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RANGE RESOLUTION OF TARGETS USING AUTOMATIC DETECTQF

INTRODUCTION

There are two adverse effects of closely separated targets on automatic detect
First, a target can lie within the reference cells of the other target, causing the eslimated S
threshold to be too large and resulting in the other target not being detected (target sup- N
pression). Second, if the targets are close, the detections from both targets are merged -
and a single target is reported (targets are not resolved). The problem of turget suppres-
sion has received some attention, and the papers of Urkowitz and Perry [1], Trunk ct al.-
[2], and Rickard and Dillard [3] propose solutions by removing large returns from the -
reference cells, The problem of range resolution of targets has received little atten
and is the subject of this report.

The probability of resolving targets is not only a function of target separatio 2
also a function of the signal strengths. However, it has usually been assumed that if tar-
gets are large enough to be detected, they can be resolved if they are separated.by a
pulsewidth or, equivalently, lie within different range cells [4]. In practice this resolution
criterion is rarely achieved. The basic problem is that the shape of the returned,pul§éi. .
from a target is rarely known in a realistic radar environment. There are several roasons
for this. First, the targets are not point scatterers but are complex scattercrs. Second,
even from a point scatterer the shape of the returned pulse is seldom known because-6f "~ -
uncertainties in the transmitted pulse and receiver bandwidth in addition to spreading of - .
the pulse due to reflections from nearby objects such as buildings, towers, and .

The purpose of this report is to investigate and recommend the typ: i F e g
thresholding that should be used in automatic detection systems so that ot ape il
targets can be resolved. Since there is uncertainty about the shape of th - .r.
the optimal resolution system will not be considered. Instead an algorithm thati
presently being used in several systems will be used in this study to merge mult
detections from a single target and to resolve multiple detections from different
The algorithm for a 3D radar is discussed in the next section. :

RESOLUTION ALGORITHM

The antenna beam positions for a typical 3D surveillance radar are shown in Fig.
Consequently, depending on the target size and location, the target can be detected i
several azimuth-elevation beam positions. Furthermore the target can be detectadi
adjacent range cells. Thus it is not unusual for a large-cross-section target to be detected
in as many as 10 range-azimuth-elevation cells. Consequently an algorithm (decision rule)

Is required to merge these detections (threshold crossings) into a single centroided detec- -
tion. :

Manuscript submitted October 26, 1977.
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Fig. 1 — Antenna beam positions for a typical 30
radar. The circles represent 3-dB contours of the
antenna beam at different scanning peositions.

The algorithm selected for this study decides whether a new detection is adiacent to
any of the previously determined set of adjacent detections, 1f the new detection is adja-
cent to any detection in the set of adjacent delections, it iz added to the set. if ¢t s not
adiacent to any detection in the set, the next detection is considered. Two detections
are adjacent if two of their three parameters (range, azimuth, and elevation} are the same
and the other parameter differs by the resolution element: range resolution c¢ell AR,
azimuth beamwidth #, or elevation beamwidth v. To avoid roundoff errors, the new
detection is added to the previous set of adjacent detections if any of three conditions
are satisfied for any kth detection in the set of K detections. The first condition is

IR -R,<<1.2AR,

A -A,1<010,

|E - Epl < 0.1y,
the second condition is

R - R, |<0.1AR,

A - Al < 1.20,

IE - E,|< 0.1y,
and the third condition is
IR - Rl §G.1&R,

A -A,1<0.18,
E-E,| <12y,
2
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Fig. 2 — Example of merging of adjacent
detections, The groupings that are
merged are indicated by heavy connect-
ing lines.

Z0"Hr<mrm
m
N

AZIMUTH

where K, A, and £ and R}, A, and E; are the range, azimuth, and elevation of th o
detection bemg tested and the kth detection in the set of adjacent detections respectwely. ‘
Therefore the 13 detections in Fig. 2 are merged into three centroided detections.. The
detections in the largest grouping of adjacent detections are (R AE3), (B14 1E.2'.},5“'
(R1AzE ), (R{A3E ), (RgAE,), (RyAE ), (RyA5E,), and (R3AE ). The'second ‘
largest grouping is {RzA E3), (R3A E3) (RgAgEy), and (RgAg E3) The final groupmg
contains the single detection (R 3A Eq). :

The estimates of range R, azimuth A, and elevation E for the K adjacent‘d& :

are K
Z SpRy,
R = r=1 ,
K
Z Sk
k=1
K
Z S Ay
A = k=1 ,
K
Z Sy
k=1
and
K
z SkEk
E= k=1

where S), is the signal power associated with the kth adjacent detection.

3
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Fig. 3 — Variations of the basic detector. T is the ihreshold, g either is the mean of aif the
reference cells or is the smaller {the minimum} of the means of the reference cells at only the
right and of the reference cells at only the left, F is a fixed number, and ¢ is the variance,

Many types of detection schemes are possible. The collection of detectors considered
is discussed in the next section.

DETECTION CLASS

The basic detector uses the reference cells surrounding the test cell fo generate a
threshold to which the test cell is compared. Variations of this basic defector are shown
in Fig. 3. The set of detectors uses either linear or Iog video, either all the reference cells
or the half with the minimum mean value, and either a one-parameter {mean} threshold or
a two-parameter {mean and variance} threshold.

Generally M pulses are integrated in each range cell and beam position, yielding the
integrated signals

M
i
2= 2 Xip ()
i=1

where X;; is the returned envelope-detected signal from the ith pulse in the jth range ceil,

For 3D radars, M usually equals one or two. Then the mean value {depending on whether
the number of reference cells Np on one side of the test cell are used or the total number
of reference cells 2N, are used} is given by

Ng
— 1
Z; = Ny ; (Zpeyar + Zig i), (2}
4
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| &
Zi= ") Ziis,
i NR ;1 1+
or

= 1
ZJ = @ Z Zj—l—i'

The corresponding mean squares are
)

— 1
2 =+ 2 2
4= 2Np Z (Ziarei * 4

and

— 1 -
2 - 2

and the standard deviation is

5 = 1/2
=|72 2
oj—[zj (Z) ] ,

where 5;2 and ZJ use the same reference cells. The two-parameter threshold is [5

Tj.=Zj+FGO-j’ |
regardless of whether linear or log video is being used. The parameter F; is used to Sét '
the false alarm rate. (The two-parameter threshold for log video has dubious meaning,

since the threshold can be dominated by the shape of the density function near zero.)
The one-parameter threshold is

Tj =F,Z f
for linear video and
T] = FU + Z]
for log video.
5
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Finally, detections are declared by comparing Z ; to Tjg with a target being declared
it Z f = TJ;, Since it is difficult to analvtically evaluate the resolution properties of the
various detectors, simulation technigues were used.

SIMULATION

Before considering the simulation of the detector, let us consider the target geametry.
Two targets at the same azimuth and elevation are separated in range by a distance AD,
where 1.5AR < A} << 3.5AR, with AR being the width of the range-resolution ceil. The
signal-to-noise ratio for each target is 20 dB per pulse when the target is in the center of
a range-azimuth-elevation cell. Finally, in one example, a third target is placed in the
reference cells, seven range cells away from the first target. A detailed description of the
simutation of the detectar subroutine is given in Appendix A.

In this simulation the target was uniformiy distributed in range and azimuth i the
center range-azimuth cell. The range cell dimension was the 3-dB pulse width, and adjacent
azimuth beam positions crossed at the 1.6-dB point. The targets were placed in the center
of the elevation beam. Since the signal energy is down 36 dB in adjacent elevation beam
positions crossing at the 3-dB point, only one elevation beam was simulated. Finally,
only one pulse was used (no integration}, and ten reference cells were used on either side
of the test celi.

The detector subroutine declares target detections by generating pulse-fo-pulse video
returns, integrating the returned signal, and comparing it to an adaptive threshold which
is generated from the surrounding reference cells. In addition to the range-azimuth cell
in which the target is present, signal energy is placed in adjacent range cells {only one on
either side) according to a [{sin x)/x]2 pulse shape and in adjacent azimuth beams {again
anly one on either side) according to a [(sin x)/x1% antenna pattern. Thus, in each
elevation beam position the target can be detected in nine range-azimuth cells {three range
cells times three azimuth cells).

MONTE CARLO RESULTS

The first case simulated consisted of the two targets separated by 1.5, 2.0, 2.5, 3.6,
and 3.5 range cells. For each separation ten repetitions were used. The results using alt
the reference cells or using the half of the reference cell with the smaller mean value are
given in Table 1. When the target separation is 1.5A R, almost always only one target is
declared regardless of the video, reference cells, or thresholding employved. However, when
all the reference cells are used and the target separation is larger, the one-parameter
thresholds correctly identify the presence of two targets, but the two-parameter threshold
generally declares no fargets. The targets are suppressed when two-parameter thresholding
is used because a target in the reference cells has a great effect on the estimation of the
noise variance but has little effect on the estimation of the mean. When the reference
colls with the smaller mean ave used and the target separation is 2.5AR or greater, all
detectors correctly identify the presence of two targets.

The second case simulated consisted of two targets separated by 1.5, 2.0, 2.5, .0,
and 3.5 range cells and a third target 7.0 range cells from the firsi target. Table 2 shows

6
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Table 1 —- Number of Targets Detected in the Case of Two Targets Sep
by 1.5, 2.0, 2.5, 3.0, or 3.5 Range-Cell Dimensions AR

No. of Times a Given No. of Targets were Detected
Out of Ten Opportunities
g arget Linear Detector, Lincar Detector, Log Detector, .
i T=pu+Fo T=Fy T=F+p
t \ TR -
Zero Cher ; Two ! /. o One ' Two | Zoero One :
TR P TS |. l.m'e' Plamicne L I"J"argm.s Targers “Target ;!
—_— 1 . - e —
'l'hreshold Based on All Reference Cells
1.0A0 - ! ! ‘ St
2.0AR L . i s i : o
2,040 o ! AL
3.0AR L. ! ) l-"i*i “ =
3.5an L _ s
_— . . . L. — |
Threshold Based on Munmun of Relerence Cells
. _ 0o -
1.5AR HH WL o
2.0AR H W ke |
2.56AR ML L e at '
3.0AR i et e et ]
3.5AR el ,;.nl,' Wt

that the log detector using the reference cells with the smaller mean value has th
performance and thus should be used.

To determine more accurately the resolution capability of the log detect"
minimum of the reference-cell means, the distance between the two targets w
from 1.0AR to 3.5AR in steps of 0.1AR, and for each separation 40 repetition
run. The results of this simulation are given in Fig. 4. The probability of correc
resolving the two targets appears fairly linear from 1.7AR to 2.6AR. Search tec‘
corrohorated that the function

P(N = 2|AD) = 0, AD < 1.7AR,
AD - 1.7AR
= === <AD <
00AR » L17TAR<AD<26AR,
=1, 2.6AR < AD,

where P(N = 2|AD) is the probability that two targets are detected when the two g
are separated by distance AD, is the best fit whether the mean-square crror, maximim'
error, or ghsolute error is used as the goodness-of-fit criterion. The goodness-of-fit eiror .

can be reduced by a factor of 2 if the following {more complicated) cxpression is used:
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Table 2 — Number of Targets Detected in the Case of Two Targets Separated by 1.5, 2.0,
2.5, 3.0, and 3.5 Range-Cell Dimensions AR and a Third Target 7.0 Range Cells From the
First,

No. of Times a Given No. of Targets Were Detected
Out of Ten Opportunities
Separa-
tion of Linear Detector, L.og Detector,
First Twao T=Fu T=F+p
T.‘!?':I' i . i - - - ?.-_.
e Orie Tuo : Zoro [ TEFCR Two
FTTER Fare Vargets  © Taedeis Tarwt 7 Targets
— . . R . —— .._.--___..:._J
Threshold Based on All Reference Cells
. . ey N —
1.54A0 o B ; PR
2.040 ik , ' Coaltt
2541 S : P b
3.04A0 Dok ; 7 R H
3.54H e oo LR
Thresheld Based on Minimum of Reference Cells
- - . i . - 1 — C— " — -— — E.........._...........—_p
2.0AR ot : ' CooaMt
2.8AR PRI : W !
3.0AR et ! LN
3.5AR P . ; gt _J
" . P .- - —— e
P(N=2[AD)=0, AD < 1.68AR,
= {.88{AD -~ 1.66 RY/AR, 1.88AR < AD < 2.18AR,
=1-0.58 exp[- B.8T{(AD - 2.16}/AR}, 2.18AR < AD,
CONCLUSION

For resolving closely spaced targets, log video should be used and the threshold
should be of the form T' = g + F where the mean u I8 the smaller of the two means
cateutated from the reference cells on either side of the test cell and F is a fixed number.
Thiz procedure does not allow a few large retums in the reference cells to raise the
detection threshold apprectably. Thus this procedure will not suppress spiky clutter
and should not be used without an MTI in the clutier regions.

When the adjacent-detection merging algorithm is used, the probability of regolviag
targets does not rise above (1.9 until the targets are separated by 2.5 pulse widths, If this
resolution is not adequate, it can be improved by using other resolution algorithms which
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40 T

25

10

NUMBER OF TIMES TWO TARGETS WERE
DETECTED QUT OF 40 OPPORTUNITIES
8
T

ol — i I I L
15 25

TARGET SEPARATION IN RANGE CELL DIMENSIONS AR

Fig. 4 — Resolution capability of log detector which uses reference cells with the ’
minimum mean ‘

depend on assuming a returned pulse shape. [f the pulse-shape assumption is con'
should be able to resolve targets to within (approximately)} a pulse width.
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Appendix A

SUBROUTINE DET3D

Subroutine DETSD should be called for every target and elevation mode as long as
the difference between the center of the elevation beam of the radar mode and the target
elevation angle is less than the 3-dB elevation beamwidth. The purpose of the routine is -
to declare target detections by generating pulse-to-pulse video returns, integrating the
returned signal, and comparing it to an adaptive threshold which is generated from' the
surrounding reference cells. Detections can be made in either adjacent range cells or
adjacent azimuth beam position in addition to the range-azimuth cell in whi ;
is present. Thus, in theory a radar mode can report nine detections of a sin

The subroutine initially tests whether appropriate input parameters are less than pre-
assigned values: the number of pulses integrated M is less than 32, number of reference
cells Np on each side of the test cell is less than 10, and the absolute value of.the clutter -
correlation coefficient p is less than 1.0. If any parameter exceeds its limit, an error '
message is printed, and one exits from the subroutine. CoEmE

Next M times the signal-to-clutter-plus-noise ratio is compared to 2. If the value is
less than 2, one declares that the target is not detected, the number of detections of the
Ith target by the Jth mode [NDET3(I, J}] is set to zero, and one exists from the sub-
routine, g b

The detail simulation is begun by finding all the targets which lie within the reference
cells of the NTARth target. The list of interfering targets (INF) is initialized by setting
INF(1) = NTAR, and the corresponding signal power SNREF(1) is s¢i equal to the lurgm
power S. The remaining interfering targets are found by calling subroutine RESOL which -
calculates the number of interfering targets (NI), lists the index of the interfering targets
in the array INF, and lists the corresponding signal powers in P, s

The main azimuth do loop, which generates the azimuth beam positions oﬁi:':éltﬁéf“ :
side of the azimuth beam position with maximum gain, first generates the azimuth beam
position € proceeding the maximum-gain beam position. This beam position is given by

0 =0p(K, +IAZ - 2),

where IAZ = 1, 0 is the azimuth angle between complete elevation scans, and X, . is the :'JE- :
integer defined by : : ‘

K, =integer [(A - #)/0p + 0.5],

in which A is the target azimuth and 6 is the azimuth angle of the first elevaﬁé

11
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In the simulation the video return is generated in only the reference cells surrounding
the target. Thus, to save computer storage, only 25 range cells are saved, and the target
is always placed in the 13th range. Consequently the range to the start of the first range
cell is

Rg = AR(Kpg - 13), (A3}
where AR is the range-cell dimension and Kgg is the integer defined by
Kpo = integer [RfAR], (Ad)
with R being the target range.

The first step in generating the radar video return is to generate the signal {{arget)
refurn in the appropriate range cells. Specifically, the index of the first range cell i

Np =11 - Ng, {AS)
and the index of the last range cell is
Ny =15+ Np. {46

Thus, if ¥y = 10, the signal must be placed in all 25 range cells. The signal return for the
ith pulse and the jth range cell {S;} and an indicator of signal in the jih range cell i/} are
initially set to zero for all { and j. Then, the signal veturn from each of the NI interfeving
targets lying within the reference cells is generated. For the kth target this is accomplished
by first generating the appropriate fluctuating amplitudes F;, for the ith pulse, if the valid
fluctuating amplitudes have not been calculated previously: IKEY{NTAR} = 1 indicates
that F;, has been calculated previously for Swerling cases 1 and 3 {scan-to-scan fluctua-
tions) for either a previous azimuth or elevation beam position. If F;, needs to be
calculated {either the first time for Swerling cases 1 and 3 or every time for Swerling

cases 2 and 4), F;, is given for the appropriate Swetling case (NSW) by the following, in

I
which the U, are independent random variables uniformly distributed between 0 and 1:

® For NSW = {0 {nonfluctuating target)
Fyp=1, i=1,..,M; tAT)
® For NSW = 1 (scan-to-scan fluctuations, Bayleigh density)
Fyp =-log(U), i=1, .M (A8)
® For NSW = 2 (pulse-to-pulse fluctuations, Rayleigh density)
Fp=-log{l;, i=1,. .5 {AD)
® For NSW = 3 {scan-to-scan fluctuations, chi-square density) |

F,; =-0.5{log (U;) +log (Ug)), i=1,.., M (A1)

12
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® For NSW = 4 (pulse-to-pulse fluctuations, chi-square density)

Fy, = = 0.5[log (U;) +log (Upyy)], = 1, ..M.

The signal is next placed in the appropriate range cell and the adjacent faﬂgéhéllé"
by reducing the returned signal by a [(sin X) Jx]2 pulse shape and a [(sin x)/x 14

antenna pattern. The return signal from the kth target is centered in range ce
Kp = integer [(R - Rg)/AR],

where R, is the range of the kth target. The signal-return reduction (F) in the
range cell K, :

Kp=Kp+I, 1=-1,0,1
(because of the (sin x}/x pulse shape), is given by
F=[(sin Fy)/Fy1%,
where
F; = 2.7832(R;, - Ry)/AR;
and
Ry = (Kp + 0.B)AR + Rg.

At this time the indicator I(K) is set equal to 1. Similarly the signal reduct-ipn
to the (sin x)/x antenna is given by ‘

G = [(sin Gy)/G41%,
where
Gy = 2.1832(A;, - 6)/034g.,
in which 0g4p is the antenna 3-dB azimuth beamwidth and Ay, is the azimuth.:; of

target. Finally the signal (normalized by the clutter power C and noise power
the kth target in the K range cell (for the azimuth beam position specified

S, kgpew) =5, toia) + (ONFNEIPL/(C + N o (a19)

The calculation indicated by (A13) through (A19) is first repeated for the adjacent
range cells indicated in (A13). Then the calculation indicated by (A7)} through (A19) is -
repeated for all NI targets in the reference cells. Thus, at the end of all the above repeti-
tions, ; ; is the signal power in the ith pulse and jth range cell due to all the targets in
the reference cells. :
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Next Rayleigh noise {and possibly correlated clutter) is added to the signal to pro-
duce the total video return X;;. The video return (because of computer speed considera-
tiong) is genevated for three distinet eases: clutfer insignificant and no signal present in
the range cell, clutter insignificanit and signal present in the range cell, and clutter signifi-
cant. The significance of clutter is indicated by (CHM} being greater than N, and signal
present in the jth cell is indicated by I{j) = 1. Thus the ith return in the fth cell (ng} is

given by the following:

® When clutter is insignificant ({(CHM} << N} and no signal is present in the fth cell

{1} = 0),

x;=(-2log UNM2,  i=1,.. M,

(A20)

where the U, are independent uniform random numbers (8.1}, different for each f;

® When clutter is insignificant {({(C)(M) << N) and signal is present in the jth cell

iy = 1),
ay = {foy cos B + /2 (S;3H21% + (¢ sin 6)2}Y%,
where
;= [- 21og U2
and

0; = 2mU s
® When clutter is significant ((C){(M) > N},
X = {{CX; + oy cos g, + (235}1;2';2 +(CY,; + o sin ;%3
where the Rayleigh noise {&; cos ¢; and «; sin ¢;} is given by
a; = N'(- 2log U, )2,
$; = 2nl g
anct
N'= [N/(C + NP2,
the clutter is given by
CX; = pCX;_; + (1~ p23*2 o sin 8]
and

CY; = pCY,_y +(1-p%)} % cos 6,

14

{A21)

{A22)

{A23)

(A2d)

{A25)

(A26)

(A2T)

{A28)

{AZ9)
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in which
of = C'[- 2 log U;} 12
‘and
0;=21Usop
with

= [CHC + N1,
and the initial elutter values are
CXy = C'ag cos by
and

CYO = C'OCO sin 66

Next a decision is made whether to use linear or log video. Then the M pulses a:te :
integrated in each range cell, yielding the values ‘e

M
=2 Xy
i=1

which equation was given in the main text as (1). The detection threshold T, for tl
range cell (j = 12, 13, and 14) uses either all the reference cells, the minimum of the
reference cells, or the maximum of the reference cells. Furthermore, the threshold may
be either a one-parameter {mean) threshold or a two-parameter (mean and va.nance)
threshold. Thus the mean is given by (2), (3), or (4). The corresponding mean- squares
the standard deviation, the two-parameter threshold, and the one-parameter thresholds are
given by (5) through (11). e e B

Jjth

Finally, detections are declared by comparing Z14, Z14, and Z4 to Tyq, Ty3, and
T, 4 respectively. If Z; is greater than T}, a detection is declared in the jth range cell, the
counter for number of detections (parameter labeled II) is increased by one, o
following detection parameters are saved:

I the number of detections,
Rg + (7 + 0.5)AR  the range of the detection,
# the azimuth of the detection,
Z{C + N) the signal amplitude of the detection,
Time the time of the detection.

Also, if any target lies within three range cells and 2.4 azimuth beamwidths of the o
NTARth target, MER3(NTAR) is set to -1, noting this target interferirs condition.
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After the detection tests have been performed for the initial azimuth beam postiion
(TAZ = 1}, all calculations are repeated for the other two heam positions. I there are
target interfering conditions and if the target has not been detected on this mode ot pre-
vious modes of this radar scan, MER3(NTAR] is set to -1. Then one returus to the main

Drogram.

i86




