

A8 = da 4 a

1 2

As the missile epproaches the targets, A 6 increases to a point where

(. it exceads the 3«dB beamwldth of the missile antenna, Beyond thls point,

the target which is further from the power centroid will be assumed.to

dlsappear from the main beam. The range at whiéh this occcurs will be ;

T

called the criticsl renge R_. Assuning that 8, 1s 20° and that the

beam 1s centered on the power centrold (€ in Figure 14), the critical

1T AT e
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Figure 14, Geometry for Directive Recelve Antenna
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range occurs when:

o
8, = 5 84 = 107 w 41745 rad (28)

It is required that the power centroid be closer to the ground than to

the alrcraft. This leads to the requlrement that:

@, « 10° (29)

The value a,m= «05 rad is chosen in order to provide a 9 > a 2°
From Figure 12, “’ra ema"' 01+ 02, where Wr is the receive angle.

For 01-.'1745 rad, a 2-u.OS rad, the requirement is:

wr - ema + ¢2245 rad ) (30)

For a given value of Oma, and Hey the critical range Ry is the range at
which the power centroid of the glistening area (considered as a point
target) satisfies Equation (30).

The cholce of a 4 and « 2 above will affect the parameters A8/ 8 am
and 8 /A8 , used in Section II Equation (2)., The ratio of the angular

seapration of targets to the 3-dB beamwldth of the missile is given by:
AG /By, =(a, +a ;)/ 8, = 4643 : (31)

The ratio of the error (away from the true target) to the angular

separation of targets is give.n by:
/868 = a /(a4a,) = 777 (32)

These two parameters (used in Equetion (2)) will establish the jammer

antenna sidelobe requirements and System J/s‘for a particular value of
2 1t
P4
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Effcetive Size of Ground Patch. Using Equation (17), one may

detceriine the maximum size of the glistening area (y as a function of
%), assuing omnldirectional transmit end receive antennas. Depending
upon the roughness of the surface, the range, and ama’ the glistening

area ma,; he a very extensive patch or a very small patchs In order to

‘reflect the maximum possible energy to tiw receivar, the ontire glistens

ing area would have to be llluminated 1:v the jammer, However, the use
of directive transmit and recelve cviennas may reduce the effective size
of the reflecting ground patch,

If the glistening area covers most of the area batween the trans
mitter and the recelver, a directive transmit anternna will substantially
reduce the size of the reflecting ground patche It is desirable to
choose the transmit antenna directivity such that littla reflectlon is
lost in this size reductlon., It 1z found that the illumination of an
area near the base of the transmitter roflects a large portion of the
transmitted signal towards the missile, and that little reflection is
lost if the illumlnated area is reduced to this spot. Thuas, using a
plot of A pi vs. X (from Equation (25)), the transmit antenna directivity
is chosen to illuminate an area which will provide a large return. Then
the critical range nc is Qetermined based upon this reduced-size ground
patch.

If the glistening area covers only a small area between the transe
mitter and the receiver, the selection of the trénnmit antenna directivity
is less subjective. The entire area which will reflect towards the
recelver must be illuminated, The critical range Rc is determined based
upon the entire reflecting ground patch.

Terraln Bounce Problem

Thus fax, the theorctical roots of the Terraln Bounce Counturmeasure

36

[N S -

s e

PRIy




have besen developed. It is now necessary to relate these concepts to
the Terrain Bounce problem geometry, For a given problem geometyry (see
Floure 1), it is necassary to determine the size and location of the
reflecting ground patch, the Doppler fregquencies (spread) of the
reflected signal, and the magnitude of the reflected signal. Then, it
is necessary to determine the Jammer offset =and additional spreading
required for efféctive jamming. The jammer antenna orientation (de~
pression angle and 3-dB beamwlidth) required to illuminate the ground

patch may be determined, based upon knowledge of ithe size and locution
of the ground patch to be illuminated, Finally, the magnitude of the

reflected signal, and the location of the reflecting ground patch may
be used to characterize the false target (modeled as a point source
located benaath the ground), to determine the required jammer antenna
sidelobe levels and the System Jamming-to-Signal ratio,

Unfortunately, there are some uncertainties in any problem geometry,

‘since the missile velocity (vm) and the angle of approach (¥ ) are

unknown. Rathar than solve the Terraln Bounce problem for every
possible case, it is possible to examine only a few limlting cases by

formalizing the problem uncertainty.

Uncertaintiaes in Problem Geometry. It is assumed that the attack
angle from the missile to the alrcraft ( Ba from Mgure 15), is limited

tot

50

< 6, < a5° (33)

For head-on appreach, (see Figure 15a), 8 .= Oma+¢, where

a
o= Sin'i((va/vm)sir1¢), and YV = ema' Thus s

-1 Sin Oa
6 na= 8, ¢ = Tan (head=-on) (34)
Cos @, + (va/vm)
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(a) Head=on Approach
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(b) Tallwon Approach

\
Q

|
(c) Side-on Approach . }‘*
L

("
Mgure 15, MLssile Approach to Target

38

INT TN

I e e L T R I e e R Pk i i
i




B v PP S

D T R e st Smsaand Lol 3
s 1 ol L il Luaddid, . il ug i o [y

For the case of tall-on approach, (see Figure 15b), 8 a” Omm- ¢y

-y .
and ¥ =100 8 .« This gives:

Sin 85

1 (tall-on) (35)

6 = 8 + ¢+ Tan
ma- “a
Cos 9a - (v /v

For slide-on approach (path of the missile perpendicular to the path

of the alycraft at the point of intercept (see Figure 15¢)), we have:

¢ +y = 90° : (36)

Sin¢$ = (vy/v,) sinV (37)
Bquations (36) and (37) must be solved simultanecusly for a given Va and

Vi From Flgure 15¢ we have:

Sin 8‘!I ] a/Rmi
Sin 6a " a/R na
sin ¥ - Rmi/nm
Sin @ /sin@ =R /R, = 1/8in v

These relations give:

8in Oa = Sin@ ./sin v
8 = sinY(sin 8, 5in¥)

ma

Thus, 8 na is bounded by

gin"l(sin 5° sin ¥) ¢ 0a < sin”Y(sin 35° sin¢) (38)

¢ is calculated from Va (knovn) eand V! for a range of values of Vs
( ¢1- Nvmin)' #2- -#(vmax). The larger of the two values is used in

Equations (24) and (3%) above).
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As an exanmple of these calculations, it will be assumed that the

alrcraft and misslle velocities are given by:

va = 200 m/sec

600 m/sec ¢ Vi < 800 m/sec

Then, Equations (34)-(38) glve the following limits on the range of 6ma.

4° ¢ I 2g° Head-on Approach
5° ¢ Bma< 34° 3ide=-on Approach (39)
7 < ema< 50° Tall-on Approach

Thus, the uncertainties in V¥ and v, are built into the limits on
ema' The only cases which need be considered are those of hoadw=on
approach ( ¥ ema)’ tail-on approach ( ¥a180°- 8 o)+ and side-on spproech
($4+¥=90%), with v Voup 8nd voev for each case. All possible
-approach angles and micslile velocities fall somowhere between these
extremes.

Methodology. It is now possible to translate the theoretical
concepts of thls mection into a systematic nethodology for solving a

particular Terrain Bounce problem, These steps are:

1, Datermine the range of ema values required by the uncertainties
in v and ¥, using Equations (34), (35) and (38)s This permits all
possible cases (for a particular problem geometry) to bo reduced to a
few limiting cases.

2. Examnlne the characteristics of the glistering arca (A pg V8e

x from Equation (25) and Pg from Equation (26)) for varving 6 ., v,

and R, The size of the maximum possible glistening area detesmines the

choice of tranamit antenna directivity, If the glistening area is very

40

o T i

e S




extensive, the directivity is chosen to illuminate a portion of the
ground vhich reflects a large fraction of the total possible reflected
signal towards the receiver. If the glistening area is very small, the
directivity is chosen to illuminate the entire ground patche.

3. Lstablish the critical range R, for a given ema and ¥, using
Bquation (30}« In cases where the glistening area is very extensive,
it must be reduced by assuming a Jammer antenna depression angle and
beamwidth (chosen in Step 2 shbove). This is the range at which the target
slrcraft 1s about fo disappear from the 3-dB beamnwldth of the missile
antenna,
| 4, Calculate the size and magnitude of the glistening area for

] ¥, and R, using Equations (25) and (26). The size of the ground

ma’
patch is used to determine a jamming antenna orilentation (if not already
selectad in Step 2 above). The magnitude of the diffuse reflection
coefficient.(f’i) is used to characterize the false target (modeled as

a point targét beneath the surface of the earth).

5. Calculate the Doppler offset of the ground-bounced signal
assoclated with points on the reflecting ground patch, using Equation
(10). These frequencies represent the Doppler spreading which occurs
due to the reflection from a finlte sized ground patch, rﬁther than a
point source., The uncertainty in Vi (used in Equation (8)) further
spreads thls range of fﬁequancias. The total range of Loppler frequency
offsets represents all possible frequencies which may be available for

jamminge

These five steps wlll result in data which is best understood in
gruphic form. 9tueps 2.5 are performed for the limiilng cases ot the

problem geometry (defined by the limits on alna from Step 1).

41

e At m A .




LA ’ T T R T S O s ST L AT PN T A T g e s e A e ATy v e s Hﬂ
N

The jammer requirements must be determined to cover all possible limiting

cases, The jammer requirements which result from this analysis are:

1. The jammer orientation (depression angie and beamwldth) is
established in Step 4 ubove. or by examlning the size of the total ground i
patch which must be illuminated. -

2. The requiraed Doppler offset (fjo) and additional spreading

(AF,) of the jamming signal is determined from Step 5 above, using

3 .
Equations (11), (12), and (16).

) and System J/S

3, The jammer antenna sidelnbe levels (G*m/ng

required to glve satisfectory tracklng errors are determined using A i

(From Step 4) in EBquation (2).
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I1I. Applicetion of Theory

Using the methodolugy presented in Section II, one may, for a glven
problem geometry, determinz the requirements on the jammer. Table I
gives the problem geometry (for two cases cf terrain roughness) for a
_possible Terraln Bounce situation.

Cholice of 8 o

The values chosen for B ° correspond with gently rolling terrain
( B =+1 rad), and with very rugged terrain (8 o=1 rad). Using the

definition (Reference 7: 251):
Tanpg =2 o, /T (40)

Tan ﬁo may be interpreted as & mean value of the ratlo of vertical
to horizontal irregularities, and represents a mean-square value of the
slope of the irregularities (Reference 7: 251). For relatively level

terrain, if it is assumed that:

o ~0(1m)

h
T ~ 0(10 m)

{(where 0() indicates order of magnitude), then §g A is on the order of

+»1 rad., For very rough terrain, if it is assumed that:

o-h NO('l m)

T ~0(1 m)

then Bo is on the order of 1 rad.

There values for B arc comparable to the values of ﬂm axc’
(ran ﬂmax“ maximum slope of the surface irreqularities), where 'Bmax
1s equal to a iew deqrees (O(.1 rad)) for relatively level terrain, and

5 max 2PFrosches 90° (0(1 rad)) for sery rugged terrain.
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TABLE I
‘ ( PROBLEM GEOMETRY
.
|
Tercet Altitude (H,) 100 1
| i Target Velocity (v,) _ 200 m/sec
-
i
‘ Missile Veloclty (vm) 600 - BOO m/sec
X Terrain Recughness Fector (B o) o1 red, 1 rad
Range of Expected Dive Angles 0 . 35°
(g, from Missile to Target)
Direction of Approach Forward Hemisphere
/ Transmit Wavelength (X ) W03 m . N
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The value of Bo for actual terrain may be determined by approxie

mating ﬁoa ,’Bm ax * and using:

o 2
e = Cot Bmax

-l
pmax = Tan .(1/ Yoo (41}

whare ¢° is the measured bistatic scattering coefficient, Note that
care should be taken to measure ¢ ° over a small area of terrain, since
aversging lts value over an area larger than the glistening ares
(I8l £ B nas) will result in a reduction in the measured velue of o .
Some measurements of o¢° have been published by Ohio State University
(Reference 12)., The Ohio State data measured the bistatic scattering
-coefficient for very level terra:!.n. The reflected signals from seome
terrain samples exhibited very large specular components, indicating that
the terrain was not very rough, The data gives Bmax (averaged over
!Pru 'l‘t: 1d°) on tha order of +15 dB for some terrain samples (loam at
#t-4,o°, Hor:;.zontal Polarization; smooth sand at 40°-70°, Horlzontal
volarization), which gives B nax o7 trlme order of .1 rad, ¥For rougher
terrain samples, the reflected signal exhibited very small specular com-
porents. The data gives o on the order of -5 dB for some terrain
samples (rough sand at ¢ tx=20°, Horizontal Polarization; dry grass at
‘*t-20°, Horizontal Polarization), which gives pmax on the order of
1 rade Equation (18) for o requires amax .to be small enough nuch.

¥

that B~ Tan 8 for |Bl <& 2 . This assumption iy satisfied only

max
te the onder of magnitude for ﬁmax"i rad, since Tan(1 rad)sul,56,

Thus, the results obtained for ,30-'1 rad are probably at the limit cf

" the applicability of Equation (18).

Application of Methodology

Iirits on @ ma¢ The lmiting cases for the problem geomalry of
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Table I are glven by Egquation (39):

o ..}

a° ¢ @ ma‘ 45? y ¥ = 6 na head=on approach
° ° (72° for vmueoo m/sec

5> « Oma< M7, Y= o slde~on approuch
l 76" fovr v, a000 m/sec

Characteristics of Glistening Area. For the case of 8 o~ rad, the
glistering area covers mush of the range between the target and the
receiver, Flgure 16 shows the glistening area for a ground range of
R=1000 m and ema"d"o' Using Equation (26), it is found that pi has a
lar_ e value in a region roughly 50-150 meters from the pase of the target
An ema and R are varied, the alisteniny area varies somewhat; but a
large value of pg continues to come from a region 50150 meters Tron
the target, Much of the reflection can be utilized if the jarmer antenna
illuminnation is resiricted to this avea, Using Migure 17, it is found
that a jonmer entenna depression angle of 50° from the horizontal, and
a bearwidth of 30° will illuminate the patch desired., (Note that the
size of the glistening area has beer. substartially reduced by assuming
a d.trec.tive, rather than omnidirectional target antenna battern.)

For the case of Bou.'l rec_!, the glistening aruva e<hiltits quite
ditferent behavior than for ﬂou'l rad. As shown in Flgure 18, the
posi..tion of the gllstening area with respect to the turget changes with
Re It a&lso varles w.th @ na® For these reasons, it is nst possible to
imrediately select a jammer astenna wmattern vhich will always illuminate
the area degired. | .

critical Range. -’I‘he criticel ramqge R ls c;.alr'ulai:ed using Equation

{30). For the case of ﬁo-s'l rad, the antenna directivity hes already

glistening srea, for the desired renge of @ ma Values. The calculated

4€
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been determined. Thus, Rc ls calculated based upen the reducede-sized l
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Figure 16, Characteristics of Glistening Area for :eo" 1 rad, Re 1000 m,
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Figure 17. Illumination »f Ground Patch for ﬁo = 1 rad
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values of Rc are presented in Table 7171,

For the case of B°=.1 rad, Rc is calculated based upon the entire
glistening area (unreduced by directive antenna patterns), using the
criterion of Equation (37). Figure 19 plots the size and magnitude of
the glistening areas for several limiting values of Gma (Oma-4° and 28°
for head-on approach, and axna=5° and 34° for side~on approach). Interw
medlate values of ama generate glistening areas which fall within these
limlts, From Figu;e 19, the maximum area to be 1lluminated extends from
70«510 meters from the target, The calculated values of Rc are presented
in Table III. |

Y-

Size and Magnitude of Glistening Area, Using Equatlions (25) and

(26), the dlffuse reflection coefficlient (ﬁ g) may be determined for each
case of @ ma' Re! and ¥. Tables II and III give the calculated values
of p g for these two examples. The Tables also lnclude the size and

porition of each glistening area, using the following parameterss

Rt = ground distance from target to center of glistening area

S = gpatial spread of ground patch asbout the center

The quantity Rtg S8/2 indicates the ground distarnce of the near and far

edges of the ground patch from the target,

Assumption of Point Source at Ground Patche. In calculations up to

this point, it has been assumed that the glistening area may be considered
as a point target. This assumption may now be valldatwed by comparing the

the angular size of the ground patches to the missile 3-dB beamwidth,

Since the glistening area is rather narrow in azimuth, the size of the

patch in elevation angle is of primary concern. The angular size of the
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Approach @ na

Head=on

Side-on
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ATy nn

25

'8

4
10
15
20

28

]

20°
MO

R

e (m)

560

590
580
570
560

u 160 Hz
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TABIE TII
CHARACTERISTICS OF REFLECTED SIGNAL
Geometry of Table T ; B o = 1rad

R, + S (m)

t

60-140
60-140
60-140
60-140
60-140
60-140

60140
€0-140
60=-140

2
Pa

»05711
«05979
«06193
«06424
«06642
+06776

05768
«06424

+07065

= 305,11 = 3669.2 = 3364.1 Hz
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v_ = 600 m/sec

m
a Fi (Hz) {Vm = 800 m/sec

1734.4-3533,8
1942,6-3669,2
1500.,2=3294.0
1718.6-3422.6
1237 06-304505
1460,6-2167.6
940.8«2762,1
1177.2=-2882,.8
579.8=2432.68
820. 7-2548|6
341,6-2217.1
584,6-2329.9

939,0-1347,.2
1087, 7-107206-127906
74701132 .4
974 41= 925,6~1085,1
30541~ 818,7
59845= 566.6« 798,4
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TABLE IIIX
o CHARACTERISTICS OF REFLECTED SIGNAL !
- Geometry of Table I : B = »1 rad '
: 2 {Vm = 600 n/sec
Approach 6.a Re (m) R, %8 (m) Py AF:L (Hz) v = 800 m /sec
Head=on ° 910 260510 ,7822  970,4601.5-G60,0
o T 430644n730.407644"
10° 880 180-330 LJ7437  559,9541.6-84149
. 87140n713,9=544 42
45° 800 140-260 L7731 462,8-1033,3
o 69741685 ,4=1144,8
20° 760 120220 L7617 277.5-1060.2
o 5027117240
25°  e8C 100-180 ,7282  153,4-1149.9
o . 377.4w1267.2
26° 640 100160 6046 18,0m1020.5
295,3.1068.9
side-on . 5° 910 210u460 WB570  793,0-411,82417.9
o 1088.9-474,9
20° 760 120.220 L7617  508,8.461,0-555.8
o 768,5+600,9=618,8
14® 540 70130 L6788 349,8.705.1
8§27, 3=607.9=74147

AF, = 18,0 ~ 1306.4 Hz = 12B8.4 Hz

(A F:L)min' o5 Hz
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ground patch is given by:

] (42)

size * Vr,max - *r,min

vhere wr max occurs at the edge of the ground patch nearest the receiver,
]
and V’r min occurs at the edge 'of the patch nearest the target, From
9

Flgure 203

wl
*r,max = Tan (Hr/(R-xa))

. -l
*r.min = Tan (Ht/(R-xb))

H = H

" L+ R '.Panﬂma

For the two cases considered here, the maximum & is about 8°% This

8lze
angular size corresponds to less than half the missile beamwldth (6, )
and the glistening area would appear to be reasonably approximated as a
point tgrge_‘t.

Doppler Offset and Spreadinge. Now that the size and location of the
glistening area (as modiried by the jammer antenna directivity) have been
determined (as a function of R ! ama' and ¥), the problems of Doppler
offset and spreading may now be addressed. Using Equation (8), the
dlfference in Doppler frequency between the direct path jamming signal
and the reflected signal may be calculated for points alo.ng the glistening
area at intervals A x. I'I'he reflected signal gnlociated with each point
must be spread in Doppler to ‘u.ccount for the uncertainty in vm (i.e,

600 m/sec < v, < B0O m/sec in Equation (8)). From one end of the glisten-
1i.q area to the other, the range of Doppler offsets (AF‘i) ia determined,
wables I and IIT 1list A ¥y for the two cases considered here. Due to

| uncerstainty in the ;Sroblam geometry, the rangcs of A Fi vwhich arise

from all possible values of Rc’ ema’ and ¥ must be covered by the jammer,
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This total range (A I-‘t) is given for each case of ema in Tables IV and

Ve The additional spreading which is described by Equation (27) is also
included in Tables IV and V. In both cases, Fg 1s substantially smaller
thar AFt, and will be neglected.

Jammer Recuilremants

Jemmer Antenna Orlentation. The jammer =antenna orientation may be

established hased upon the location of the ground patch that is'required
to be illuminated. For ﬂ°='1 rad, the antenna orientation has already

=50°, 2} a"soo)' For Bo-.‘l rad, the area to be

been assumed ( & depr 3

1lluminated extends from 70-510 meters from the target. From Figure 21,
it may be concluded that an antenna depression angle of 33° and a 3-dB
peamidth of 44° vould Llluminate the entive ground patch desired,

Thus, *he antenna directivity in elevation has been established,
Howover, the illumination of the terrain in azimuth is also of concern.
Using Equatinn (17) for y (the width of the glistening area), it is
..Eound Lhat for either case ( B°='l rad, or B8 o-.‘l rad), the glistening
area is rather narrow in azimuth, Thus, an area almost directly between
the recelver (mlssile) and the target (airceraft) muzt be 1lluminated at
all times. Since the angle of approach of the missile is unknown within
the forward hemisphere, it is necessnry to illuminate half of an annuler
region avound the aircxaf‘t. (See Tigure 22,)

boppler Offeet and Additional Spreading. Using Equations (11) and

(12), the required jammer Doppler offset (f j o) and spreading (A Fs) may
be calculated, However, 1t may be seen that for both cases, f ln does
not satisfy Eruaticn (13). Thus, Equations (14) and (15) are used for
both cases (using f'=60U0 Hz). The calculated values of fﬁ o? A Fé, and

AF, arc given in Tables IV and V.

3
Dlifues Reflection Coefficient. Using Equation (26) one may find
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-Characteristics of

Peflected Singnal Requlrements
(o]
R, & 8 u 60740 m 8 gepr 50o
32 ™ 30
= 2 . -
AF, 2364.1 Hz fjo w 1987 Hz f3° 2150 Hz
Fg = 155.7 Hz A L = 4364 Hz A Fp = 3300 Kz
(#2182 H2) (£1650 Hez)
t = J -
A F‘j AFL (Apa.)min
3300 = 160 = 3140 Hz
p2 = J05711 *
d
* Does not account for losses due to absorption by terrain,

TAHBLE IV
SUMMARY OF CHARACTERISTICS OF REFLECLED SIGNAL
Bg=1 rad

Jamnmer and Antenna
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TABLE V :-
SUMMARY OF CHARACTERISTICS OF REFLECTED SIGNAL
BO = o1 rad

. R . T e B
i 2 v LIS A, ok

L N
Ao, * X

Charactecristics of Jammer and Antenna -
Reflected Signal Requirements

,—
LR b

o g
edepr o 330
6 3a ° 44 '

70=510 m

*
el
o
i+
w
[}

APt = 128844 Hz fjo

10,0 Hz AF
g 5

662 Hz fic = 950 Hz
2288 Hz AF; = 900 Hz
(41144 Hz) (3450 Hz)

- AFj -AE‘; - (AF:I.)II'L‘!.n -

"\ » 900 « 95 = 805 Hz

G e ki eI L A
o
]

N pfl - ,6046 *

R AT SR

.

¢ Does not account for losses due to absorption by terrain.
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Figure 21. Illumination of Ground Patch for B o = «1 rad
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Fiqure 22. Illumination in Azimuth for Jamming in Forward Hemisphere
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the diffuse reflection zoefficient prz. (Tables IT and IIT aive the
values of pg for various cases included in the problem being considered.)
The reflection coefficient is used in Equation (2) to determine the System
J/S and antenna sldelobe levels (Gjm/ng') required of the jammer,

Since the jammer must be ddequate for even the worst case of re-
flection, the minimum value of pg i8 chosen for use in Equation (2).
(Swe Tables IV and V.) Since pi has been derived from an idealized
model, (rather than measured from actual terrain), it must be reduced
to account for loss (La) due to absorption by the terrain. (Note that
the loss factor should not be included here if it has already been ine
corporated into the terrain model, or if Pi is a measured valua,) It
is assumed that Lac'lo, which is a reasonab.le value (to the order of
magrndtude) for vegetationecovered terrain (Refevence 3; 690), Actual

abscrption losses are a function of terrain covering (vegetation, scil,
ete.), molsture content, and frequency.

Using f;ﬁe cualculated value for pi ; the selected value for 48 /8@,
(-7.643 from Equation (31)); and asswn':!.ng a value of # s/ 93m-.3, Equation
(2) may be plotted in terms of the angular exror 8/A8 ve. (J/S)8 for
various values of Gpe (See Figures 23 and 24.) From Equation (32), the
angular error is required to be 4777, The plots show the valus of (J/8) s
which is required for a particular value of Gt'

The parameter G, is given hy Equation (/i):
[ 4
Gt (Gjm/ng) (43)

determines tne required jammer cidelobe level.

where G m/G

m" " 3g

Loss Factor. In general, G, must be reduced Ly a loss factor (L).

The loss factor may be broken up into a loss and a galn factor which
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Bo 2 1 rad
‘l as /e 3- ¢3
; A9/93- «643

1
1! p2 00571

e =2U= =50 dB

oA
e&ro 8

o6

o4

o2

. m/s)s (dB)

{

N §)
X} 10 15 1o 25 30 35
;x

! Flgure 23, Angular Error vs, System J/5 ( Bo = 1 rad)
Y

61

L R LT S Y S SR 0 VAR TRY ¥ ST, V1D WY TURE BTN T U i ol b e kel ki




ik

R i

{
3
50 s o1 rad
95/93= .3
2
P d L] -06046
Gt = «15 « =40 dB
['-40 dB
.30 dB
-20 dB
{
-15 4B
i
i 0 .I A1 A 3 N L 3 X " e Y 4 i |
f 0 5 10 15 20 25 30 35
(3/8)  (dB)
s
f Flgurz 24, Angular Error vs. System J/5 ( B, = «1 rad) ]
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affect the countermeasure:

r..:=15'/r..a3 (44)

vwhere Ls is the loss due to Doppler spreading of the signal, and F is

the gain due to shifting of the direct path jamming signal out of the

Doppler Bandwidth of the missile,
The loss due to Doppler spreading by the jammer (LS), is the amount

by which the spread jamming signal exceeds the Doppler Bandwidth of the

missile.
L, = AF, / BW (45)

where BW i1s the mlssile Doppler Bandwidth in Hz.
A Doppler filter parameter F will be used to represent the gain

due to shifting the direct path jamming signal out of the missilets

Doppler bandwidth (to an assumed -30 dB Doppler filter sideband level):

0 dB if direct path jamming signal falls within
F e missile Doppler Bandwidth (46)
+30 4B if direct path jamming signal falls outside

missile Doppler Bandwidth

Tables VI and VIL give the losses and galns for the two cases

considered here, along with Gjm/ng'

System J/S vs. Sidelobe Levels. Using Equation (43) and the

calculéted loss and gain factors, the required jsmmer System J/S may
be related directly to the antenna sidelobe levels (Gjm/ng). Table
VIII summarizes the results for the two cases of the problem under
consideration,

Resultq

For the problem geometry of Table I, (with ﬁoa'l rad, and ﬁon.l' rad),
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=50 dB
~40 dB
=30 dB

TABLE VI

SYSTEM J/S AND JAMMER SIDELOBE LEVELS
Bo- 1 rad

R ,05711/10 = 005711

Gjm/ng

=26,02 dB
=16.02 dB
=~ 6,02 @B

Gy = (8,,/6, 1/ (F/L,)

Lﬂ = -6002 dB
dB 4 23,98 dB

Gy

F = 430 dB

Gjm/ng dB

TABLE VII

SYSTEM J/8 AND JAMMER SIDELOBE LEVELS
BO = 41 rad

P2 /L, = +6046/10 = 06046

Gy
~50 dB
-40 dB.
-30 dB

Gt - (Gjm/ng
LB v «2,30 dB

®yn%sq

=22,30 dB
~12,30 dB
= 2,30 dB

)/(F/La)
F = 4+ 30 dB

dB 27,70 dB » G, /G dB
G, + jm/ iq
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(J/S)s

25.5 dB
25.5 dB
27.5 dB

@/s),

15.3 aB
15.3 dB
15.5 dB
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SUMMARY OF JAMMER REQUIREMENTS FOR PROBLEM GEOMETRY OF TABLE I

Beamwidth ( 6.a)
Depression Angle ( 8 depr)

Doppler Offset (f5 o)

Doppler Spread (A F;)

Additional Spread (AF
Azimuth Coverage
As/e 3m
8/48

b

Gjm’ G

26,02 dB
-16,02 dB
= 6,02 dB

)

g

TABLE VIIT
o™ 1rad ﬁo mel rad
50° 33°
30° 44°
2150 Hz 950 Hz
3300 Hz : 900 Hz
(+1650 Hz) (+450 Hz)
3140 Hz 805 Hz e
Q (+] ’
180 180 ;
643 ' 643 b
7717 _ 777 ;
s, GynGyq (/) %
25,5 dB - 22,30 dB  15.3 dB 5
25.5 dB - 12,30 dB  15.3 dB
27.5 dB - 2,30 dB 15,5 dB .
| .
3
[
X
Rl
I
K
65




FENE S

5

et oy
gl

the jammer antenna directivity (depression angle, elevation and azimuth

beamwldths), sldelobe levels (Gjm/qu) have been determined, along with

j o) and additional spreading (AFj) and

(J/S)s for the jammer. These results are summarized in Teble VIII.

the required Doppler offset (f

The Doppler offset and spreading permit most of the illuminated terrain

to reflect at frequencies which will fall within the missile's Dopplex

Bandwidth. At the same time, the jammerts direct path signal ls shifted
outside the Doppler Bandwidth, (greatly reducing the required jsmmer
sidelobe levels for a given (J/S)s).

In general, the jammer requirements of Table VIII should be attaine
able with state-of-the-art technology. Nute that for Gt greater than
some maximum, the required angular error can not be achieved for any

System J/S. For G, below some level (about =40 dB for either case of

t
B °), a further reductlon in G, dees not substantlally reduce (J/S)s.

Problems for Jamme.
Approach From Rear Hemisphere, The geometry not treated in the

preceeding example is that for missile approach from the rear hendsphere,
Preliminary investigation of approach from this direction indicates that
the Terraln Bounce Countermeasure will not he as successful for this
geometry, &s it may be for forward approach. (See Tables IX and X,)

The ground-bounced signal may have zero Doppler vffset from the direct
path signal. Thls phenomena would require the jgmmer to do one of the

following:

1. Utilize only a small fraction of the possible reflected signal
offsets, (This will subatantialiy lower the reflectlon coefficient pi,
and thereby require higher System J/S and lower jammer antenna sidelobe

levels.)




TABLE IX
TAIL~ON APPROACH
Geometry of Table I :Bo = 1 rad g

e

B Approach 8 R.(m) R_+ 8 (m) 2 AP, (Hz) {vm = 600 n/sec :
; na ¢ t = ’a i v, = 800 m/sec
o
: Taileon  7° 580  60-140 05822 = 377,0ew2646,9 E
; o » 171,7==2520,0 )
; 20° 580 60140 005979 < 195,1~s2525,7 ‘

f o + 22.8'—2397.5

20° 580  60-140 +06424 4 460.8-+2046,0

° + 696,9=-1925,4

30° 550 60140 +06868  +1020,5--1929.4

o +1244.94411829,8

400 480  60-140 +07359  42243.7-- 619,5

o +2504 43en 513,9

50° 390  60.140 07971 +3027,4-= 273.8

+3269,1== 190.6

|- AF, = +3269.1~22646.9 = 5916.0 Hz

TABLE X
(o TAIL~ON AFPROACH
' Geometry of Table I : 4 = o1 rad

vm = 600 m/sec

2
Approach 6 . R, (m) R4S (m) pa OF (H) v, = 800 m/sec

Talleon 7° 910  210-410 .7891 + B851,200167.0
+1107, 7= 69.4 i
10° 880  180-330 7434 + 781,6mm231,.8 !
_ +1005.4=-130.1
20° 760  120-220 7617 +1057,4=2397.8
#1282.4--286-3
30° 600 80=140 G619 +1062 . 8=u653 9
+1266.9--538.0 '
40° 430 60=100 5396 +1284 ,8~=467.5
o +1497.7-=337,4 ,
50° 290 40= 70 .4366 +1301,0a=524,0
+1496 4 12105 , 1
AP, = +1497,7.=653,9 = 2151.6 Hz

t . ]
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2, Utilize all possible reflected signal offsets. (This will allow

the spread jammer direct path signal to remaln within the missile's |

|
Doppler Bandwidth. Consequently, the gain factor F (from Equation (46)
becomes 0 dB, and significantly lower antenna sidelobe levels will be :,f

required for a given (J/S)s.)

Disappeareance of Ground Target. A fundamental problem with the

Terrain Bounce Countermeasure is that 1t may be disrupted by large dis-

continuities in the terrain. The terrain model developed in Section II
involves reflection from many elementary facets of the terrain, This |

permits the assumption that any fluctuations in the reflected signal

(due to changing R and & ma) will be raplid and (on the average) have no

. it

effect on the tracking. However, if the terrain exhibits large discon=
tinulities (for example, buildings or cliffs), it is possible that the

ground patch may disappear entirely from the missile beams If the ground

R e H D" ST

target disappears at a range greater than Rc then there is a good chance
that it will reappear before the missile deviates from its course enough

to matter, (provided that the discontimudty is very short in extent).

If the qround target disappears at a range less than Rc’ then there is

1little chance that the missile can reacquire the true target (since

A S A

the target is already outéide the missile's 3=-dB beamwldth). Thus, we
are primarily concerned shout the disappearance of the ground target at
the critical range Rc'

It is assunied that the missile is tracking the power centroid at

Dk 2 i i TRt B s

range Rc' If the ground target disappears at this time (causing the

power centrold to shift up to the alrcraft), the missile will change

st e e e

course in an attempt to impact the aircraft,

Flgure 25 shows the geometry. of the problem. 5; is the initial
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(a)

(b)

S adPt i euaits LRI

Change of velocity vector from ;; {aimed at impact
-t

with power centroid) to v, (aimed at impect with
true target)

\
~N
.

Angular separation of target and power centrolid

pE e

ST A reera e o

Flgure 25,

Normal Acceleration ol Missile
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velocity vector of the rissile, aimed at the projected point of impact
-t

with the power cent.oid, vy is the corrected velocity vector, (that

necessary in ordzr to lmpact with the actual target). If the power

centroid should disappear at the critlcal range Rc, the missile will

=h
s L

undergo an acceleratlion to correct its velocity vector to v, It is

assumed that the ndssile undergoes normal acceleration, (that is, the
magnitude of its veloclty vector does not change). The normal accelera-

tion {a) required for n drect hit is glven by:
—_ /r (4n
n

where r«=AR/(2 Sin ai), from Filgure 25, Vi is the magnitude of 31 and

a 1 ¢ = o ] = .
1 is given by Equation (28) (a 1 107)s And AR Rma R/COS ama

Y
Vzo

Thus the required acceleration 1s given by:
- (o] ~ - )
a = 2 Sin(107) v Cos Oma/n o ™ +3472 v Cos@ /R, (48)

Assuming that the missile has a radius of killl of 20 meters, Rc in
Equation f48) is replaced by R % 20 ma Calculations of Rquation (48)
for the extreme vualues of ema are given in Teable XI. For a missile
with a maximum ecceleration capabllity of 20 g's, (approximately 200 m/sec),
th2 calculations irdicate that a miss can not be guaranteed for the
problem geometry of Table I. For vm=800 m/sec there will be & miss for
all target geomatries considered. However, for ym=600 m/sec, there may
be a hit for almost all target geometries, and the countermeasure may be
unsuccessful. (Ncte, however, that the missile may still be driven
off target if the ground patch reappears within the missile baamwidth,)

Thus, if the reflecting ground patch disappears at tie critical
range RC, the success of the countermeasure is questionanle. Although
Vo and Bha can not be controlled by the target alrcraft, the alrcraft

70

i WAL i asited et ; RPN T TN T T RS TTREN.S N [V 7 VTR W LW AR AP VT Y SO




Approach

Headeon
Sidewon

Tall~on

Approach

Head-on
Sidg-on

Tall-on

TABLE XI

MISSILE ACCELERATION REQUIREDN FOR TARGET HIT

R, (m)

560
560
560
560
580
390

R. {m)

(o]

910
540
910
540
910
290

Missile Kill Radius = 20 m

ma

000

[o 3o I ¢

LR I TP OV L VORI S

ﬁO

= 1 zad

a (m/seca)

(vm—600 m/sac)

215,0=231.0
1904 3=204 .4
214,7-230.6
178.7=192,0
206,8-221.6
19640-217,2

= .1 rad

a (m/secz)

(vm-600 m/sec)

134,1«140471
167.3-178.1
133.9-139.9
185.1~199.3
133.4-139.4
259.3-297.7

a (m/secz)

(vmu 800 m/sec)

382.3n41046
338,4w363.4
361,.8«410,0
31747=341.3
367.7-394,0
348.5«386,2

a (m/secz)

(vm-eoo n/sec)

23044=249,1
297.4-316.5
238,1-248,8
329.1=354,.4
237.2=247,9
46049=529,2

[
I
I
i
‘




- v -
{ [ -
AN Pl
.1 -
N altitude (which estaklishes the location of the glistening area, and '

’ consecuently Rc)’ can be controlled., For the specific missile capa- |

|

bllities expected to be encountered, it may possible to tallor the |
1 problen for the desired target miss. |
1B I
(B I *
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IV. Summarv, Conclusions, and Recommendations

Summary

In Section II, the theoretical basis for the Terrain Bounce

Countermeasure was developeds This Iincluded analysis of the two=
target tracking problem, +he Doppler offset of the terrain-reflected
signal, and a model for rough terrain. A methodology was presented
for solving the Terrain Bounce problems. In Section III, the metho~
dology was applled to a specific problem geometry (Table I). The
resulting jammer requirements are given in Table VIII.
gonclusions

On the basis of this research, it may be concluded that the jammer
requirements for the Terrain Bounce Countermeasure (for missile approach
from the forward hemisphere) appear to be achievable within the state-
of-the-art of antenna design, for the particular problem geometry and

missile IF Bandwidth assumptions used in the calculations. Doppler

‘offset and spreading of the jamming signal permit most of the illuminated

terrain to reflect at frequencies which will fall within the missile
Doppler RBandwidthe At the same time, the jammer's direct path signal
may be shifted outside the Doppler Bandwidth (greatly reducing the
required jammer sidelobe levels for a given System J/S). The jammer
requirements for an actual Terraln Bounce problem are dependent upon
the problem gecometry, the uncertaintiea in that geometry, certain missile
parameters (IF Bandwidth and antenna pattern), and the terrain reflectivity,
For jammer antenna sidelobe levels greater than some maximum value,
the requlred angular error can not be achieved for any System J/S. For
sldelobe levels below some level, any further reduction in the sidelobe
level does not substantially reduce the required System J/S.

A preliminery ctudy of the Terraln Bounce problem for missile
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approuch from the rear hemisphere indicates that the jammer require=-
nents may re much more stringent than those for the forward hemisphere,
since the jammer may not ke able to shift the direct path jamming signal
outside the missile Doppler Bandwldth without sacrificing most of the
reflection from the terraln.

The success of the Terraln Bounce Countermeasure is doubtful Aif
discontinuities in the terrain cause the ground patch target to disappear
at the criticel range;

In general, the success of Terrain Bounce Jamming depends upon
illumination of a patch of ground which will reflect adequate energy
towards the missile. This requires knowledge of the roughness of the
terrain, as well as terrain absorption losses. It was found that the
Doppler shifting required of the jamming signal (in order to force the
reflected signal into the missile's Doppler Bandwidth) may be employed
to shift the direct-path jamming signal out of the Doppler Bandwldth,.
This phencmena greatly reduces the requirements for low antenna sidelobe
levels, and should be utilized if at all possible.

Recommendations
!

It 1s recommended that the Terrain Bounce problem be examined
further for the case of mlssile approach from the rear hemisphere,

It is also recomnended that quantitatlive measurements of o ° pe
made on terrain types which are likely to be involved in a Terraine
Bounce situation. Many experiments have baen doﬁe for monostatic
reflection, but the data avallable on bistatic reflection is sparse,
and is highly dependent upon measurement technique. In particular, care
should be taken to measure the paraumeter over small areas, since the
illunination of a ground patch which is larger than the glistening area

will result in an average ¢° which is smaller than the theoretical

"
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value,

Further investigation into the effects of fluctuation of the

reflected signal at discontinuities in the terrain is also desirable.

e e
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Appendix A
Derivation of Received Voltage at Phase Detector (vde
Equations (1) and (2) of Section II are derived in this Appendix.
(Reference 26: Chapter 4, 186~189).
For the Amplitude~Comparison Monopulse system and noncoherent sources,
the signals at the outputs of the two antennas are:

vy =V, g(8=8,) Cos wt + V, g(8,=6.) Cosw t
vV, g(eiws) Cos w,lt + v, g(92+95) Cos w,t

where 6 g 18 the squint angle, V, end V, are the amplitudes of the signals

from sources A,l and A2, w 4 and w, are the frequencles of the signals

from the two sources, The inputs to the sum and difference channels are:

vsumuv,l(g(_ei- Os>+g( g+ %))Cos w,t 4 V2(g(82-es)+g(92+95) YCosw ot ’H
Vdif'v‘l(g( 91- 98)-g(9,1+ Gs))c.'os w,t o+ Vz(g( 02-95)-g( 8,+ as))Cos w t e

)
At the output of the I-F amplifier, the signals are: j
]

VIF,s"KIF(V'l(g( 8- )+9(8+gNCos “’IF,lt+V2(g(92- §)+g(@,+6,))Cosuw IFZt) .

VIF,d"KIF(V‘l(g( 8~ Os)-g( 8,+8,))Cos W 3o bV, (er( 52- as)-g( 8,+8,))Cos w IFZt)

where the gains of the sum and difference channels are assumed to be the
. w

same and equal to KIF’ IF1 and w o are the intermediate frequancies

of the two signals. The phase detector takes the average value of the

product of v, and v « At the output of the phase detector, we have:
IF’S IF’d

[T e,

2,2 2 2,2 L2
Vo = Kog(Vy(a" (8-8)-0"(8,48.)) + V3(3° (8- §)-g"C &+ €)))

where Kp a is the phase detector constant.
Target A'l will be used as a point of reference, and the angle & will
be measured from this point. This givés:

ey g — A
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Defining { - V,l/V2 glves:

i 2,2 2 2 2
[ VogKoa (8 (07 (88297 (8+§))+(g" (8-28-8)-g" (8- 2 64+6.))) (A1)
E Setting vp d=0 in Equation (A=1) gives:
2(a7(0u0) = 0% (046)) = =(g? -0 ~a0) - GF(sse a0)
g _or,
£ 25%(6-9,) + o°(8-0,-08) =757 (84 4)+a7 8+ 6.~ 0) (A-2)

For a Gaussian antenna pattern:

al8) = g, exp(=2 1n2 (6/8,)%)
*Corg) =l exm(-a1n2 (62260 +8)/6% ) |
|
o®(0:4-48) = giexp(-4 n2(@%+ A0+ el-2620,) A6:+206)/& 1) i
Substituting

these values into Equation (A-2) above, and eliminating
the common factors of gg and exp(-4 1n2 (82+ 02)/9 gm), we have:

i e e Mam

2 2 _ 2 2
£ “exp(-4 1n2 (-28 98/ 93m) + exp(=~4 1n2 (A@ -2(9-05)A9-29 6,)/8 an’

2 2 2 2
=§ “exp(=4 1n2 (28 85/931_“) + exp (=4 1n2 (A# -2(9+OS)A0+29 Os)/OSm)

Re~arranging terms gives:

2 2 2
exp(8 1n2 6 8 /6 5 ) (§ +exp(-a 1n2 (A 02-2(9-%)A0)/03m)

= exp(-8 In2 & Bs/ Ggm_) (¢ 2+exp(-4 1n2 (A 92..2(9+98)A 6)/ Ogm)

Kl
¢ Prexp(-a 1n2 (A6°-2(8:8,)40)/ 8%

i AT e e man

b Zrexp(=4 1n2 (A6%-2(8-6,0A8 )76 3

2
" e,fp(-ae 1n2 8 98/03m>

£ Zrexp(-4 1n2 ((A0%/8°2 1-2(8/0, )(88 /8, ))exp(-0 1n2 (8_/0, )(A8/6, D) )
2 2 2
E2rexp(-4 1n2 ((A8%/8 2 )-2(8/8, )(A8/8 , )))exp(8 1n2 (8_/8 1(AB/6, )

2
= exp(=16 1n2 895/0 - (A-3)

\
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This transcendental equation wiil be used to solve for angular error
(0 /A @ vs. the system parameters built into C2 (the System J/S and
the jammer antenna sidelobe levels),

a2 A




Appendix B

Derivation of Power Ratio (b 2)

Equations (3) and (4) of Sectlon II are derived in this Appendix.

It is assumed that the target aircraft is lllumlnated by a radar at

range Rra and the return signal is received by a semi-active missile at

range Rma' (See Figure 1) The power received at the missile due to the

target is given by:

Prg = Prlra v A Cna

ot

2
v Rra iw Rma 4y

where
Pr = power of radar
Gma a gain of missile in direction of aireraft
G, = 9ain of rader in direction of aircraft

o, = target cross section

(B=1)

If the target alrcraft offgets the recelved signal in Doppler, and

re-transmits it toward the ground (with part of the signal returning

directly to the missile), the power received by the missile due to the

target alrcraft becomes:

2
Pet ® PCpa [ O +_x S %Cim
2 2 2
4'Rra Ay Rma 4 4w Rm

where

Gjm = gain of jammer in direction of missile

G, = gain of jammer in directlon of radar

jr

Gr » gain of repeater
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| ( It will be assumed that the illuminated ground patch may be replaced
by & point source located below the ground (Figure 2~b), and that the

| reflection from the ground mey be represented by a constant reflection
\ coefficlent times the signal incldent upon the ground. Thus, the powexr

received by the missile due to the false target (at range erszLa) is given

- 1 TN SEEF -

bys
2 2 2
Pre = PrOra L A (B=3)
2 2
4w Rra ar ar Rmf ar
where
ng = galn of jammer in directlon of ground
g = 98in of missile in direction of ground
. Rmf = distance from mlssile to false target
Pe = reflection parameter

The effective Jamming to Signal ratio is given by the ratlo of

received powers (Ecquation (B~2) divided by Equation (B=3):

, v, ('1/41rR )( o +( >. Gjm X jr/41r))G
C = L] 2 " 2 (3'-4)
v, (X Gjr/4'r)(Gjg P /(4# Rmf))Gmg

ma mg
patch are within the missilet's 3-dB beamwidth. Thus,

It is assumed that G as long as both the target and the ground

oy + ( )./4r)GGjm ir
2 (B=5)

[ o]
¢

R ( /4 T)G G
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The System Jamming to Signal Ratio (J/S)s is given by:

2 2 2
(3/5) g = iGJrGrng/('l TAWR ) = (A /4")ngGrGjr (B~6)

2
ct/(4 "Rma) ’t
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Appendix C

Derivation of Doppler Offset of Reflected Signal from Direct Path Signal

Equation (8) of Section IT is derived in this Appendix.

Figure 7 shows the overall system geometry for the problem, From

Figure 7 we have:

! Rga = H,/5in V't (Cc=1)
ng = H /Sin ‘J-'r (C=2)
R, , = R/Cos ema (C=3)

Flgure C«la indlcates the geometry of the velocity vectors of the

missile and aircraft. Y is the angle between ";a and ﬁna (the line
of sight hetween the aircraft and the missile), @, the angle between ?m
and '&ma , must be determined in terms of V. Rma ’ Rai' and R ni  OFe

the ranges between the migsile and the alrcraft; the alrcraft and the

projected point of intercept; and the missile and the projected point of

| intercepts R and R 1y are the ground projections of Rma and Rmi'

Assuming that Vm and '\‘r‘a are constant, we have:

t = Railva = Rmilvm (C-4)

where t is the time to intercept, This glves:

R

“ ar ™ (Va/VORY, (c=5) i

From trigonometry:

(o]
R ma/sm(mo “-P-¥) R ai/sin¢- R mi/sinw
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Equations (C=5) and (C=6) give:

Rpy"RppSin $/5in(180%-¢ - ¥) = (v /v )R__Sin ¥/sin(180°-¢. ¥)

i a m'  ma

sin ¢=(va/vm) Siny

-1 .
¢ =Sin ((va/vm)ain¢’) (C~7)

Figura C=-1b shows the geometry of G; and ﬁga (the path from the

alrcraft to the ground). A triangle is formed by sides R al ,Rga, and Rgi'
Rh, Xq9 and Réi are the ground projections of these sides, % is the
angle between V; and S'cga, and may be found from:
2 2 2
Rgi = Rgy * Rga -2 RaiRgaCos n (C-8)
where R;i - Rai (assuming that the alrcraft 1s in level flight), and
Rga ie given by Equation (C=1). qu may be found froms
2 2 2
Rgi = Ht + Réi (C=9)
Réi may be found from Flgure C-i1b:
2 2 2
Réi = R;i + Xy - 2 x4 R;i Cos Y1 (C-10)
From Figure C-la:
2 2 2
Cos¥' =R, +R =R, Cos Ga (C=11)
2 R Ray
0 = Sin"Y((H_~H )/R_,) w Sin (R Tan @ /R ) (C-12)
a roe " mi ma’ i
R -l is found from:
o
Ry = (v /vg) Ry = R ,Sin¥/sin(180%-¢ - ¥) (c-13)
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Pigure C-1. Identification ol Angles in Reflection Geometry
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Using Equations (¢~12) and (C-13) in Equatiors (C-11) and (C-10), we have:

2 .2 2 el 2 2 2
Réi u Ryy + %g o« (X /RIR,; ¢+ R = Ry g CO8 6,) (C=14)

Using Equation {C-14) 'n Equation (C-9) gives:

2 2 2 2 _
(xl/R) (Ru+ R” - R ,Cos e ma) (C=15)

2 2 2 2
Rg:!. -Ht + Ro.t * x,l-

Using Equations (C.~15) and (C~1) in Equation (C-8) glves:

2 2 e
R + R - R
M7 = COs"’1 8 a__ ab (C-16)

2 Rat R

Figqure C-lc slicws the geometry of ?r'm and ;(mg (the path from the

ground to the missile), y 1s the angle between Vm and -imq. A

triangle is rormed by ng, R -y and Rgi’ defined in Equations (C-2),
(C«13), and (Ce15)¢ r may be determined from:

2
1/ 2 2 2
Y = Cos /Rmi + ng - ngi\ (C-17)
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Appendix D

Derivation of Fquation for Glistening Area

Ecquation (14) of Section II is derived in this Appendix (Reference
7: Chapter 12). Flgure D=1 shows the geometry of the problem, Antennas

at the transmitter (7) and the receiver (R) axe at heights H_ and H,

t

tnd separation Re The antennas illuminate an area between them, For

.omnidirectional antennas, the region of the surface for which IBIS B max

prrticipates in reflection. The contour S bounds this "glistening
area”, P is an arhitrary point on the surface bounded by S. L RTP
and ¢4 TRP are maximum at the points A and B wherce the ﬁurve

Iﬁ! © Gmax intersects the vertical plane passing through R and T,
The angle made by the bisector with the vertical (z.axis) is definad as
8 «+ The bisectors of L TAR and L TBR make angles Bmax from the
varticals, (This comes from the ussumption of specular reflection from
a mirror of slope TenB . Gee Figure 10i) Thus, 18]« B ax Ot the
boundary of the contour,

*y is the distonce along the x-axis from the base of the receliver
to P; Xy is the dlstance from P to the base of the transmitter;
x1+x2=R; and y 1is the distance of P from the x=axis. The boundary
of the glistening area ir determined by finding B 4in terms of K91 Xoy

and y, and setting |2] = 8 nax®
Flgure D=1c indicates the geometry of the reflection problem, It

is necessary to find angle B , the angle between the bisector ¢ and

the vertical £. rrom Flgure D=1¢, the bisector of ﬁ; and 55 is given

by:

~ LA
PR + PT

C® A -
IPR + PTI
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A\S_ — B;’/B

(a) The glistening area is bounded by the contour S (|8l= ﬂmax)'
R,

(b) A point (P) on the glistening area reflects a signal from
T 0 Re. B is the angle made by the bisector of the
incident and receive angles with the normal,

(0,0,Hr)

(c) Geometry used to determine Bat a paint on the glistening
arest,

Flgure D=1. Glistening Area Geometry
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where (~) denotes a vector quantity, and (+) denotes a unit vector.

{ From Figure Delc:

»
+
(%4
<>
+
=
n®

’ — A A ~ A ~ ~
4 PR=(0x+Oy+Hr?.)-(xixiyy+Oz)=-x1

ﬁ"-(R£+0§+Htﬁ)-(x1§¢y§+02)= x2§¥y§+Ht2

where 'x2- R-xi. This glves:

PR

(1/51)(-x.1?c Ty ¥+ Hr%)

g
'a)
| |

(1/8)C %X ¥y § + H.2)

vhere

This gives:

H
L\

8

o
L
P
-]
VR
o | 2
IS RN
+
» g I
»
ﬁ_l\
» <
f
21
[N
+
p | =
[y
+

B2,

2 X f2 2 2
~ o . X + Y +H\ X, + y‘ + Hy . -2x1x2+2y +2“rHt
a, 8,8,

2
-yzuz :x‘ix2+y "'HrHt = b i
8482 .

~ ~
PR + PT 1 /~x,6 x 1/y Y 1/H H
c-h; el —1+-g£+--—+-§+-~£+--t~:-ﬁ
R+PT| b 8, 8 b a, a, b a.l 8, ‘




Usirg the definition of B, (Cos B = c+2), and setting |/3 | = ﬁmax at

the boundary of the glistening area, we have:

1 H H
Cos B = &8 = — B .S {D-2)
b ai a2
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