
DETECTION AIDED MULTISTATIC VELOCITY BACKPROJECTION FOR PASSIVE RADAR

Tegan Webster and Thomas Higgins

Radar Division, Naval Research Laboratory, Washington, DC, USA

ABSTRACT

This paper extends previous work to process and combine
data from multiple bistatic pairs in a passive multistatic radar
system. The previously presented Multistatic Velocity Back-
projection (MVBP) combines and visualizes multistatic radar
data. MVBP generates a six-dimensional data cube in posi-
tion and velocity but does not provide a mechanism for de-
tecting targets within the space. This paper discusses Detec-
tion Aided Multistatic Velocity Backprojection (DA-MVBP),
a method for seeding MVBP with detections from individual
bistatic pairs. DA-MVBP reduces the space through which it
is necessary to search for targets in backprojected multistatic
radar data and may result in enhanced parameter estimation
and detection performance over traditional multilateration of
detections. In this work DA-MVBP is applied to experimental
passive multistatic radar data.

Index Terms— multistatic radar, passive radar, backpro-
jection, moving target indication, imaging

1. INTRODUCTION

Passive radar systems exploit dynamic signals from non-
cooperative emitters, which differ substantially from tradi-
tional radar waveforms, to perform target detection, tracking,
and imaging [1, 2, 3, 4]. Passive radar, however, often suffers
from limited resolution due to wide antenna beamwidths and
finite bandwidth of the signals of opportunity. Passive mul-
tistatic radar can achieve better localization in position and
velocity by combining data from multiple bistatic pairs, uti-
lizing multiple emitters of opportunity, multiple distributed
receivers, or a combination of both [5, 6, 7, 8]. Previous
work within the area of multistatic radar data processing and
visualization includes theory for multistatic moving target
detection [9, 10, 11, 12], multistatic imaging of a stationary
scene [13, 14, 15], multistatic imaging of moving targets
[16, 17, 18, 19], and the bistatic and multistatic ambiguity
functions [20, 21, 22, 23].

Previously published work examined the application of
Multistatic Velocity Backprojection (MVBP) to data obtained
from passive multistatic radar experiments using WiMAX
signals of opportunity [24]. MVBP combines range-Doppler
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processed data from individual bistatic pairs to visualize mov-
ing targets observed by multistatic radar systems and extends
earlier work utilizing multistatic ambiguity analysis for mov-
ing target indication [16, 17, 18, 19]. The MVBP technique
generates a six-dimensional data cube consisting of three
dimensions of position and three dimensions of velocity but
does not provide a mechanism for detecting targets within the
position-velocity space.

This work describes a method for utilizing detections
from individual bistatic pairs to significantly narrow the
search space of MVBP. Denoted Detection Aided Multi-
static Velocity Backprojection (DA-MVBP), the approach
incorporates multilaterated positions and velocity estimates
from individual bistatic pairs to form images of candidate
moving targets. In many cases, multilateration and velocity
estimation are capable of localizing moving targets. However,
the output of the DA-MVBP algorithm may enhance param-
eter estimation and detection performance by facilitating the
noncoherent combination of pre-detection data.

This paper first describes the method used to find and dis-
ambiguate detections from multistatic radar data in Section 2
and in Section 3 formulates the newly developed DA-MVBP
by using the disambiguated detections to seed MVBP. DA-
MVBP is applied to experimental data in Section 4 and Sec-
tion 5 concludes the paper.

2. DETECTION PROCESSING OF EXPERIMENTAL
PASSIVE BISTATIC DATA

DA-MVBP differs from MVBP by incorporating a method for
seeding the search for moving targets within six-dimensional
phase-space. Before application of DA-MVBP, detections are
found in the data from each bistatic pair within the passive
multistatic system. An approximation of the cross-ambiguity
function is used to produce a range-Doppler map of the data
from each bistatic pair [24]. Detections are then found from
each coherent processing interval (CPI) of the processed
bistatic data via the method illustrated in Figure 1.

A two-dimensional Cell-Averaging Constant False-Alarm
Rate (CA-CFAR) detector is applied to the data in each range-
Doppler map with a probability of false alarm of 10−6. The
two-dimensional CA-CFAR mask consists of rings of two
guard cells and 10 training cells in range-Doppler space. The
detections are centroided in both range and Doppler and must
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Fig. 1. Method for determining detections from each bistatic
pair to be used for multilateration and velocity estimation.

be present in two subsequent CPIs. The remaining detections
are disambiguated in Doppler. The low PRF WiMAX wave-
forms are velocity ambiguous but the high duty cycle of the
signal (the downlink portion of the WiMAX frame constitutes
60% of the frame) results in the true velocity having the high-
est power in the cross-ambiguity function [24]. The disam-
biguated detections from each bistatic pair are used for mul-
tilateration and velocity estimation as described in Section 3.

3. DETECTION AIDED-MULTISTATIC VELOCITY
BACKPROJECTION (DA-MVBP)

DA-MVBP reduces the volume of phase-space that must be
searched to identify moving targets. This is achieved by ex-
tracting detections from individual bistatic pairs and using
those detections for multilateration and velocity estimation.

For each CPI the bistatic ranges of the detections from all
bistatic pairs in the multistatic system are used for multilat-
eration, the output of which is a set of candidate positions.
These positions, in conjunction with the bistatic Doppler
measurements of each detection, are used for velocity es-
timation, yielding a set of candidate velocity vectors. The
three-dimensional velocity vectors are then used to determine
the three-dimensional slice of the six-dimensional position
and velocity space that should be backprojected for a tar-
get at each of the candidate positions. Further assuming the
value of one component of the position vector allows a two-
dimensional position-position slice to be imaged via MVBP.
Examining the backprojected image around the initial po-
sition and velocity estimates may facilitate higher-accuracy
position and velocity estimates, which may be offset due to
detection processing.

In the experimental results presented in this work only
two transmitters of opportunity and a single receiver loca-

tion could be utilized resulting in only two bistatic pairs. The
transmitters, receivers, and targets of opportunity were not
coplanar but the height and one component of the velocity
vector of some of the targets were known, i.e., there were
cars within the area of interest that were at a known height on
a bridge and it was known that they were only moving across
the bridge, i.e., their altitude was fixed. The method described
above can still be employed to find a three dimensional posi-
tion and velocity vectors by inputting the known height of a
target into the multilateration step and inputting the known
component of the velocity vector (zero in the vertical dimen-
sion) into the velocity estimation step as described in Sections
3.1 and 3.2.

3.1. Multilateration Using Two Bistatic Range Measure-
ments and a Known Target Height

The following describes the process used to find a target po-
sition from two range measurements and a known third po-
sition dimension, in this case height. The method is simi-
lar to traditional multilateration as described in [25, 5] and
elsewhere in the literature, but the expressions given in this
section are tailored for a specific measurement scenario. Let
the position of a receiver be denoted pR = [xR, yR, zR]

T and
the position of two transmitters, or emitters of opportunity,
be denoted pA = [xA, yA, zA]

T and pB = [xB, yB, zB]
T. Two

bistatic range measurements from a possible target are given
by r = [ρA, ρB]

T, where ρA is the range from the emitter at
pA to the target to the receiver at pR. To multilaterate de-
tections from the passive bistatic experiment described in this
paper, the bistatic range was found by adding the direct path
distance, from the emitter of opportunity to the receiver, to
the bistatic range delta measurement, obtained directly from
the time difference of arrival at the receiver between the direct
path signal and the reflected return.

Define

S =

[
xR − xA yR − yA
xR − xB yR − yB

]
(1)

and

d =
1

2

[
ρ2A + ||pR||2 − ||pA||2
ρ2B + ||pR||2 − ||pB||2

]
, (2)

where || · || is the Euclidean norm, so that the multilaterated
position p = [x, y, z]T corresponding to the given bistatic
range measurements can be written as

p =
[ (
S−1d

)T −
(
S−1r

)T
ρR z

]T
(3)

where ρR is the still unknown distance from the receiver to
the target and z is the known height of the target.

The distance ρR can be found by calculating the quantities

a = S−1d, (4)

and
b = S−1r (5)
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in (3) so that [
x
y

]
=

[
a(1) + b(1)ρR
a(2) + b(2)ρR

]
. (6)

Rewriting the definition of ρR yields

ρ2R =(x− xR)
2 + (y − yR)

2 + (z − zR)
2

=x2 − 2xRx− x2R + y2 − 2yRy − y2R + (z − zR)
2

=(a(1) + b(1)ρR)
2 − 2xR(a(1) + b(1)ρR)− x2R

+ (a(2) + b(2)ρR)
2 − 2yR(a(2) + b(2)ρR)− y2R

+ (z − zR)
2 (7)

and (7) can be rearranged to obtain

0 = ρ2Rα+ ρRβ + γ (8)

where

α =b(1)2 + b(2)2 − 1

β =− 2a(1)b(1)− 2a(2)b(2) + 2b(1)xR + 2b(2)yR

γ =a(1)2 + a(2)2 − 2a(1)xR − 2a(2)yR − x2R − y2R
+ (z − zR)

2. (9)

Solving for the roots of (8) yields two solutions, ρR+ and ρR−,
so that there are also two possible solutions for the position
corresponding to the given range measurements r

p1 =
[
aT − bTρR+ z

]T
(10)

p2 =
[
aT − bTρR− z

]T
. (11)

It may be possible to deghost the solutions using the look di-
rection of the receiving antenna when the receiving antenna is
not omnidirectional.

3.2. Velocity Estimation Using Two Bistatic Doppler
Measurements and One Known Component

This section describes estimation of a three-dimensional ve-
locity vector using two bistatic Doppler measurements, a
known third component of the velocity vector, and the multi-
laterated position obtained using the process described in 3.1.
Unlike the previously described multilateration, estimation
of a three-dimensional velocity vector using two measure-
ments and a known third component reduces to solving a
simple system of two equations, reproduced in this paper for
completeness.

Let ν = [νA, νB]
T denote two bistatic velocity measure-

ments corresponding to a possible target at position p, where
νA is the velocity measurement from the bistatic pair consist-
ing of the emitter at pA and similarly for νB. The bistatic
velocity measurements are obtained by multiplying the corre-
sponding measured bistatic Doppler frequencies by the quan-

tity c0/fc where fc is the carrier frequency of the radar wave-
form or signal of opportunity. Define

Sv =

[
x−xA
||pA−p|| +

x−xR
||pR−p||

y−yA
||pA−p|| +

y−yR
||pR−p||

x−xB
||pB−p|| +

x−xR
||pR−p||

y−yB
||pB−p|| +

y−yR
||pR−p||

]
(12)

so that
ν = Svv (13)

and the velocity estimate is represented by the expression

v =
[ (
S−1v ν

)T
vz

]T
(14)

where v = [vx, vy, vz]
T is the velocity estimate for a target

at position p and vz is the known component of the velocity
vector.

4. EXPERIMENTAL RESULTS

This section applies the processing method described in Sec-
tions 2-3 to passive multistatic experimental radar data. DA-
MVBP is used to localize, in position and velocity space,
moving vehicles using two WiMAX towers as illuminators
of opportunity. The two towers each transmit a different
WiMAX communications signal with a center frequency of
2.667 GHz and a bandwidth of 10 MHz. The data consists of
2 CPIs each composed of 50 WiMAX frames. Table 1 gives
the measured bistatic range and bistatic range delta from each
tower to the vehicles and back to the receiver.

Table 1. Measured Bistatic Ranges and Bistatic Range Deltas
for the Moving Vehicles

Tower Measured Bistatic Measured Bistatic
Range (km) Range Delta (km)

Tower 1 9.71 5.35
Tower 2 6.86 3.62

Figure 2 presents the range-Doppler estimates from one
CPI of passive experimental data from the two bistatic pairs.
Clutter cancellation has been applied to the data. The two
subfigures show the same extent in bistatic range delta and
bistatic Doppler frequency and the red circles denote moving
vehicles that appear at ranges and Doppler shifts that will be
visualized via DA-MVBP later in this section.

The data is next processed according to the method de-
scribed in Section 2. The detections output by the two-
dimensional CA-CFAR detector from a single CPI are cen-
troided in range and Doppler. The centroided detections are
then passed through a “2 of 2” detector that utilizes a slid-
ing window and the remaining detections are disambiguated
in velocity. In the specific example shown in this paper the
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Fig. 2. Range-Doppler maps produced via QFTMF of the pas-
sive experimental data including moving vehicles from each
bistatic pair.

detections are velocity ambiguous due to the signals of oppor-
tunity utilized by the passive experiment. The disambiguated
detections from each CPI of data are then used for multilat-
eration and velocity estimation as described in Section 3 and
the produced velocity vectors are utilized by DA-MVBP to
visualize individual moving targets.

Next, the experimental data from the two bistatic pairs
are back-projected in space and velocity via DA-MVBP. Al-
though position and velocity estimates have been found from
the data, these estimates are not the final product but are used
to aid DA-MVBP. Many of the position estimates produced
by the method described in Section 3 are ghost target loca-
tions and do not correspond to a true target. However, the
candidate target locations can be used to reduce the search
through position and velocity space by limiting the number of
velocity vectors and the range of positions examined by DA-
MVBP. Figure 3 displays a two-dimensional (range, cross-
range) slice of the data cube formed by selecting the height

(z = 30 m), known a priori in this example, and the esti-
mated velocity vector consistent with a moving vehicle with
a velocity magnitude of 14.74 m/s and an azimuth direction
of 181.65o (relative to the x-axis) in the x-y plane. A binary
20o receive beampattern consistent with the receiver antenna
beamwidth has been overlaid on the image and a red circle
denotes the initial position estimate of the target.
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Fig. 3. Backprojection via DA-MVBP of a moving vehi-
cle from passive multistatic experimental data collected using
two WiMAX towers as illuminators of opportunity.

5. CONCLUSIONS

This paper discussed and experimentally demonstrated an
extension to Multistatic Velocity Backprojection (MVBP), a
previously presented method for processing and combining
data from multiple bistatic pairs in a multistatic radar sys-
tem. Detection Aided Multistatic Velocity Backprojection
(DA-MVBP) uses position and velocity estimates to select
the correct slice out of the full six-dimensional position and
velocity space that can be produced via MVBP, thereby facil-
itating imaging of a moving target without (or with limited)
prior knowledge of target parameters. DA-MVBP may also
enable enhanced parameter estimation and detection perfor-
mance over traditional multilateration of detections by using
the initial position and velocity estimates to seed the search in
phase-space for refined target position and velocity vectors,
which will have a maximum value in the backprojected im-
age. This process is currently being investigated to quantify
the benefit of DA-MVBP.
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