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Abstract— In this paper we address the problem of target’s range
migration in passive bistatic radar exploiting long coherent
integration times with fairly wideband signals of opportunity. We
resort to the well-known Keystone Transform (KT) to compensate
for the range walk effect and to take advantage of a higher
coherent integration gain against targets with non-negligible
radial velocity. Specifically, an efficient implementation of the KT
is proposed, based on Lagrange polynomial interpolation, in order
to reduce the computational load of the method that mostly
depends on the required slow-time interpolation stage. The
analysis conducted against simulated data shows that the
conceived approach allows to achieve theoretical performance
while further reducing the KT complexity with respect to
alternative solutions based on cardinal sine functions or Chirp-Z
Transforms. Moreover, the application against experimental data
sets collected by a DVB-T based passive radar proves the practical
effectiveness of the proposed algorithm and highlights its
suitability for real-time air traffic surveillance applications.

Index Terms—Keystone Transform, Long coherent integration
time, Passive radar, Range migration compensation.

I. INTRODUCTION

By exploiting illuminators of opportunity, passive radar (PR)
might suffer from a limited coverage since the radiative
characteristics of the selected transmitter (i.e. power level,
antenna pattern shape) could be inadequate to fulfill the
requirements on the resulting radar system [1]. However, the
stationary nature and the isotropic characteristic of many of the
employable transmitters potentially allow to exploit very long
integration times on receive to compensate for the limited
power density provided by the emitter. This certainly applies to
many ground-based transmitters for analog or digital radio/TV
broadcasting. By continuously emitting their signals, these
transmitters provide a persistent illumination of the target of
interest.

Both coherent and non-coherent integration strategies could
be considered to exploit such long observation times [2]-[3]. In
both cases, in order to actually benefit of an extended
integration time, possible range and Doppler walk effects
should be compensated for, with a non-negligible impact on the
computational complexity of the PR signal processing chain.
The occurrence and the severity of range/Doppler walk effects

are largely dependent on the considered surveillance
application as well as on the employed waveform of
opportunity. In fact, the surveillance application sets the typical
motion parameters for targets of interest (e.g. maximum speed,
acceleration, etc.). The carrier frequency and the bandwidth of
the employed waveform define the velocity resolution and
range resolution for the resulting PR system.

In this paper, we refer to the case of a DVB-T based PR for
air traffic surveillance. In this application, the performance of
such system suffers from the limited coherent integration time
(CIT) employed in practice to avoid target range/Doppler
migration, at the same time containing the computational
burden [4]-[5]. Basically, DVB-T based PR has been shown to
allow a reliable detection capability against targets at distances
up to a few tens of kilometers [1], [6]-[8]. Typically, in the
considered application, a CIT in the order of 0.1 seconds is
adopted when a conventional Cross-Ambiguity Function (CAF)
is employed at the detection stage. Such limit is mostly due to
the range walk effect caused by the high speed of the aircrafts
(up to 240 m/s) compared to the reasonably narrow range
resolution cell (about 20 m equivalent monostatic range
resolution). Aiming to the detection of low RCS aircrafts or to
the widening of the coverage area, the possibility of extending
the CIT has to be considered by properly correcting the range
migration effect.

In recent years, by taking inspiration from original
algorithms defined for active radar systems, different
approaches have been proposed to counteract this problem in
PR systems. In [9]-[10] a generalized CAF was introduced,
based on the time scaling or ‘stretching’ of the reference signal.
When applied against discrete signals, this ‘stretching’ can be
considered as a resampling so it can be efficiently performed by
exploiting a chirp z-transform (CZT). Nevertheless, this
approach could be computationally intensive as the resampling
has to be, in principle, repeated at each Doppler cell. In fact sub-
optimal schemes were also suggested where the stretching was
performed just once for each group of neighboring Doppler
cells [9]-[10] or on different signal fragments of limited
duration in [11].

Alternatively, the keystone transform (KT) is commonly
used to compensate for range migration in active radar systems
[12]-[24]. It has been applied also to the PR case in [15]-[21]
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where a Batches Algorithm architecture [22]-[23] is employed
to recreate the classical slow-time/fast-time framework of a
pulsed radar operating at a given pulse repetition frequency
(PRF). The KT also involves a computationally intensive
resampling stage in the slow-time domain. However, different
approaches have been devised aiming at reducing the
computational load with respect to a conventional sinus
cardinal interpolation (SCI). In [24], the SCI was replaced by
the CZT, which was shown to lower the computational
complexity while providing optimal performance. Such
approach has been then applied to the PR case in [21].

A reasonable alternative is provided by the Lagrange P-order
polynomial interpolation (P-LPI) whose possible application
for the active radar case has been preliminary investigated in
[25]. Basically only P+1 consecutive samples in the slow-time
domain are exploited to evaluate the interpolated samples
according to a P-order polynomial. Only the case of a linear
interpolation (namely a 1-LPI) has been recently considered for
the PR case in [17].

In this paper we show that the P-LPI method is very well
suited for the PR case and provides a flexible tool to be
employed within a KT stage. In fact, being the interpolation
based on a limited number of samples, this method could be
computationally effective whilst intrinsically sub-optimal.
However, the expected loss can be traded for a reduced
computational load. Moreover we show that the expected loss
can be largely controlled by properly selecting both the order P
of the polynomial and the system equivalent PRF resulting from
the batching strategy. Notice that, in PR system, the latter
parameter is not subject to severe constraints on range and
Doppler ambiguities. In contrast its setting is typically regulated
by the requirements on SNR loss and computational load [22]-
[23]. Therefore, by properly acting on this parameter, we show
that, even operating with a limited order P, negligible loss
should be accepted with respect to the application of a SCI or a
CZT based interpolations, with a significant computational load
saving.

To this purpose, we significantly extent the studies in
[25][17] by evaluating the theoretical performance of a P-LPI-
based KT as a function of the employed order P and the batches
duration. By defining proper performance metrics, the analysis
includes the study of the Signal to noise Ratio (SNR) loss, the
control of sidelobes level in the resulting range/Doppler map,
and the computational load.

Based on the performed analysis, an appropriate selection of
the relevant parameters is considered and the algorithm is
extensively applied against experimental data sets provided by
Leonardo S.p.A. in the framework of a long-term collaboration
with the research group at Sapienza University of Rome. The
experimental results clearly demonstrate the benefits of the
extended CIT in DVB-T based PR allowed by KT range
migration compensation. In particular it is shown that
comparable target detection capability is obtained after the
proposed P-LPI based KT with respect to an optimal CZT based
KT, while requiring significantly reduced computational times.

The paper is organized as follows. In Section I1, the problem
is formulated and the limits on the CIT are evaluated for typical

geometries by taking into account the different migration
effects. In Section 111 we discuss the application of the KT in
the passive radar case by identifying its peculiar characteristics
and benefits. The various interpolation strategies are introduced
in Section 1V where the metrics adopted for their performance
comparison are also illustrated. The comparative analysis of
such performance is conducted in Section V against simulated
data and significantly extended in Section VI against the
experimental data sets available. Finally our conclusions are
drawn in Section VII.

Il. PROBLEM FORMULATION AND LIMITS ON THE COHERENT
INTEGRATION TIME

According to a basic PR processing scheme, after disturbance
removal at the surveillance channel, target detection is sought
by evaluating the bistatic delay/Doppler Cross-Ambiguity
Function (CAF) between the surveillance signal, s(t), and the
reference signal, r(t):

x[L,m] = nz:;) s[n]r*[n —1] exp (—jZn 1:;5;) 1)

where N¢;p is the number of integrated samples, [ is the delay
bin and m is the Doppler bin.

As it is well known, when the signal is sampled at Nyquist
rate, the evaluation of the CAF allows a coherent integration
gain equal to the number of integrated samples if the target
echoes collected within the CIT remain within the same bistatic
range/Doppler resolution cell. This constraint sets an upper
bound to the employable CIT, Ty, i.e.

= . (=R =D
Terr < Terr = mm{Tc(IT) 'TC(IT) } @

being T and T the maximum CIT allowed without
experiencing range and Doppler walk effects, respectively.

In the following we show that, in the considered air
surveillance application, assuming a uniform motion for the
target, the tightest constraint in eq. (2) is usually provided by
the need to avoid range migration (i.e. Tor = 5.

In fact we recall that DVB-T signals employ an orthogonal
frequency division multiplexing (OFDM) modulation with a
bandwidth of approximately 8 MHz, which yields a bistatic

range resolution AR,..; = 40m. Therefore TC(fT) is evaluated as:

_ AR
TLSIRT) = max {TCIT | ARg(Teir) < Iges} ©))

where K identifies a proper fraction of the range resolution cell
in order to avoid significant integration loss. ARy (T¢;7) is the
largest variation of the target bistatic range Rz (t) during the
CIT, i.e. ARg(Tgyr) = max(RB(t)) — min(RB (t)) with [t| <

TCZJ. The time-varying target bistatic range is given by:

Rp(t) = [|Prx — P(O)Il + [|Prx — P(O)| 4)

where P, and Py, are the vectors representing the transmitter
(Tx) and the PR receiver (Rx) positions in 3D space. Similarly,
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P(t) represents the target time-varying position; assuming a
constant velocity motion model, it can be written as P(t) =
P(0) + vt, being v the target velocity vector.

As an example, Figure 1 reports the results provided by eq.
(3) as a function of the target position at t=0, i.e. P(0). In the
reported example, Py, coincides with the origin of the axes, the
Tx antenna is at Py, =(-10 km,0,0)7, and the results are
provided on the region with bistatic range in the interval [20km,
100km]. Moreover, the target velocity vector has modulus
[lv]|=100 m/s and lies on a horizontal plane, forming with the
x-axis an angle ¢. Accordingly, at each target position P(0), the
maximum allowed CIT is reported in Figure 1 for the worst case
condition, i.e. for the direction ¢ providing the tightest
constraint. The target is assumed to fly at height H=5 km, and
the value of K in eqg. (3) has been set to K=1.
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Figure 1. Maximum coherent integration time according to the constraint in (3)
with a target velocity magnitude of 100 m/s.

As is apparent, even considering a medium target velocity,
the high range resolution amplifies range migration occurrence
thus limiting the CIT to approximately 0.2 s throughout the
considered area. Obviously, this limit further decreases as the
target velocity modulus increases.

It can be shown that this limit can be well approximated by
resorting to a first order Taylor expansion of Rgz(t). To this
purpose we write

k=+
Rp(t) = Z at® (5)
k=0

where compact explicit expressions can be found for the
coefficients up to the second order. Specifically, by defining
dTX = PTX - P(O) and dRX = PRX - P(O), we ha.Ve

ay = lldrx|l + lldgx|l = Rp(0) (6)

dTX dRX .BO
a, = — v=-2c0s—n,v 7
o=~ i e 2™ ")

where B, is the bistatic angle (namely the angle between the
vectors d;x and dgzy) and n, is the normal unit vector to the

local tangent plane to the bistatic ellipsoid at the target position
P(0).
Therefore, as expected, the first order coefficient « is linearly
dependent on the radial velocity component of the target, i.e.
Viga =M.

For the second order term we have:

l )”bllz
” RX”

(€))
(dRXv)Z] 5 20052%(’%”)2

I El )

where the last approximation applies for moderate bistatic
angles and target velocity with a dominant cross-range
component, , i.e. Vo5s = Myv.

As previously mentioned the limit on the CIT is mostly due

to the first order term in eq. (5), in other words ARz (T¢)r) =

ARy

a,T¢r SO that TC(fT) = T;s This is shown in Figure 2 where the

limit CIT evaluated for the first order term of (5) (see blue
curve) is compared to the limit CIT arising from the terms of
higher orders (see black discontinuous curve). The limits are
reported as functions of the target velocity modulus [|v]|.
Specifically, for each ||v|| value, the worst case (i.e. the tightest
constraint on the CIT) is reported for any possible target
position across the region considered in Figure 1, and for any
possible velocity direction ¢. For instance, by considering the
linear term only, with [|v]|=100 m/s, the tightest limit on the
CIT is 0.198 s which is well in line with the result in Figure 1.
In contrast, the higher order terms would provide a limit CIT of
about 7 s.

The comparison between the two curves mentioned above
clearly shows that the range migration effect has a linear trend
up to CIT in the order of several seconds: at that point also the
higher order terms have to be taken into account as they would
provide significant migration.

This on one hand demonstrates that the linear range
migration effect has to be properly corrected aiming at
increasing the CIT with respect to the tight limits in Figure 1
and Figure 2. On the other hand, the comparison above shows
that a range migration technique able to compensate only for a
linear range variation term would be sufficient in the considered
application and, in principle, would allow the CIT to be
extended up to a few seconds.

For the sake of completeness, it has to be mentioned that,
when increasing the CIT up to a few seconds in the considered
application, also the Doppler walk effect has to be taken into
account, which is mostly due to the derivative of the second
order term of (5). The corresponding limit can be evaluated as:

1( 1
a, =—
27 2\ldll

1[(drxv)?
2 [ lldrxll?

o 1
TC(,T) = max {TCIT |AfD (Terr) < m} 9)

being the Doppler resolution inversely proportional to the CIT
and indicating with Af;, the maximum Doppler variation during
the CIT. The corresponding limit is reported in Figure 2 for a
carrier frequency of 600 MHz and clearly shows that the CIT
could be bounded to fraction of seconds for high enough target
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speed even in the absence of accelerations. Therefore, under
specific conditions, the Doppler migration compensation would
be also required in order to benefit of a CIT in the order of
seconds. However, notice that, with reference to Doppler
migration, the tightest constraint on the CIT is typically
experienced for target moving along the cross-range direction
and, when this is the case also the target instantaneous Doppler
bandwidth limit has to be considered. In fact, increasing the CIT
to a few seconds by compensating for the Doppler migration,
would provide the capability to form cross-range profiles for
the considered targets (i.e. to resolve different scatterers
constituting the target) rather than to enhance the global SNR
[26]. For instance, the limit CIT provided by this effect is shown
in Figure 2 for a target of length 40 m (see the green curve). As
is apparent, in the considered case study, the use of a CIT of
about 1 s would yield a limited advantage for detection
purposes for a target speed higher than 100 m/s in the cross-
range direction. In these conditions, a hybrid coherent/non-
coherent integration strategy would be preferable.
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Figure 2. Maximum coherent integration time vs target velocity magnitude

based on different constraints for a target belonging to a circular area
surrounding the receiver with diameter 100 km.

In this paper we focus mainly on targets with a dominant
radial velocity component and we aim to remove the severe
limitation imposed by the range walk effect in order to exploit
CIT in the order of 1 second.

As a reference, Figure 3 illustrates the result of (1) for 0.9 s
CIT for the same geometry of Figure 1 when a target is present
at P(0) = [18 km, 0,0]” moving at 200 m/s along the x-axis.
The obtained output has been normalized to the maximum
expected peak value that is equal to 69.1 dB in the considered
case study. As is apparent, with a conventional CAF processing,
the target response, while correctly centered, is spread over

multiple range bins (about zll‘zgﬁ = 9.1) and corresponding

A res

Doppler bins so that a loss of about 19 dB is measured at the
peak location with respect to the maximum expected value.

Therefore, we look for an appropriate and cost-effective
approach to compensate for the first order range migration of
aerial targets.
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Figure 3. Cross ambiguity function evaluated for a single target at P(0) =
[18 km, 0,0]" moving at 200 m/s along the x-axis.

I1l. RANGE MIGRATION COMPENSATION VIA KEYSTONE
TRANSFORM IN PASSIVE RADAR

The KT is a well-known technique employed in active pulsed
radar system in order to compensate for the range migration of
target echoes across consecutive pulses [12]-[14].

It can be successfully applied to passive radar systems
employing continuous wave (CW) transmissions by resorting
to a batches approach [22]-[23] to recreate the classical slow-
time/fast-time framework of a pulsed radar operating at a given
PRF. Specifically, the received signals are subdivided into Ng
batches of Lz samples each (with Ly Ng=N¢;r) and the CAF in
(1) is rewritten as:

Np-1Lp-1

x[l,m] = Z Z s[nLg + qlr*[nLg + q — 1]
n=0 q=0 (10)
m(nlg + q)

 exp [—jZT[
NCIT

where the index n defines the slow-time domain and the index

g indicates the fast-time. For batches dimensions Lg small

enough, the compensation of the Doppler induced linear phase

term within each batch can be neglected so that the above

expression is approximated as:

Np-1
mn
x[l,m] = Z exp [—jZn "
B
O (11)
. Z s[nLg + qlr*[nLg + q — 1]

q=0

When a target is present, moving at limited speed (namely in

the absence of range migration within the CIT), the

approximation above yields a SNR loss that can be controlled
by properly selecting the batches length Lg:
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1 sm(NB)

Lsyg = =20 l0g10 |7~
Ly sin ( T )
Neir

Notice that the inner summation in (11) represents the cross-

correlation function p(")[l] between the surveillance and the
reference signals extracted at the n-th batch. It can be evaluated
at FFT speed by Fourier transforming both fragments and then
computing the inverse Fourier Transform of their conjugate
product. To this purpose, in order to avoid the border effects
due to the FFT-based cyclic cross-correlation, the reference
signal batches are partially overlapped by extending each batch
by N, samples, being N, the maximum number of range bins to
be included in the final map; accordingly the surveillance
signals batches are properly zero-padded with N, leading zeros
[23].

The expedients above make this Batches Algorithm (BA) of
high practical interest especially for passive radar exploiting
wider bandwidth signals (e.g. DVB-T transmissions) for which
the real-time implementation of (1) is definitely unfeasible.

In the presence of a target moving at high speed, range walk
effects will appear as its echoes migrate along the delay (fast-
time) dimension across consecutive batches (slow-time).

In particular, assuming that the surveillance signal only
contains the returns from a point-like target with unitary
amplitude and bistatic velocity linear law given by Rg(t) =
a,y + a4 t, the output of (11) can be written as:

(12)

Np—-1
. mn . al
Xegell, m] = Z exp [—]ZTL'N—] exp []Zn TnTB]
n=0 B (13)
) ay + anTg
’ pref l - s

where A is the wavelength, c is the light speed, Tz = ;—B is the

batch duration being f; the sampling frequency, and we further
assumed that the range walk within each batch is negligible so

that p{i» [l SotArTs fs] represents the reference signal auto-

correlation functlon at the n-th batch centered at the current
target bistatic delay. This range walk is responsible for the
coherent integration gain loss observed in Figure 3.

As is apparent, y.,.[l,m] is the result of a discrete Fourier
transform applied against the columns of the Ny X Ly slow-
time/fast-time data matrix:

D[n,I]
@[, % + anTy ] [ ]
= Pref ! c fs exp ]2 f (14)
n=0,. 1,1l=0,. -1

in order to evaluate the Doppler filters output.

Aiming at compensating the range migration in (13)-(14), the
KT operates in the fast-time Fourier transformed (namely the
fast-frequency) domain, where the data matrix D[n,!] can be
expressed as:

th rrin, pl
(n) D Qo ) ag
=F.s [plexp []ZHET] exp []21mp ?] (15)

exp [j27mfc % Ty ]

where Pr(:]?[ ] is the Fourier transformed auto-correlation of the
reference signal, namely the power spectral density of the signal
estimated at the n-th batch.

The first exponential factor in (15) accounts for the target
distance at the initial batch and yields a linear phase term along
the fast-frequency dimension; the third exponential factor
reflects the Doppler induced linear phase shift of the carrier
fc = c¢/A across consecutive batches. The second exponential
factor is the one encoding the range migration effect as it jointly
depends on the batch number n and on the fast-frequency index
p (i.e. on the frequency component displacement, Af, = 2

with respect to the carrier frequency f;).

As it is well known, the KT compensate for this term by
rescaling the slow-time (i.e. interpolating the slow-time
samples sequences) according to the following rule:

+A
n= Mn (]_6)
fe
and this leads to:
th—FT[ﬁ:p]
(7257 17)
_ (i) [ g@] oa
=P, [p] exp ]27TTB - |exp [jZnnfC - TB]

that approximately resembles the fast-time Fourier transformed
data matrix for a non-migrating target echo. Therefore, after a
fast-time inverse Fourier Transform and a slow-time Fourier
Transform, the bistatic range/Doppler map is obtained with
range migration correction for any given target bistatic velocity.

However, we observe that a resampled version of Pr(enf) [p] is
exploited after the time scaling. Notice that, in conventional
pulsed radar, this function would be independent of n as the
radar transmits a train of identical pulses. In passive radar, the
spectral shape of the waveform of opportunity might change on
consecutive batches depending on the signal modulation and on
the batches temporal separation. Therefore, the resulting
amplitude modulation has to be carefully considered to avoid
the formation of artifacts in the resulting range-Doppler map.
This undesired effect can be again controlled by acting on the
batch duration. Specifically, it has to be selected so that the

possible variation ofPr(ef)[p] across the  slow-time s

fc -
sufficiently slow, i.e. Pr(ej}cﬂf” )[ ] = Pr(er}) [pl. As an
alternative, a reciprocal filter could be employed at the range
compression stage so that the filter impulse response would be
constant across consecutive batches [4]. However this would
yield additional SNR loss compared to the matched filter
approach (namely the cross-correlation between the reference

and the surveillance signal fragments).
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Figure 4 sketches the main steps of the KT for passive radar
system based on a batches architecture. It includes the same
processing blocks required for its application to active pulsed
radar. However, according to the discussion above, this scheme
is effective in the passive radar case employing CW
transmissions if all the following conditions hold:

1) the batches duration Ty is selected so as to limit the SNR
loss due to the neglect of the Doppler induced linear phase
term within the batch (‘Doppler assumption”).

2) A ‘stop&go’ approximation applies along the slow-time
dimension, i.e. the target range migration within the batch
is negligible (‘stop&go assumption’). Again, this sets an
upper constraint to the batches duration Tj.

3) The signal of opportunity has slowly varying spectral
characteristics compared to the batch duration (‘stationary
signal assumption®).

The first point applies also to the basic BA without range
migration compensation whereas the latter two points are
specific of the KT.

It is also worth noticing that the first two approximations are
commonly adopted also in conventional pulsed radar systems.
However, in that case, the validity of these assumptions is
largely guaranteed by the small duty-cycle, namely the ratio
between the pulse duration and the pulse repetition time.

In passive radar exploiting continuous signals, the slow-
time/fast-time framework is recreated based on a signal
fragmentation that intrinsically yields a 100% duty-cycle.
However, the above conditions can be reasonably controlled by
limiting the batches duration as this is not subject to other
severe constraints.

Reference signal

surveillance signal
t=Teim

5 !‘F f i
l 'y “;
I
FFT in fast FFT in fast
ime dumam ime domam

. l f= 1512 f=fsi2
HJIIIJHHIHIIIIIHIHIHHHI

slow time
Resampling

7
slow
e
IFFT in fast
time domain
FFT in slow
time domain

t=0 =Tmax
A]'ﬂ}u“”n f‘vmfﬂ
MR

Hfdmax/2

Y

Figure 4. Bistatic range/Doppler map evaluation in passive radar system with
a batches architecture based Keystone Transform for range migration
compensation.

In particular, reducing the batch duration Ty is expected to
progressively improve the performance based on the three
conditions above while it only affects the computational load of
the processing, especially when a KT is employed.

Notice that, compared to the basic BA without range
migration compensation, the KT just requires one additional
processing block, i.e. that devoted to the slow-time resampling
(see the grey block in Figure 4). However, this is a
computationally intensive processing stage as it has to be
performed at each fast-frequency bin. Therefore, in the next
section, we consider and compare efficient methods to obtain
the required slow-time rescaling.

IV. ALTERNATIVE SLOW-TIME INTERPOLATION METHODS
AND ADOPTED METRICS

Different approaches have been devised aiming at reducing
the computational load of the KT slow-time resampling stage
with respect to a conventional SCI [17][21][24][25].

With particular reference to the PR case, in [21] the CZT was
adopted thanks to its capability to limit the computational
complexity while providing optimal performance. Specifically,
the CZT-based KT for a PR exploiting DVB-T transmissions is
fully described in [21] and its performance is characterized both
in terms of computational load, possible hardware
implementation, and via application to an experimental data
registration. The results show that the CZT provides an
invaluable tool for practical implementation of the KT in DVB-
T based PR that possibly allows a real-time operation,
depending on the considered processing unit. Incidentally we
observe that, by using the CZT, the last FFT block in Figure 4
is not strictly required [21] since the transform can directly
provide the slow-time interpolated results in the Doppler
domain. Actually, this expedient allows a significant
computational load saving with only a limited border effect on
the employed CIT that could be responsible of modified
sidelobes structures in the final range/Doppler map. In the
following we use a biased point of view that favors the CZT-
based solution; specifically this fast CZT-based KT
implementation will be considered when evaluating the
computational load but the border effect will be neglected when
investigating the achievable results.

In this paper we consider an alternative interpolation method
that exploits Lagrange P-order polynomials aiming at further
reducing the computational load of the slow-time resampling
stage of the KT.

The P-LPI based resampling of (15) according to (16) can
be readily obtained as:

Dse_prln, pl

|n+(P+1)/2]

= Z D¢ _pr [n,p] (

n=[n—-(P+1)/2]

=
n—m
m=0m#n

where P is the order of the polynomial adopted and Dy, _r[n, p]

is the slow-time/fast-frequency data matrix in (15).
Basically, only P+1 consecutive samples in the slow-time
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domain are exploited to evaluate each interpolated sample
according to a P-order polynomial. Accordingly, this method is
expected to allow a significant reduction of the computational
load when reducing the order of the polynomial. However, it is
intrinsically sub-optimal as it implements a very local
interpolation of the available slow-time sequences and its
performance is expected to get worse as P decreases.
Specifically, this might yield both SNR loss and the presence of
artifacts in the final range/Doppler map that possibly jeopardize
the useful target echo detection against noise.

Nevertheless, it is interesting to observe that for PR
exploiting CW transmissions, the equivalent slow-time
sampling rate (namely the PRF) can be adjusted to partially
correct interpolation mistakes. In other words, it is expected that
a lower order LPI could be exploited with negligible loss when
shorter batches durations Ty are adopted and this is well in line
with the constraints posed by the conditions listed in Section I11
(i.e. Doppler, stop&go, and stationary signal assumptions).
Clearly, the reduction of Ty has to be traded for a possibly
higher computational load since it would affect the global
number of slow-time samples.

As mentioned in the introduction, possible application of the
P-LPI for the active radar case has been preliminary
investigated in [25] while only the case of a linear interpolation
(namely a 1-LPI) has been recently considered for the PR case
in [17].

Therefore, in this paper, we extend these studies by
investigating the suitability of the generic P-LPI-based KT for
the PR case. The aim is to provide a thorough comparison with
other interpolation methods as well as proper indications on the
selection of the relevant parameters.

To this purpose, we adopt a set of appropriate metrics to
evaluate the impact of different interpolation methods on the
final result on the range/Doppler map as well as their
effectiveness to compensate for target range migration.

The adopted metrics are defined assuming that a single point-
like target is present and are listed in the following. We will
refer to the illustrative example reported in Figure 5 where the
CZT-based KT has been applied against the same case
considered in Figure 3.
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Figure 5. Illustration of the adopted metrics on the bistatic range-velocity plane.

Target peak loss. This parameter measures the loss
experienced at the target location on the final
range/Doppler map with respect to its nominal expected
value in the absence of range migration. Specifically, it
is defined as:

1
Pross = —20logq, <m |X[ltgt: mtgt]l) (19)

where [l.4, meq] are the target coordinates on the
range/Doppler plane and N is the maximum expected
peak value after coherent integration in the absence of
migration using the conventional CAF. As is apparent,
this definition also includes the loss due to the batches
architecture (see (12)). Therefore it will be useful to
understand the additional loss due to the selected
interpolation method.

The following three metrics are intended to analyze the
sidelobes level in the final range/Doppler map in order
to highlight the presence of artifacts or spurious peaks
caused by the application of the considered approach.
They are defined with reference to different regions of
the map.

Peak to side lobe ratio (PSLR). This parameter
measures the level of the highest secondary peak
appearing in the range/Doppler map and compares it to
the main peak at the target location:

l ’
PSLR = 20logy, <—|)I(X[[ZZ ZZ#) (20)

When DVB-T signals are exploited together with proper
tapering functions to limit the sinc-shaped sidelobes, this
parameter will be mostly affected by the presence of
specific features in the OFDM modulation that yield a
number of undesired side-peaks in signal ambiguity
function [5]. However, when the KT is employed, the
final range/Doppler map might show a modified PSLR
value depending on the batches architecture parameters
and on the effectiveness of the interpolation stage.

Integrated side lobe ratio (ISLR). This parameter is
defined as the ratio of the total power in all side lobes
contained in a specific region of interest (ROI) to the
power in main lobe, and is expressed as:

ISLR

J Lx(x,y)|dxdy)
_ 10l0g10 ( (x,y)€ ROI

) (21)
f(x.y)e Main lobe |x(x, y)[2dxdy

We focus on a small region surrounding the target main
peak where the nominal signal ambiguity function
shows the typical two dimensional sinus cardinal shape.
Therefore, the ISLR provides indication about the
masking effect of a strong target on weak targets in the
neighborhood. Specifically, in this study, the ROI is
centered at target peak location and its size is set to 20
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m/s in velocity dimension (at a carrier frequency of 600
MHz) and 2 km in range dimension (see Figure 5).

To provide a similar measure on a wider region we also
introduce the

e Global integrated side lobes ratio (GISLR). This
parameter is defined as:

GISLR

J lx(x, ) |?dxdy)
_ 1010910< (x,y)e MAP

) (22)
f(x,y)e Main lobe |X(x’ y) |2 dxdy

where the integrated sidelobe level is evaluated on the
whole range/Doppler map considered for the PR
application. In this study we consider a range/Doppler
map extension corresponding to 50 km x 1000 m/s at a
carrier frequency of 600 MHz (see Figure 5).

Finally, in order to analyze the computational complexity
yield by different algorithms, we further consider among the
adopted metrics, the

e Computational load. This is evaluated in this study as
the number of complex multiplications required by the
considered approach. The results obtained as a function
of the relevant parameters are reported in Table 1 for the
BA (without range migration compensation) compared
to the KT based on efficient slow-time interpolation
methods. Besides the expected dependence on the
number of batches Ny and their length Lg, the
computational load of the different approaches also
depends on the number N, of delay bins included in the
range/Doppler map.

TABLE 1 - COMPUTATIONAL LOAD EVALUATED FOR ALTERNATIVE
ALGORITHMS FOR RANGE-DOPPLER MAP EVALUATION

Batches Ng[3(Lg + N)log,(Ly + Np) + Lg
Algorithm + No(1 + log,(Np))]
CZT-based Ng [3(Lg + N)log,(Lg + N;) + Lg + N;]

KT + (Lg + N)[4N;
+ 2Ng(1 + 3log, (2N;))]
Ng[3(Lg + NDlog,(Lg + Ny) + Ly
+ N.(1+ log,(Ng))]
+ Ng(Lg + N)((P + 1)2P)

P-LPI
based KT

V. COMPARISON OF DIFFERENT INTERPOLATION METHODS

The metrics introduced in the previous section are evaluated
in the following for different algorithms applied against
simulated data accounting for a single point-like target.
Specifically, we consider a CIT of 0.9 s and a target echo with
initial bistatic range equal to 26 km and constant bistatic
velocity equal to 400 m/s (corresponding to a target flying at
200 m/s along a radial direction). Therefore, a range migration
across about 10 range cells is expected during the CIT in the
absence of corrections.

The main objective of this analysis is to compare the
theoretical performance of alternative interpolation methods for
KT in passive radar. Moreover we aim at identifying possible
degradations with respect to the ideal case without range
migration so that we can understand which is the unavoidable
price to be paid in order to obtain the sought migration
correction. With particular reference to the proposed P-LPI
method, we also aim at assessing the achievable performance
for different choices of the relevant parameters, i.e. the
polynomials order P and the batches duration, in order to
provide practical indications to the interested reader.

Figure 6 reports the target peak loss obtained with various
algorithms as a function of the batches length L. Specifically
the results for the SCl-based KT and the CZT-based KT are
compared to the loss measured with the P-LPI based KT with
different choices of the polynomial order P (i.e. P=1, 3, 5, and
7).

In addition, the result obtained with the BA in the absence of
range migration is also reported for comparison. The
corresponding curve is obtained by eq. (12) and represents the
lowest bound for the different KT versions. In fact, it encodes
the loss due to the batches architecture, namely the loss due to
the ‘Doppler assumption’, which increases as the batches get
longer.

The curves in Figure 6 confirm that both the SCI and the CZT
based interpolation are optimum methods as they do not yield
additional loss with respect to the BA operating in the ideal case
(no range migration). This is tantamount to say that both the
SCl-based KT and the CZT-based KT provide an effective
compensation of the range migration by focusing all the target
energy at the expected range-Doppler location.

This is not an obvious result in the passive radar case because
of the ‘stop&go assumption’ and the ‘stationary signal
assumption’ discussed in Section III. Specifically, with
reference to the first assumption, we observe that with a

sampling frequency of 674 MHz = 9.14 MHz, the considered Ly

values spans a batches duration interval between 110 us and
450 us.

6
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Figure 6. Comparison of target peak loss obtained for different algorithms as a
function of the batches length.
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Therefore, the expected range migration within each batch is
about 18 cm in the worst case, which clearly shows that the
‘stop&go assumption’ is indeed valid within the considered
interval.

As regards the ‘stationary signal assumption’, we notice that
we exploited a 8k DVB-T transmission mode so that the OFDM
symbol duration is T,, = 896us, plus a guard interval of 1/32.
With the considered Ly values, the batches duration is always
supposed to be a fraction of T;, so that the same OFDM symbol
spans over multiple batches. Consequently, the employed
signal can be assumed to show slowly varying characteristics

fc 7
across the slow time samples, i.e. Pr(efjf”f” )[p] = Pr(e’?[p] in
eq. (17).

The curves obtained for the different versions of the P-LPI
based KT clearly show that the expected target peak loss is a
function of both the batches length Lz and the polynomial order
P. Specifically, as for the SCI and the CZT interpolation
methods, the loss increases as the batches are extended.
However, due to the sub-optimality of the P-LPI method,
additional target peak loss are observed with respect to the ideal
BA. This clearly shows that, with certain selections of its
parameters, the P-LPI method fails at totally recovering the
target energy spread over multiple range cells.

Nevertheless we notice that the derivative of the loss curve
with respect to Ly increases as P decreases. In other words, in
order to limit the loss to a given acceptable value, shorter
batches are required when low order polynomials are exploited
at the interpolation stage. As an example, by setting the
maximum loss to 0.8 dB, a batches length L;=2500 can be
exploited with the SCI and the CZT, the 3-LPI would require
Lg=2200, while using a linear interpolation (1-LPI) limits the
batches length to L;=1500. Interestingly enough, for any given
acceptable loss, it is possible to identify a proper combination
of Ly and P so that the P-LPI method could accomplish the
requirement.

Similar considerations apply to the performance comparison
reported in Figure 7. Specifically Figure 7(a-c) show the results
obtained with different methods for the three metrics related to
the sidelobes level in the final range/Doppler map, namely the
PSLR, the ISRL, and the GISLR, respectively. In each figure,
most of the reported curves show increasing values as the batch
duration increases. This possibly proves the insurgence of
artifacts or spurious peaks caused by the application of the
considered approach, there including the batches strategy and
the range migration compensation stage. Incidentally we
observe that the ISLR (Figure 7(b)) is less sensitive to the batch
duration showing quite constant values for many of the methods
adopted in the considered study case.

The SCl-based KT and the CZT-based KT yield identical
curves and are shown to be the best performing methods for the
considered interval of Ly values. In contrast, the P-LPI method
might cause a slight increase in the sidelobes level, with
reference to both the highest side-peak and the average
sidelobes surrounding the main peak in the range-Doppler
plane. However, there exist choices of Lz and P that guarantee

a proper control of the sidelobes level. Therefore, even a simple
linear interpolation (i.e. 1-LPI) can be exploited if the batches
length can be kept sufficiently small. For instance, the 1-LPI
based KT with Lz=1500 provides similar performance with
respect to the CZT-based KT with L;=2500.

Based on the analysis above, the performance degradation
yield by the sub-optimum P-LPI method can be largely
controlled by properly selecting both the order P of the
polynomial and the system equivalent PRF.
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Figure 7. Comparison of the sidelobes level in the final range-Doppler map
obtained for different algorithms as a function of the batches length: (a) Peak to
side lobe ratio (PSLR); (b) Integrated side lobe ratio (ISLR); (c) Global
integrated side lobes ratio.
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In this regard, the P-LPI method appears as an effective
solution for the PR case since it provides a flexible tool to be
employed within a KT stage. In fact, in PR system, the
equivalent PRF resulting from the batching strategy is not
subject to severe constraints on range and Doppler ambiguities.
In contrast its setting is typically regulated by the requirements
on SNR loss and computational load [22]-[23].

Therefore, it is possible to identify proper choices for this
parameter so that, even operating with the P-LPI with a limited
order P, negligible loss should be accepted with respect to the
application of a SCI or a CZT based interpolations. Moreover,
the expected loss can be traded for a reduced computational
load.

In order to investigate the computational efficiency of the
proposed interpolation method, Figure 8 reports the
computational load required by different algorithms as a
function of the number of samples in each batch, Lg. To this
purpose we assumed that the CIT is 0.9 s and the maximum
bistatic range of interest is 130 km, which yields N; = 3659
samples in the range dimension.

e Batches Algorithm
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Figure 8. Comparison of the computational load required by different
algorithms as a function of the batches length.
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Figure 9. Comparison of the computational load required as an extra to batch
algorithm by different algorithms as a function of the batches length.

As expected, all the considered methods show a
computational complexity that decreases as the batches
duration increases. The BA without range migration
compensation provides the lowest computational load that in
turn represents the lowest bound to the complexity of any
considered method based on such fundamental architecture.
The capability to compensate the target range migration is paid
in term of additional complex multiplications, as required by
the slow-time interpolation stage of the KT. However, by
exploiting different interpolation approaches, the experienced
increase in computational complexity might significantly vary.

Specifically, the CZT-based KT yields a number of complex
multiplications more than doubled with respect to the BA for
convenient values of Lz. A similar result is obtained when
operating with a P-LPI method with a high polynomial order P
(i.e. P = 5 in the considered case). In contrast, by reducing P,
the P-LPI based KT allows to limit the additional computational
complexity required to achieve the desired range migration
compensation. Particularly, the 1-LPI method only requires a
slight increase in the computational load with respect to the BA.

For the sake of fairness, the comparison above should be
repeated under the constraint of a similar coherent integration
loss (see Figure 6). However we observe that, even in that case,
similar considerations hold. For instance, with a maximum loss
to 0.8 dB, the CZT-based KT with Lz=2500 would require a
number of complex multiplications 1.4 times higher than the 1-
LPI based KT with Lz=1500. Moreover we observe that the
setting of the polynomial order in principle provides a greater
flexibility in the trade-off between performance and
computational complexity.

Again we recall that the computational load saving cannot be
by orders of magnitude since the complexity is lower bounded
by the computational load of the standard BA without range
migration compensation. This is quite apparent in Figure 9
where we compare just the additional computational load
required by different implementations of the KT. In particular
one might notice that this additional cost with the 1-LPI based
KT is one order of magnitude smaller than with the CZT-based
KT.

Finally, we observe that, being based on few consecutive
slow-time samples, the P-LPI based KT method intrinsically
operate in a sequential manner against the received data. In
other words, the interpolation stage can be started after the
reception of the first P+1 batches and can be operated sliding
across the slow-time domain. As a consequence the required
processing can be easily pipelined with the previous stages
devoted to the computation of the cross-correlation between the
reference signal and the surveillance signal performed on a
batch basis (see Figure 4). Similarly, the output of the
interpolation can be readily fed as input to the IFFT going back
into the fast-time domain. In contrast, a CZT-based approach
would require all the batches in the CIT to be available at the
receiver in order to provide the final output in a parallel manner.
Therefore, in that case, the additional computations required by
the KT would start after the reception of the whole CIT with a
resulting intrinsic latency.
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VI. RESULTS AGAINST EXPERIMENTAL DATA

In this section, we show the benefits of the proposed range
migration compensation techniques against experimental data
collected by a DVB-T based PR for an aerial surveillance
scenario.

A. Acquisition campaign and adopted methodology

The data sets exploited in this paper have been provided by
Leonardo S.p.A. in the framework of a long-term collaboration
with the research group at Sapienza University of Rome. In the
considered data acquisition campaign, the DVB-T based PR
receiver was fielded at the Leonardo premises, in Rome (see
Figure 10).

It featured two surveillance antennas displaced in the
horizontal plane. The antennas were pointed at 270° clockwise
from North so as to include in their 36° main beam many
civilian air traffic routes departing or arriving to the Fiumicino
and Ciampino airports. Depending on the considered test, the
reference antenna was steered toward the DVB-T transmitter of
Monte Cavo or Monte Guadagnolo (see Figure 10) to collect
the DVB-T channels emitted at a carrier frequency of 762 MHz
and 482 MHz, respectively.

Different data sets have been collected for a total acquisition
time of 156 minutes. In detail, each data set is composed by
consecutive data files, namely scans, spaced by 7 s.

\ Caimpino oo
aarport Voo u,

43
Figure 10. Sketch of the acquisition geometry.

All the available data files have been processed according to
the DVB-T PR processing scheme developed by the authors and
presented in [5][8]. Specifically, the removal of the undesired
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contributions in the surveillance channel, i.e. direct signal and
multipath echoes, is performed via the sliding version of the
extensive cancellation algorithm (ECA-S) [27]. This operates
over a range of 33 km (1000 taps @ f's=64/7 MHz) with a batch
duration equal to 0.1 s whereas the filter update rate is 13 ms.
Then, the reference signal is properly pre-filtered to remove the
high side-lobes and spurious peaks appearing in the DVB-T
signal ambiguity function. To this purpose, we resort to the
linear approach presented in [5] which is based on the cascade
of the pilots signals equalization and a residual peaks removal
(RPR) filter to mitigate the zero-Doppler peaks.

Successively, the mismatched reference signal and the output
signals from the ECA-S filter are jointly exploited to achieve
coherent integration on CIT of about 1-2 s. To this purpose,
different algorithms have been considered.

Firstly, the conventional CAF in (1) has been evaluated,
without range migration compensation, by resorting to the
Correlation FFT algorithm [22] which is the most efficient
solution for the CAF formation when DVB-T signals are
exploited. Notice that the conventional CAF represents the
upper bound on SNR when no migration effects are present
since no SNR loss is introduced. In addition, a 1-LPI1-based-KT
and a CZT-based-KT with batch length Lg=1715 have been
considered for range migration compensation.

Once the bistatic range-velocity maps have been evaluated at
both surveillance channels, a conventional Cell Average
Constant False Alarm Rate (CA-CFAR) threshold is separately
applied to each map to detect targets with a probability of false
alarm equal to Pr, = 107°. A two-out-of-two criterion is
adopted to integrate the detection results obtained at the two
surveillance channels allowing a nominal Pr, = 107° on the
final range-velocity plane.

Live Air Traffic Control (ATC) registrations of the
corresponding aircrafts of the same area have been also
collected. This allowed us to carry out a quantitative analysis to
evaluate the target detection improvement resulting from the
correction of its range migration when long integration times
are considered. In fact, we have evaluated the number of correct
detections resulting from the application of the different
approaches for all the targets of opportunity included in the
available air-truth. Specifically, we define a given detection as
“correct” when it appears at both expected range-velocity
location and expected time instant. All the remaining plots are
then labeled as false alarms.
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Figure 11. Enlarged views of the range-velocity maps obtained with different algorithms for a target with a dominant motion component along the range
dimension. (a) Conventional CAF with CIT=0.3 s; (b) Conventional CAF with CIT =1s; (c) 1-LPI-based-KT with CIT=1s; (d) CZT-based-KT with

CIT=1s.
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An extensive analysis on the available data sets is reported in a0 A ; T ! T
the following sub-section. ' : : : : ' : '
B. Target detection performance analysis
To readily understand the effects of different approaches for L] — L L e SR S . Lt
range-velocity map evaluation, Figure 11 reports an enlarged £ Q ; : f : ;
view of the results obtained on asingle scan for atargetwitha 5 ol 1fesad o Lo E L g
dominant motion component along the range dimension. All the 2 : ' 5 f ; é g
reported results have been normalized to the thermal noise £ | 1 CT 0T 0 TN e L
power level so that each value represents the estimated SNR. . : : : : . :
The real target IS mOVIng around the biStatiC Iocation With 200 .......... ; ....... ......... ....... -
coordinates [43.5 km, 224 m/s]. When a conventional CAF map : : : . 5 : : :
is evaluated with a CIT=0.3 s (see Figure 11(a)), a reasonably : _ : : : _
narrow peak is formed in the range dimension as the range walk & a4 s @ @ @
effects are negligible. In contrast, when we extend the CIT up au —— et
to 1 s (Figure 11(b)), a range spreading is clearly visible in the 5 ; : ? f L e
conventional CAF map. As a consequence, a SNR 200l fet RS RTINS
improvement of just fractions of dB is measured at the peak
location with respect Figure 11(a). When applying the KT L] A R L et Qo Bt ]
based range migration compensation, the benefits of an f; : : Q : ;
extended CIT are apparent. This is illustrated in Figure 11(c)- 2 ol LR o " e SERIE RIS L0 NS RG 1 (b)
(d) where a 1-LPI-based KT and a CZT-based KT have been 2 : : : : § :
considered, respectively. Interestingly enough, the two gﬁ Aol
algorithms provide largely comparable outputs. In fact, in both
cases, the target’s echo appears well focused in range and 20l !
velocity dimensions. Correspondingly, a SNR improvement of
about 5 dB is obtained with respect to both Figure 11(a) and amn ; ; ; ; ; i i ‘
Figure 11(b) and this clearly reveals the successful exploitation LB e
of a CIT more than tripled. 300 ; ; ; ; ; ; ;
Figure 12 reports the detection results obtained across the 42 ; ' Ly 7
scans belonging to the same test considered in Figure 11. 200 - RN el : : .
Specifically, Figures 12(a-d) have been obtained with the same : : : : : :
approaches adopted in Figures 11(a-d). In each figure, colored SRR L] PEPERE O CooUU T ARt RS SRS PR SOV I SN A SO ]
or gray dots have been employed to plot the raw detections of f; : : : g
the PR sensor while in black we reported the available ATC g8 ol B oo Dega U A RIS P N ©
registrations for comparison. In order to obtain much clearer E : f 5 ;
outputs, all the plots within a bistatic range of 6 km have been §f§ ool ' : \ : ]
discarded. : !
The detections appearing within the first 14 km (surrounded PN IS R RS AN ATMACI SIS Sy ]
by the green rectangle in Figure 12(a)) correspond to vehicles : : : : :
moving on the highway near the receiver position, [28]. Instead, . a i i a . ; ‘ i
the plots between 16 and 35 km (surrounded by the orange o W 20 @ 4 @ @ 7 @ @
rectangle in Figure 12(a)) correspond to aircrafts, devoid of a0 Ertate Range (m
ADSB transponder, that are landing or taking off from the small '
civilian Urbe airport situated near the Leonardo premises (see -
Figure 10).
The remaining targets have been grouped into two classes: = 100
(i) high bistatic velocity targets, that, based on the motion E
model adopted in Section 11, are expected to move with § .
a dominant motion component along the range g 1 @)
dimension thus yielding an approximately constant EE
bistatic Doppler during the CIT (see for example the @ 1
target track with red dots in Figure 12(a)), and 5 : : : : :
(”) IOW blStath Ve|OCIty targets that ObVlOUSIy yleld a 200 .................. ....... .......... ....... ................. ....... 4
limited range migration during the CIT but can be rather g ; 5 : 5 :
300 i L . L L i ‘ L

affected by Doppler migration (see for example the o 1 20 @& a1 & e 70 @ @
target track with blue dots in Figure 12(a)).

Bistatic Pange (kmj
Figure 12. Detection results across 42 consecutive scans when using
different algorithms. (a) Conventional CAF with CIT=0.3s; (b)
Conventional CAF with CIT=1s; (c) 1-LPI-based KT with CIT=1s; (d)
CZT-based KT with CIT=1s.
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We expect that the first class includes the targets that are the
most interesting ones to show the benefits of the considered
range migration compensation approaches.

In fact, we observe from Figure 12, that the target appearing
at low bistatic velocity is almost continuously detected with all
the considered approaches (a few additional missed detections
are experienced when operating with a CIT=0.3 s, as in Figure
12(a)). In contrast, from Figure 12(a)-(b) we notice that, if no
range migration compensation is performed, a discontinuous
plot sequence is obtained for the target at high bistatic velocity
when the CIT is equal to 0.3 s or 1 s, respectively.

As it is apparent, the increase of the integration time does not
provide a significant improvement in term of target detection
capability. In fact, the number of correct detections moves from
22 to 26 (over 42) when we extend the CIT from0.3sto 1s. In
contrast, many additional plots are obtained when the proposed
1-LPI-based KT is applied (see Figure 12(c)) against a CIT=1
s. Noticeably, similar results are achieved with the CZT-based
KT (Figure 12(d)) despite the additional computational load. In
particular, for the considered target, the number of correct
detections is equal to 39 and 38 when operating with the 1-LPI-
based KT and the CZT-based KT approaches, respectively. In
other words, the target is rather continuously detected all along
the acquisition time.

A more extensive analysis along this line is reported in Table
2 for a different test that included many targets of opportunity
within the first 80 km of bistatic range. Specifically, the
columns of Table 2 report the number of correct detections of
each target of opportunity included in the available air truth
when different algorithms and CIT durations are considered.
The maximum number of possible detections for each target has
been also reported. The same target classification discussed
above has been adopted to easily identify the targets that are
worth the application of the range migration compensation
algorithms. In detail, in the present analysis, a target is labeled
as a high (H) or low (L) velocity target at the scans where it is

observed with bistatic velocity greater or lower than 125 m/s,
respectively. According to this criterion, a given target track is
typically subdivided into two portions belonging to the different
regions.

In the penultimate columns of Table 2 we have evaluated the
total number of correct detections for the two target classes,
obtained as a summation of the detections for all the targets
belonging to the considered class. Finally, the estimated false
alarm rate is reported in the last column of Table 2; this is
obtained by evaluating the number of false alarms (e.g.
scattered grey plots in Figure 12) and averaging over a bistatic
range-velocity region where no target is expected to fall. An
indication of the margin of error is also shown for a confidence
coefficient of 0.95. As is apparent, in all cases, the estimates of
the false alarm rate are only slightly higher than the nominal
value of the Py, equal to 10°°.

Focusing on the target detection capability, we observe that
when we limit the CIT to 0.3 s, the detection results are
comparable for the different processing schemes, namely the
conventional CAF, the 1-LPI-based KT and the CZT-based KT.

This result holds also when longer CIT are used if low
bistatic velocity targets are considered. As expected the
capability of detecting such targets increases with the CIT
duration. However it is not enhanced by the range migration
compensation stage at least up to the considered CIT values.

In contrast, a significant improvement is obtained in term of
target detection capability for high velocity targets by
exploiting the algorithms including a range migration
compensation stage. Notice that, for such targets, the use of a
longer CIT might even provide some detection losses when a
conventional CAF is applied (see for example Targets 1-5).
This is reasonably attributed to the masking effect yield by the
target energy spreading around the cell under test (see Figure
11(b)).

When a range migration compensation stage is included, the
number of correct detections is largely enhanced. With

Table 2. Detection results obtained against a single data set when different CAF algorithms and different integration time values are considered.

Targets of opportunity de;re?:i?cl)ns
@
=l s el 2| e | e | = 548, =%
Cases S S S > S > S |25 25 ge
S| 2| & & & | & | & |55z8 Es
I |- i
n° of possible detections 53 3|,‘4 ;1 3L3 ?:1 2"1 ;_) 4L4 ;‘5 2"5 1'1 2"0 E 2"1 179 | 197
Optimum CAF 21 (102013 | 13| 6 [19] 3 | 15| 2 |14 | 2 | 15| 43 117 | 3.8-10% +2.3.107
CIT=0.3s | 1-LPI- based-KT 20 22 (15|12 | 6 |18 | 3 [15] 2 | 14| 2 |16 | 45 117 | 3.7-10% + 2.3.107
CZT-based-KT 20 22 (15|12 6 |18 | 3 [15] 2 | 14| 2 |16 | 45 117 | 3.7-10% + 2.3.107
Optimum CAF 13128 (1025|1018 | 8 |26 | 4 | 22| 6 |16 | 2 | 17| 53 152 | 4.1-10%+ 1.3.107
CIT=1s | 1-LPl-based-KT | 15|29 (12 (26 |19 |17 |13 (31| 9 |22 |10 |17 | 3 |17 | 81 159 | 4.1-10%+ 1.3.107
CZT-based-KT |17 [ 29 |12 |25 |19 | 16 | 13 |31 |10 (22 |10 | 17| 2 | 17 | 83 | 157 | 4.0-10°5+1.3-107
Optimum CAF 4 (297 1298 19| 2 |28 2 |21 6 |18 | 2 (21| 31 165 | 4.2-10%+9.5.10°8
CIT=2s | 1-LPl-based-KT | 14 | 30 | 17 (31 |22 | 18 | 13 | 31 | 14 | 23 171 3 |19 91 169 | 4.1-106+9.4.10°8
CZT-based-KT |16 |31 |16 |31 |21 |18 |13 |31 | 14|23 |10(16| 5 | 20 95 170 | 4.1-10€+9.4.10°8
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reference to the global number of correct detections, when
CIT=2s, the number of correct detections provided by the CZT-
based KT algorithm (95) is approximately tripled with respect
to the conventional CAF (31).

Table 2 clearly shows that the 1-LPI-based KT technique
provides comparable results with respect to the CZT-based KT
algorithm for all the reported targets of opportunity. This in turn
demonstrates that the intrinsic approximations of this low order
P-LPl-based KT do not significantly affect the final
performance with respect to the use of a conventional optimum
resampling stage within the KT.

Notice that, although the target detection capability of high
velocity targets is significantly enhanced when the proposed
techniques are exploited, the achieved probability of detection
is still limited (95 correct detections are obtained out of the 179
maximum possible detections achievable). This is possibly due
to the high altitudes of such fast moving targets whose detection
could be limited by the vertical-plane radiation patterns of
DVB-T transmitters. In addition, Doppler migration effects
cannot be excluded for these targets and the compensation of
such effects requires additional processing stages not included
in the proposed schemes.

The analysis above has been further extended by summing
up the results from to all the available data sets. Following the
adopted target classification, Table 3 reports the overall number
of correct detections evaluated for all the targets of opportunity
included in each data set, distinguishing between high bistatic
velocity targets and low bistatic velocity targets. The same
combinations of algorithms and CIT values of Table 2 have
been included in the reported analysis.

Again, the joint exploitation of long CIT and range migration
compensation techniques yields a remarkable enhancement in
target detection performance. This is clearly apparent from the
last three rows of Table 3 (based ona CIT of 2 s).

Specifically, for targets moving at low bistatic velocity, the
use of a long CIT (up to the considered values) allows an
enhancement of targets detection capability also when a
conventional processing is applied. However, even in this case,
the application of range migration compensation techniques
guarantees an increased continuity in the obtained plot
sequences. For instance, when CIT=2 s, an improvement of
about 5% is obtained using the 1-LPI-based KT and the CZT-
based KT with respect to the conventional CAF.

For high velocity targets, the exploitation of a range
migration compensation stage together with a long CIT allows
a number of correct detections approximately doubled with
respect to the results obtained with the same approach against
short CIT=0.3 s. In other words, the considered range migration
compensation stage allows to effectively exploit the increased
CIT duration.

In contrast, we might observe that when a conventional CAF
is employed, the increase of the integration time up to 2 s yields
a slight degradation of the detection performance. As
previously mentioned, this is also a consequence of the target’s
echo spreading across range and Doppler that might jeopardize
the effectiveness of a CA-CFAR detection scheme.

Consequently, the advantage of the proposed scheme over a
conventional CAF progressively enhances as the adopted CIT
increases. In this regard we observe that both the 1-LPI-based
KT and the CZT-based KT with CIT=2 s yield a 67% increase

in the number of correct detections with respect to the best
result obtained with the conventional CAF operating with
CIT=1s.

Finally, based on the results above, it is evident that the
proposed P-LPI-based KT operating with P=1 provides the
same detection results obtained with the CZT-based KT while
reducing the computational load of the resulting system.

VIl. CONCLUSIONS

In this paper, an alternative interpolation strategy is proposed
to implement the slow time resampling stage required by the
KT algorithm for range migration compensation. The proposed
approach is intended to provide a low cost solution to be
fruitfully employed in passive radar based on transmissions of
opportunity with reasonably wide frequency bandwidth.

Specifically, based on a batches architecture, we resort to a
Lagrange P-order polynomial interpolation and we verify that
the proposed approach might represent a flexible tool to be
employed within a KT stage for passive radar. In fact, whilst
this method is intrinsically sub-optimal, we show that the
expected loss can be largely controlled by properly selecting the
relevant parameters of the algorithm thus trading the achievable
performance for a reduced computational load. Specifically, by
properly acting on the batches duration, we show that, even
operating with a limited order P, negligible loss should be
accepted with respect to other interpolation approaches, with a
corresponding computational load saving.

The practical effectiveness of the proposed scheme is
demonstrated by extensive application against experimental
data sets provided by Leonardo S.p.A..

Table 3. Synthesis of the detection results obtained against all the available
data sets.

High velocity | Low velocity
targets targets
Possible detections 943 1441
Optimum CAF 175 875
CIT=0.3s | 1-LPI- based-KT 190 875
CZT-based-KT 190 877
Optimum CAF 229 1069
CIT=1s | 1-LPI- based-KT 312 1112
CZT-based-KT 306 1107
Optimum CAF 161 1141
CIT=2s | 1-LPI- based-KT 383 1203
CZT-based-KT 386 1198
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