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Abstract: The Adcock antenna array is widely used in electronic warfare for direction finding of emitter sources. However, in
frequency modulated (FM)-based passive bistatic radar (PBR) the traditional Adcock antenna-based direction finding methods
cannot work well because weak target echoes are embedded in the background of strong direct signals, multipath and clutter
echoes. A method using a four-element Adcock antenna array is developed for horizontal plane 3608 target direction
measurements for FM-based PBR. By using numerical simulations, the performance of the proposed method is studied for
both single and multiple targets, and finally its effectiveness is demonstrated for real data.

1 Introduction

In recent years, the use of passive bistatic radar (PBR) for
surveillance purposes has received renewed interests [1].
PBR systems exploit existing transmitters as illuminators of
opportunity to perform target detection and localisation.
Among the many different transmitters available and used
in the past as sources of opportunity, the broadcast
transmitters of the commercial radio stations in the
frequency-modulated (FM) band 88–108 MHz are
especially attractive – both for the generally high level of
transmitted power and for the wide coverage [2, 3].
Especially in [2], using FM as a transmitter of opportunity,
Howland showed that targets can be detected and tracked
over a large area, at ranges of up to 150 km.

A target’s direction of arrival (DOA) is very important for
target location and tracking in PBR [2, 4]. Like the method
presented in [2], we can first locate the target on a bistatic
range ellipse using the target’s relative bistatic range, and
then locate the target on a certain point of that bistatic range
ellipse using the target’s DOA. We can also use the target’s
DOA and Doppler to locate and track it [4]. However, in
PBR the weak target echoes are usually embedded in the
background of direct signals, multipath and clutter echoes
(DMC), and so conventional methods of direction finding
(such as the method presented in [5]) cannot be used
directly in PBR. So a different method of DOA estimation
is needed in PBR.

Among the early researches, Howland used a pair of eight-
element Yagi–Uda antennas to perform target bearing
measurement [2, 4]. In [4], the receiving system was located
far away from the transmitter source and mounted on a high
tower, to decrease the DMC, and then spectral analysis was
used to further decrease the influence of DMC on the target’s

DOA estimation; using this method, the influences of DMC
are still very large, and there is directional ambiguity. In [2],
DMC received by the two surveillance antennas was first
cancelled, then, after delay-Doppler cross correlation
between the remaining signals from the two antennas and
direct signal, the estimation of target’s DOA is performed
using the phase difference of the correlated signals from the
two antennas. Therefore in [2] the influences of DMC and
noise on target’s DOA estimation and the interference of
targets are greatly decreased; however, there is still an
element of directional ambiguity and the strong target may
affect the DOA estimation of the weak target.

Owing to the advantage of omnidirectional coverage of the
circular antenna array, many early works [6, 7] have referred
to the application of the circular antenna array in PBR.
However, they mainly considered using the circular antenna
array to perform beamforming. In this paper, a method
using a circular antenna array, a four-element Adcock
antenna array, for target direction measurement in FM-
based PBR is developed. Similar to [2], in this method
DMC are also first cancelled, and then the estimation of
target’s DOA is performed using the phase difference of the
correlated signals from the four elements of Adcock
antenna array. However, because a four-element Adcock
antenna array is used as surveillance antenna, a different
target-DOA estimation method is developed; in our method,
a strategy of solving quadrant ambiguity is applied to make
certain that the target’s DOA can be measured in the range
of 3608 in the horizontal plane. In addition, to decrease the
influence of strong targets on the DOA estimation of weak
targets, we point out that we can cancel the strong targets
(while retaining in memory the DOA of strong targets)
using the method presented in [8, 9], before measuring the
DOA of weak targets.
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Although we focus on the use of FM radio signal in this
paper, it should be noted that the approach can be applied
to many other transmissions of opportunity, such as
waveform from digital modulation (DVB-T, DAB and
GSM). Indeed, using digital waveforms as transmission of
opportunity (which have better range resolution than FM), a
better DOA estimation performance may be obtained.

2 Signal model

The geometry of the receiving system is shown schematically
in Fig. 1. We use an independent antenna as reference antenna
(which steered towards the FM transmitter) to receive the
direct signal from the transmitter and the four elements of
Adcock antenna array as the surveillance antennas which
receive not only the direct signal but also the multipath,
clutter echoes and the signals reflected from the moving
target (it should be noted that we can also use only the
four-element Adcock antenna array as both reference
antenna and surveillance antenna, with the direct signal
obtained by forming a beam in the direction of transmitter.
In this paper we use an independent reference antenna to
obtain a more clean direct signal). Then we transform the
received analogue signals to digital baseband signals,
respectively. Usually, the DMC received by the four
elements of Adcock antenna array are much stronger than
the signals reflected by the target. So we first remove
DMC using the clutter cancellation algorithm, for example,
batch version of extensive cancellation algorithm (ECA-B)
[8]. As FM signal can be seen as a narrowband signal, after
cancellation the signal from the four elements of Adcock
antenna array can be represented as

ssurvi
[n] =

∑NT

m=1

amd[n − tmfs]e
j2pfdmn/fs ejfi + zsurvi

[n]

i = 1, 2, 3, 4 n = 1, . . . , N (1)

where N is the total sample number and fs is the sample rate;
NT is the number of target received by the four elements of
Adcock antenna array; i ¼ 1, 2, 3, 4 is the antenna element
number; d[n] is the nth sample of the direct signal (a
delayed replica of the transmitted FM signal); am is the
complex amplitude of the mth target; tmfs is the delay bin
(with respect to the direct signal) of the mth target; fdm is
the Doppler frequency of the mth target; zsurvi

[n] is the nth
sample of the additive noise and remaining clutter of the ith
array element (i ¼ 1, 2, 3, 4); fi ¼ bRcos(gi 2 wm) is the
phase difference of the ith array element with respect to the

centre of antenna array, wm is DOA of the mth target and
gi ¼ p(i 2 1)/2 is the angle of the nth element, b ¼ 2p/l
(l is the wavelength) and R is the radius of the antenna
array (as depicted in Fig. 2.).

The signal received by the reference antenna can be
represented as

sref [n] = Aref d[n] + zref [n] n = 1, . . . , N (2)

where Aref is the complex amplitude and zref(n) is additive
noise.

In order to improve the signal 2 noise ratio (SNR) of
targets and further decrease the influence of remaining
DMC on target DOA estimation and the mutual interference
of targets, we evaluate the delay-Doppler cross-correlation
function between the remaining signals from each array
element and the reference signal, respectively

j[i, l, p] =
∑N−1

n=0

ssurvi
[n]s∗ref [n − l]e−j2ppn/N (3)

where l is the time bin representing the time delay t[l ] ¼ l/fs,
p is the Doppler bin representing the Doppler frequency
fd ¼ pfs/N, ∗ represents conjugate.

The value of the ith cross-correlation function in the
Doppler bin and time bin of the first target (l1 ¼ t1fs,
p1 ¼ fd1N/fs) can be represented as

j[i, l1, p1] = jt[i, l1, p1] + js[i, l1, p1] + jn[i, l1, p1] (4)

where jt(i) is the peak caused by the first target and can be
written as

jt[i, l1, p1] =
∑N−1

n=0

Aref a1d[n − t1 fs]d
∗[n − t1 fs]e

jbR cos(wi−w1)

(5)

js(i) is the total side lobe of other targets and can be written as

js[i, l1, p1] =
∑N−1

n=0

∑NT

m=2

Aref amd[n − tmfs] d∗[n − t1 fs]xi,m

(6)

With xi,m = ej2p(fdm−fd1)n/fs ejbR cos(wi−wm), jn(i) is the disturbance

Fig. 1 Receiving geometry of the direction finding system Fig. 2 Adcock antenna array geometry
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and can be written as

jn[i, l1, p1] =
∑N−1

n=0

(ssurvi
[n]z∗ref [n − t1 fs]

+ zsurvi
[n]sref [n − t1 fs])e

−j2pfd1n/fs (7)

3 Direction finding

In this section, we will give a method to find DOA of targets.
First we consider the condition of single target and then
multiple targets.

3.1 Single target

When only one target is considered, the disturbance term jn(i)
is set to be zero for convenience. So (4) can be rewritten as

j[i, l1, p1] = jt[i] (8)

According to (5), (8) and gi ¼ p(i 2 1)/2, we can rewrite the
values of the four cross-correlation functions as

D1 = j[1, l1, p1] � AejuejbR cos(w1)

D2 = j[2, l1, p1] � AejuejbR sin(w1)

D3 = j[3, l1, p1] � Aejue−jbR cos(w1)

D4 = j[4, l1, p1] � Aejue−jbR sin(w1)

(9)

where

A = amplitude
∑N

n=1

Aref a1d(n − t1 fs)d
∗(n − t1 fs)

( )
(10)

and

u = angle
∑N

n=1

Aref a1d(n − t1 fs)d
∗(n − t1 fs)

( )
(11)

Then we can acquire the following equations

X13 = |D1/|D1| − D3/|D3|| = 2|sin(bR cos(w1))|
X24 = |D2/|D2| − D4/|D4|| = 2|sin(bR sin(w1))|

(12)

If R and l have the relation R ≤ l/4, the inequality (13) holds
for any w1

−p

2
≤ bR cos(w1) ≤ p

2

−p

2
≤ bR sin(w1) ≤ p

2

(13)

Therefore in this case the arcsine of X13/2 and X24/2 can be
written as

arcsin(X13/2) = bR| cos(w1)|
arcsin(X24/2) = bR| sin(w1)|

(14)

Then we can acquire

ŵ1 = arctan
|arcsin(X24/2)|
|arcsin(X13/2)| (15)

So far, there is the remaining problem of placing ŵ1 in the
proper quadrant. This requires the knowledge of the sign of
cos(w1) and sin(w1).

Consider the difference between D1 and D3, and the
summation of D1 and D3

D1 − D3 = j2Aeju sin(bR cos(w1))

D1 + D3 = 2Aeju cos(bR cos(w1))
(16)

Then we multiply the image part of D1 2 D3 with real part of
D1 + D3

Im{D1 − D3}Re{D1 + D3}

= 4A2 cos2(u) sin(bR cos(w1)) cos(bR cos(w1)) (17)

According to (13) and (17), we can obtain the formulation
(18)

sign(cos(w1)) = sign(Im{D1 − D3}Re{D1 + D3}) (18)

The sign of sin(w1) can be acquired as the same

sign(sin(w1)) = sign(Im{D2 − D4}Re{D2 + D4}) (19)

It should be noted that in this section the results are acquired
in the absence of disturbance, and so the estimation result of
the target’s DOA is exact. However, in practice the
disturbance always exists, which will induce estimation error.

3.2 Multiple targets

In this section, the case of multiple targets is considered. The
FM radio signal has a characteristic of noise-like. In the
ambiguity function of FM signal, the side lobe outside
the main lobe is usually low. So after delay-Doppler cross
correlation, when two targets are not very close, the
interference of the two targets is similar to the influence of
noise or clutter on targets. However, in this paper, we
cannot give the strict boundary with regard to when the two
targets are separated adequately, because in FM-based PBR,
the side lobe structure is a time-varying feature which
changes with the programme being broadcast and total
coherent integration time. Fortunately, in PBR the total
coherent integration time is usually long, which can bring a
high-enough Doppler resolution. For example, when the
total coherent integration time is 0.4 s, the Doppler
resolution is calculated as 2.5 Hz (Df ¼ 1/T, Df is the
Doppler resolution, T is the total coherent integration time).
As a result, most targets can be separated in the Doppler
domain, although the poor range resolution (typically
3–30 km) of FM-based PBR induces that some targets
cannot be separated in the range domain. Therefore when
multiple targets (and all of them are separated in the range
or Doppler domain) received by the four elements of
Adcock antenna array and the energy of all targets are
similar (i.e. no strong targets exist), the DOA of all targets
can be measured using the method described above. If
strong targets exist, we can first evaluate the DOA of strong
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targets, and then remove the strong targets. References [8, 9]
presented their own method regarding how to remove the
strong targets. In this paper we use the method in [8], that is,
the strong targets can be cancelled using the formulation (20)

ssurv1i
= [IN − X (XHX )−1XH]ssurvi

i = 1, 2, 3, 4 (20)

where ssurvi
= [ssurvi

[1], . . . , ssurvi
[N ]] represents the signal

vector (where the DMC has been cancelled) from the ith
array element; IN is an N × N identity matrix, H represents
conjugate transpose; X is a time-delayed and frequency-
shifted replica of the reference signal, which defines the
subspace spanned by the strong target. With the respect to
the exact expression of X, the readers can refer to [8].

After removing the strong target, the DOA of other targets
can be measured.

4 Performance analyses

In this section, we will give some simulated and real data
analysis. The related parameters for both simulated and real
data are described in Table 1. From Table 1 we can easily
know that the condition R ≤ l/4 is met. It should be noted
that ECA-B [8] is used to cancel the DMC.

4.1 Results based on simulated data

The direct signals d[n] used in the simulation are taken as the
FM signals collected in the actual environment by a
directional antenna with 3 dB beamwidth of about 408.
Multipath and target echoes are simulated as time-delayed
or frequency-shifted replicas of these direct signals with
amplitude modulated.

An example of the range-Doppler domain considered in
this section is illustrated schematically in Fig. 3. It
includes the direct signal with a direct SNR of about
35 dB and the number of scatters Nc ¼ 10. Clutter spikes
can be observed with a clutter-to-noise ratio in the range
of 5–30 dB in range bins between 0 and 30 km. There
are six target echoes whose characteristics are listed in
Table 2. Note that target 1 is labelled as ‘strong target’
since its SNR is well above those of 2–6. The SNR on
the reference antenna is 40 dB. It should be noted the
SNR in this section is calculated before delay-Doppler
cross correlation.

First, we consider only the echo of target 2 received by the
four elements of Adcock antenna array, that is, the echoes of
other targets in Fig. 3 are not received, but the direct signal
and clutters are still retained as depicted in Fig. 3. The SNR
of target 2 is set at different values. Then the DOA of target
2 is measured using the method described above.

With respect to each SNR of target 2, 100 independent
trials have been conducted to give the root mean-square
error (RMSE) of the estimation

RMSE =
∑100

n=1

(ŵ(n) − w)2/100

[ ]1/2

(21)

where ŵ(n) is the estimation of the nth trial. The results in
Fig. 4 show that the RMSE is about 48 when the SNR is
equal to about –33 dB, and is about 0.78 when the SNR is
equal to about –20 dB. This estimation accuracy can be
considered high when the weak target is embedded in the
background of strong DMC and noise.

Then all the targets depicted in Fig. 3 and Table 2 are
considered to be received by the four elements of the
Adcock antenna array. In this case, first we cancel the
DMC, then after delay-Doppler cross correlation between
the signals from each array element and the reference
signal; each target’s DOA is measured using the method
described in Section 3.1. In order to decrease the influence

Table 1 Related parameters for both simulated and real data

radius of the array R 0.6 m

wavelength l 3.22 m

total number of samples N 100 000

sample frequency fs 250 kHz

Fig. 3 Sketch of reference scenario

Table 2 Target echoes parameters for simulated scenarios

Target 1 2 3 4 5 6

range, km 94.8 42 110.4 18 48 90

Doppler frequency, Hz 253 80 280 50 90 280

SNR, dB 23.5 220 221.6 221.6 220 218.7

Fig. 4 Performance of DOA estimation in the case of one target,
bearing 138.68
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of target 1 on other targets’ DOA estimation, we then remove
target 1 using the formulation (20).

Then after delay-Doppler cross correlation between ssurv1i
and the reference signal, the DOA of target 2–6 can also be
measured. The results before and after cancelling the first
target are shown in Tables 3 and 4 (100 independent trials
have been conducted). From Table 3 we can see that when
the strong target exists, the DOA estimation accuracy of
targets close to the strong target is poor (such as target 3
and 6, especially, target 6. It should be noted there are 11
trials where target 3 is located in a wrong quadrant, that is,
we acquired the wrong sign of cos(w3) or sin(w3). These 11
trials have been eliminated when we calculate the RMSE
and mean of target 3 in Table 3.). However, the influence

of strong target on targets far away is much smaller (such
as target 2, 4 and 5). From Table 4 we can see that when
no strong target exists the influence of one target on another
is small.

Finally, in order to show the interference of two targets in
more detail, we consider another case that the four elements of
Adcock antenna array receive only two pure target echoes
with the same energy, that is, no DMC and additive noise
are included. We fix the first target echo in the bistatic
range of 0 m and the Doppler frequency of 0 Hz, whereas
the second target echoes are set to be in the different
bistatic range and Doppler frequency. Then after delay-
Doppler cross correlation between the received signal and
direct signal, the DOA of the second target is estimated.

Table 3 Targets’ DOA estimation performance before cancelling the strong target

Target 1 2 3 4 5 6

true DOA, 8 253.8 138.6 183.6 282.6 192.6 12.6

mean of estimation, 8 253.8 138.0 179.7 281.6 191.6 253.9

RMSE, 8 0.1258 1.0517 4.2621 1.3786 1.4030 241.2667

Table 4 Targets’ DOA estimation performance after cancelling the strong target

Target 2 3 4 5 6

true DOA, 8 138.6 183.6 282.6 192.6 12.6

mean of estimation, 8 137.9 184.6 281.8 192.8 12.9

RMSE, 8 1.1037 1.4640 1.2476 0.9568 0.7784

Fig. 5 DOA estimation errors of the second target when it locates in a different bistatic range and Doppler frequency

a 2D representation
b Zero range cut
c Zero Doppler cut
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The DOA estimation errors (the difference between the actual
value and estimated value) of the second target when it
locates in the different bistatic range and Doppler frequency
are shown in Fig. 5. It should be noted that in this simulation
the actual bandwidth of the direct signal is 100 kHz
corresponding to the bistatic range resolution of 3 km, the
total integration time is 0.4 s (100 000 sample) corresponding
to the Doppler resolution of 2.5 Hz. The actual DOA of the
two targets is 338 and 1228, respectively. From Fig. 5 we
can see that when the second target is within the main lobe
of the first target, the interference of the two targets are very
large, which induces the DOA estimation error to reach up to
108. However, when the second target locates outside the
mainlobe of the first target, the DOA estimation errors is
usually less than 28. The further the two targets separate, the
less the interference of the two targets tends to be. For
example, when the second target locates in the range of
4800 m and Doppler frequency of 4 Hz, the DOA estimation
error is 1.58, whereas the DOA estimation error is 0.68 when
the second target locates in the range of 7200 m and Doppler
frequency of –8 Hz.

4.2 Results based on real data

In this section the effectiveness of the above method are
demonstrated using a real data set derived from an
experimental PBR. In this design, two antennas (one is
the reference antenna with 3 dB beamwidth of about 408
pointing towards an FM transmitter, and the other is the
Adcock antenna array) are used to exploit FM signals.
Outputs from the antennas are then connected to a high-
quality five-channel A/D converter with a 14-bit
resolution. After sample, the digital signals are transferred
to PC in order to be processed by MATLAB. The
processing flow diagram in MATLAB is shown in Fig. 6.
As seen in Fig. 6, after digital down-conversion to a
complex baseband, appropriate filtering and channel phase
calibration, the signals were used to detect targets. In this
paper a point in the range-Doppler surface can be seen as
a target echo only when its amplitude is 8 dB above the
average power level of the total range-Doppler surface and
such points can be detected in consecutive range-Doppler
surface for the same or adjacent cells. In the end, we find
DOA of the detected targets using the method described
above. The phase mismatch between the four surveillance
channels is removed in software using a simple calibration
coefficient. The experimental data were recorded during a
field experiment in the northwest part of china near a civil
airport.

Fig. 7 represents a target DOA estimation result when only
one target is received by the four elements of the Adcock
antenna array. In Fig. 7 the value of DOA being equal to 08
means that the target has not been detected at that time.
However, compared with the simulations, the real data may
be exposed to the worse remaining DMC and pollution of
reference signal, as well as the remaining phase mismatch
of surveillance channels. This brings out the fact that the
DOA estimation error of real data may be larger than that
of simulated data (in this paper we cannot give the RMSE
of DOA estimation of real data because the true location of
the non-cooperative target is not known to us). From Fig. 7
we can see that the values of the measured DOA are
consecutive. Using the target’s relative bistatic range and
DOA, we can determine the location of the target. This
result is shown in Fig. 8 where Rx represents receiver and
Tx represents transmitter.

Fig. 9 represents the DOA estimation result when two
targets are received by the four elements of Adcock antenna
array. Although the relative bistatic range (about 20–50 km)
of target 1 is higher than that (about 70–100 km) of target 2,
the echo energies of these two targets are similar (this may
be because the radar cross-section (RCS) of target 1 is
smaller than that of target 2). So the DOA estimation of
these two targets are performed in the same range-Doppler
surface, that is, no target is removed when the DOA of the
other target is measured. As seen in Fig. 9, both targets 1
and 2 can be seen as being located in the direction of

Fig. 6 Processing flow diagram in MATLAB

Fig. 7 DOA estimation result when one target is received
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about 458. However, there are some detections whose DOA are
about 1308. The reason causing this is that we locate these
detections in a wrong quadrant. After adjusting these

detections in an accurate quadrant, the tracks of targets 1 and
2 are shown in Fig. 10.

5 Conclusions

This paper develops a method of direction finding in FM-
based PBR with a four-element Adcock antenna array. In
this method, we first cancel DMC, and then if there are
strong targets, the strong targets are removed after the DOA
estimation of the strong targets is performed. So we
eliminate not only the influence of DMC on the target DOA
measurement but also the influence of strong targets on the
weak targets. Simulated results show that the estimation
accuracy is high in the case of different SNR when a single
target is considered. When multiple targets have been
considered, the high estimation accuracy can also be
acquired in the case of no strong targets (or the strong
targets have been removed). This method can measure the
target’s DOA in the range of 3608 in the horizontal plane.
Finally, its effectiveness is demonstrated with the
application to real data.

In this paper, all the real-life targets reported are located on
the extended baseline. In this geometry, aspects such as range
resolution and Doppler resolution are roughly like that in the
monostatic case, that is, the bistatic angle is close to zero.
However, in reality, the transmitter–receiver-targets
geometry can be random. When the system geometry
configuration is different, a different DOA estimation
performance may be obtained. So in the future work, the
DOA estimation performance with transmitter–receiver-
targets in other geometry should be validated.
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