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Abstract—A passive Coherent Location (PCL) system uses the
signal transmitted by so called illuminators-of-opportunity in the
environment for the illumination of targets. It is then necessary
to recover the original transmitted signal to be compared to the
targets echoes. With CP-OFDM transmissions, it is quite easy
to recover the original data and then to reconstruct the original
transmission. But in the case of a Single Frequency Network
, characterized by the presence of several transmitters using
the same carrier frequency to broadcast the same signal, it is
necessary to use directional sensors or spatial filter. In this paper,
we propose two blind solutions : classical beamforming and
CAPON filtering. Results of real measurements are presented.

I. INTRODUCTION

A passive Coherent Location (PCL) system or Passive
Covert Radar is an emerging and highly promising technology,
which may be used in many application areas in the future [1],
(2], [3], [4].

A passive radar exploits the availability of so called
illuminators-of-opportunity in the environment for the illumi-
nation of targets. The illuminators, normally used for radio
or TV broadcasting, GSM transmissions, Wifi, etc. could be
associated to a Passive Covert Radar [5], [6], [7]. The key-
benefits of passive radar are, apart from its covert operation,
the low-cost nature due to saving on expensive transmitters as
well as detection of low-altitude and/or stealthy targets.

A. Context

A typical Passive Covert bi-static Radar scene is illustrated
in Fig. 1, where a standard transmitter illuminates a scene
composed of different static reflectors due to topography, to
buildings, ..., and one or several moving targets (here an
aircraft). A receiving antenna collects the radiations from the
transmitter (direct path) and from the different reflectors.

Usually, a passive radar is equipped with two receiving
channels: reference and surveillance channels. The signal
from the reference channel, is used as the original transmitted
signal (direct path) and compared to the surveillance signal.

Nowadays broadcast transmissions are changing more and
more from analogue to digital. With CP-OFDM signals, used
for Digital Audio and Video Broadcasting , Wifi transmissions,
etc., it is possible to recover the transmitted digital data
and then, to synthesize a sampled version of the original
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Fig. 1: Passive radar scene.

transmitted signal. The main difficulty of such a system will
be first, to extract from the surveillance signal the only direct
path and second, the very weak targets echoes. The direct
path, used as a reference signal, will be compared to the target
echoes in order to estimate the delay and the doppler effect.

After a brief description of the structure and properties of
the CP-OFDM signals (SEC II), we will recall the main steps
to process the demodulation of the signal in order to recover
the original transmitted data (SEC III). The single-frequency
network (SFN) broadcast is characterized by the presence of
two or more transmitters using the same spectrum to broadcast
the same signal. It is then necessary to use spatial filtering to
recover the original data. Two spatial filters will be elaborated
and results on real data will be presented in SEC IV.

II. CP-OFDM SIGNALS

The analog CP-OFDM signal is a sequence of OFDM
blocks of duration T ; the structure of each OFDM
block relies on an orthogonal frequency division multiplexing
(OFDM), which consists in a modulation method of orthogonal
sub-carriers.

Each OFDM block is composed of two parts : the useful
part of duration 7', and a redundant part of duration 7, called
the cyclic prefix (CP).

The useful part of the OFDM block #m is composed of
K orthogonal sub-carriers f, carrying a complex data dj’
which can only take M different numerical complex values,
depending on the M-array QAM modulation used. Note
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Fig. 2: Structure of a CP-OFDM block.

that orthogonality (on the duration T,,) between any pair of

sub-carriers requires that f = Ti
u

The cyclic prefix (CP) is obtained by copying the last part
of the block and attaching it in front of the useful part. The
duration T¢, of the cyclic prefix is usually assumed to be
greater than or equal to the delays of the echoes ; then, it
allows to eliminate inter blocks (ISI) and inter carrier (ICI)
interferences.

Assuming that the emitter time origin is taken at the
emission of the first OFDM block (m = 0), we can express,
in baseband, the m™ emitted OFDM block as:

dm(t Z ditexp(2in2-t) mT, <t < (m+1)T,.

And the dlrect path (the reference signal), sequence of

blocks
M
>
m=0

Then, the signal d(t) is upconverted using the carrier frequency
Fy and the transmitter sends d(t)e?™ o,

The main advantage of CP-OFDM communication tech-
nique is its ability to deal with multipath propagation without
complex equalization filters. We will detail the process to
recover the digital data {d}'} from the mixture received on
the antenna of the passive radar.

III. CP-OFDM DEMODULATION

The signal from the surveillance channel is a mixture of the
original transmitted signal (direct path) and echoes from static
reflectors and moving targets, corrupted by sensor noise (Fig.
1). In baseband, this signal can be written as :

Seuro (1) :(Ad(t—to) —&—Zaid(t—to — )

+Zﬁj

to — 1) i27rfft> 2imFot n(t)

ey
where

e tq is the propagation delay between the receiving antenna
and the transmiter,

e T; +10 and 7; + to are the delays between the receiving
antenna and respectively the i static reflector and the j"
target,

. [ 4 is the frequency shift due to the radial velocity of the
target 5 (Doppler effect),

e A, «;, f; are complex factors. o; and §; are related to
positions and radar cross section (RCS) of the different
reflectors.

o 7n(t) is the sensor noise contribution assumed to be
centered.

Let denote d,.¢(t) the reference signal, proportional and
delayed version of d(t), the surveillance signal can be written
as:

Ssurv (t) ( ref + Z a;d ref
Dby dres (t— 7)) t) T L (2).
J

A. Process

The process to synthesize a sampled version of the reference
signal d,.f(t) performs the following 7 steps :
1) Baseband downconversion
The surveillance signal Sgy.,(t) is analogically multi-
plied by e~2i7F 0t to get the signal in the baseband:

xsurv( ) == ( ref +Zaz ref )
+3 by dyes (t— 1) e t) eAmIerot (),
J

where fopo:= FOR — Fy is the carrier frequency offset
(CFO) between the transmitter and the receiver local
oscillators. A method to estimate the CFO can be found
e.g. in [8].

2) Sampling
The duration of each OFDM block is Ty, = N,.A,
with A the sampling period, given by the CP-OFDM
standard. We consider here that the sampling frequency
offset (SFO) effect is negligible. However, some esti-
mation and correction methods can be found in [8], [9],
[10]. If we assume that 7, = niA is an integer multiple
of the sampling period, then the sampled surveillance
signal yields

msurv( ): ( ref +Za2 ref n_nz)
+ Z bj drey (n—nj) 612”-7‘ ") e¥mferon o p(p).
J

3) Synchronization
The goal of this synchronization is to detect the begin-
ning of a CP-OFDM block.

Each CP-OFDM block is composed of K orthogonal
sub-carriers. P of them, called pilots frequencies, carry
a specific value {d,} . The values and the frequencies
{fp} of the pilots are given by the DVB-T standard.
The synthesized sampled time sequence of pilots, over
N OFDM blocks, is
P
xp(n) = dee%”fp” n=1

p=1

..N.N,,
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6)

Nota : The DVB-T norm imposes that the frequencies
of some pilots (continual and TPS) are the same for all
OFDM blocks. The frequency of scattered pilots differs
from one block to another, with a periodicity of four
blocks. Here, for simplicity, this detail is omitted (see
[?D.

The position mg of the first peak of the intercorrela-
tion sequence between the sampled surveillance signal
Zsurv(n) and the sequence of pilots zp(n) gives the
position of the first OFDM block.

Then, the surveillance signal can be written as a se-
quence of N OFDM blocks, with the block #m
Equalization

For each OFDM block, the cyclic prefix will be re-
moved. The block #m is equal to

K—1 A

m B i 2imen

xsurv(n) - E k€ T,
k=0

where dj* = H m(T%)dZL is the complex amplitude of
the k™ sub-carrier. This value can be easily obtained by
Inverse Fast Fourier Transform.
The values {d;'} of the pilots are known, and the
frequency response of the propagation channel is known
for the pilots frequencies {f,"}

m

p
m
dP

H™(f;") =
The frequency response of the propagation channel,
H(#£) for k # p, is obtained by linear interpolation.
Then, an estimation of the transmitted data can be
obtained by equalization,

T=dp < H().

T, 2

This equalization will be done for each block. Figures
6 or 7 show the real part versus the imaginary part
(constellation diagram) of the equalized data {dj} for
N OFDM blocks. We can note here that the data {dj}
take only 16 different complex values plus 4 real values
used for the pilots.

CFO correction

The continual and TPS pilots have the same frequency
fp for each OFDM block. The Carrier Frequency Offset
will be estimated by the phase shift of data pilots
through N OFDM blocks. The average phase shift for 60
OFDM blocks is plotted on figure 3. A linear regression
estimation will give the slope S of the line and the
estimation of fopo = % Multiplying the gy (n)
by e~2mferon will correct the CFO effect.

Then after correction, the equalization process will be
done again as it is described above.
Mapping

phase
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Fig. 3: Average of the phase shift fover 60 OFDM blocks
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The binary flow was encoding with a 16-QAM. We have
then to map the equalized set {dj } to 16 complex values
plus 4 real ones to obtain the original transmitted data.
Reconstruction of the reference signal

From the original transmitted data set,the sampled useful
part, of duration T',, is obtained by FFT for each OFDM
block. Then by copying the last part and attaching it in
front, we will reconstruct the OFDM block of duration
Ts.

IV. DEMODULATION IN SFN NETWORK CONFIGURATION:

RESULTS ON REAL MEASURMENTS

A. Context

A

single-frequency network (SFN) is a broadcast network

characterized by the presence of several transmitters using the
same carrier frequency to broadcast simultaneously a same
signal.

The campaign of measurements, we present, uses three
DVB-T SFN illuminators (§8K-mode, 514 MHz). The receiver
is an array composed of 16 sensors. The positions of the
different illuminators and the receiver are described on figure

4.
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Fig. 4: Positions of the illuminators and the PCL receiver.



The direct path of the illuminator #1is followed by the
strong direct paths of the illuminators #2 then #3, which can
be seen as “strong echoes”.

B. Modelling

With P transmitters in the SFN, the surveillance signal, can
be modelled as

P P
Soura () =( 30 Ap dlt = t) + (3 Y e dlt = 73,
p=1 p=1 1

P
+ Z Z By, d(t — Tp’jt)ei%fs’jt) e?imhot 4 n(t)
p=1 j

where d(t —t,) is the direct-path signal of p-th transmitter
and A, the corresponding complex amplitude; «,; and 8, ;
are the complex amplitude of static reflectors and the targets
echoes and 7, ; and 7, ;, the delays.

Here, the signal of interest (the mos powerful) is the direct
path from the nearest transmitter, called the reference signal.
Then the surveillance signal, after baseband downconversion,
can also be written as,

T surv (t) = (
dreg (1) + ) idreg (t —75) + dyey (t — 75) €275
2%}

P

p=2
)e2iﬂfcpot+n(t).

The main issue, when SFN illuminators are considered is
that the P “strong echoes” due to these different transmitters
produce a deep modulated channel frequency response so that
the interpolation process fails.

Thanks to the CP-OFDM structure of the DVB-T signals,
the synchronization can still be achieved by correlation with a
pilot sequence. But if any spatial process is done to enhance
the direct path from the nearest transmitter, then it will be
impossible to recover the original data interpolating the pilot-
free frequencies. The results (Fig. 5) are obtained when a
single sensor is considered.

C. Spatial blind enhancement

The goal is here to enhance the signal emitted from the
nearest transmitter.

Let us consider

o {xl,.,(n),...2M (n)}, the surveillance
recorded on the M sensors of the antenna,

e Xg, the observations vector,
Xs = [x;urv (’I’L), T J"%rv (n)}T’

o R spatial covariance matrix of the observations, Rx =
Xg.Xs

signals

To enhance the signalfrom the direction of arrival (DOA) 6,
corresponding to the nearest transmitter, we have to estimate

Fig. 5: Constellation diagram of the equalized data (without
any spatial processing)

the steering vector d(f;). For example, when a uniform
(sensors equally spaced) linear antenna is considered, it is well
known that the steering vector yields

d(01) _ [17 €2i7ru(91), s e2i7r(M71u(61)]

where u(61) = Isin(61)/)\, [ is the distance between two
adjacent sensors and A\ the wavelength corresponding to the
carrier frequency.

We show in the full paper that this steering vector can
be blindly (without any geometrical or DOA consideration)

Z Apd(t —t,) + Z ap i d(t —7p4) + Bpd(t — Tmt)em”fg,jtestimated using both the sequence of pilots xp(n) used for
4,

the synchronization and the synchronized surveillance signals
m

2™ . (n). We show in particular that d(f;) can be estimated
using
~ r r
d(6,) = |1, 20 Lu©)|r
' (0) ' (0)

where T',,(0) := E{ap(n)zD,.,(n)}.

Now, from this estimated steering vector corresponding to
the nearest transmitter, one can implement a spatial filtering in
order to produce a beam where the contributionof the strong
echoes due the presence of the other transmitters is reduced.
In this study, we consider two different spatial filters w(61):

o The classical beamformer:

WCB(Gl) = d(01)
e The CAPON beamformer:

R, 'd(6;)
(0:1) R 'd(61)

The two following figures shows the constellation diagrams
obtained with the different spatial filters before the mapping
step. One can see that in particular with the CAPON filtering,
the quality of the obtained constellation is sufficiently good so
that the last mapping process conducts to a perfect reference

signal recovery. These figures have to be compared with Figure
5 where no spatial processing was implemented.

w 01) = =
caron(bh) 3
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Fig. 6: CB-equalized data constellation diagram (0.4 Hz CFO
compensation)

Equalized Constellation from the beam

Fig. 7: CAPON-equalized data constellation diagram (0.4 Hz
CFO compensation)

V. CONCLUSION

The Single Frequency Network broadcast is used in many
countries : Germany, North of Europe, China, etc.. For such a
network, the reference signal recovery needs a spatial process-
ing. Two solutions were implemented : classical beamforming
and spatial CAPON filter with a blind estimation of the
steering vector of interest. The results obtained with real
data indicate that the CAPON filter gives better results;
the constellation diagram of the estimated data exhibits a
satisfactory variance. Now, the computation of such a filter
requires many operations while the implementation of classical
beamforming is quite simple.

The main advantages for the Passive Coherent Location
using CP-OFDM in a SFN mode is to have the targets
illuminated by several transmitters. It is then possible to
localize accurately the targets.
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