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Abstract—Passive radar is a concept where possibly multiple 10
non-cooperative illuminators are used in a multi-static s&up.
A freely available signal, like radio or television, is decded 8r
and used to identify moving airborne targets based on their
Doppler shift. New digital signals, like Digital Audio/Video
Broadcast (DAB/DVB), are excellent candidates for this sobme, al
as they are widely available, can be easily decoded, and erogl

orthogonal frequency division multiplex (OFDM), a multicarrier T 2t
transmission scheme based on channel equalization in theefr =
guency domain using the Fast Fourier Transform (FFT). After g 0
successfully decoding the digital broadcast, the channekeémates ‘.‘; 5

can be used to estimate targets’ bi-static range and rangeate by
separating different multi-path components by their delay and
Doppler shift. While previous schemes have simply project

available measurements onto possible Doppler shifts, we gioy e o receiver

Compressed Sensing, a type of sparse estimation. This way we O illuminators

can enhance separation between targets, and by-pass addital gf| & target

signal processing necessary to determine the actual targetithin bistatic range

a “blotch” of signal energy smeared across different delaysind ‘1_010 _é ('J 5 10

Doppler frequencies. x—axis [km]

Fig. 1. In passive radar, illuminators of opportunity areditn a multi-static
. INTRODUCTION setup; weak target signatures can be extracted from thendtimg “direct

In passive radar, one or several illuminators of Opporwniplas_t" radio/television signal based on their Doppler @reagy, rendering bi-
are used in a multi-static setting to detect and track aitbor°tatic range and range-fate information.
targets. The general multi-static setup, see Fig. 1, is fieadi
in the sense that we still measure bi-static range and range-_. . . . . .
rate, but the illuminators (senders) are not only dislot&tem Since terrestnallrad|o/telev_|S|on S|gnaI§ were do”.‘”’am
the receiver, but are also non-cooperative. of a_nalog m_odulauon type, S|gngllextract|.on of precise tar
Although the concept of passive radar has been knO\ﬁﬁt mformatlo_n_was e>_<treme|y_d|ff|cult. W|th_the _adv_ent of
for a long time (and has been used extensively by the mm@de_spr_ead digital radio/television broadcasting, |_B|g|tal _
tary/intelligence communities), not much was publishethiz Audio/Video Broadcast (DAB/DVE), a new generation of sig-

open literature until the last decade [1]. Now, technolabal- nal processing tools can be utilized to extract target méor

vances have made this topic interesting to a broader amjieﬂgn' This comes with the following advan_tgg_es: ) bqth D.AB
2], [3], [4], [5], mainly due to the widespread availabjliof and DVB employ orthogonal frequency division multiplexing

high-performance signal processing equipment (see ddtai{OFDM) as their modulation scherheii) the digital Sigf’a'
discussion in [2]). can be easily decoded and then treated as a known signal for

The concept of passive radar has appeal in many ways, et.?r_get signal extraction; iii) DAB and DVB are both wideband

multi-static benefits: it brings new electronic countermeas S19Nals. giving ample frequency diversity; and iv) temest
challenges and the receiver operates in an entirely palssive 2roadcasting now operates in a single frequency network
ion. Furthermore, since the illuminators seem unsuspggctifS ) €. all illuminators transmit in the same frequenc
the surveillance is in a sense covert and operation in the sz‘-nd_ and their signals are Comb'“ed at _the receiver using the
dio/television VHF/UHF frequency bands needs no frequenﬁ?ec,'aI OFDM structure — this results in each target being
allocation, gives frequency diversity and has the potémtia ilfuminated several times during each scan, while opegatin

counter stealth efforts and to detect low-flying targetsdnely Just m a single fre.quency ba”F’-
the horizon [6], [7]. While the previously mentioned advantages are encour-

aging, they also lead to new implementation challenges. In
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same Doppler frequency, making estimation of multipathnd the corresponding passband signal is

arrivals a one-dimensional problem — now with additional

varying Doppler frequencies, a two-dimensional plane loas t i(t) = Re{ejQﬂ'fct Z s[m]eﬂ’*thq(t)} (3a)
be estimated. Also, the SFN generates one bi-static rangdje an mes

range-rate measurements per illuminator, per target &t eac o

scan; this offers more target information, but it introdsice = Re{ Z s[m]eﬂQ”fmtq(t)}, (3b)
an additional association problem since we are not able to meSs

differentiate between the various illuminators. The asgtmm wheres[m] is the transmitted symbol on theth subcarrier.
problem is not addressed in this paper, but can be handledhe channel impulse response for a multipath radio channel

within a tracking algorithm, e.g., see [5], [8]. can be described by
In this paper, we want to focus on the challenge of extracting
target information from the OFDM signal. To differentiatest o(t) = Apb (T = 7p(t)), (4)
p

weak target signatures, it is necessary to match the reteive
signal to tentative range/range-rate combinations, spomed- where A, is the path amplitude ang,(¢) is the time-varying
ing to target detections. This is challenging, as to havepath delay caused by a moving sender, receiver or target. In
sufficient resolution in both range and range-rate, a vetlyis setup we assume both the senders and the receiver to be
large number of combinations, many of which are highlgtationary, so all direct-blast arrivals have zero Dopplée
correlated, have to be evaluated. This can be posed as & spassume that for the duration of a number of OFDM symbols
estimation problem, as the number of tentative range/randlee Doppler-causing speeds can be assumed to be constant,
rate combinations is large compared to the number of actual .
; : ; ; Tp(t) & 7p — apt, (5)

target signatures and we can arrive at a linear formulation.
Efficient sparse estimation approaches are being invéstigawherea, = 7, /c andr,, is the range-rate of theth path anc:
under the name Compressed Sensing (CS) [9], [10], [11], [L2)€ speed of light. We sort the paths by their Doppler causing
where a signal is disected into a discrete representatiog usspeeds, where if,, = a,,, thenp;,p» € Py, leading to a
a large dictionary of non-orthogonal signals. Using thiarsp modified formulation,
estimgtiop approach, we can extract the signgl information c(r,t) = Z Z Ay (T — 7y + at). (6)
resulting in range/range-rate measurements, which casdx u =4
in a tracking algorithm. . .

We define the following notation: vectors and matrices aEee\;\éTiTaZ;hﬁ ?g)ssvk:gni}?gcgl in (3b) goes through the channel
denoted as lower and upper case bold letters respectivgly, € ' :
x, A; the conjugate complex, transpose and hermitiankare }
T andx? respectively. g(t) = RE{ Z Z S[m]eﬂﬂfm(l-‘rak)t

The paper has the following structure: In Section Il we k meS

introduce the OFDM signal model; in Section Il we relate iomfr B
this to the target signatures and bring it into a linear pEobl x Z Apa((L+ ag)t — 1) e 2T b a(t), (7)
formulation in terms of unknown range/range-rate received PEPs

power; in Section IV we go over a sparse estimation algorithwherew(t) is additive noise. Define,,.x = max, 7,, which
and its efficient implementation; in Section V we look at somig usually less than the CP length,,. Using the definition of

numerical results and finally conclude in Section VI. q(t) in (1), we obtain
Il. OFDM SIGNAL MODEL ® VPR
In OFDM transmission, the signal is divided into blocks of y(t) =Re Z Z Hpys[m]e? ™m0t o i)
k meS

N; symbols, which are modulated onto the subcarriers. One
OFDM symbol is of duratioril’, then the subcarrier spacing t € Tom [~(Tep — Tmax), T1,  (8)
idS Af :h 1/T and fthe bandWidr}gL isB f: NSAAJ} :et fe  where we define the channel transfer functions

enote the carrier frequency, anfg, = f. + m enote ot
the frequency for thenth subcarrier in the passband, where Cr(f) = Z Ape7? I ©)
m € S = {~N,/2,...,N;/2 —1}. To handle the multi- PEPL
path propagation in radio channels and avoid inter-symb@ind the frequency response on th¢h subcarrier for eack
interference (ISl), a cyclic prefix (CP) is used. B¢, denote as

the length of the CP, and define a rectangular window of length HP = Ci(fm). (10)
Tep +To a@s Converting the passband signalt) to baseband, such that
(t) = {1 te [—TCP,TO], ) j(t) = Re{y(t)e’f<t}, we have:
0 otherwise y(t) = HWs[m]e2rmaltasln)t 4ap(t)  (11a)
One symbol in baseband can be written as k mes
a(t) = 3 slm]e>mm A (1) ) =D e mZS H{Y slm]e” ™39+ wi(t), (11b)

meS



for t € 7., where we used the narrowband approximated In radio applications like DAB/DVB-T, the maximum nor-

ax fm =~ arf. andw(t) is the noise at baseband. malized Dopplek,, is limited by the range-rate and thereby the
As expected for CP-OFDM, we observe a cyclic convolutiomaximum speed. Assuming no targets are faster than 300 m/s,

between the signal and the channel in the specified intervalcarrier frequency of one GHz and a symbol duration of

where each subcarrier is only multiplied by the correspogdi T ~ 0.1 ms, the maximum normalized Doppler is,

frequency response. The narrowband approximation is very 300
accurate in radio channels, sin@gax,,, f,, —min,, fm)/fe = € = apfT =7x/c- fT < 3108 10 % 107* = 0.1 (19)
B/f. < 1073, as the bandwidth is at most in the MHz, while
the carrier is on the order of GHz. This keeps the matriX'(e;) close to the identity matrify_;
The receiver correlates the received waveform with ea@fditionally the paths reflected off targets are attenuated
subcarrier: about 10 dB with respect to the paths associated with the line
1 jonnAft of sight or reflections off large stationary objects likelsibr
Yn = T/O ¢ Ty(t)dt (12) puildings. Therefore, we approximate the malige;) ~ Iy..

Inserting (11b) and carrying out the integration, we obtain This leads to the following modified signal model,

o j2m(i—1)ex T’ /T H; N\ H
vn =D > Hslmlolld, +w (13) iz e diag(s:)Fi ok +w.  (20)
Further we assume a certain subset of each OFDM sysjbol
) is known. This can be either pilot symbols or data symbols
o) sin(zfm —n + ex]) . edm(m—nte) (14) fed back from the decoding process, since we can assume
m[m —n+ €] the broadcast signal is using sufficient error-correctiodes

n,m
and ¢ = a;, f.T. Rewriting (13) in vector form, we obtain: to correctly decode the data. The elements of the vegtprs
corresponding to known symbols are compensated, while othe

k meS
where we define:

y =Y _T(e)diags)hy + w, (15) components are dropped. This can be represented via aselect
matrix S, which is a diagonal matrix withS],,, = 1 if [s],
where [yl = yu, [L(e))am = piih, sl = sm], 1S Known:
[hk_]m = gk an(_j W], = W, Therefqre V\_/e_obs_erve Vi :Z€j2ﬂ(i71)ekT’/TSFkHCk+v—v7 (21)
a linear superposition of the differeht,, with dictionaries A

I'(ex)diag(s) and theh; contain the information about the
targets we want to estimate.

When observing a series of packets, the phase shifts due
to the Doppler frequencies accumulate, c.f. (11b); soithe B. Sparse Estimation Problem Formulation

wherew is a noise vector of reduced size.

packet would have modified dictionaries as follows, To arrive at a systematic problem formulation, we will esti-
_ j2n(i—DarfeT' (e, Vdiad(s: h 16) Mate tentativer, at a sampled grid of combinations between
Ze (er)diagls: by + w (16) 7 ande. Since we can assume the CP is of sufficient length,
we get,
whereT” = T + Tty is the length of one OFDM symbol. g 7, € {0, Ar, 2A7 Tep) (22)
P ) A

Using the definition of the frequency response,
whereAr is usually chosen as a fraction of the sampling time

k) __ —72n(mAf+fe)T,
Hi) = Z Ape 92 e (172) 1/(aB) for e =1, 2,... and there are aboutN¢, = aBTgp
PP _ possible delays X, is the length of the CP in samples).
= Z cpe*ﬂ”mTP/T, (17b) Furthermore, defining a maximum normalized Doppigix,
pEP
* €, € {_EmaX7 —€max + AG, cee ,Emax} , (23)

we define the complex target returgys= A, e 72"/« which _ _
also include the direct signal propagation. Putting thie ia and the Doppler spacing such ttafa/ (K — 1) = Ae. With

vector format, we have, this, all matricesF,, = T”F are equal, with the DFT matrix
. [Filpm = e/2mm(=D/aNs This can be easily implemented
hy, = Fy ey, (18) via the FFT operation by inserting additional zero elements

with [Fg],m = /2™ /T wherer, is thenth element ofPy,

where needed, which we express via the zero insertion matrix
andFy, is of dimension|Py| x Ns. T

Finally the signal model, using=1,...,1 OFDM sym-

I11. SIGNAL EXTRACTION FORDAB/DVB-T bols, is given by:

A. Narrowband Radio Model y1 SFHAT SFAT w1

We want to detect energy with non-zero Doppler frequent” y2 _ nSFAT ... v SFHT Sy w2
cies, i.e., estimate the complex amplitudgs= A,e=927/<"» - : : : :
belonging to somé>;,. Practically, we will later sample both |y; u{_lsFHT yi(—lsFHT CK W

7 ande on a grid and estimate which grid points are non-zero. (24)



where we define// ! = ¢/27(—1eT'/T to abbreviate nota- whereay, is the kth column of A. Nextb; is added to the set
tion. This is a linear system of the general foAx+w =y, [, = I;_; Ub;, and the new estimate of the non-zero entries
where we want to detect non-zero entries of the vegtor  of x is:
o : 2 H 1 A H

C. Solution via FFT based Projection %o=argminly — Arxil’ = (AfAs) ALy (28)

Current practice simply solves the problem by taking th&r, is the matrix consisting of all columns, with k € I;,
following approach: the solution tp = Ax+w is simply the accordinglyx; has only: elements. The new residual vector
projection of the measurements onto all possible solutior, has to be calculated every time as
Afy (equivalent to the correlation), which can be efficiently e — A% (29)
implemented via FFT operation. The dimensionsAdfare ro0 Lt
(I-pN,) x (K - aNgp), Wherep is the ratio of ones to zerosand the algorithm stops whem;|? < e.
on the diagonal of matri$. Theoretically, if all data is known,
S = Iy, only K = I tentativee;, are chosen with the right
spacing, usingVep = N, anda = 1, A is invertible and even o ) . .
hermitian. In this case the projection is optimal and can be 10 Minimize complexity, some operations can be combined,
efficiently implemented. while ofther S|mpI|f|cat|on_s are based on the specific signal

In practice signals have zero-tones, so even after dataldecd©del. i.e., structure oA in (24), where we can take advan-
ing S # Ly.. Also to get a sufficient Doppler scale resolutiont29€ of efficient implementations via FFT. =~
a large! is necessary, this increases complexity and conflictsWe define the projection vector after thi iteration,
with the assumption that the channel and target are constant pi=A" (y—y:) = Ay — AFA, %, (30)
during this time-period. This leads to the target signabgieg
additionally “smeared” over several range/range-rats,bis  and accordinglypy = A*y. Also the matrixA” A can be

B. Implementation

the target moves during one measurement Cyc|e. computed analytically based on (24), then either be stared i
Instead, we would like to pose (24) as a sparse estimatigigmory or evaluated as needed.
problem, whereA is a “fat” matrix, i.e.,(I-pNs) < (K-aNep), One iteration of the algorithms can be implemented in the

and therefore there are many choicesxohow to explain following steps:
the observations;. One possibility, e.g., would be the least

squares solution, finding ax that satifies the equations and bi = arg k@%ﬁ [[Pi-1lel (31)
has minimum energy. This leads to many small, noise-like Y -1,

observations inx — instead we want to pose the problem as %= (AL ALZI (Pi-1)y, (32)
finding a solutionx with the fewest possible non-zero entries. Pi =Po — (A Ah) X; (33)
This is the focus of Compressed Sensing (CS) [10], [11], Iri|* = [rol® — %5 (po);, (34)
[12], which has been studied recently in many fields of signal '

Comments: (31) takesK -aN¢p operations; in (32]p;—1);, are
the elements of the projection vector with indiced jrand the
matrix inversion can be accomplised via Gaussian elinomati

. ) with complexityi2; updating the projection vector in (33) takes
A. Overview of the Algorithm i - KaNg, operations and (34) was simplified using the fact

Orthogonal Matching Pursuit (OMP) is a greedy algorithrthatx; is the least-squares solution when limitingto taking
to solve the sparse estimation problem [9]. Given the obsér+ 1 operations. Therefore thih iteration is of complexity
vations (i+1)K-aNegp+i%+i+1, assumingA? A is pre-computed

y=Ax+w, (25) and stored.

The highest complexity operation is therefore calculating
po = Afy, which potentially takegI - pN;) - (K - aNcp)
operations. This can be reduced by using the special staictu
of A, by takingy in parts, performing FFT operations and then
mincardx), st |y — Ax|><e (26) adding them weighted with the respective '. This reduces

x the complexity tol - N, log,(Ns) + KaNepl.

processing.

IV. ORTHOGONAL MATCHING PURSUIT

with x the desired unknownw the noise and accordingly a
signal-to-noise ratio (SNR) of {|[y]x|*} /E {|[w]k|*}. We
want to solve for the unknowns in the following sense,

where “card” describes the cardinality operator, i.e.,rting
the number of non-zero entries in its argumentand ¢ is
chosen depending on the SNR.

The algorithm goes through the following steps, startir@' Setup
with x = 0, ry = vy, the current fitting error of the We study a simple scenario of a single target moving on
observations], = () the set of non-zero elementsxf At the a straight line trajectory, while being illuminated by thre
ith iteration, we choose a new index of a non-zero element®ftions, see Fig. 2. The signal parameters are a bandwidth
x, b;, as: of B = 4 MHz, using N, = 1024 subcarriers, one quarter

lagr; 1|2 of which are deactivated as guard bands or zero tones, all
b; = arg max ——5——, (27) : )
k¢L_1  ajay other symbols are assumed to be known. The cyclic prefix

V. NUMERICAL EXAMPLES
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Fig. 2. Overview of the simulation scenario; the target nsowa a straight
line trajectory over a course of 45 s, being illuminated bye¢hdifferent
stations.

Fig. 3. Simultion results; the ground-truth in terms of rarand range-rate
are the lines, the superposition of all detections over ithe interval are the
red markers.

is one quarter of the symbol duratiah,, = 256, leading 26
to a total of 7/ = 1.25 - Ny/B = 0.32 ms. The carrier
frequency is 1 GHz and we obserye= 12 OFDM symbols. ‘
All stations are assumed to broadcast in the same frequer 22} b‘mf?gge
band, as defined for the single frequency network (SFN). Th
leads to the single target leaving three signatures, whitth s
have to be associated to the correct direct signal. Althdbgh
positions of the stations and the receiver are generallynasd
to be known, it might still be necessary to estimate the alriv
of the direct signal. These issues are not addressed here.
The broadcast signal is modelled as multipath, where ea
path strength4, in (4) is Rayleigh distributed and also the
targets are similarly Swerling Il targets. The direct aatiof 01
each station has power inversely proportional to the digtan
squared, and is trailed by multipath arrivals that attemuath
increasing delay. The signal to noise ratio between the dum
all direct arrivals and the additive noise is 10 dB, while the
target signatures are 10 dB weaker than a single directahrriv
path of the signal, but about 20 dB belwo the sum of afig 4. simultion results using projection via FFT: the swpsition of all
multipath arrivals. detections over the time interval are shown, we see thateferdackets,] =
For simulation purposes, we generate the signal based 'grpdiacent range/range-rate bins are highly correlatatirigao “smearing”,
i.e., multiple adjacent detections.
(21), were we assume the narrowband model, but evaluate the
Doppler frequencies in continuous values, while our edtima

assumes evenly sampled values. The target is observed over a ) . . .
time-frame of 45 s; moving at a speed of 182 m/s it covers ramete in (26) or by applying an additional thresholding

distance of about 8.2 km during this time interval. Althougﬁ1 er the algorlth_m. The results Of. our algorithm are in Eg.
using — 12 OFDM symbols we could theoretically generaté‘"here we superimpose all detections over the 45 s period (90
measurements at a ratelgf(17”) ~ 260 Hz, we only generate scans). We find that the target can be well seperated from
estimates at 2 Hz. For simulation purposes the target pasiti the signal and that the receiver noise plays little role ah wi

and channel response are assumed constant during eacft § od dete_ct|0n pgrformance, we observe almost no false
these updates (which last less than 4 ms) alarms for this Swerling 1l target. Around the zero rangera
' region, the dominating direct signal leads to a blind zone,

which extends into a few range-rate bins on both sides. This
B. Results is because neighboring range-rate bins are correlatedyeso t
We run the algorithm as described in Section 1V; thgwch stronger direct signal “spills over”.
detection and false alarm probabilities can be controlladhe As comparison we plot results based on projection of the

ground truth

V  start point
Y detections

4| blurring

range [km]
=
»

6
-500 0 500
range-rate [m/s]



observations via FFT operation as described in Sectio@,l11-
see Fig. 4. This is in effect the same data the OMP algorithrﬁ]
operates on defined @g. We see that directly applying thresh-
olding to this data makes no sense, as it suffers from blgrrin2]
and strong side-lobes of the direct signal. This could be im
proved by using more OFDM symbols (larggr which would
narrow the blurring, as with more observations the range-
rate resolution becomes better. In any case, some additior%J
processing would be necessary, e.g., peak picking to avoid
multiple adjacent detections. Intuitively speaking, th® [3]
algorithm includes this, since starting from the projectithe
algorithm iteratively picks a peak and subtracts it from thee]
signal, removing also correlated energy on neighboring.bin

(7]

VI. CONCLUSION

We presented in detail the OFDM signal model as used ig)
DAB/DVB for the purpose of target detection and tracking
using passive radar. We suggested using CS to extract tpﬁ
target signals, as in our opinion this is a well suited appinoa
to this problem. We described a possible CS implementation
using the greedy OMP algorithm and detailed its impIemeH—
tation. Our numerical results show very good performanec in
target detection and seperation. This shows especialniatl [11]
range-rate measurements, as they are highly correlatediveit [12]
direct blast signal.

In our opinion this setup warrants further investigation,
including different CS algorithms, a more realistic gerera
tion of ground-truth for numerical simulation, possiblyate
experimental data, investiagtion of faster targets thainoa
be modelled using the narrowband assumption and/or pgssibl
multiple closely spaced targets.
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