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RADAR BIAS ERROR REMOVAL ALGORITHM
FOR A MULTIPLE-SITE SYSTEM

1.0 INTRODUCTION

Recent investigations as to the feasibility of operating a multiple platform sensor integration sys-
tem [1-3] have led to the problem of removing bias errors from transmitted data. Bias errors are those
errors, inherent to each sensor system, which may have been introduced during the construction or
alignment of the sensor or are present as a result of equipment failures. With three-dimensional radar
systems the problem reduces to one of detecting the bias errors that may be present in the range
azimuth and elevation measurements made by each of the radars within the network of participating
platforms. The soluticn of this problem is fundamental to the successful operation of a multiple plat-
form sensor integration network. If bias errors cannot be detected and their effect reduced to a toler-
able level, the advantages to be gained from the exchange of information between platforms cannot be
realized. As a first step in this direction an algorithm has been developed for the special case of two
fixed radars with known locations. The algorithm has been tested with simulated data and with real
measurements. The measurements were made on targets of opportunity by two radars located at NRL’s
Chesapeake Bay Detachment (CBD) and at the Applied Physics Laboratory (APL) of the Johns Hop-
kins University. The results are presented in Sec. 3.0 and 4.0. With minor adjustments to the algo-
rithm, the same basic concept should be applicable to the moving platform case.

2.0 ALGORITHM DEVELOPMENT

The problem which was taken under consideration is described as follows: Given the time history
of measurements (range, azimuth, and elevation) on several distributed targets as measured by two
separate radars, determine the measurement biases for each radar under the assumption that the exact
focation (latitude, longitude, and elevation) of each radar on International Geoid is known.

A two-dimensional representation of the geometry of the problem is shown in Fig. 1. Coordinate
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systems are established at each site with the x-axis pointing due east, the y-axis pointing to true north,
and the z-axis (not shown) pointing outward along a line joining the site and the Farth’s center.
Azimuth is measured clockwise from the y-axis, elevation from the horizontal plane containing the x
and y axes, and range is the Euclidian distance between the site and the target. The range, azimuth,
and eievation measuremenis can readily be transformed to the local rectanguiar coordinate systems at
each site. This allows us to express the measured position vector of a target with respect to Site 1 as

X\ =X+ A8, + 4N, (1)
where
X1 X A, N
Yi=n| Xi=[n]. Bi=|aa|, M=|Ni
zy 7 |Aq1 Ny

Manuscript submitted December 30, 1980,
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Fig. 1 — Geomeiric represeniation of the problem
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r = range, o = azimuth
and n = elevation

with X, being the position vector of the target at some instant, X; being the mean or true position at
the same time, #; being the vector of bias errors, N being zero mean noise on the measurements, and
A, being a matrix of partial derivatives which are derived in the appendix. Equation (1} is in effect a
truncated Taylor’s series expanded about the target’s true position. The measurements made at Site 2
can also be converted 1o the local rectangular coordinate system at Site 2 and transformed to the local
rectangular coordinate system at Site 1. This enables us 10 express the position vector of the target as
measured by Site 2 with respect to Site 1 as

X2= 1?2'}’14232'!"42!\’2, (2}

éxz,férz axz,”&az §Xﬂ‘a'¥’}2
where A, = |8y)/0r: 8y /0a; Sy /O,
8z)/87; 0zy/8ay 82y

i.e., A, is the matrix of partial derivatives representing the rate of change of Site 1 rectangular coordi-
nates due to changes in the measurements made at Site 2, B, is the vector of bias errors at Site 2, and
N, is the vector with elements that represent the noise on the elements made at Site 2. 1f the measure-
ments at Sites 1 and 2 are not made at the same instant, it is possible to predict a "measured” position
at some common time and still have Eqgs. (1) and (2) hold provided the partial derivatives are not
changing significantly. When Egs. {1} and (2} represent coincident measurements, X; = A, and it is
possible to subtract Eq. (2) from Eq. (1) to yield

ﬁX=A1.B{—AEBE+ﬁ{N;—A2N2, (3}

where A X] represents the Euclidean distance between the two measurements. Equation {3) can aiso
be expressed in the form
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AX = M-B+ N, 4)

|3, ]

, and N=M-|--|.
N,

Equation (4) is now in the form of the observation equation for linear estimation. In this case the AX
vector represents the measurements and the B vector of bias errors is the state vector. The state equa-
tion is given by

where M = [Al, —-AZ], B=
B

ann that tha stafe frqnc- tin atriv ic
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i
stant over the period of interest; i.e., the b
errors at the current state (¢).

With this formulation (Eqs. {4) and (5)) it is possible to predict the bias errors using the Kalman
filter algorithm. (See Ref. 4 for a typical application.) The six steps involved in the recursive algorithm
are as follows:

Step 1. Calculate one-step prediction,
BUult—D=BU-1lt-D, 6

where the circumflex signifies an estimate, B (21t — 1) indicates the predicted bias, and Biu—1t~1)
indicates the smoothed bias of B(¢).

Step 2. Calculate the predicted covariance matrix P{zlt — 1) from the smoothed covariance
P(t—1t—1) by
Pt~ 1) =P — 1t —1). @

{Nate that for thic cage the nredicted covariance matrix and state vectors are assi

I-‘:\
<

LAl ada wkid HRLHL R A S M VAL SRt el LT

mined at the previous time step since the state transition matrix is the identity ma

Step 3. Calculate the predicted observation AX(tlr — 1) by
AX(lt ~ 1) =M@ B — 1), (8)
where M (¢) is the measurement matrix M at the rth sample.

Step 4. Calculate the filter gain w (r) using
w(t) = Pt — DM@ IMOPGI— DME) + RO, 9)

where the tilde indicates the transpose of a matrix and R (¢) is the covariance matrix of the noise.

Step 5. Calculate a new smoothed estimate
Bl =Be—1)+wl) [AXQ) — AX(lt — 1], (10)
where AX (7) is the measurement vector AX in Eq. 4 at the #th sample.

mairix

PUID = [[— w() - M) Plelt — 1), (11

The measurement covariance matrix R is the covariance of &, i.e.,
R = cov (N) = F {(Al - NI - Az - Nz) (A] ‘ NI - AzNz)T}. (12)
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Under the assumption that the partial derivatives are changing slowly in the neighborhood of the target
location, a good approximation of the covariance is

cov (N} = A\ INNDYAT + AN NTYAT {3
or alternatively
cov (N = M (N - NT)Y M7, {14)

It should be noted that in c:aicula.iing the pdl‘lidi derivatives which are the elements of the A mairix,
that the smoothed estimate of the bias errors is applied to the measured range, azimuth, and elevation
to provide an evaluation closer to the true position of the target. The matrix (N - N7) is a diagonalized
matrix with the diagonal elements being equal to the variances in the measurements of each radar.

These were assigned typical values for the radars that were used.

3.4 RESULTS WITH SIMULATED DATA

To check out the algorithm described in Sec. 2.0, a set of simulated tracking data was developed.

Stationary targeis were chosen to simplify the process.  When moving targets are being tracked further
comnliratinng ariee. Since the measurements at hoth =ites are not made sitmuitanenusiv a nggij_lr_*ngg of

SUMLPOWRGUELNS Giide, <Fiabe b alivhdwiwinahiicd G URiinn S0 Qi 5L IRl SeildleiiGisasedny

one of the measured positions, to some common time, must be made. This prediction process is not
required for siationary targets since the predicted position is the current position.

Six stationary points in space, surrounding the locations of the two sites (NRL’s Chesapeake Bay
Detachment and APL) were selected as targets. The locations of the targets and their respective lati-

tudes and longitudes are shown in Fig. 2. All of the target points were assumed to be at an altitude of
10,000 m.

TARGET !
LAT. 39.5°
LONG. -76.9°

SITE 1 {APL) TARGET 2
LAT. 29.16° /mr‘ 33.0°

LONG. -76.90° / LONG.-T6.3 7

h SiTE 2 {NRL/CBD}

LAT. 38.68°
TARGET 6 LONG. ~76.53°
LAT. 39.0°
LONG. -77.2° s TARGET 3

LAT. 38.5°
‘g LONG. - 76.3°

TARGET 5 TARGET 4
LAT. 38.5° Y LAT. 38.2°%
LONG. ~76.9° AQ LONG. ~76.5°

Fig. 2 — Location of simulated targsts
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Measurement data were generated by selecting samples from a Gaussian distribution derived from
a random number generator and by adding these samples to respective range, azimuth, and elevation

coordinates ai each site. Bias errors that would adequately test the algorithm were also added to the

measurements at this point. This resulted in a set of simulated measurements (range, azimuth, and
elevation) for each of the six targets as measured by both sites. The difference in the location of each
target as measured by both sites was used as the input to the Kalman filter. The process of simulating a
detection of all the targets by each site was repeated 50 times or equivalently 50 rotations of each radar.

The computer-generated bias errors as predicted by the algorithm are presented graphically in
Figs. 3 and 4. They show the estimated bias error as a function of time; the time units being the
number of scans completed by both radars from the injtial time until the time at which the estimate is

,,,,,, s PR FI. PR oo meeaso waca oiwazzlatad Tha rooa whink 1o illa

made. Several cases with a wide range of induced bias errors were simulated. The case which is illus-
trated in Figs. 3 and 4 had the following induced errors at the APL site:

range bias error = 2 n.mi
azimuth bias error = —3°
elevation bias error = 3°,
and at the NRL site:
range bias error = —2 n.mi
azimuth bias error = 3°
elevation bias error = —3°,

The results presented in Figs. 3 and 4 are from a single case, i.e., both sets of bias errors were induced
simultaneously. As can be seen from the figures, a reasonably good estimate of the bias errors can be
obtained after only three or four scans of the radars. The curve that represents the estimate of the
elevation bias is not as smooth as the other curves, This is due to the value assumed for the variance
in the measurement. The standard deviations assumed for the range, azimuth, and elevation measure-

4

ments were 400 m, 0.5°, and 1.0°, respectively.

4m

3 ELE‘I?\TIGI!_ ERROR (deq)
E 2 RANGE ERROR ({n.mi.)
[
5
o !
8
= O 1 L ! 0 !
S 10 20 30 40 50
g 1 NUMBER OF SCANS
]
o
® -24

sl AZIMUTH ERROR {deg)

Fig. 3 — Estimate of induced bias errors in APL radar
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i A 1. 1 i
10 20 30 40 20
NUMBER OF SCANS

BIAS ERROR {deg or n. ml.)
o

. RANGE ERROR {n.mt)
= mwm ELEWATION ERROR dag)
j

Fig. 4 — Estimate of induced bias errors in NRL radar

From the preceding results it appears that bias errors can be routinely determined when several

i ¥ 3 o A, ) rordnrc Ty nemn e o e oy s
targets are dispersed about a pair of widely separated (35 n.mi) radars. However #t must be remem-

bered that this represents an idealized situation in which the targets are stationary and evenly distri-
buted (see Fig. 2). Because of this consideration and the availability of real data, collected by both sites
on targets of epportunity, further testing of the algorithm was cartied out.

4.2 RESULTS WITH REAL DATA

During Septemiber 1979, the SPS-39 radars at NRL and APL were used to simultaneously record
detection data on targets of opportunity. Subsequently, these data were processed by APL o identify
tracks and develop track histories from each radar’s detections and to correlate tracks of common tar-
gets, APL also utilized their tracking algorithm to predict the position of all tracks at the time of north
crossing of the APL radar; i.e., regardless of when detections were made an estimate of the positions of
all targets was made corresponding to the time at which the APL radar had most recently swept by true
north. The estimated position of each track at that time was given in rectangular Cartesian coordinates
centered at each site and it was in this form that the data were made avajlabie to NRL. Fortunately the
data in this form were amenable to the algorithm described in Sec. 2.0, All that was reguired to make
it directly applicabie was the transformation of the NRL iracks from the NRL coordinate system to the

APL coordinaie svstem. For sach scan of the API, radar pach corrslated track wac examined in wee if

A WASRFASeEIaten SY GRiekig. £ ool Al OWDIL Ul Liiv TEA Ry AGHo0a WGWEL WSl ARG WAVRD VO CAGLIIIGE W 300 52

both radars had detected the track since the previous north crossing. If this proved to be true the
difference vector (see Eq. (4)) of the predicted positions was used as the input io the bias removal
algorithm. For the data that were used this could mean as many as 15 updates by the Kalman filier in a
single scan.

The effect of applying the algorithm to a specific track can be seen by examining Figs. 5 and 6.
Figure 5 is a plot of the tracks developed by both radars for a common target. The tracks are displayed
in ihe horizontal plane with APL being located at the origin and NRL/CRD located appmximataiy 35
n.mi to the southeast of APL. The target is approaching APL f{rom the east. The result of correcting
the tracks by amounts equal to the estimated bias errogs is shown in Fig. 6. In this case the start of the
track: was coincident with the start of the bias error estimation process; consequently initial estimates of
the bias errors were applied at the beginning of the tracks. The estimated values from both radars that
were used to correct the tracks are also plotted in Fig. 6; however, using the initial values of the bias
errors to ¢orrect the tracks may not be representative of a working system. A conceptual system wonid
probably have a fully developed set of bias errors available for correcting the tracks or more likely the
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raw data and updated estimates of the errors would be made on a petiodic basis. To assess the effects
of using a fully developed set of bias errors the track daia were processed for 15 min, using the algo-

rithm and tha Tnllnwicne gcat of hiae avernrs gurna nhinginadA-
LELLIINY, QX Lilw LA WILEE Dl L LIAD LAV O Wad Uiriadiiicid.

on the APL radar (.224 n.mi in range
2.033° in azimuth

0.119° in elevation

on the NRL radar 0.416 n.mi in range
~{.681° in azimuth

0.505° in elevation.

These etrors were applied to the tracks of the target shown in Fig. 5, and the resulis are shown in Fig.
7. Again the resnifs are quite dramatic, and a significant improvement over Fig. & can be seen in the
carly stages of the track. Undoubledly if such information were available to make corrections, it wounld
simplify the correlation process and greatly reduce the number of false iracks in a multisite sensor

correlation system,.

Y -CRORDINATE {n. mil

— SITE 1 {APL)

ﬁ_____;é‘_l_—l_vg__ﬁe ] ]

i i
-0 A 10 2C 30 40 50 &0 kiss 80

X-COORDINATE (nmi} oo = e NRL TRACK
L e & ICORRECTED)
_ ),/4.%-’ e
T APL TRACK”
ICORRECTED)

1
17 / SITE 2 {NRL)
¥

Fig. 7 — Tracks correctad with fully developed hias errors

To further validate the algorithm it was decided to apply the technique to a target in another qua-
drant, and a target was selected from the southwest quadrant. The target started at a peint approxi-
mately 40 n.mi west and 60 n.mi south of the APL site. Initially it was headed toward the NRL site
but near the end of its flight it veered toward the APL site. The two tracks of the target are plotted in
Fig. §, and the corrected tracks using the fully developed bias errors are plotted in Fig. 9. The resulis
show a significant improvement particularly in the last half of the flight but are not as dramatic as the
previous results (Fig. 7).

5.0 SUMMARY

An algorithm has been developed which can be used to detect and remove bias errors from radar
measurements when the measurements are made at {wo separate and stationary radar sites. The algo-
rithm has demonstrated its ability to detect bias errors and use this information to converge tracks from
independent radars. This was accomplished with both real and simulated data. Since bias errors in
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Fig. 9 — Corrected tracks of common target

radars are the rule rather than the exception, further investigation is essential if multiple platform sen-
sor integration is to be achieved.
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a linearized form as follows:

where

(x,y,z )2
(xy.7)
8x/9r,0y/8m etc.)

(r,m,a)

(AR, An,Aa),

(N,.N,,N,)

y
212

APPENDIX

dx/dr dx/9n dx/da| |AR + N,

y| + [8y/8r dy/0m Oy/da| [An + N,

F4

9z/8r 8z/0n 8z/0x | |Aa + N, .

is the target position vector with respect to Site 1 as
determined by measurements made at Site 2

is the mean or true position vector of the target with
respect to Site 1

are the partial derivatives of the components of the
position vector with respect to changes in the measure-
ments made at Site 2

represent the range, elevation, and azimuth measure-
ments made at Site 2

represent bias errors in the measurements made at Site
2

represents noise in each of the measurements made at
Site 2.

In vector-matrix notation Eq. (A1) can be expressed as

X2 = f + Az(Bz + Nz)

(AD

(A2)

The elements of the 4 matrix are the partial derivatives of the components of the position vector. The
components of the position vector are with respect to the origin located at Site 1, and the partial deriva-
tives are taken with respect to the measurements made at Site 2. The sites are located in a
Jatitude/longitude system in which Site 1 has the latitude/longitude pair of (85, 5 and Site 2 has the
pair (84,1,). The parameters 85, 8, represent the height of the respective sites above the Geoid.
The Cartesian coordinates of the target with respect to an origin located at Site 1 are given by:

X1 X2
nl =T | +U.
21 F4)

11

(AN
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The transformation from Site 2 to Site 1 is accomplished with the rotation mairix T. and the transiation
matrix {/., They are defined as follows:

cos (L — Ag) —sind, sin (A, — hp)
T.=1sin@gsin A; — rAzg) sin6, sinfgcos{a, —hg) +cosh, cosfy
—cosfigsin iy, —Ag) cosd,sinfz—sind, cosbz cos Ay~ Ag)

_ -z N 1
cos#, sin (A, — Ap!

—cos B4 sinfBpcos (hy — hp) + sinf, cos bz (Ad)
cosé ; cos bz cos (hy — Ag) + sin 84 sinfp

(g +6,) 08 8,50, —Ag)
U =1—f(a+8;) [cos#, sinfgcos Ay — AB) — sin 0,4 cos 6] (A3
{a +8,) fcos9, cosbgcos{hy— hg) +sind, sindsl— (¢ +55)
The elements of matrix 4, can now be derived by differentiating Eq. {A3) and recalling that
X3 = 3 COS 1), SiN oz,
Y2 = ¥ COS 73 CO8 oy, (AB)
Zy= rySii T,

They are as follows:
Axi/8r; = Ty cosms sin ey + Ty cos 3 €08 oy + Ty sinm,
3x1/Bny = —Trs 5in m; sin oy — Tyorp sin vy €08 ay + Th3r; cOS N2
Gx1/Ba; = Ty rs €08 7, €OS ey — Tiafy COS 73 SiN o5
By/8ry = Ty cosmy sinay + Th; cosn, cOS oy + Thy sinmy
831/ 9ny = —Tary sin m, sin oy — o7y 5i0 9, €08 ap + Thars cOS 1o (AT
Sy1/80s = Tair3 COS 1 €08 @y — Tppry cos g sin o,
3z,/8r, = Ty cosm; sina; + 733 cos np cos oy + Ty sint 92
8z,/8m1 =— T3 r; sin Mg sin oy — Taars Sin 1 €05 ay + Tagrp cos mp
8zi/8ay = Tyry cos m; €05 oy — Tyar; €08 13 sin oy,

where T, is an element of the 7, matrix. The elements of the matrix 4, in Eq. (1} are casily derived
from the relationships

Xy == ry COS ¥, Sin
Yy = r; CO8 my COS oy iﬁﬁ}!
Z; = ry sitt 14
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