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The behavior of the a3 wacker or filter which is found in track-whiie-scan
radars was investigated under various situations First the target’s motion was
translated into signails which excite the filter. [t was fcund that these signals
could be characterized in terms of torget performance capabilities such as
veiocity, acceleratic n, and structural :0ading. Neglecting false aiaris and
fades, the probability of breaking wack -was found to depend on the scan time,
the measurement noise, thie target trzjoctory, and the parameteis a and 3. Tne
traching erorrs could be categorized into variances and mean errors which wers
investigated more fully. Using a postulated sirategy. the effects of false aiarms
and fades were found on the variances and mean ervors.
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ABSTRACT

The behavior of the a-} tracker or filter which is found in track-
while-scan radars was investigated under vazious situations. First
the target’s motion was translated inwo signals which excite the fiiter.
It was found that these signals could be characterized in terms of tar-
2get performance capabilities such as velocity, acceleration, and
structural loading. Neglecting false ajurras and fades, the probability
of breaking trac* was found to depead on the scan time, the measure
ment noise, ihe target trajcctory, and the parameters o and 8. The
tracking errors could be categorized into variances ard mean eirors
which were investigated more Jully. Using a postula.ed strategy, the
effects of faise alarms and fades were found on ihe vanances and
mean ervors.
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BEHAVIOR OF a-f TRACKER FOR MANEUVERING TARGETS UNDER NCISE,
FALSE TARGET, AND FADE CONDITIONS

1.0 INTRODUCTION

The subjects of automatic detection and iracking have received a considerable amount
of atiention in the last several years. For instance, the NTDS, MTDS, and SPS-33 systems
are operational, and the Gilfillan Company and Applied Physics Laboratory (APL) systems
have been proposed for the SPS-48. These systems have varying degrees of automaiion,
and with the excepiion of NTDS, have the capability of automertic deiection anid tracking
of targets. The NTL:3 svste.n, while having iracking equations and correlation regions, de-
pends on a manuai updating of tracks.

A system which performs autainatic tracking (not detection) is presently being in-
vestigated. The automatic tracrhing system (ATS) operates as follows. Tracks are initiated
either bv an operator or possibly automatically if clutter is not present. After initializa-
tion, an a-J3 tracker makes smoothed esimates of a target’s position and velocity and uses
these estimates to predict the target position at the next update time. A correlation region
is centered at the predicted position and an automa‘ic detection is made in the correlaticn
region. The advantage of this system (in compariscn to other systems) is that there is a
high a priori probability of the target being in the sma!t correlation region, and conse-
quently, a much higher false-alarm rate than usual is tolerable. In other words, this pro-
cedure avoids system saturation due to the large number of false alarms which weuld be
inherent in a totally automatic detection system It is believed that a system of this type
wiil be able to track targe:s through some degre: of ciutier,

The purpose of this report is to investigat: tae performance of the a-J tracker when
targets are maneuvering and the video processor 1 plagued with such difficualiies as meas-
urement noise. false targets, and fading probirras. In a more general sense one hopes to
learn what information is required from the radar to track adequately.

Section 2.0 investigates the relationshi» between the characteristics of maneuvering
targets and the signais as seen by the radar Section 3.0 studies the errors associated with
a-f trackers caused by maneuvering targets and the measurement noise. In addition the
probability of breaking track i. discussed. S=ctions 4.0 ard 5.0 investigate the perform-
ance limitations due to faise targets and fades, respectively. A discussion of the res.its s
given 1n Section 6.0

2.0 TRANSLATION OF TARGET CHARACTERIS FICS INTO RADAR
REQUIREMENTS

In describing the performance or desigzn of any system, il is important to know the
charactieristics of the signals which excite the system. The discussion given below is con-
cerned with the problem of obtaining these characteristics.
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In exan:ining target irajectories one finds that there exists an uncountable number of
nussible trajectories and that they are random in character. Aithough in theory each tra-
1ectory could be used individually to investigate the system performance, it does become
difficult, due ‘o the vast number of trajectories, to assimilate and use the large amount of
information. The two procedures that are usually used io circumvent this probiem are as
follows. The first procedire is concerncd with constructing a probabilistic description of
th~ trajectories and the second procedure is concerned with the constructior of a small set

of trajectories which are typicai in their frequency content. The latter of these two ap-
proaches is considered in this section.

The discussion begins by making the following a priori assumption: All targe: trajec-
tories can be approximated by either straightine, constant-aititude trajectories, constant-g
turns, or changes i~ altitude associated with the previous two mraneuvers over at least a seg-
ment of the trajectory., The number ol trajeciories is further limited due to the physical
laws the target must cbey according to its design. In the case of aircsaft, these limitations
can be characterized in terms of velocity, zcceleration, and structural loading g. As a last
consideration the target performance must be translated into signals that the radar meas-

ures, which are range and azimuth. The limited set of trajectories described above is now
analyzed.

2.1 Straight-Line, Constant-Altitude Targets
The geometry of the targe! trajectory is shown in Fig. 2.1, where x and y are the

rectangular coordinates. : and 2 the range and azimuth, and ¢, v, and 2 are the heading,
velocity, and acceleration of the target, respeciively.
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Fig. 2.1—Geomery of a straight-ime. constant allitude target
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vy = VCOosQ (2.3)
vy = USing. (2.4)

Taking the derivatives of Eqs. (2.1) and (2.2) and using Egs. (2.3) and (2.4) yield the
range and azimuth velocities

vp = veos(0—¢) (2.5)
and
-V . /a N
vg =~ sin {0-¢r. (2.6)

Taking the second .uerivatives gives the range and azimuth acceierations

2
ag = Er-— sin2 (§ -4) + acos (8 —¢) {2.7)

1}

ag

LR -]

2
sin(0—%) + 2 :—2sin (€ — @) cos (0 — ) . (2.8)

If one computes the total acceleration ap of the target, one finds

ar = (ag —rufdip + (raa + 2v09)ig - (2.9)
Substituting Egs. (2.5} tnrough {2.8) into Eq. {2.9) yields

ar = acos(0 —¢)ig + asin(d —d)ig . (2.10)
The magnitude of ap is

lari = a. (2.:1)

It is interesting to note tha! the range and azim:th accelerations as seen by the radar can
be quite different from the acceleration of the target. In fact the rudar sees an accelera-
tion just due to the motion of the target. The effect of this apparent acceleration is next

investigated.

The maximum magnitude of the range or azimuth acceleration is propertional to

v?
Gpax = :r_ 12.12)
2iid the gy of the tur is defined io be
Crmax
v = (2.13)
£y P

where g is the gravitational constant.
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The effect of this acceler tion is shown in Fig. 2.2. This curve shows that at the near
b iunges these apparent accelerations could he troubiesome. However, must search radars are
' not concerned with such short ranges, and these effects can usually be ignored. In sum-
mary, for the far regions one finds that the range acceleration depends only on the target’s
acceleration and on s angle with respect to the radar. The azimuth acceleration, in addi-
3 tion to depending on these guantities, also dez2nds upon range.
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Fig. 2.2—Kange zoceleration at close ranges for straight-
line, coastant-altitude, and velocity targst trajectories

2.2 Turn Analysis in Terms of Circular Motion

A target moving in a circular path with a constant velocity is used to approximate a
turn. The geometry is shown in Fig. 2.3.

¢ The law of cosines for the tnangle is wntten
r2 = p2 - R2 — 2pR cos ¢ (2.14)

and can be rewritten as

r ’ZPR
— = - ——— . 215
Vo2 +R2 ‘/1 (p% + R2?) c0s 9 (215)

Recall the foliowing expansion, :
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1-x =i-3-3-3:2-2-+33.40 (2.16)
where
2 <1,
Using the series expansion Eq. (2.15) is written as
P #ER?

_i P 34
For p << R, Eq. (2.17) can be approximated es
r~R-p cos(:St) (2.18)
where
- ={2\
° =)

The r.nge is found to vary in a sinusoidal manner. In addition R must be reasonably
large. To show that this condition must also be satisfied sucn that Ea. (2.18) is valid, one
oniy aceds to differentiate Eq. (2.17) twice to find the range acceleration ap. First noting
that

(2.19)

the range zcceleration beconies

v wadeiea b
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v? v?
ag = ;— sing + R ccs2¢6 + 0. (2.20
for p << R.

In observing Eq. (2.20) one finds the same troublesome apparent accelerativns as found for
tne constant-altitude, straight-line target trajectories. Even though the amplitud2 of the
harmonies in range can be rather small at close ranges, the acceleration of the target as
seen by the radar can be quite large over at least a short interval cf time. This effect is
similar to a harmon.: approximation of z square wave. Considering the first few harmonics
which are all reasonably small compared tc the fundamental one, we see that rapid changes
in slope can occur over small intervals of time.

The analysis of the azzimuth measurement for a target moving in a circle closely paral-

lels the range measurement analysis. One begins by writing the iaw of sines for the triangle
shown in Fig. 2.3,

Sin(o—f)R) _ sin ¢

= (2.21)
] r
Solving for 9, one finds
4
9 = f0p + sin™! ‘\g sm¢) . (2.22)
/
Expansion inte a series yields
p {p \3
B =0p + —r—siné"(T} sind¢ + 0. (2.23)
For the case p/r << 1, £q. (2.18) car. be substituted into Eq. (2.23), yielding
psin ¢
0 =05 + =2 -— . 2
R R—pcosd e (2.24)
Using a division process, Eq. {2.24) can be rewriiten as
G =8, & £chét+ —'92- sin 20t + 0 (2.25)
R R 9R2 < Y- A
The azimuth acceleration is comgputed to be
1 /e2Y - 2/ ¢2\ :
g = — = {—lsinot - —{--jsin20t + 0. 12.26)
57 "ri%y r\R/ =

Again onc finds that if p << R and if R is large, the azimuth var.ation is nearly a sinusoid.
T these condit:ons are not nset, the harmonics can cause a considerabl - 221muth deviation
over a smail interval of time.

It is instructive to show an example of the range aund azimuth measurements and their
derivatives for a circular-motion target for two differeni ranges. The target was moved in

ane
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a circle at a constant altitude of 1009 ft, the center of curvature was located at an azimuth
of 43°, and ranges o7 14,140 ft or 141,400 ft were used. The ‘arget velocity was 1200
ftjsec and the gy of the tum was 6. The range and azimuth variations with treir deviva-
tives ace shown in Figs. 2.4 and 2.5. Observing these curves one finds that at the lurge
ronges the variations are nearly sinusoidal. At the shorter distances it is found that the
signals are rich in harmonics and large accelerations can result. In additior it is found ‘hat
the azimuth variations are guite small fcr the far ranges in comparisnn to the near ones.

2.3 Accelerating, Cucuiar-Motion Targets

It is first acsumed that the target is operiing in tha far region such that the range and
azimuth variations can be assumed to be sinusoids. The target is assumed to be moving in
a cirular path except that now it may have a tangential component cf acceleration. This
tangential acceleration is expresse? in terms of angular acce eration. and is assumed to be

sinusoidal; i.e.,
a .
Gy = —5 Sl it . (2.27)
Integrating twice to find the phuse, it is then placed into Eq. {2.18), yielding

a .
r=R + pces (wgt + —= sin wm!\) . (2.28:
Dwn;'

where

- v
we =06 = —.
p

A well-known Founer series expansion exists for this waveform in terms of Bessel functions
1%
f_a2 3 {fa_\
r=R+pJyi ———3)coswot + 2,&’3(\ —3 1cos Z{wyg ~wmMt
Ly Wy

- 2pdo (—07\ cos wogtwp) + 0. {2.29)
\PWp |

As the tangential acceleration goes to zero. Eq. (2.29} reduces to that of the constant-

velocity, circular-motion target

r=R + pcosuwpl. (2.30)

The tangential acceleration in a turmn has the effect of spreadirg the frequency »pec-
tra. The above analysis is cnly valid for small values of (a/5 .-;"‘:') because of physical con-
siderations.

It is probably v+ ashile commenting cn targets changing altitude. If one z2llows no
azymuth changes, the analysis so far applies to this problem by merely exchanging the word
elevation for azimuth. An analysis of target charactzristics considering ail three measurc-
ments s not attempted.

PIE L A
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R * 141,400

R= 14,140
r
204 —a
'&' 10,000}~
z
«
@
o]
]

RLNGE VELOCITY, vy (11/sec)

SANGE ACCELERATION
ap ($172ec?)

eool

iargets at two ranges

2.4 Frequency Respon<e Charactoristics

L /
-®

=200

Fig. 2.4—Comparison of range and derivatives for circular-motion

The discussion is begun by considering only constant-vel wity, circuiar-raction targets.
in these cases cnly the fundamental sinusoid i$ nresent.

fhus
F =R - pcosot (2.21)
= g .. g
0 = 6 + B sin ¢ (2.32)
6=2 {2.33)
P
2 3
g = --— 23:
BEN { )
o ——
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Substsuting Eq. {2.34) into (2.31), {2.32), and (2.33), one obtains

2 (B )
/

A e A
[ v [g8v |\
6 =g + | -—)sin( = t].
R "\ Regy/ Kl’ /

Observing Eqs. (2.35) and {2.26) one finds that the araplitude frequency characteristics of
range <epend only on the aircraft parameters of the structural loading g and velocity. The

(2.35)

(2.36)

azimnuth in addition depends on range The amplitude is piotted vs frequency for vanous
velooities and for sharpness of the turmn indicated by ¢y in Fig. 26. One finds that as gy
for fixed v is increased. the ampiitude decreases and the frequency increases. As the ve-

locity fr fixed gy is increased, the ampitude increases and frequency decreases.

PR
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<« 1000
H
i
100
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‘0 1 1 1 1
000! 001 C 130 1000 Lo1¢ o}

RADIAN FREQUENCY {rcd/sec)

Fig 26— Ampiitude vs frez;uency plot for a circulas-
motion target

An example of the trajectory of a high-performance aircraft performing “*dogfight”
type mareuvers is given in Fig. 2.7. The range and azimuth variations with time are given
in Figs. 2.5 and 2 3 for this maneuver. This example again shows that the frequencies en-
ccuntered in even high-verformance targets are quite low.

2.5 Discussion of Resuits

The purpose of this section is to translate the target characteristics into .ignals on
which the radar must track. It was found that the three target parameters g, v, and a can
be used to characterize the limitations cn the received signals in terms of amplitude and
frequency characteristics. If the near effects couid be ignored, the signals set up by the
target were {ound to be quite low in frequency: :vpical valties may be in the orde of 0.2
Hz or lower. However, if the target has 2 tangential component of acceleration as vell as
a turming motion, higher harmonics in the radar signal may be observed in which the high-
est significant ohservable frequency may be 0.6 to 0.8 Ha.

It is assumed thrcughout the remainder of this discussion that only the polar coor-

dinate svstem wiil be used for tracking and that the near effects {or all practical purposes
can be ignored.
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Fig. 2.7—Hizhly maneuverible target trajectory of a showr in xy coordinates

TIME - VARYING RANGE (1)

12,0007
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8000 /
60004 ] i
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0d 1 1 1 : i l
[o] 0 a8 3C ac 20 s
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Fig. 2.8—Tinwe history of range {or a target prriorming maneu-
vers 1n a iimited space, rarge about 35 naut. mu
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TIME-VARYING AZIMUTH (dcg)
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Fig. 2.9—Time history of azimuth for 2 target maneuvering
in a limited space; range about 35 naut. mi.

3.0 OPERATION OF TRACKING EQUATIONS EXCLUDING FALSE TARGET
AND FADING CONDITIONS

In general the tracking equations mus: perform three functions. They must compute
the veiocity, smooth both ti:e measured posiuion and computed velocity, and finally pre-
dict a new coordinate on which to center the correiation region. The a3 tracking equa-
tions are first definsd and the errors in both the mean and variance of the predicted coor-
dinates are irvc-tigated. Finally the probability of breaking track is discussed.

3.1 Definition of Tracking Equations

The well-kncwn a-3 tracking equations are defined as

X; = xN o+ vNIr (3.1)
‘x’.;v- - ‘X.;' <+ a(x,:; —-X';) ‘3.2)
N LN
V-S\ = V;"] + __3(“"";____ Xp ) (3.3)
where

X, = predicted position

X, = smoothed position

V, = smoothed velocity

Xm = measured position

a. 3 = filter parameters

T = sampling time
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For purposes of analvsis, these equations are more usable if one subsiituvies Eq. {3.1) into

Egs. {3.2) and (3.3), yielding

K1Y eam a-orfxYT Ta
| L= oo
Vi LT a-piivey e
and
1.‘\""1 - ".\.
(X177 = 1 TliX]
i !
[ Ve

-3.4)

(353)

For convenience, Eqgs. (3.4) and (3.5) are put i blcck diagram form in Fig. 3.1 and the

follnwing matrixes and vectors are delined:

r he'}
!(l—a) (1-a)T!
A=
! /T -8 4
[ a7
B = |
LB/ |
c=[1 T1]
X
x=iVJ.
1 ¥s

At this point the system bas been reduced into a more iractable form for analysis.

T’

T

4

B pewnn |
& == : DELaAr¥

Fig. 2.1—Block d:agram of an 03 tracker

3.2 Stability Aaalysis

L

[{g]

—>

Since the system is in the form of differenc~ equations, it is propesed to investigate
the stabiiity through iie use of the Z-transform (2). Taking the Z-transform of Eq. (3.4)

results in

XiZ) = AZ71 XuZ) + BA (7).

(3.6)
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The system transfer function is defined as

Xiz)

“n = 3%

= {i-AZ1)-1g, (3.7)

For thie specific svstem in quesiion, Enq. (3.7) becomes
I

X,2) a

V= = L
GxtZ XmtZ) Z2Det [1- AZ-1}1 (3.8)
= ZiZ- 1
- VaZ) T

G. } = —2 e .

12 Xt Z2 Det {I~AZ"1}-! (3.9)
where

Z2Det {I-AZ"1} = 2% - Z(2-a-0) + {1-a). (3.10)

The stahility of the system depends on the case for which at least one root of the
Z% Det [I — AZ-1] ties outside the unit circle. Several typical root loci are shown in Figs.
3.2 and 3.3. As can be seen, the parameter a seems {0 control the radius of the loci and
$ contrels the amount the pole has moved. For cases in which « >> 1. the loct never -eaves
the real axis. The stability cniterion can be found by setting the most negative rent equal
to — 1,

-
[

|
T

:

o

Z =-1=

Via+ 32 -13 . (3.11)

0D =

Solving, one finds that
g <4 - 2a. {3.12)
In addicion to the stability criterion. z 7erc in Eq. (3.7) can lie outside the unit circle.

This situation will not ve allowed since 1t usually leads to undesirable system response (23,
The condition onc must satisty is

N

S € 2. {3.13)

The permissible vaiues of a and 3 are shown :n Fig. 3.4. Further restrictions will be placed
on this region later.

3.3 Frequency Respounse Characteristics
The frequency respon<e of the filter can be found by placing Z = /«T into Egs. (3.8)

and 13.9). The magnitude and phase chara tenstics of G,(Z) and G {Z) are shown 1n Figs.
3.5, 3.6, and 3.7.

Observing these figures oue finds that a should never be larger than one. Fora < 1.
Qa seems to control the bandwidth of the low-pass fiiter and 3 has more coniro} over the
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Fig 2.3-Amplitude and phase charzctenstics of the tracking equations
fora =09

damping. In fact 3 should be somewhar smailer than & such that rescnant spikes do not
occur. Observing Fig. 3.5, one linds that the m=asured position 1s nearly unsmoothed and
that G.(Z) s in the form of a differentiator. In general & and £ should be cet such that
4.1 Z) passes the highest expected frequency undistorted, and G {Z} acts as 2 geod dif-
ferentiator up to the highest expected frequency.
3.4 Noise Characte:istics of Fiiter

The discussion is begun by - aking the following charge of vanable:

AX < VT, 13.143

Equations (3.4) and (3.5) describing the filter can ba rewritten as

X1y Ta-a oa —a,n}g’x,’gf‘"‘ F o {Xm] v )
I ! ! NS {3.15)
LX) i P G -5} 6X] L8y

[x,i%1= 1 1}ix ] 12.16)
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: w oy b4
: 3 T o
Lt [ %
)
Qa
3
K=
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Fig. 3.¢—Amplitude and phase characterisiics of iracking equations f{or
o=01

where now

The mean and covariance vquations are defin>d as ‘3)

iy

AXY! + B'KY (317
PN

APN-iA'T + B'g2B'7 (3.18)

T o r

where [ X1V = E{XV], the expected value,

£ et A Lt L S ITAR I W T AT — ey e R ™ M g

—




18 BEN H. CANTRELL
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Fig. 3.7—-Amplitade and phase characterisiics of tire tracking equaticus for

a-=1.5
i Pri Pl
p =] .
3LP31 Pao |
Py = E{(Xs—‘?s“x's_-—‘:s)}
i2 = E[(Xs_fs)(c\x—[\fj = Pg]
Pzy = E[{aX - AXWAX -AX))

d,, = standard deviation of measurement efror .

The mean equations are just the response of the system to a deterministic input which will

be studied later. The covarniance equation becomes

Py 1-}\‘ {1 -0)2 2(1 —a)2

!
i
!
H
L

P L # “21 -3

“l-a) (1-231-a)  (1-3W1-aiif Pyo |
i '

(-3 lPagyd

11 -a)2 —gl’_Pn—;"" Ta2

P

13.19;
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The vaniance of the predicted positic n is easily computed in terms of the varian~es given
m kq. (3.19);

2
OXp = P13 + 2Pyp + Poy . (3.20)
Iy qoring the transients during the time the track is being established, the steady state

soiution is found by recursively solving Eq. (3.19). The predicted noise power is normal-

2
Ox
0= HE 13.22)
Ox
“*m

and piotted as a function of a and f in Fig. 5.8. Observing Fig. 3.8 one finds that the in-
put noise power can be reduced or filtered if a and § are appropriately adjusted. One also
finds that the parameter 3 greatly -iffects the predicted noise power. This effect should be
expected since differer:tiated noise is quite neisy and 3 affects this quantity. In fact the
variance of the predicted position can be larger than the wnput noise because of differen-
tiation.

8
!
W
O ~no
o b6
¥ -
Z
22 B=10
43,
g a4 -
z 4 B=0F
Sk
N O B=cs
i e ]
I¥of f=04
x o B=C2
z M proos
o] 1 1 :
o G25 05 0715 °
ALPHA, a

Fig 3.8—Predicted position noise power as a function of

a3

An interesting phenemenon occurs for smail values of « and large vaives of 3. The
noise power increases sharply. The reason for this may most easiiy be seen by locking at
the frequency responses in Fig. 3.6. The large resonant peaks in the response allow a lot
of noise to come thrcugh. In addition a non-minimal phase conditio: can be reached and
the noise then increases rapiily.

The noise power is not a function of the sampling time. As the sampling time de-
creases the variance of the velocity increases: hcwever, this efiect is canceled out by having
to predict over a shorter intervai of time.

PR

. am
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3.5 Deterministic Error Analysis

Various sinusoidal waveforms are passed through the filter and the root mean square
error < between the predicted and true positions is

CER e e 0 s

[
= l/ %Z(x;;x;nﬂ, (2.22)

where
X;, = 1Ge(jo sin (iwT + g _) + G (jw)isin (iwT +8g, ) ,
given that

Xt = sin ((i + DWT) .

(the amplit:de of the sinusoid equals one for normalization)

T YT T

A The rms ervor is plotted vs the ratio of the frequency f of the sinusvid f to the sampling fre-
A quency fr for various values of a and 3 in Figs. 3.9 through 3.11.

Jpon inspecting these curves one finds that if either the waveform is samnled faster
or th: frequency of the waveform is lessened, then the error decreases. In addition the
lightl- filtered systems have fewer errors in the means than the heavily filtered systems.
The regions of the curves where the error is near unity only indicate that one is not
sampling at a sufficient rate.

T oYY

100
b /Z:
s ‘wf' /
[
€ 3=C0% ,///’
3 V/
5 ////,
g’ /(/ I~ =120
a / ﬁ ’\\3:050
§ [o) o] o / /l /
/
S Ve |
o v
a /
z /! .
s / l‘ a=i00
z / /
/ /
ool / ]
Y k) 0c

FREQUENCY RATIO, 1%,

Fig 3.9—Deterministic prediction error = 2 function
of f/fp.a, b
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g oop / / 7/
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;" /' / /
z ¢ / 7/
g [/
/ / a =050
/ /
/!
201 4 1
001

FREQUENCY RATIO, {/fy
Fig. 3.10—Deterministic prediction error as a func-

tion of f/fT, a, f
3.¢ Probability of Breaking Track
A correlation region, as shown in Fig. 3.12, is defined to be a region of space cen-
tered about the predicted value. I 1X,, — X! < v, then the measured value is said to lie
in the correl.tion region.

The random variables X, and Xp, are gaussian-distributed random vanables as shown
in Fig. 3.13. The random variable w is defined as

Ww=Xpy —Xp. {3.23)

Since X, and X,, are gaussian, w is also gaussian. The mean and variance of w are

C=Xn - Xp (3.24)
oZ = 0%, *+ 9%, - 13.25)

The probability f breaking track* at 2 particular sample instance is defined as the
probability that | X, — Xpl > 7.

*This assuines that eoce the target is outside the correlation region it will remain outside of it for a¥l time.
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Fig. 3.12—Corre’ation region

oiXgl = N l'i,,,, :'x'-)

PiX,izN (X’,Ux’)(

X Xen < N ¥p+¥

Fig 3.13~Probatility densitier of Xp and Xy define ¢

over correlation region
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,-.—-, ~00 f
Plbreak track] = ' Plwidw ~ ’ Plwidw , (3.26)
- 00 d ;r
which reduces to
i— 7——3 1 i— —y + ;:‘ 1!
Pibreak track] = & - 3 erf! —— [~ = erf|—=——| . (3.27) :
2 V2o 2 V2ol
This probability can be bounded by
. Ly - (ot
Plbreak track] < 1 — erf; =1 {3.28j
‘L\ 204

where

© =Xm - Xp = faRT.Xm)

2 2
0(2..) pr + o.Ym = flo, B, 0xm) -

Observing Eq. (3.8) one might infcr that the real problem in minimizing the probability of
breaking trac. for a givern T and measurement noise is that the target trajectory is so un-
predictable. Digressing for a momen:, we discuss beiow several possible approaches to filter
design.

Some filters assume that the ta.gei trajectory is known and adjust a and ¢ in an adap-
tive way such as to minimize the error, i.z., the Kalman fiiter (4). Some adaptive filters
try to estimate the future bandwidth requirement (how fast X, is varying and adjust o
and 3 to minimize the erroi. Other rilters assume a given trajectory and minimize a cost
funiciion such as to determine 2 in terms of a (5). Dther filters use fixed ¢ aud 3, ad-
justed such that the error is minimized for the worst-case target trajectory: the error is
bounded in this manrnier. In this author’s opinion m~ny of the types of f{ilters discussed
are not well suited to track-while-scan radar operation.. Most of the difficuity sesms to
arise .Tom assuming 2 priori target trajectories or making future predictions bazed upen too
little informat:on. A filter design will be discussed in & subsequent report.

3.7 Some Fxamples

The a-3 tracker is used to track the highly maneuverabie targets described 1n Section
2.4. The true and predicted range and azimuth are plotted vs time n Figs. 3.14 througn
3.17. The correlaticn region was made sufficiently large such that the track would not oe
broxen. The sampling time is 4 sec. Two diiferent valuez of n and 3 were used. The
sianidard deviation of range and azimuth ncise are 280 ft and 0.52 degrees, respectively.
The filtered-noise standard deviation g, is shown with the predicted position. The meas-
urement noise of the true trajectory is not shown since it ter.ds to make the graph difficult
to reac.

Observing these figures we find that the lightly hltered case had less error in the mean
but a larger standard deviation gy, than the raore heawily filtered case

The same tracking situation as found in Fig. 3.14 is againr shown in Fig. 3.12 except
that the sampling time is reduced to 1 sec. One {inds that the mean of the predicted
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Fig. 3.1 :~Comparison of true and predicted signals for a highly maneuverable target
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Fig. 3.15~Comparison of true and predicted signals for a highly maneuverable target
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* STANDARD CEVIATION OF PREMNCTED POSTION

PRED:CTED TARGET PUSITION

\/I v
/ \ !
\5//\ \:
3 TRUE TARGET TRAJECTORY, ¢

TIME - VARYING AZIMUTH (deg)

o
3
8
8
8
s

60
TiME (sec)

Fig. 3.1f—Comparison of trie a1d predicted azimuths for
a highly maneuver: ble tirget

position tracks very close to the true trajectorv (the standard deviation of the noise is the
same as found before). This agrzes with the theory in that a decrease in samj ling time re-
sults in improved system performance. The same effect couid be achieved if the target
did not maneuver quite so violently such that the frequency content of the signal was less.
This example shows how critical it is to know the trequency content of the target trajec-
tory in order to design a good tracking system.

3.8 Discussion cf Resuits

The behavior of the a-J tracker excludinrg the effects of false largetc and fades was
discussed. Although the analysis was quite straightforward, no reasonable way of adjust-
ing a-{ to minimize the probability of breaking track for a given y was found. This diff1-
culty arose frcm the fact that the probability of breaking track depended on the target
trajectory and therefore the minima would be different for each trajectory. Adaptive and
worst-raze design solutions were mentioned. Several examples were given to illustrate the
theory.
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Fig. 3.18—Comparison of true and predicted ranges for a
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4.0 SYSTEM LIMITATION JUE TO CLUITER

As seen in the /sous section one could make the probability of breaking track as
sniall as one wishes by making the correlation region larger. In reality this is not the case
because false targets caused by cluiter or other targets place a basic limitation on this quan-
tity. This effect is investigated next.

4.1 Averape-Targel Strategy

It is not known, at least to this author, what constitutes an optimum strategy for
processing multiple targets within the correlation region nor how one wcald construct such
a procedure. As an aiternative to searching for an optimum processo:, a strategy is pos-
tulatzd and analyzed.

It is assumed that any target present in the correlaiion region is an equally likely can-
didai: for being the true target. In other words no a priori knowledge is available znd the
measurements are indistinguishable. Since it has been assumed that al! targets are equally
likely, the information from all targets will be used. The strategy postulated to achieve
this goal is to average the position of all the targets in the correlation region: ie.,

P K g
!

i
|

. 1 . H

XY+ )T e

b )

A L =1 =
N = = 4.1
Xi (K+1) ' (-1

where

K = number o! false targets in correlation region
n; = zero me2n uniform noise shown in Fig. 4.1,

X;\" becomes the filter input rather than X',:, as previously discussed. The filter equa
tions can be written as

t

(X1 = axi¥! o+ BixY (4.2)
r K B
Er;},' + Z‘x; +n,)f
Xt = (;i 1 i (4.3)
iXp1¥ = cxi¥? (4.4)
Equations (4.2) and (4.3) are comvined. yielding
- ‘.\' 7 o a / xa { 1? e *K—\ —;
i 8 PR T R U L
‘V’_! LT K+ DT {1 "*+ 1 )J LV’ ! i'(xpf_)i
L 4 o
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pin.)

— .
Xp=Y Xp Xp*Y

Fiz 5.1 -Probability deasity function for clutter

Define a’ and 3’ as

. a
BT 3V (4.6)
g = (‘K‘gf) = 4.7)
By using these definitions, Eq. {4.0) becomes
&
?_A,‘g"‘: ] %-(1—(:') i1 —a')T-% g_x:é-"" j a’]ix;‘; + Zn;! (4.8)
hd - ;afr f -3’)}%_\/,_% ;_,3','T_§L =]

In this ¢uuation. the number of false targets K controls the amount of smoothing and the
amount ¢! measurement uncertainty.

The soiuticn for the nose power of Eq. (4.5) is not nearly as easy as before. The
reason i3 that K is a random variable. Equation (4.8) involves the product of two random
variables and in general the probabiiity density changes form from one iteration to the
rext. For this reason, only special soiutions will te found.

4.2 Noise Characteristics for Given Clutter Cenditions

Special solutions to Eq. (4.8} can be obtained by assuming that X is a deterministic
sequence. For example,

1800019600100,

4340014006440......
The equation beromes a stochastic ¢ifference equation with time-vavying coefficients. In
addition, the uniform probacility deasity of the clutter is approximated as gaussian with

the variance set equal to the vanance of a um:form variable. The covariance equat’ons are
found in the same manner 2s before. i.e..
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PulY [a-a) 21 - ') (1-a)2 Pylna
P2l =|-f(1-a) @1-28)1-a') (@-FN1-a)jj P2
PzzJ g2 ~28(1-8) 1-892 || P22
«'2 2 K 2
[ Hg""’ t &y °""]’
+!ag (4.9)
Lﬁ’ 2J
where
a =alKk+1)
F =BHK+1)
On; = vIV3
K = a deterministic sequence iaking on <he vaiue of the number of false alarms at

cach iteration.

The followin 1 terms are defined:

g

0o = B (410
oxX,,
On-:

0, = — (4.11)
Oxm

The predicted noise pywer is plcited vs time, for various conditions, in Figs. 4.2 through
49.
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Fig. 1.9—Noise power 25 a function of time for
sequence 33400000G1 448 ...

These figures show thai wher f{alse targets appear periodically then a steady state solu-
tion exists for the noise power of the predictec position. The noise power increases dur-
ing the time the clutter is present (it will be shown later that the noise power saturates at
a given value in extended clutter), ancé drops back to its steady state valuz after the false
targets are removed. In all cases it was found that when the correlation region size became
larger as indicated by 0., the predicted noise power became larger during the period of the
false alarms. The heavy smoothing case {a = 0.Z. § = 0.05) was generally less noisy than
the light smoothing (o = 0.9, 3 = 0.7) case. The sequences with extensive clutter (more
than one false alarm :n a row) were generally much more ncisy than the single false alarm
case.

If the coquences are such that K is the same value for all sampling instances, the pre-
dicted noise power saturates at a given vaiue. These results are shown in {igs. 4.10 and
4.11. These figures indicate that larger correlation regions, more false alarms, and lighter
damping all result in iarger predicted noise power.

4.3 Deterministic System 3ehavior Under Clutter Conditions

If one either finds the mean value or eliminates the noise in the svstem described by
Eq. {1.8) one has the following equation:

rx]' 1-a)  a-arj[x]¥ [ o 1x¥. (4.12)

I
- | :
L 1 1-3) ;v

S e

The system is excited with a sinusoid and ihe root mean square error is found in the same
manner as described in Section 3.5. The only difference .n the solutions obtained here is
that o and ' vary from sample to sample according to a deterministic sequence iu K3 i.e.,

(
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o = %
K+1
E (4.13)
N
B F+1'
g where

K=1100011000110. ...

The errors are shown as a function of various false alarm sequences and parameters « and
3 in Figs. 4.12 and 4.13.
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Fg. 4.12—Mean value frequency response under
{zlse alarm conditions
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Tig. 4.13—Mean value frequency response under
{alse alarm conditions
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It is found that the error in the mean grows as the number of false alarms increases.
Of course, it is again Jound that as the sampling frequency increases or the =xcitation fre-
quency decreases the errors are less. Also. the more iightly filtered system has less error
than the more heavily filtered system.

4.4 Probability of Breaking Track

In Section 3.6 the probability of breaking track was found to be

1 Jr-iwl]
- gerfi——1i . {4.14)
2 LV,E aw.,

4

Plbreak trackl <

S

In the presence of clutter both {w} and 0., increase, making the probaoility of breaking
track worse.

It is not always possible t0 make the probability of breaking track smaller by making
correlation region larger as can be seen from the foilowing argument. As one increases the
size 1.4 the correlavion region, the chances of receiving oine or more false alarms increases.
At sume point the probability of breaking track would start increasing with increasing y
due to the iarge encrs set up by the false alarms. Thus for a given clutter environm/ at,
the probetility of breaking track can not be made arbitrarily sma:l.

1.5 An Example

The same tracking situation as shown .n Fig. 3.16 is used excep: that in this case four
faise alarms per correlaiion region are assumed to occur at t = 16, 2C. and 24 sec. The
correlaticn region is assumed to be 16 times larger than the measured standard deviation.
The resulting track is shown in Fig. 4 14.

Opre finds that when clutter is present, the filter has hecvy smoothing and does noi
negotiate the tum well. In other words the mean of the predicted position s further i
enror. In addition, the standard deviation oy of the filtered noise grows during the time
the false aiarms are present due to the added noise. Of course if the heavy clutter would
have appeared d-ring a time that the target was not maneuvering so violently, the errors
would have been n.uch less. This suggests that the system could be improved by sampli.g
faster. There is, however, an up)er limit to this procedure, and that occurs when the clutter
begins to be correlated.

4.6 Discussion of Results

An average-larget strategy was postulated and analyzed. Beczuse a general solution
for the predicted noise power and deterministic tracking error is extrrmely difficwt. only
special solutions were found. It was fournd that the prediction noise increased when the
amount of clutter increased, when the correlation regicn was made larger, and when the
system used lighter filtering. In addition, the determinisiic error grew as the clutter levels
increasec, as the system used heavier smoothing, ancd as the sampling frequency was dc-
creased. It was argued that the prohability of breaking track could not be made arbitrarily
small in the presence of clutter by making the correlation region larger.

e
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Fig. 4.14—-Comparison of «ue and p—dicted ..nges for a
highly maneuverable target in the presence of ciuite.

5.0 SYSTEM LIMITATION DUE TO FADES

Target fading can be caused by many factors of which the multipath, effect is possibly
one of the most troublescme. Considering this fading source only, one investigates the
parameters that effect the interval of time during which the fade occurs. The effecis of
multipath fades on the system performance are anailyzed by postulating a stra’egy and
determining the characteristics of both the noise and the determ:nistic errors. It is assumed
that no false targets are present.

5.1 Multipath Fading

The signal-to-noise ratio aft the receiver can be computed from the radar range equa-
tion operating in the noise-limited region (6);

FTGTGRroA2FEFE
N, (4m3KTByR'L

i
A

'S
i:\’ , (5.1}
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where the pattern propagaticn factors Fr and Fr are due to the multipati effect. They
are found by addi.g the electric field from both the direct path E4 and reflected path Ep

as shown in Fig. 5.1;
TARGET\

RADAR ANTENNA

s

REFLECTION POINT

Fig. 5.1 Multipath effect

E = |[Egl + IE/Je7®
A4 _; I
F=|1+ == ¢l2 5.2;
E4l i (2.2
a =} ase distance between the two paths .

These patterns have been studied quite extensiveiy by Blake (7). Several antenna patterns

reprocduced from his work are shown in Figs. 5.2 through 5.4. Only two of the mcre im-

portant parameters, frequency and aitenna height, which effect the patterns are listed with
each figure.

An example is next considered. A target is flown from over the horizon toward the
radar at a ccnstant altitude of 10,000 ft. The radar is assumed to be a two-dimensional
continuous-scanning search radar with an antenna height of 80 ft and a frequency of 1300
MHz. If the signal-to-noise ratio is above 13 dB (corresponds to a Py = 0.9 ard Py, = 1075
a detecticn is assumed to be made; beliow 13 dB a fade is said to cccur. For the target
considered, the signal-to-noise ratio is assumed to be 17 dB at the center of ihe first iobe
in which the target is detected, the lobe structure is computed using Blake’s programs. The
detection zones are shown in Fig. 5.5.

One finds that both the detection and fade zones decrease in size as the range is de-
creased. The main cause for this 1s that the angle of tne lobe or angle between the iobes
multiplied by the range gives the distance across the lobe or the distance between the lobes.
These distances decrease as the rarige decreases. The fade zone decreases more ramdly than
the detection zone with range. This can be attributed to an improuved rignal-to-noise ratio
due to the derteased range. From this simple example one may estimate that fade zone
distances may range from 10 raui. mi. to several thousand feet.

The length of time the target fades is given by

I
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Fig. 5.2—Antenna pattern for an antenna he.. it of 30 ft and frquency of
1000 MH=

"

Fig.  3—Ant.nna pattern {or an amenna height of 80 ft and frequeascy of
100 MiHz
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Fig. Z.4—Antenna pattern for an 2ntenna height of 20 ft and a frequency of
100 MHz

FOLDED RANGE

Fig. 5.5—Detection and {ade zones vs raage for a target at 10,000 1t, radar height 80 ft,
frequency 1300 MHz, threshold S/N <f 13 dB, and S/V ratio at 550,900 ft of 17 dB

Distance between Jetection regions

T= Target’s radial velocity

(5.3)

This fade time is plctted vs radial velocity in Fig. 5.6 for a 10-naut.-mi. and a 10,000-7t
fade zone.

“Jsing the same example, we find that, ai the far .anges where the iade zones are
quite wide, the signal can fade from about 1J min at the low vetocitics to 6.5 min at the
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Fig. 5.6—Signai {ads time vs radial velocity

high velocities. At the closer ranges where the fade zones are mud;\ narrower, the signal
can fade from about 2 minute to styzial seconds or lower at the histher velocities.

It is desirable for later considrations to construct a sample sequence in which a “1”
denoctes a fade and a *0™ a detection. Targets are flown through the detection and fade
zones at various velocities. The position of the target is sampled every T seconds, accord-
ing to the stan time of the radar. A 1 or a 0 is assigned to each sample instant according
to whether the target is in the fade or detection zone. Several sequences are given in Figs.
5.7 and 5.8. The effects of fading sequences on the noi=~ properties of the filter are now
examined.

5.2 Predicted Value Strategy

When a fade occurs or no targets arc present in the correlation regions, the usual
policy to foi?ow is to use the predicted coordinate as the measured one. Thic policy moves
the target in a straight line traiectory at the last known velocity. This seems like a2 sensible
policy, since there exists no a priori or current information about the status of the target.

The effects of this practice on the tracking equations are shown below. Eguations
{3.4) and (3.5 are rewritten as
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VR = 1000 ft/sec
ittt 1g00000000000000C 1 1111

Vg = 2000 ft/sec
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Fig 5.7—Zetection and {ade sequences for fade zone lengths of 40,000 ft and
deteciion zone lengthe of 60,000 ft fc: two different radiai velocities;
T = 4 sec
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Fig. 5.8—Detection and fade sequences for fade zone lengths of 10,600
ft and detection zone lengths of 40,900 fi for twn different radial
veiocities; T = 4 sec
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where

v N

Xp = Xm -

It can be seen that Eq. (5.6) is identical to Ea. (5.4) but with & and , ¢! equai to zero.
Therefore Eq. (5.4) describes the systein under fading condiiions waere *he parameters are
time varyimg.
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5.3 Fiiter Noise Characteristics Under Fading Conditicns

The covanance Egs. (3.18) and (3.10) are rewriiten as

i”P“‘i-" i’(l—ayi’ 2(1 - )2 {(1-a)? _'[_Pu_’l""‘ Fa2lgy”
i ! {
[Pzl =l Bl-c a-221-@ q-f-a)||pe|  t|e8| 6D
: i
{ Pog ! 2 -23(1 — i-p)2 2
Py 1B 25(1-9) (1-82 || Ps] B
o_ﬁ.p = Py; + 2Py3 + Pay . (5.8)

The solutions for ug = 0Xp/0X isr vanious fading sequences, say 11001100. . ., are found
such that i a one occurs, a = 0, 3 = 0, and if a zero occur, & and § take on their ordinary
values. The solutions are shawn in Figs. 5.9 through 5.13. Several general comments can
be made conceming Figs. 5.9 through 5.13. First, the heavily smoothed filters (cmall o
and Jj are much less noisy than the lightly sn.iotieed filters. In addition, the variances
seemn: to become unstable if too many successive fades occur repeatedly.

It was found that the heavily damped filters were much more susceptibie to insta-
bilities than the lightly damped ones. A plausible explanation for this is as follows. When
a fade occurs the estimate of the new position can become worse as time gues on, When

a=:9020
2k
B=c05
D

. — — — —— o — 4 ———

NORMALIZED NOISE POWEP o8

] c’l 1
1D i5 20
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(& ~o FADES

& 1:100090C0001G00 ~-)

© 1100000005 1G0O--)

£ 111100000601 ! 1000--)

& 1111000000111 1000--) |

® t1::110000011111000-- ;“"S*ABLE SOLUTIONS
® =7c §

Fig. 5.9—No-malized predicted noise power as z furction of tirce {.or
a given fading sequence
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Fig. 5.10—Nommalized noise power as a function of time for a
given {ading sequence
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a=CSs

NORMALIZED PREDICTED NOISE POWER, oo

SAMPLES

Fig. 5.11—Normalized predicted noise power as a function ¢, time
for varicus fading sequences: @ fiv fades.@ 10001000:0 . .. .,
©11061100110...,)11101110. . . unstable.

a=02

B =005 & o Fapes

(1000100010--) |
© (11001 100110--) | UNSTABLE SOLUTIONS

© (1110it101110--)

® erc.

Fg. £.12—Normalized predicted noise power as a fiinction of time f<; various
fading sequences: (A)ro fades,(8)1000100010 .. . /C/11001100110 . ..,
D) 111011101110 . ... ,{Eetc. The last four are unstable.

a signal appears the heavily damped system recovers very slowly and only a poor estimate
of the velocity and new position is found before & :ade again occurs. If too many fades
occur, the estimate continues to become worse The lightly smoothed system recovers
more rapidly after a fade and thus can handle ionger fade sequences without becoming
unstable.

It can also be observed that as the number of fades increases the noise power in<reases
rapidly. One could decrease this by sampling at a slower rate which yields fewer fades at
the expersse of deterministic error increases. Yet this can lead to trouble; Figs. 5.10 and
5.11 can be considered to be sampled at two different rates. One finds in Fiz. 5.11 that
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if the rate is slower the system becomes unstable for shorter fade zone lengths than it would
have in Fig. 5.1C. These comments are not necessarily true when the target moves through
several fade zones between sampling times. Alternatively, rather than change the sampling
rate. = could change the target’s radial velocity and the same effect is observed.

If one in.reases the sampling rate, one in general reduces a and 3. The effect of in-
creasing the camr pling rate with fades is to increase the noise, znd the effect of reducing
a and f is to reduce the noise. Unfortunateiy the prediction noise, when fading occurs, in-
creases with sampling rate much faster than can be compensated for in changes in a and
B as can be seen by comparing Figs. 5.9 and 5.13. The same effect would be observed by
reducing the radial velocity of tire target.

5.4 Deterministic Errors Under Fading Conrditions

The error between the predicted and the true target positicn can prebably best be

studied by considering some examples. These are shown :n Figs. 3.14 ard 5.15. Figure

5.14 shows that for a realistic maneuver, the deterministic errer between the true and the

predicted coordinates was nearly 6 naut. mi. for about a medium-size fade zone. Figure
v 5.15 shows that even with fairiy short fade zones as one might find ir the region of 20
naut. mi. in range, one can easily he over a mile in error due to the deterministic process.
If the target turned such that it flew paraiiel to the fad2 zone for some {ime. the errors
could become enormous. Of course the total error is larger than that shown in these fig-
ures due to the addition of the random errors discussed in Section 5.3.
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5.5 Probability of Breaking Track

Recall from Section 3.9 that the probability of breaking track depends on the variance
of the predicted cuvordinate, the deterministic error between the true and predicted coor-
dinates, and the size of the correlation region. Under long fading conditions it was found
that the variance of the predicted coordinate grows rapidly and in addition the determinis-
tic errors during fades can become quite large. This requires the correlation region to be
quite large in order to obtain a reasonable probability of breaking track for many of the
possible fading sequences and target trajectories. If the correlation region is large, the
chances of tracking through regions containing false alarms become small. One could raise
the threshold to eliminate some of the false alarms but then one does not detect the true
target as often, thus making the fade problem worse.
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5.6 Discussion of Results

The fading problem due to the multipath effect was reviewed and 2 procedure for the
tracking equations to follow~ during the iime of the fade was postulated. The variance of
the predicted posit'~.1 was found fci various fading sequences which depended for the most
part on the distance between the lobes, the radial velocity, and the sampiing time. The
deterministic error between the predicied and true target positions was found for several
examples. In a general way, the total error grows rapidly during a fade causing the corre-

N ‘ation regicn size to grow ir order to keep a track established. Of course, other considera-
tions such as multiple targets, clutter, and resolution keep the correlation region from he-
coming too large.
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6.0 CONCLUSIONS

- The purpose of this report was to investigate the behavior of the af tracker under
various conditions such as maneuvering targets, measurement noise, false targets, and fad-
ing conditions. Well-known elementary solution procedures were nsed throughout the
report.

The probability of breaking track was found to depend on the measurement noise.
«, B, sampling time, target trajectory, correlation region size, false alarm structure, and fad-
ing sequences. Excluding fades, the system error can be improved by increasing the sam-
pling rate at least until the noise sources become correlated. For light filtering the noise
was higher but the system tracked better in the mean. Converselv £z¢ heavy filtering, the
noise was lower but the error was higher in the mean. The average-target strategy seemed
like a good procedure to track through light or spotty clutter as long as the ccrrelation
region was small enough and the target did not perform extreme maneuvers during the
time the false alarms were present. The predicted value strategy for fades probably would
work reasonably well if the target did not maneuver just before or during the fzde, if the
fade time were reasonably short compared to the detection zone, and if the sampling time
were slow enough. If these conditions are not met, quite large correlation 1egicons are re-
s quired which severely limit the ability to track through clutter ang to resolve multipie
targets. Examples were given throughout the report to indicate magnitudes of -he func-
tions that are typically found.

Secondary information can also be extracted from this report. The cadar characteris-
tics can be easly translated into tracking equztion parameters. For example, p ilse widths,
beam widths, scanning rates, prf’s. signal-to-noise ratios, antenna pattern characteristics
due to multipath effects. clutter rejection capability. etc. can be translated into measure-
ment accuracies, sampling times, fade conditicns, and false alarm characteristics. Given a
particular radar, one should te able, at iear: n a rudimentary way. to determmne what types
of tracks couid be maintained.
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