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Abstract—In passive radar, two main challenges are: mitigating B. Current State-of-the-Art
the direct blast, since the illuminators broadcast continwusly,
and achieving a large enough integration gain to detect targts. Earlier systems working with analog broadcast (TV/FM)
While the firsrt] has (th bet S?Lve%i“ pag_tﬁin the an?log palrt Ct’f t&e used the direct blast as a noisy template to implement an
processing chain, due to the huge difference of signal strg : . . -
between the direct blast and weak target reflections, the send approximate matched filter [3]__ [5]. Newly a\_/allabdagltal
is about combining enough signal efficiently, while not sadficing Proadcast systems allow passive radar receivers to pgrfect
too much performance. When combining this setup with digith reconstruct the transmitted signal after successful demod
multicarrier waveforms like orthogonal frequency division mul-  |ation [6]-[9]. A practical concern is that received signal
problem can be seen to be a version of multiple-input multips- blast and targets, which cannot be handled by analog-iéatlig

output (MIMO) radar. We start with an existing approach, based . o .
on efficient fast Fourier transform (FFT) operation to detea CONverters, and this makes additional analog pre-comfiensa

target signatures, and show how this approach is related to a Of the direct blast necessary. A current state-of-theyestiesn
standard matched filter approach based on a piece-wise comstt has the following structure:

approximation of the phase rotation caused by Doppler shift ) )

We then suggest two more applicable algorithms, one based on 1) The broadcast signal is decoded and perfectly recon-
subspace processing and one based on sparse estimation. We structed based on the dominant direct blast.

compare these various approaches based on a detailed simtida 2) Analog attenuation of the direct blast is used to bring
scenario with two closing targets and experimental data rearded the dynamic range below 70 dB.

from a DAB network.in Ggrmany. . 3) The si lis divided int i
Index Terms—Multi-static radar, subspace algorithms, sparse ) e S|gna_|s _'V' _e Into segmen S )
estimation. 4) Matched filtering is performed efficiently in the fre-
guency domain using the fast Fourrier transform (FFT).
. INTRODUCTION 5) A second Fourier transform in executed across segments
to separate low SNR targets from the dominant direct

A. Passive Radar: Motivation & Challenges blast based on their non-zero Doppler rate.

In passive radar, illuminators of opportunity are used to . . . .
detect and locate airborne targets. This is essentiallpanee | "€ output of such a processing chain are bi-static range
as a bi-static radar setup, as sender and receiver arecdiety 2nd range-rate. This implementation is especially appleca
and time difference of arrival (TDoA) measurements pladd Multi-carrier digital broadcast systems, such as digita
targets on ellipses around the sender-receiver axis. has gudio/video broadcast (DAB/DVB), as the transmit signal is
differences though, what makes passive radar attrachivees i specifically designed for frequency domain equalization.
the illuminators are not part of the radar system, its presen
is virtually undetectable; ii) illuminators of opportupitre C. Our Work
often radio and tv stations, broadcasting in the VHF/UHF
frequency bands otherwise not available to radar appdicati  \We investigate passive radar starting from the DAB scenario
The benefits of VHF/UHF radar are discussed in [1], [2] considered in [7], [9]. The transmitted multi-carrier sigin

Challenges connected to implementing a passive radar syses orthogonal frequency division multiplex (OFDM), wic
tem are mostly due to using broadcast signals not underalonig especially amenable to the FFT based approach outlined
for illumination. The transmitted signals are not known above. Our contributions are the following,
priori, so a regular matched filter based receiver cannot be . .
implemented easily. Second, although broadcast antemeas al) :i/zl)i tgséogﬁgx Shj':vi? itgz ea(s/;tle?ﬂghfhdefllt?arc];g;]lga:
sectorized at times, since broadcast signals have to cover roach outlined above basqed on several ap roximatiopns
a large area, the send antennas are approximately isotropiE (JN ¢ I : Ui PP hes. incl d.
and there is no significant transmitter gain. This leads to ) Ve suggest several super-resofution approaches, mciu
passive radars operating at a very low signal-to-noise rati ing sparse estimation (Basis Pursuit) and sub-space
(SNR). Last, since the illumination is continuous, thereds methods (MUSIC).
easy time-domain way to separate the direct blast from tarde use a detailed simulation study and experimental data fro
reflections, as is typically done in bi-static settings. a recording campaign in Germany to test our approaches.



Il. SIGNAL MODEL Due to limitations in signal processing complexity, theagel
A. Transmitted Signal dimension7 is usually only evaluated at discrete points.

As the transmissior(¢) is divided into blocks of lengtl™,
The digital audio broadcast (DAB) standard [10] use *) g

h | f divisi Lol OFDM . See (3), each consisting of a signal of len@trand a cyclic
orthogonal frequency division multiplex ( ) usiny extension of lengthl,,, assuming that the largest possible

frequencies that are qrthogonal given a rectangular wind@gIay is smaller than the cyclic extension.. < Tip, the
of lengthT" at the receiver, correlator in (5) can be implemented as,

N/2—1 ,
- Ti/T" T 4T
w(t)= Y sl (). @ A / —j2mafet K (4 _
= (7)) = ; P a*(t —F)y(t)dt  (6)
Each block carriesN data symbolss;[n]; the frequencies o/
are orthogonal because the frequency spacinfy fs= 1/7, = Z = I2man ST’ L0 (7). (7)
whereby the transmitted waveform is extended periodidally i=0

T¢p to maintain a cyclic convolution with the channel, i.e., The integration timeZ is chosen as an integer multiple of

| te [T, T T', which means we coherently combine a certain number of
q(t) = ey (2) OFDM blocks, and we define the correlator output of itre
0 otherwise block as,
We define a symbol duration & = T' + T¢;,. The broadcast ;) T P . -
signal is continuous as, 2 (F) = /0 eIt (t 44T — F)y(t +iT") dt. (8)
_ - e For OFDM signals the block correlation operation in (8)
z(t) = _z_: zi(t =T, (3) can be efficiently implemented using the fast Fourier tramsf

_ (FFT). This is further simplified since due to the cyclic pxefi
where the data symbols[n] vary with each block, but we the correlation operation is actually cyclic in an interel
assume they can always be decoded without error for gehgthT". We write this as,

purposes. Some of the data symbgls] might be deactivated

T
for_varipus reasons (protection of bandwidth edge;, popple Z;(ci)(%) :/ emI2manfetyx (4 _ 2ot 4 iT") dt )
estimation, etc.) and, also, a complete Null symbol is iteskr 0
periodically for synchronization (al;[n] are zero). N/2-1 A
— Z €J27rnAfTS:[TL]

B. Target/Channel Model —

When a waveform is emitted by a transmitter, we expect T , o
to receive a direct blast as well as reflections off targeds$ th X / e IFTATE [emmanTety (i T”)] dt - (10)
are characterized by a delayand a Doppler shiftf;. We 0 _
adopt a narrow-band model here where a sigriél of center [N words, there are four steps, corresponding to the pagenth
frequency f., will only experience a phase rotation in bas&€S, from inside out:
band, i.e., a Doppler shiff; = af.; time compression or 1) Compensation for the phase rotation in the time domain

dilation is assumed negligible andis related to the range- caused by the Doppler shift;
rate. Indexing the return of thgth arrival and its associated 2) integration ovet - in practice an FFT operation of the
Doppler shift and delay, the received signal in baseband is sampled signal - givingV outputs for each subcarrier;
, 3) compensation of the (assumed known) data symbols
y(t) =D Ape”m i la(t = ) +w(t).  (4) st[n]; and
p

4) inverse FFT operation across various delays.
In most radar applications, the delayand Doppler shifaf. The output will be correlation values for given delayand
are assumed to be constant, but we will revisit this laterrwh@oppler a,, f. for the ith OFDM block, the outputs for all
we discuss the integration time of receiver processing.  blocks have to be combined as given in (7) to produce the

C. Matched Filter Receiver final correlation value.

The standard approach to “search” for targets is to use a  |ll. SIGNAL APPROXIMATION AND EFFICIENT
bank of correlators tuned to the waveform given a certain IMPLEMENTATION
Doppler shift and delay, i.e., a matched filter. As an examplg. Small Doppler Approximation
the kth correlator will produce for every and a fixed Doppler

shift a f,. Since the target returns are of very low SNR, often the

integration time is on the order of a second. This means that a
T, . .

o —jeman et gy a very large number of OFDM blocks are combined to achieve

k() = /0 ¢ Hletam(t = Py() dt. () 4 sufficient SNR for target detectiofi? < T;. WhenT” is



small compared to the Doppler shifts, we can approximate thed the channel estimates have the same form as the receiver
phase rotation within one OFDM block as constant, elements of an URA. This means the problem, given the small-

Doppler approximation, can be seen as sinusoids impinging
(11)  on an URA with equivalent element spacing@fin Doppler

Then the Doppler shift has to be estimated based on the #ld Af in delay, the total array aperture size s and B
creasing accumulated phase shift between consecutivikshlo&ESPeCtively.
and (10) can be simplified to

e IZmapfet o p—i2mapfe(i+1/2)T \yy < [iT/a (i + 1)T’]-

IV. IMPLEMENTATION OF ALGORITHMS

: N2z . T A. Matched Filter / Beamformin
z,(;) (7) = Z eJQ’T"Astf[n] / efﬂﬂnAfty(t +4T")dt . g .
e /2 0 This approach has been used in previous work, e.g. [7], and
(12) follows exactly our formulation in (15). It needs to be peidt
Nj2-1 out that the ambiguity function of the target will be simitar

B Z j2enAf7 (i) (13) a sinc-shape in both delay and Doppler, due to the rectangula
o € no array. Since even after analog attenuation the direct islasil
60 dB above the target signatures, the sinc sidelobes il le

where H” corresponds to the channel transfer functiof Strong clutter in the non-zero Doppler region. Therefre
estimate of thenth frequency in theith block (ignoring second digital attenuation of the direct blast has to beuaedi,

inter-carrier-interference (ICI)). We see that the outpfit ©ither via a simple high-pass filter or by subtracting ideedi
all correlators for theith block are identical, as there is not@rgets of zero Doppler before further processing.
dependence oh. We simplify (7), by defining:() (#) without Approximately 2 dB can be gained choosing a fine delay

n=—N/2

the indexk, as only one correlator is necessary, and/pr l_DoppIer_resqut_ion, as is common when evaluating_the
ambiguity function. This can be easily implemented by using
LT zero-padded FFT operation in (15).
(7)) = Y e I2mafAl 0 (7). (14)
i=0 B. 2D-FFT MUSIC

We see that the inverse Fourier transform of the channelAs outlined above, the signal model is completely equivialen
transfer functionz(V)(#), is exactly the estimate of the channeto the one ofp wavefronts impinging on a grid of sensors, see
impulse response, and the optimal combining acrossiala (18). For being able to use subspace methods we apply spatial
Fourier transform across packets for constant smoothing, i.e., using shifted versions of rectangulaastys
in order to construct independent snapshots. As the dimensi
B. Efficient Implementation and Link to Array Processing of the snapshots is much larger than the dimension of the
We can rewrite the matched filter output as signal subspace, we express the MUSIC pseudo spectrum in
terms of the signal subspace. Stacking the signal subspace

Ty/T' N/2-1 o (iin T A 5 ) eigenvectors in matrices of dimensions equal to the supgrra
2k (7) = Z Z /2l TR AT ), (15)  the computation essentially boils down to a two-dimendiona
i=0 n=—N/2 DFT of these signal subspace matrices. Therefore, the main
which is a two-dimensional DFT of the channel transfépart of the computational effort (apart from the short SV®) i
function estimates, efficiently implemented as an FFT. ~ mainly N, times that of the matched filter approach, where

As the operation in (15) is identical to beamforming witdVev is the dimension of the signal subspace. We use the same
a uniform rectangular array (URA), we take a closer look &€-processing step for removing the direct blast as in the
the channel estimates. Assuming no noise and only a sin§Ramforming approach.
target present with amplitudé,, delayr, and Dopplera, f.,

C. Compressed Sensing
we calculate

T The algorithm works as follows; all observations are stdcke
Hfj) = 5*[n]/ eTIEMAS (1 4T dt (16) into an observation vectob, which are assumed to be a
0 superposition of additive nois&z and an unknown number

N/2—1 — of point targets. As in our matched filter operation, the
- _ . .
= Ay E slm]s*[n]e”7=mm 2T waveforms given a certain pair of, and a,f. are known.
m=—N/2 These waveforms form the columns of a dictiona&ywhich

is used to construct a superposition using weights staaked i

T
—j2m(n—m)Aft_j2maq fe(t+iT") ; ;
X /0 € e dt (17) 3 vectorx. The corresponding model is

Using the approximation in (11), all frequencies are ortirea b=Ax+w. (29)

exceptm = n (no ICl), ) ) ) ] ) ) o
Sincex is of dimension enumerating all possible combinations

HW ~ AyT |s[n]|? ei?m(iao feT'—nd& 7o) (18) of 7, anda,f., most entries will be zero, as there is only a



carrier frequency fe 227.36 MHz

4
subcarrier spacing  Af 1 kHz x 10
no. subcarriers N 1537 E
bandwidth B 1.537 MHz 15
symbols length T 1 ms
cyclic prefix Tep 0.246 ms
block length T 1.246 ms
blocks per frame L 76 2
Null symbol TNULL 1.297 ms
frame duration Tk 96 ms =
TABLE | g 25
OFDM SIGNAL SPECIFICATIONS OFDAB ACCORDING TOETSI 300 401 S
[10] N

much smaller number of point targets present. As a link to the 35
matched filter operation,

KurF = AHb, (20) -350 -300 -250 -200 -150 -100 -50 0
range-rate [m/s]

is exactly the output of matched filters corresponding to the

entries in A. When no zero-padding is used in the FFfig. 1. Super-imposed results of simulation scenario wiih tlosing targets
’ using beamforming; the targets are clearly visible, algiooot well separated;

operations of the matched filter, this _Co_rresponds to p-@k_irﬂwere is a gap at zero Doppler due to the suppression of taet dilast; strong
the columns ofA such that the matrix is orthogonal. Thistarget RCS fluctuations can be observed over time.

means we adopted the model to make the estimator optimal.
Since generally targets don’t appear on neat grid spacings,

we expect to gain performance by considering more possible VI. EXPERIMENTAL STUDY
pairs of 7, anda, f.. This leads to a non-invertibld, which
is addressed by regularization using thenorm, The experimental data was recorded by the German Re-

1) search Establishment (FGAN) in using the local DAB network,
which follows the same specifications as in Tab. I. We were

where \ determines the “sparsity” of the solution. able to test our algorithms on approximately 60 s of data.

Unfortunately no ground truth is available at this pointt u

is still interesting to see how the algorithms perform, so we

To compare the various suggested algorithms, we use fwelude results for illustration.

merical simulation, where we can control our assumptions.\xe include results for beamforming and Basis Pursuit, the

%Xpp = argmin [Ax — b|* + \|x|,
X

V. NUMERICAL SIMULATION

The signal is simulated as MUSIC approach was not working with the experimental data
5 = Az (t— 7 (t " 99y at the time of publication. The results are in Fig 3, where the
y(®) Zp: p? (¢ = 7p(8)) +w(t) (22) beamforming applies a higher resolution and combines two

) ) ) ) DAB frames for extra integration gain. Although the same
WhereTp(t)_ls the exact bi-static delay. The target is ass_ume?g possible for the Basis Pursuit approach, complexity is a
to be a point target for now, although the auto-correlatibn Quiting factor, as to process one frame of data takes severa

Ay(t) from OFDM block to block is modeled based on aninytes vs. several seconds for the FFT implementation of
five-point extended target assumption. The signal parasetgeamforming.

correspond to DAB as given in [10], for convenience the

OFDM parameters are listed Tab. I. For the simulation we

run 200 DAB frames of 76 OFDM blocks each plus one Null VIl. CONCLUSION

symbol, where the Null symbol length is chosen such that the

total frame duration adds to 96 ms; with this the simulation We presented several algorithms to process OFDM based

covers 19.2 s. In the simulation, two targets are flying atmosassive radar data, based on matched filter, subspace, and

to parallel, closing in slowly. All algorithms integrate ev sparse estimation. In our simulation scenario, the latter t

one DAB frame, rendering an integration gain of about 50 d&@lgorithms show significantly improved resolution, but twit

(TF - B). practical improvements like direct blast suppression, the
The first interesting observation is in Fig. 1, where thmatched filter approach can perform reasonably as well. In

beamforming clearly shows the target RCS fluctuation ovéte experimental data, due to the extremely low target SNR,

the simulation time, featuring several fades. In Fig. 2 we s¢he ability to handle enough data for a large integratiom gai

that the advanced algorithms improve resolution signifigan efficiently seems to be the dominant factors. We will corginu

whereby the Basis Pursuit has higher complexity, but is the pursue advanced signal processing schemes for OFDM

only approach that can handle the direct blast. passive radar.
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Fig. 2. Simulation scenario with two closing targets usil3Z=T MUSIC and Basis Pursuit; both methods show signidi@aprovement over beamforming.
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Fig. 3. Results for experimental data recorded by the GerResearch Establishment (FGAN); although no ground trutwaslable, numerous tracks can
be observed.
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