
Supervised Reciprocal Filter for
OFDM Radar Signal Processing

JAVIER TRUJILLO RODRIGUEZ , Graduate Student Mem-
ber, IEEE

FABIOLA COLONE , Senior Member, IEEE

PIERFRANCESCO LOMBARDO , Senior Member, IEEE
Sapienza University of Rome, Rome, Italy

In this article, we address the problem of the range-Doppler map
evaluation in continuous wave radar exploiting orthogonal frequency
division multiplexing (OFDM) signals. This stage is usually imple-
mented by resorting to a suboptimal batches algorithm and a typical
choice is to fragment the signal in batches with length equal to the
OFDM symbol length and to apply at each batch an appropriate
range compression strategy: typically, either matched filter (MF) or
reciprocal filter (RF). The former provides the best performance
against noise-limited scenarios, whereas the latter against clutter-
limited scenarios, thanks to its high peak sidelobe level. Using “OFDM
fragmentation” requires symbol synchronization and sets constraints
on the coherent processing chain; moreover, we show that it provides
a signal-to-noise ratio (SNR) loss both when using MF and RF. There-
fore, we investigate the case of “non-OFDM fragmentation,” which
does not require synchronization and avoids setting constraints on the
processing chain. Specifically, we address the case of batch lengths
longer than a single OFDM symbol that can potentially reduce the
SNR loss at long ranges. We find that this is effective for the MF,
but causes an even higher SNR loss for the direct application of
the RF filter, which still provides a low level of sidelobes. Aiming
at preserving the potential benefits of the RF over the MF against
the clutter-limited scenarios, we propose some modified versions of
the RF for the non-OFDM fragmentation case, which are shown
to offer a tradeoff between SNR losses and sidelobes level control.
The effectiveness of the proposed approaches is demonstrated both
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by providing theoretical performance prediction expressions and by
using simulated analyses. To this purpose, a case study is considered
for a passive radar exploiting digital video broadcasting – terrestrial
transmissions.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM)
radar uses an OFDM signal as radar waveform. The advan-
tages of OFDM modulation are well established in commu-
nication systems, where its use has been consolidated since
decades [1]. In contrast, the interest in OFDM technique
for radar applications has appeared relatively recently [2].
However, its popularity has increased rapidly being driven
by the advancement in hardware capabilities and the grow-
ing demand for reciprocal filter (RF) spectral resources.

Specifically, the latter aspect was dealt with from two
different perspectives. On one hand, several studies have
addressed the possibility to exploit parasitically OFDM
transmitters of communication systems as illuminators of
opportunity for passive radar (PR) [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13]. These included popular state-of-
the-art broadcast technologies such as digital video broad-
casting – terrestrial (DVB-T) and digital audio broadcasting
[3], [6], [8], [9], but also the transmitters for metropolitan
and local area networking (e.g., LTE, 5G, Wi-Fi), which
are proliferating at rapid rate [10], [11], [12], [13]. This
approach makes available a wide set of energy sources
that could enable the implementation of PR for the surveil-
lance of wide areas as well as for short range monitoring
applications, provided that appropriate signal processing
techniques are used to mitigate the effects of the OFDM
waveform characteristics, which are not under control of
the radar designer.

Another interesting perspective used in OFDM radar
research is concerned with the emerging technology of
joint radar and communication (JRC) or integrated sensing
and communication (ISAC) systems [14], [15], [16], [17].
In fact, the idea of transmitting coded signals via OFDM
radar might offer sensible benefits against the increased
congestion of the RF spectrum especially in multiuser sce-
narios such as autonomous driving applications or smart
indoor environments. This approach enables the possibil-
ity of codesigning the resources shared by the radar and
the communication functions, there including the adopted
waveform. Still, an important task is to investigate the
impact of data transmission on radar performance and to
identify methods to facilitate the coexistence.

In both PR and JRC systems, the definition of methods
capable of decoupling and relaxing the requirements dic-
tated by the radar and communication functions can make
the designer’s task easier. This article goes in this direction
and addresses the possibility of operating a fundamental
radar processing stage beyond the constraints imposed by
the framing of an OFDM waveform, typically set to guaran-
tee the desired performance for the communication system.

As is well known, one of the essential signal processing
stages in modern radar is the evaluation of the range-
Doppler map [18]. When continuous wave transmissions
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are used, as for OFDM signals, this is ideally obtained by
evaluating the cross-ambiguity function (CAF) between the
surveillance signal and a copy of the transmitted signal,
namely the reference signal [5]. Apparently, the evaluation
of the CAF basically corresponds to the application of a
bank of matched filters (MF) tuned to different Doppler
frequencies. This approach has two major issues.

First of all, due to the reasonably wide bandwidth of the
OFDM signals and the long coherent integration time (CIT)
typically considered, the CAF evaluation is computationally
expensive. This problem is partially solved by exploiting a
fast, suboptimum batching strategy [5], [19]. For OFDM
waveforms of opportunity, an obvious choice is to fragment
the signal in batches corresponding to individual OFDM
symbols. The effect of the Doppler frequency is neglected
inside each symbol, which results in inherent losses in terms
of signal-to-noise ratio (SNR). However, a large SNR gain
is obtained with the final fast Fourier transform (FFT) that
is used to integrate the multiple batches available inside the
long CIT, thus providing the desired range-Doppler map.

In addition to the limitation abovementioned, we recall
that OFDM signals has a number of periodical structures—
naming pilot signals, guard interval, or cyclic prefix as
examples—needed by the communication function to ad-
dress problems such as transmitter-receiver synchroniza-
tion, Doppler-connected distortions, or multipath propaga-
tion issues [1]. When exploited for radar purposes, this
signal structure results in a CAF characterized by unde-
sired side-peaks and a high sidelobes floor, which might be
responsible for ghost targets and severe masking effect on
weak target echoes [3], [5], [20].

In the past years, various approaches have been pre-
sented in literature to control the sidelobes of the CAF for
various types of OFDM-based PR. Among these techniques,
the use of a RF has emerged as a widely used approach
[6], [7], [21], [22]. This is especially well integrated with
the suboptimum CAF, based on batches corresponding
to individual OFDM symbols. Specifically, after symbol
synchronization, the cyclic prefix is removed from each
symbol before moving into the frequency domain, where
each subcarrier of the surveillance signal is divided by the
corresponding subcarrier of the reference signal. These op-
erations remove both the repetitions in the time domain and
the spectral modulation impressed by the transmitted data,
providing a perfectly whitened signal, which in turn yields
an ideal compression in the time domain. This approach is
characterized by additional SNR losses with respect to the
use of a MF applied at batch level but provides a low sidelobe
response in the range-Doppler domain, which allows it to
outperform the MF against clutter-limited scenarios.

The use of the RF in OFDM-based PR and its perfor-
mance have always been investigated for the case of an
OFDM fragmentation, namely when selecting the signal
batches to be equal to the OFDM symbols. However, de-
pending on the specific waveform of opportunity and on
the extent of the range and Doppler frequency region of
interest for the specific surveillance application, the OFDM
fragmentation could lead to a performance degradation,

due to the constraint on the batch length. Moreover, the
possibility to operate using batches whose length is not
constrained to be equal to the OFDM symbol provides an
increased flexibility to meet some radar requirements such
as on the equivalent pulse repetition frequency (PRF), the
Doppler ambiguities, and the computational load [5], [19],
[23], [24].

Therefore, in this article, we investigate the possibility
to operate the RF with batches that do not coincide with
individual OFDM symbols, being instead much longer. In
principle, this is a more appropriate choice with both the RF
and the MF when a wide area surveillance is sought since it
allows to limit the SNR losses at long ranges. However, by
extending the results in [23], [24], we show that the benefit
of a reduced sidelobes level provided by the RF comes
with additional non-negligible SNR losses. This is mostly
attributed to the need to operate with a signal spectrum that
is oversampled with respect to the subcarrier spacing and
this in turn results in a noise power boost when using the
RF compression strategy.

Consequently, in order to preserve its benefits with
respect to the MF against the clutter-limited scenarios, we
introduce some modified versions of the RF whose underly-
ing idea is to supervise its application with the aim to make
it effective even when operating with an oversampled signal
spectrum. Different techniques are proposed by resorting to
different strategies to obtain the required control. The need
for supervised approaches, as well as the performance im-
provement that they guarantee, are illustrated in this paper
by means of theoretical analyses. Also, their effectiveness is
demonstrated when applied against simulated data. To this
purpose, the case of a PR is considered based on OFDM
transmissions of opportunity. The reported results show that
the proposed supervised RF strategies provide a tradeoff
between the SNR losses and the sidelobes level. Moreover,
they allow to identify the most suitable technique for the
application of interest.

The rest of this article is organized as follows. Section II
briefly recalls the MF and RF strategies when applied using
an OFDM fragmentation and illustrates the inherent limita-
tions. The case of a non-OFDM fragmentation is addressed
in Section III, where it is shown that the RF presents high
SNR losses. In Section IV, the supervised RF strategies are
proposed as a mean to reduce the observed SNR degradation
at the cost of higher sidelobes and their performance is
theoretically characterized. Moreover, a comparative per-
formance analysis is reported in Section IV where the
alternative strategies are applied against a simulated case
study. Finally, Section V concludes this article.

II. OFDM SYMBOL BASED RADAR PROCESSING

In modern radar systems, a prior step to target detection
is the evaluation of the range-Doppler map [18]. When
continuous wave transmissions are used, this is obtained
by evaluating the CAF between the surveillance signal s(t ),
namely the signal collected by the radar antenna, and the
reference signal r(t ), namely a copy of the transmitted
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Fig. 1. Processing scheme for the range-Doppler map evaluation by
using (a) optimal CAF, (b) suboptimal batches approach with the MF or

the RF applied at OFDM symbol level (OFDM fragmentation).

signal. The latter can be assumed to be locally available
in JRC (or ISAC) systems; alternatively, it is collected by
means of a dedicated receiving channel when PR systems
are considered exploiting noncooperative transmitters.

A. Ideal CAF and Batches Algorithm

In discrete time notation, the CAF is evaluated as

z [l, m] =
N−1∑
n=0

s[n]r∗ [n − l] e
j2πmn

N (1)

where z[l, m] is the value of the range-Doppler map at the
lth range bin and mth Doppler bin, and N is the number
of samples in the CIT of T seconds, assuming a Nyquist
sampling of the bandwidth B. Provided that the reference
signal is a good copy of the transmitted signal, the evaluation
of the CAF basically corresponds to the application of a
bank of MFs tuned to different Doppler frequencies, as
Fig. 1(a) illustrate.

Whilst it guarantees the best SNR improvement on
target echoes, this approach might be computationally in-
tensive, especially when reasonably wide bandwidth signals
are used. Therefore, in practical applications, a suboptimum
batches algorithm is used instead for the evaluation of the
range-Doppler map, which possibly enables a real-time
operation while approximating the output of the ideal CAF
[5], [19].

When OFDM signals are used, the typical implemen-
tation of the suboptimum batches algorithm uses a length
of the batches equal to the useful part of the OFDM sym-
bols, after the removal of the cyclic prefix (CP) encom-
passing NCP samples, which is typically inserted in the
signal to remove the effect of multipath and the resulting

intersymbol-interference. The effect of the Doppler fre-
quency is neglected inside each symbol, where a zero-
Doppler range compression is performed. Then, an IFFT
is used to coherently integrate the results from consecutive
batches within the CIT. We refer to this approach as the
batches algorithm applied with an OFDM fragmentation
and has been illustrated on Fig. 1(b). Accordingly, the
suboptimal range-Doppler map is obtained as

z [l, m] ∼= 1

L

P−1∑
p=0

e
j2πmp

P

L−1∑
k=0

Sp [k] Hp [k] e
j2πkl

L (2)

where

1) P is the number of OFDM symbols in the CIT;
2) the inner summation implements the range compres-

sion that is performed at FFT speed in the frequency
domain L = NU being the number of non-zero sub-
carriers in the OFDM symbol;

3) Sp[k] is the discrete Fourier transform (DFT) of the p
th OFDM symbol of the surveillance signal, sp[n], at
the kth subcarrier; since an OFDM fragmentation is
adopted, Sp[k] takes values drawn from the constel-
lation used by the modulation scheme (e.g., QPSK,
16QAM, and 64QAM).

4) Hp[k] is the range compression filter at the p th batch.

Different choices could be made for the range com-
pression filter according to different objectives. The con-
ventional range compression filter used is the MF that
maximizes the SNR at the output of the compression.
Alternatively, aiming at the control of the side-peaks and
sidelobes floor in the final range-Doppler map, the RF is
an attractive mismatched solution [6], [7], [21], [22]. The
corresponding filters are specified as

Hp [k] =
{

R∗
p [k] MF

1
Rp[k] RF (3)

where Rp[k] is the reference signal frequency response for
the kth subcarrier at the pth OFDM symbol.

B. Performance Metrics

In order to evaluate and compare the performance ob-
tained with the MF and the RF, we need to introduce
appropriate performance metrics.

We assume that the surveillance signal only includes the
echo from a point-like scatterer located at a particular range
bin and Doppler bin [l0, m0] corrupted by additive white
Gaussian noise. Therefore, we decompose the output map
into the sum of the two corresponding contributions: the
scatterer echo component zS[l, m] and the noise component
zN [l, m], namely z [l, m] = zS [l, m] + zN [l, m].

The output SNR is then defined as

SNR = |E {zS [l0, m0]}|2
E
{|zN [l, m]|2} . (4)

Specifically, since this metric is dependent both on the
system parameters and on the adopted processing scheme,
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in the following we refer to the SNR loss measured with
respect to SNRmax, namely the maximum SNR obtained
with the ideal CAF in (1), i.e.,

�SNR = SNRmax

SNR
. (5)

The capability to control the sidelobes level in the final
map can be measured with reference to two different metrics

1) the peak-to-side-peaks ratio (PSR) metric defined as

PSR = |E {zS [l0, m0]}|2
max

[l,m]∈I0

|E {zS [l, m]}|2 (6)

being I0 the region of interest in the range-Doppler
map with the exclusion of an appropriate guard area
around the scatterer main peak at [l0, m0].
The PSR metric takes into account the sidelobes gen-
erated by deterministic components of the OFDM
signal (e.g., continuous/scattered pilot signals, cyclic
prefix, guard subcarriers) as well as by its average
spectral characteristics. The side-peaks encoded in
its definition might be responsible of false alarms
or local masking effects but are nicely removed
when operating with a RF strategy [6], [7], [22].
Also, a quite good control can be obtained if the
MF is operated in conjunction with appropriate taper
functions provided that the waveform characteristics
are known at the receiver [3], [20]. Therefore, despite
widely used, the PSR is not the essential performance
metric to compare the different approaches to range-
Doppler map evaluation, assuming that an appropri-
ate strategy has been used to remove or control the
sidelobes due to the deterministic components of the
OFDM signal. Therefore, in the following we only
consider the following.

2) The sidelobes floor level (SFL) metric defined with
respect to the background noise level as

SFL = var {zS [l, m]}
E
{|zN [l, m]|2} . (7)

The SFL metric encodes the effect of the sidelobes level
generated by the data-dependent random components of the
signals. Its value approximately equals the SNRin available
at the input of the system (namely before compression)
since both the variance of the scatterer echo and the noise
contributions increase with the bandwidth-time BT product
as per noise-like signals. As for the SNR, in order to quantify
the improvement, we refer to the relative SFL with respect
to the SFL obtained with the ideal CAF, i.e.,

�SFL = SFL

SFLCAF
(8)

where �SFL < 1 indicates an improvement, namely a re-
duction in the random sidelobes level.

Notice that, although not explicitly shown in (8) and (5),
both the relative SFL and the SNR loss might be functions
of the scatterer location [l0, m0] within the map.

Despite the fact that the SFL is defined with reference
to a scenario involving a single scatterer echo signal and
the noise signal, it can be used as a measure of masking
effects caused on weak target echoes when one or more
strong target-like echo signals are present in the scenario at
different range-Doppler locations. In this case, the desired
target peak in the map must compete both against the noise
component and against the random sidelobes of the addi-
tional strong scatterers that provide their nicely compressed
peaks at appropriate range and Doppler bins.

Potential additional target-like echoes include ground
clutter echoes from short range, as well as the direct sig-
nal interference (that shows as an echo at zero range and
Doppler). Typically, both contributions are partially re-
moved by appropriate cancellers in the radar signal process-
ing chain, but, depending on their input power levels, their
residuals can still provide a significant random background
that affects the desired target peaks in the range-Doppler
map. We address the case when this background is higher
than the thermal noise component of the CAF as the con-
dition of “clutter-limited” performance, as opposite to the
condition of “noise-limited” performance available when
this random term is negligible and the only disturbance
is provided by thermal noise. Unlike under noise-limited
condition, where SNR is the most important metric to
determine the detection performance, under clutter-limited
condition SFL is the most important parameter to determine
the detection capability.

C. MF Versus RF With an OFDM Fragmentation

To operate against clutter-limited scenarios, there is a
particular interest for processing schemes providing favor-
able �SFL values. In the previous literature, this motivated
the use of the RF filter in place of the MF, providing lower
random sidelobes [6], [7], [22]. To show PRO’s and CON’s
of this choice, we discuss the behavior of both the metrics
�SFL and �SNR using a simulated OFDM signal with NU =
8192 subcarriers and a cyclic prefix equal to αCP=NCP/NU =
1/16 of the useful symbol length, and different modulation
constellations (e.g., QPSK, 16QAM, 64QAM). Fig. 2(a)
and (b) reports the relative SFL and the SNR loss for a
stationary scatterer ( m0 = 0) as a function of the scatterer
range bin scaled by NU .

Fig. 2(a) shows that, at ranges corresponding to delays
smaller than the CP duration, i.e., l0 < NCP = NU /16, the
MF yields a SFL that depends on the adopted constellation,
which basically determines the degree of randomness in
the signal power spectrum. Specifically, the relative SFL
obtained with the MF applied to OFDM symbols can be
predicted by the following formula [22]:

�
(MF−OFDM)
SFL = μ − 1 = 1

MC

MC−1∑
q=0

∣∣cq

∣∣4 − 1 (9)

where the constellation dependent coefficient μ is in-
herently defined, being MC the constellation size and cq

(q = 0, . . . , MC − 1) the corresponding symbols. Equation
(9) yields �

(MF−OFDM)
SFL = −∞ dB for a QPSK, whereas
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Fig. 2. Performance comparison of MF and RF range compression
strategies applied with an OFDM fragmented signal for a stationary

scatterer as a function of the bistatic range. (a) Relative SFL with respect
to the ideal CAF. (b) SNR loss with respect to the ideal CAF.

�
(MF−OFDM)
SFL = −4.95 dB and �

(MF−OFDM)
SFL = −4.19 dB

for 16QAM and 64QAM, respectively [see the horizontal
dashed curves in Fig. 2(a)].

In contrast, at the same range bins, the RF provides an
ideally zero SFL regardless of the employed constellation.
This is due to its capability to perfectly equalize the signal
spectrum so that the filter response to a point-like scatterer
is data independent, namely zS[l, m] has a deterministic
shape with zero variance. Notice that the same effect is
present with the MF when a QPSK constellation is adopted,
i.e., when using a constellation with equal energy symbols.
The conditions above hold up to delays corresponding to
the CP extent since the scatterer contribution in each batch
coincides with a circularly shifted version of the reference
signal. For larger delays, the circular correlation on a sym-
bol basis does not provide perfect focusing for a scatterer
echo and the SFL degrades with both the MF and the RF,
tending to the SFL of the CAF, namely �SFL tends to 0 dB.

Specifically, the spectrum equalization provided by the RF
is no more perfect for the considered point-like scatterer and
the SFL improvement provided by the RF starts decreasing,
however it is still better than the MF for a large range extent.
This characteristic of the RF has been shown to be largely
desirable in order to mitigate the masking effect caused by
strong returns from short ranges as well as to enhance the
clutter cancellation capability [6], [7], [22]. However, the
good SFL control of the RF comes at the cost of a SNR
degradation since it is a mismatched filter.

This is shown in Fig. 2(b) that reports the SNR loss to
be accepted when the batches algorithm is adopted using an
OFDM fragmentation and either a MF- or a RF-based range
compression is implemented. For each case, the theoretical
SNR loss curves are also reported as dashed lines.

The SNR loss for the batches algorithm that uses the MF
with an OFDM fragmentation is reported as a single curve
since it does not change with the employed constellation.
Nevertheless, it is shown that the loss with respect to the
ideal CAF is nonzero and increases with the scatterer range
since it reflects the suboptimal operations required by the
batches algorithm applied at OFDM symbol level.

To understand the impact of the batch length L on the
SNR loss, we provide an analytical formulation. Specifi-
cally, it can be expressed as the combination of multiple
effects

�
(MF−OFDM)
SNR = ρCP · ρCC [l0, m0] · ρDOP [m0] (10)

where

1) ρCP = 1 + NCP/NU is the loss due to the removal
of the CP; it is independent of the scatterer location
and only depends on the extent of the CP. In our case
study, ρCP = 0.26 dB and it corresponds to the loss
observed for the MF in Fig. 2(b) at range zero.

2) ρCC is the loss due to performing the range compres-
sion in the frequency domain by taking advantage of
the FFT; in fact, the linear correlation is approxi-
mated by the circular correlation, which yields an
additional SNR degradation at range bins greater
than the CP. Specifically, the resulting SNR loss
at a particular range-bin l0 and Doppler-bin m0 is
evaluated as

ρCC [l0, m0] =
⎧⎨
⎩

1 0 ≤ l0 ≤ NCP

sin2
(

πm0L
N

)
sin2
[

πm0(L−l0+NCP )
N

] l0 > NCP

(11)
where L = NU for the OFDM fragmentation. Since
in Fig. 2(b) we assumed m0 = 0, this term increases
as L2/(L − l0 + NCP)2 when l0 > NCP.

2) ρDOP[m0] is the loss caused by the batching strategy
that inherently neglects the Doppler-induced phase
change within each batch. It can be evaluated as [5]

ρDOP [m0] = L2sin2
(

πm0
N

)
sin2

(
πm0L

N

) . (12)
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This loss is not visible in Fig. 1(b) since it is evaluated
for a stationary scatterer. However, one can easily observe
that it increases at larger m0, i.e., for targets moving at higher
bistatic velocities.

The use of the RF in lieu of the MF implies an additional
loss ρRF−OFDM, which is constant across range but depends
on the adopted constellation as demonstrated in [22]

�
(RF−OFDM)
SNR = ρRF−OFDM · L(MF−OFDM)

SNR (13)

being

ρRF−OFDM = ζ = 1

MC

MC−1∑
q=0

∣∣cq

∣∣−2
. (14)

Such extra loss is zero when a QPSK scheme is used
since in that case the RF coincides with the MF, while it is
equal to 2.76 dB for a 16QAM and 4.29 dB for a 64QAM.
Such values are clearly observed in Fig. 2(b) as a vertical
upward shift of the curves obtained for the RF with respect
to that of the MF. Based on the good performance in terms
of SFL and taking into account the limited entity of this
additional loss, we might state that the RF is an attractive
solution when the system is not severely limited by the SNR,
namely under clutter-limited conditions.

Nevertheless, as is apparent from Fig. 2(b), for both
range compression filters, the ρCC loss becomes unaccept-
able as the target range increases. Similarly, the ρDOP loss
might become critical at high Doppler frequencies. When
operating with an OFDM fragmentation of the signal, such
losses are inherently set by the OFDM symbol duration and
cannot be adapted to the particular application at hand.

In contrast, from (11), one can observe that ρCC could be
in principle reduced by increasing the batch length L w.r.t.
the OFDM symbol duration, namely by resorting to a non-
OFDM fragmentation. Similarly, from (12) it is apparent
that reducing the batch length could mitigate the ρDOP loss
for high-speed targets. In other words, the reduction of the
SNR loss for long range targets could be traded for increased
losses for fast moving targets and vice versa.

Therefore, in many applications, it is highly interest-
ing to avoid the constraints of the OFDM fragmentation
(L = NU ) to exploit a larger flexibility in the selection of
the batch length L that could be nicely adapted to meet the
coverage requirements either in range or in Doppler. We
also observe here that exploiting the batch length flexibly
could also make it easier to meet other requirements, e.g.,
on the equivalent PRF, the Doppler ambiguities, and the
computational load.

III. BATCHES ALGORITHM APPLIED WITH NON-
OFDM FRAGMENTATION

To overcome the limits of the OFDM fragmentation,
we consider an unconstrained batching strategy, where the
batch length L can be selected arbitrarily to meet the re-
quirements of the application. We refer to this approach as
the batches algorithm applied with a non-OFDM fragmen-
tation.

Fig. 3. SNR loss with respect to the ideal CAF for a stationary scatterer
as a function of the range bin for MF range compression applied with a

non-OFDM fragmented signal using different batch lengths.

Since in a number of practical applications and for
several existing OFDM waveforms of opportunity the re-
quirement for a long-range surveillance capability is the
most stringent, in this article, we focus on reducing the
SNR losses appearing at long ranges by using batches that
are longer than the OFDM symbol. In this case, there is
no reason to discard the CP, so that all the received signal
samples are used for the coherent integration, i.e., ρCP = 0.
Moreover, identifying the OFDM frame start for the surveil-
lance and reference signals is no longer required unless the
reference signal has to be demodulated and reconstructed.
However, this stage could be avoided when the SNR at
the reference channel is high enough; in other words, the
collected reference signal can be directly exploited in the
processing.

The analysis reported in this section is aimed to un-
derstand how the performance of the MF and the RF,
both in terms of SNR and SFL, are affected by the batch
length selection and how they compare when a non-OFDM
fragmentation is adopted.

To assess the effect of the use of long batches, in Fig. 3
we report the relative SNR loss obtained with the MF as a
function of the range bin for the same case of Fig. 2(b) and
different values of the batch length L. The loss caused by
the CP removal is avoided; moreover, the reduction of the
loss is apparent, as the batch length increases.

Specifically, the SNR loss yield by the MF can be
evaluated as

�
(MF−non−OFDM)
SNR = ρCC [l0, m0] · ρDOP [m0] (15)

where ρCP is missing thanks to the possibility to retain
all the signal samples whereas ρCC and ρDOP are given by
(11) and (12), respectively, by setting L > Nu and NCP = 0.
Compared to the OFDM fragmentation case in Fig. 1(b),
the MF applied with a non-OFDM fragmentation clearly
provides smaller SNR loss since the constant loss caused
by the CP removal is avoided and, more importantly, ρCC
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Fig. 4. Relative SFL versus target bistatic range for a stationary
scatterer for MF and RF range compression strategies applied with a

non-OFDM fragmented signal using different batch lengths.

reduces as the batch length increases, resulting in SNR loss
increasing with smaller slope as a function of the scatterer
range bin.

The relative SFL obtained with the MF for the same
case of Fig. 1(a) and different values of the batch length L
is shown in Fig. 4 (together with the RF) as a function of
the range bin.

Unlike the case of an OFDM fragmentation in Fig. 1(a),
the SFL obtained with the MF is always coincident with that
of the ideal CAF for any value of L. Whilst the curves are
reported for a 64QAM constellation, it can be shown that
this result does not change with the employed constellation.

Therefore, when operating with longer batches, the MF
reduces the SNR losses due to the use of the suboptimum
batches algorithm but loses even the little improvement in
�SFL that it provides when applied with OFDM fragmenta-
tion. This confirms its optimality to operate against a noise-
limited scenario but does not show a neat improvement of
its performance against a strongly clutter-limited scenario.

The behavior of the RF is quite different. We observe that
the batch length selection can have a significant impact on
the SFL value. The use of OFDM fragmentation provides
an optimum SFL thanks to the reduced fluctuation in the
signal fragments spectrum. Ideal application of the RF has
the potential to make the output map independent of the
data content, thus, exactly nulling its variance and hence
achieving a zero SFL. When using longer batches, Fig. 4
shows that the RF yields a SFL that is ideally zero only at
range zero while it takes nonzero values at nonzero ranges.
Consequently, the relative SFL starts decreasing for l0 > 0
rather than after the CP extent, i.e., for l0 > NCP. This is
because, for non-OFDM fragmentation, the CP does not
help to mitigate the border effect caused by the cyclical
correlation within the batch since it does not represent the
cyclical extension of the longer batch considered. Conse-
quently, the signal spectrum equalization provided by the
RF, which is computed for a zero delay, is not perfect even

Fig. 5. SNR loss with respect to the ideal CAF for a stationary scatterer
as a function of the range bin for RF range compression applied with a

non-OFDM fragmented signal using different batch lengths.

for targets at short ranges. Therefore, the measured SFL
depends on the transmitted signal and fluctuates on different
tests and different values of L.

Despite the increase in the first bins, we observe that
the RF applied using longer batches still allows a signifi-
cant improvement in terms of SFL especially for scatterers
lying at short ranges. This might still represent a strategic
advantage of the RF over the MF against clutter-limited
scenarios, since it contributes to mitigate the masking effect
caused across the range-Doppler map by strong clutter
returns, there including the direct signal from the trans-
mitter, coming from the first range bins. Therefore, the RF
filter seems to maintain its appeal for the operation against
clutter-limited scenarios.

However, we need to investigate whether the use
of longer batches mitigates its high SNR losses espe-
cially for long-range targets. Fig. 5 shows the SNR loss
for the RF applied against four specific signal realiza-
tions using a non-OFDM fragmentation, respectively with
L = 2Nu, 3Nu, 4Nu, and 5Nu.

As for the MF, the slope of the reported curves reduces
when the batch length L increases. However, the SNR loss
of the RF is characterized by a high (and random) floor,
which is generally much larger than for the MF (notice
values of �SNR > 11 dB even at short ranges). We observe
that the high floor has a large variability depending on the
specific data samples occurring in the specific simulated
signal fragment.

As it is clear, in the case of a non-OFDM fragmentation,
the use of the RF in lieu of the MF implies an additional
loss that is independent of the adopted constellation but
is much higher than that predicted by (14) for the OFDM
fragmentation case. Specifically, the SNR loss for the RF

�
(RF−non−OFDM)
SNR = ρRF−non−OFDM · �

(MF−non−OFDM)
SNR (16)

where ρRF−non−OFDM is a data dependent quantity that is
likely to take values in the order of several dB.
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The abovementioned effect can be qualitatively ex-
plained by observing that the use of batches longer than
the OFDM symbol duration determines an oversampling in
the frequency domain compared to the original sub-carrier
spacing. This implies that the DFT of the reference sig-
nal does not take only values drawn from the employed
constellation but rather its samples spread in amplitude
and phase, so that spectral notches are likely to appear.
Therefore, when the DFT of the reference signal is inverted
to build the RF, these notches produce spikes that, along
with the equalization of the signal spectrum, determine a
significant amplification of the noise level thus reducing the
resulting SNR. The actual loss highly depends on the values
and distribution of spectral notches that in turn depend on
the data content of the considered signal fragment, and this
produces the high variability from batch to batch. Therefore,
in order to quantify such effect, the DFT of the reference
signal has to be modeled as a random variable.

To this purpose, let us consider the generic bth signal
batch and let us assume for simplicity that it includes an
integer number Q of OFDM symbols, i.e., L = Q NS =
Q(NU + NCP ). The reference signal at that batch can be
written as

r̃b (l ) =
Q−1∑
q=0

NU −1∑
m=0

γb,p (m) e j2π
m(l−QNS )

NU wNS (l − QNS ) (17)

where

γb,q(m) is the complex symbol transmitted at the mth
carrier at the qth OFDM symbol of the bth batch and
it takes values out of the employed constellation, i.e.,
γb,q(m) ε {cr, r = 0, . . . , MC − 1};

wNS (l ) is a real-valued time-window that cyclically ex-
tends the result of the NU -points DFT over an in-
terval of duration NS = NU + NCP. In the following
we will assume that a rectangular shaped window is
used:

wNS (l ) =
{ 1

NS
0 < l < NS − 1

0 elsewhere
. (18)

The DFT of the signal fragment in (17) is evaluated after
straightforward operations as

R̃b (k) =
L−1∑
l=0

r̃b (l ) e− j2π kl
L

=
Q−1∑
q=0

NU −1∑
m=0

γb,q (m)WNS

[
k

Q
−m

(
1+ NCP

NU

)]
e− j2π

kq
Q

(19)

where WNS (k) is the DFT of the window wNS (l ) evaluated
over NS samples

WNS (k) =
NS−1∑
n=0

wNS (n) e− j2π kn
NS . (20)

Fig. 6. Probability density function of the reference signal batch power
spectrum samples for an OFDM signal when using (a) an OFDM

fragmentation L = Nu; (b) a non-OFDM fragmentation with L = 4Nu.

From (19), taking into account (18), one can easily
verify that for L = NU , namely for Q = 1 and NCP = 0,
the DFT of the signal fragment in (17) coincides with the
set of symbols transmitted at different subcarriers at that
batch encompassing one OFDM symbol. In other words, as
expected, when a OFDM fragmentation is adopted, the DFT
of the reference signal at each batch takes values drawn from
the employed constellation, i.e., R̃b(k) = γb,0(k), which can
be modeled as discrete random variables. As an example,
Fig. 6(a) shows the probability density function (pdf) scaled
histogram of the values of xb(k) = |R̃b(k)|2 obtained over
multiple batches when using the OFDM fragmentation, i.e.,
L = Nu. As is apparent, the adopted 64QAM constellation
results in only nine possible values to be taken with corre-
sponding probability by the spectrum samples amplitude.
The zero values correspond to the guard band.

In contrast, when L > NU , the DFT of the reference
signal at the bth batch, R̃b(k), has samples taken at frequency
values that do not coincide with the original subcarriers
since the sampling interval is L/NU smaller than the sub-
carrier spacing.
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Based on (19), it is apparent that each sample does not
carry a single symbol drawn from the employed constel-
lation but rather it represents a combination of amplitude
scaled and phase distorted symbols transmitted at different
subcarriers across consecutive OFDM symbols.

For large NU and Q, the resulting values can be ap-
proximately modeled as complex normal random variables,
i.e., R̃b(k) ∼ CN (0, Lσ 2

r ) where σ 2
r is the reference signal

power level. Consequently, by rewriting each sample in
terms of its modulus and phase

R̃b (k) =
√

xb (k) e jφb(k)k = 0, . . . , L − 1 (21)

we could conclude that xb(k) is approximately an expo-
nential random variable. As an example, Fig. 6 shows the
normalized histogram of the values of xb(k) obtained over
multiple batches when using the non-OFDM fragmentation
with a batch length L = 4Nu. As apparent, the estimated pdf
of the reference signal power spectrum is very close to an
exponential pdf.

The range compression filter to be applied at the bth
batch can be then redefined as

H̃b (k) = ub (k) e− jφb(k)k = 0, . . . , L − 1 (22)

where ub(k) depends on the adopted strategy. For instance

ub (k) =
{√

xb (k) MF
1√

xb(k)
RF k = 0, . . . , L − 1. (23)

Accordingly, the additional SNR loss due to the ap-
plication of a specific range compression strategy can be
evaluated as (see Appendix A)

ρ = Lσ 2
r E
{
u2

b (k)
}

E 2
{√

xb (k)ub (k)
} (24)

that basically represents the SNR loss for a stationary scat-
terer at zero range. As expected, when a MF is used at each
batch, (24) yields a unitary value, namely no additional loss
is experienced with respect to those included in (15).

In contrast, for a RF we obtain

ρRF−non−OFDM = Lσ 2
r E

{
1

xb (k)

}
. (25)

As apparent, with the abovementioned approximation
for the pdf of the power spectrum samples, the additional
loss of the RF takes an infinite value. This is because the
exponential distribution assigns a nonzero probability to
the event of having a zero in the DFT of the reference
signal batch. Nevertheless, this result explains the high and
variable SNR degradation that the RF suffers when applied
using a non-OFDM fragmentation (see Fig. 5).

Both the simulated analysis and the theoretical deriva-
tions, confirm that the batches algorithm with a RF applied
with a non-OFDM fragmentation using long batches keeps
the desirable low SFL characteristic, and therefore, an
appeal for the operation against clutter-limited scenarios.
However, while the longer batches mitigate the increase of
SNR losses at longer ranges, this benefit is spoiled by the

appearance of an additional random SNR loss floor, whose
statistical motivation has been investigated and understood.

To operate effectively against the clutter-limited scenar-
ios, in the following section, we build upon the statistical
analysis above and propose a set of supervised RF filters ap-
plicable with the long batches to perform range compression
that are able both to preserve the appealing SFL properties
of the RF and to limit the global SNR loss.

IV. SUPERVISED STRATEGIES FOR RF IMPLEMENTA-
TION

As the previous section shows, the occurrence of notches
in the reference signal batch spectrum is the cause for the
RF high SNR degradation when applied with a non-OFDM
fragmentation. Hence, to reduce it, we propose different
strategies to control the minimum value of the spectral
notches before applying the RF. We define these implemen-
tations as supervised RF strategies.

Specifically, in all proposed approaches, the range com-
pression filter to be applied at the bth batch is defined as in
(22) so that a perfect compensation of the phases across the
frequency band is always guaranteed. In contrast, different
choices are made for the amplitude of the filter samples
ub(k), thus, obtaining different solutions to the problem
at hand. The proposed approaches are illustrated below
together with the expected performance (a summary is also
reported in Table I).

A. Loaded Reciprocal Filter (LRF)

Since the objective is to control the notches value, a
direct approach is to add a constant value x0 to the ref-
erence signal batch power spectrum, which will limit its
minimum value. This strategy was preliminary introduced
in [23], under the name of LRF, and the corresponding range
compression filter is written as

ub (k) = 1√
xb (k) + x0

k = 0, . . . , L − 1. (26)

The constant x0 should be selected large enough to
reduce the SNR loss in (24) while keeping limited the
impact on the output spectrum, which should be maintained
sufficiently flat in order to preserve the good characteristics
of the original RF in terms of relative SFL. To this purpose,
based on the exponential model for the variable xb(k), the
SNR loss in (24) is evaluated for the LRF as (see Appendix
A)

ρLRF =
Lσ 2

r E
{

1
xb(k)+x0

}
E 2
{√

xb(k)
xb(k)+x0

} = et E1 (t )
π
4 U 2

(
1
2 , 0, t

) (27)

where t = x0/(Lσ 2
r ), whereas E1(x) and U (a, b, c) denote

the exponential integral function and the confluent hyper-
geometric function, respectively.

Similarly, we can write the relative SFL for a scatterer
at l0 = 0 for the generic range compression filter as (see
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TABLE I
Summary of Range Compression Strategies

Appendix B)

�SFL = E
{
xb (k) u2

b (k)
}− ∣∣E {√xb (k)ub (k)

}∣∣2
Lσ 2

r E
{
u2

b (k)
} (28)

and this can be then specialized for the LRF case as

�
(LRF)
SFL =

1 − tet Ei (t ) −
(√

π

2 U
(

1
2 , 0, t

))2

et Ei (t )
. (29)

Incidentally, we observe that (28) yields
�

(MF−non−OFDM)
SFL = 1 for the MF and �

(RF−non−OFDM)
SFL = 0

for the RF when applied using a non-OFDM fragmentation
of the signal, which is well in line with the results reported
in Fig. 4 for l0 = 0.

B. Thresholded Reciprocal Filter (TRF)

An alternative strategy to supervise the evaluation of
the RF is to substitute with a proper constant value α the
spectrum samples that fall below a defined threshold. The
corresponding range compression filter is written as

ub (k) =
{

α xb (k) ≤ x0
1√

xb(k)
xb (k) > x0.

(30)

By making different choices for the value α, a family of
supervised strategies is obtained, which is referred to in the
following TRF. Specifically, we propose three approaches.

TRF Saturated (TRF-S): In this case, the constant α is
selected to match the adopted threshold x0 so that
the spectral samples of the filter are upper-bounded
to a desired value, i.e., α = 1√

x0
.

TRF Mean (TRF-M): An alternative strategy is obtained
by selecting the constant α to match the mean spec-
tral power level, i.e., α = 1√

E{xb(k)} = 1√
Lσ 2

r

.

TRF Zeros (TRF-Z): The third approach puts zeros in
the filter samples that trigger the threshold, i.e., α =
0. It is important to remark that this approach was
also proposed in [21].

The abovementioned choices determine different per-
formance both in term of capability to recover the SNR
loss and in term of relative SFL degradation, and these in
turn can be tuned by properly setting the threshold to be
used. Table I reports a summary of expected performance
for all the four proposed strategies, along with the MF and
the RF. Specifically, for each approach, (24) and (28) are
evaluated based on the corresponding filter definition and
using the statistical model adopted in the previous section
(see Appendices A and B for the details).

In addition to the abovementioned strategies, we also
consider the.

C. Phase-Only Compensation Filter (PCF)

As an extreme strategy that implements perfect com-
pensation of the phases across the frequency band while
exploiting a flat amplitude response so as to avoid any
spectral notch. In other words, the filter to be applied at
the bth batch is still defined as in (22) with ub(k) = 1.
We observe that, as the value of the relevant parameter
increases, the LRF, the TRF-S, and the TRF-M tend to a
PCF and so do their performance. Therefore, the PCF will
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Fig. 7. Performance of the supervised RF strategies as a function of the
parameter t for a stationary scatterer at range bin zero, with a non-OFDM
fragmentation for L = 4Nu: (a) Relative SFL �SFL, (b) SNR loss �SNR.

be included in the analysis also with the aim to understand
the asymptotic performance of the proposed solutions.

The theoretical results of the supervised RF strategies
are reported in Fig. 7 as continuous lines for L = 4Nu. In
addition, markers are used to report the simulated results
obtained when the supervised approaches are applied to a
generic OFDM signal using a non-OFDM fragmentation
with the same batch length L. Specifically, the relative SFL
�SFL [see Fig. 7(a)] and the SNR loss �SNR [see Fig. 7(b)]
are shown as a function of t = x0/(Lσ 2

r ) for a stationary
target at range zero. Notice that x0 is the loading constant in
the LRF whereas it represents the adopted threshold in the
TRF approaches.

First of all, we observe that there is a substantial agree-
ment between the theoretical and the simulated results. Any
difference in each pair of curves is limited to 0.2–0.3 dB.
On one hand, this proves the effectiveness of the adopted
statistical model approximation for values of the parameter
t greater than zero. In fact, with all the approaches, t > 0
implies a zero probability to have zeros in the spectrum and
this in turn limits the filter samples variance to a finite value.

Moreover, the availability of reliable theoretical approxima-
tions allows to predict the behavior of different techniques as
a function of the relevant parameter and hence to optimize
its value. In this regard we observe that, when t = 0, no
supervision is applied and all the strategies converge to the
RF, hence they offer identical performance both in terms of
SFL and in term of SNR.

As t increases, the relative SFL degrades with all the
proposed strategies [see Fig. 7(a)]. This is an expected result
since increasing t corresponds to a heavier modification of
the original RF that in turn is data dependent. The degrada-
tion is faster for strategies that impose strong discontinuities
in the output spectrum, above all the TRF-Z.

Specifically, with this approach the relative SFL takes
values above 0 dB when t is greater than 1, meaning that this
strategy no longer provides an advantage on the SFL com-
pared to the ideal CAF for those values of t . The LRF and the
TRF-S have a comparable behavior since they both imply a
moderate modification of the output spectrum for low values
of t , thus preserving the advantage of the RF in term of
SFL, whereas they tend to spectrally flat range compression
filters for large values of t , yielding a limited derivative of
the SFL as a function of the parameter. The TRF-M has and
intermediate trend since the supervision strategy determines
significant spectral transformation at low values of t . How-
ever, for larger values of the threshold, a similar effect is
observed as for the LRF and the TRF-S since the threshold
tends to the mean value of the power spectrum. Actually,
it has been verified that these three approaches provide an
asymptotic value of the SFL, which corresponds to the that
obtained with the PCF �

(PCF)
SFL = 1 − π/4 ∼= −6.1 dB. It is

worth noticing that, with the exception of the TRF-Z, all the
supervised strategies provide a SFL lower than the CAF for
all the considered values of t . The improvement in term of
SFL has to be traded for the expected SNR loss, as shown
in Fig. 7(b).

As expected, the SNR loss has an opposite trend as a
function of the parameter t . Specifically, as t tends to zero,
none of the proposed supervision strategies is effective in
removing the spectral notches and the SNR loss tends to
that of the original RF. In contrast, as t starts increasing
the SNR loss rapidly reduces down to few dB with all the
proposed approaches. Interestingly enough, the LRF, the
TRF-S, and the TRF-M provide monotonically decreasing
loss as the relevant parameter increases so that values below
2 dB are reached for high enough values of t , being the
TRF-M the one yielding the faster decay. In this regard,
we recall that these filters tend to be spectrally flat as t
increases, thus providing an asymptotic value of the SNR
loss, which corresponds to the that obtained with the PCF
ρPCF = 4/π ∼=1.04 dB. In contrast, when using the TRF-
Z, the SNR loss reaches a minimum of 1.6 dB at t ∼= 0.6
but then it starts increasing again. This is due to the fact
that, imposing several zeros in the filter amplitude response
implies an inherent power loss in the useful signal that is
not compensated by the reduction in the output noise.

In order to extend the analysis, Fig. 8 reports the per-
formance of the supervised RF strategies as a function of
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Fig. 8. Performance of the supervised RF strategies for a fixed t as a
function of the scatterer range bin, with a non-OFDM fragmentation for

L = 4Nu: (a) Relative SFL �SFL, (b) SNR loss �SNR.

the scatterer range bin for a selected value of the relevant
parameter, i.e., t = 0.3. For a direct comparison, the same
case study is considered as in Figs. 2, 3, 4, and 5, and the
same scaling strategy is adopted for the abscissa, being the
stationary scatterer range bin normalized to the number of
useful carriers Nu. All the strategies were applied using
a non-OFDM fragmentation of the signal using L = 4Nu.
Obviously, the performance obtained at range zero are
coincident with that observed in Fig. 7 for t = 0.3. In this
case, also the PCF is reported for comparison.

As is apparent from Fig. 8(b), the SNR loss increases
with the scatterer range with the same slope for all the
proposed strategies. Moreover, we observe that this slope
is the same shown by the RF and MF in Fig. 5 when a
batch length of L = 4Nu is considered. This is due to the
fact that the SNR loss increase along range is only caused
by the loss factors appearing in (15), which only depend on
the length of the adopted batch and are not affected by the
range compression strategy. Consequently, by reducing the
SNR loss at range zero, the supervised strategies are able
to limit the SNR loss with respect to the original RF along
the whole range extent.

Fig. 9. SNR loss against relative SFL for a stationary scatterer at range
zero when using the supervised RF strategies as a function of t .

This advantage is obtained at the price of a relative SFL
degradation especially at short ranges. However, all the su-
pervised RF strategies allow to keep a large advantage with
respect to the MF. Moreover, there is a tradeoff between the
SNR loss and the SFL that can be controlled by the selection
of the parameter t , providing a set of flexible solutions that
can be adapted to the application requirements.

To further illustrate the tradeoff between the SNR loss
and the SFL, Fig. 9 shows �SNR against �SFL for a stationary
scatterer at range zero when the supervised RF strategies
are evaluated at values of t between t = 0 and t = 9. As
expected, all the strategies apart from the TRF-Z converge
to the PCF performance as t increases. In addition, for a
fixed SNR loss, the TRF-Z strategy always has a worst
relative SFL than any of the other supervised strategies. This
is also true for the TRF-M for low values of t , however,
as t increases its performance becomes equivalent to the
TRF-S, and the LRF. Finally, we observe that the LRF,
and TRF-S offer a similar performance following a line
whose derivative approximately trades ∼1 dB of SNR loss
reduction for ∼ 5 dB of increased SFL as t increases.

It is important to highlight that the advantages offered by
the proposed range compression strategies are obtained with
a negligible increase in terms of computational complexity
since the additional operations required by the supervised
approach with respect to the RF only involve the evaluation
of the modulus of the reference signal spectrum and, in the
LRF case, the summation of an additive constant.

Finally, it is worth noticing that the results obtained cor-
respond to a stationary scatterer and they are also valid for
low velocity targets. However, the relative sidelobes floor
level can be severally degraded for targets moving at high
velocities since the presence of high intercarrier interfer-
ence (ICI) prevents the possibility to perfectly equalize the
spectrum and in turn the capability to control the sidelobes
level. Nevertheless, the need to control the sidelobes level
is crucial for stationary scatterers observed in the first range
bins since these are likely to correspond to strong echoes
whose sidelobes affect the background level of the entire
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TABLE II
Simulation Parameters

range-Doppler maps. In contrast, high Doppler echoes gen-
erated by fast moving targets are typically characterized by
lower SNR level and rarely responsible of masking effects.
Therefore, for those targets, the control of the sidelobes
could be unessential since they usually appear below the
noise floor.

V. SIMULATION RESULTS

To illustrate the potential advantages of the proposed
supervised RF strategies, we consider a simulated case study
where a DVB-T based PR is exploited in a maritime surveil-
lance application. In such scenarios, the use of batches
longer than the OFDM symbol is advisable since a wide
coverage is generally required against targets moving at
moderate speeds [25].

The parameters adopted for the simulation are summa-
rized in Table II. We use an 8K DVB-T signal as waveform
of opportunity with a 64QAM modulation scheme and all
the protocol features such as pilots and cyclic prefix. A CIT
of 0.24 s containing P = 252 OFDM symbols is exploited.
The surveillance signal is generated including direct signal
interference and echoes from two targets at different ranges
and velocities, with different power levels. The resulting
range-velocity maps for different range-compression strate-
gies are reported in Figs. 10 and 11 for the non-OFDM
fragmentation case and the OFDM fragmentation case,
respectively.

Specifically, Fig. 10(a)–(c) shows the range-velocity
maps for the MF, the RF, and one of the proposed supervised
RF strategies, respectively, when L = 4Nu. Based on the
study in Section IV, among the supervised strategies we
report the results for the TRF-S operated with a threshold
t = 0.2 that, as apparent from Fig. 7, offers a relative
SFL of about 18 dB while keeping the SNR loss below
4 dB (approximately 3.7 dB). Fig. 11(a) and (b) reports
the corresponding results obtained with the MF and the RF
applied using batches of length L = Nu, hence using the
OFDM fragmentation.

In each figure, the position of the two targets has been
clearly indicated with white boxes and an enlarged view of
the area around the weakest target has been included for
visualization purposes. The target peak value represents the
output SNR since the map are scaled to the output noise
power. The obtained values for the two considered targets
are reported in Table III for all the range compression ap-
proaches studied in this article (all operating with t = 0.2).

Fig. 10. Range-velocity maps obtained with (a) MF, (b) RF, and
(c) TRF-S for a 8K DVB-T signal and a non-OFDM fragmentation with

L = 4Nu.

As is apparent, the output SNR is reasonably high for
target #1 whose echo is generated with a higher input SNR to
emulate the case of a target lying at short range (see Table II).
In contrast, much lower SNR values are obtained for target
#2. In this case, the use of a non-OFDM fragmentation might
be very useful to avoid losses due to the circular correlation
provided that a MF or a supervised RF strategy is adopted.
One may observe that, with all the proposed techniques, the
SNR loss mitigation guaranteed by the supervised strategies
allows to improve the output SNR value obtained with the
MF applied with an OFDM fragmentation. Obviously, they
suffer from a SNR loss with respect to the MF applied
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Fig. 11. Range-velocity maps obtained with (a) MF, and (b) RF, for an
8K DVB-T signal and an OFDM fragmentation.

TABLE III
Simulation Results

using a non-OFDM fragmentation. However, we recall that
the motivation behind the use of the RF or its supervised
versions is to be found in the need to control the sidelobes
floor level possibly caused by disturbance contributions.

This benefit is quite apparent in Figs. 10 and 11, which
show a significantly reduced map background level when
a RF-based range compression strategy is used. Moreover,
this benefit is further investigated in the following by ob-
serving that target detection is actually limited by such back-
ground level that in turn is determined by the superposition
of noise power level PN and the sidelobes floor power level

PI generated by the strongest interference contributions in
the map. In our case study, the latter is due to the sidelobes
of the direct signal from the transmitter. To take into account
both effects, we evaluate the signal-to-interference plus
noise ratio (SINR) as the ratio between the target power PS

and the overall background level against, which it competes

SINR = PS

PN + PI

∼= SNR

1 + DNRin · �SFL
. (31)

In a noise-limited scenario, the background is dominated
by the noise level so that the SINR tends to the SNR. In
such a case the use of a MF with non-OFDM fragmentation
would be the best solution. In contrast, in a clutter-limited
scenario, the SINR might be much smaller than the SNR if
the range-velocity map is characterized by a high SFL.

The SINR values obtained for the two considered targets
are reported in Table III when different approaches are used
for range compression. As expected, despite it allows to
reach the highest SNR value, the MF operating with a batch
length of L = 4Nu yields a generally high SFL so that it
shows quite poor SINR values, especially for target #2.

When the RF is applied the best sidelobes reduction is
achieved with both fragmentations. This results in a back-
ground floor that is dominated by noise, which produces
identical values of SNR and SINR. Therefore, when it
operates with the OFDM fragmentation, the SINR for both
targets is improved with respect to the MF. However, when
the RF operates with a non-OFDM fragmentation it suffers
from a high SNR loss, which results in a low SINR value at
least for target #2.

The selected supervised strategy TRF-S appears to be
the best solution for the considered case study. In fact, as it
is evident from Fig. 10(c), it achieves a SFL comparable to
the RF, which is the result of a good sidelobes reduction. In
addition, as predicted by the theory, it suffers from a rela-
tively low SNR degradation compared to the MF operating
with L = 4Nu. The combined effect results in a high SINR
for both targets, especially for the farthest target offering a
4.6 dB increase with respect to the next best solution that
in this case is provided by the RF applied with the same
batching strategy.

The other supervised RF strategies also offer a re-
markable overall SINR compared to the MF and the RF.
Specifically, the LRF yields a similar performance than the
TRF-S. As expected, the PCF provides the lowest SNR
degradation compared to the other supervised strategies
but, due to the limited capability to control the sidelobes
floor level, it yields the worst SINR among the proposed
strategies. Finally, the TRF-M and TRF-Z have a higher
SNR than the TRF-S and LRF but a lower SFL reduction,
which results in a worse SINR, especially for the TRF-Z.
However, it is worth noticing that all the supervised RF
strategies provide an improved SINR w.r.t the MF and RF
for the farthest target in the considered scenario.

As previously mentioned, the results obtained for the
considered case study are highly dependent on the in-
put DNR values. Specifically, high DNR values produce
interference-limited scenarios where range compression
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Fig. 12. Target #2 SINR as a function of the input DNR for the MF, RF,
TRF-S (t = 0.2), and TRF-S (t = 0.01) operating with a batch length

L = 4Nu.

strategies with low �SFL will perform better. On the other
hand, low DNRin values result in noise-limited scenarios
where strategies able to preserve the SNR will provide
the best performance. To further illustrate this tradeoff we
report in Fig. 12 the SINR obtained for target #2 as a function
of the input DNR. The results are shown for the MF, the RF,
the TRF-S with t = 0.2, and the TRF-S with t = 0.01 when
operating with L = 4Nu.

The upper bound to the SINR is reported as a reference
in Fig. 12 using a dashed black line and it corresponds to
the ideal case of a maximum coherent integration gain with
negligible interference. As expected, none of the strategies
achieve the maximum SINR because a suboptimum batched
strategy is used, which inherently implies some losses.

However, the MF provides the highest SINR for DNRin

values below 0 dB as it offers the best SNR. As the DNRin

increases, hence, the scenario changes from being noise-
limited to being clutter-limited, the MF SINR decreases
because of its high sidelobes floor level.

On the other hand, the RF shows a stable, yet low
SINR, across the evaluated DNRin range. In particular, it
provides the best performance for values of DNRin greater
than 36 dB. This is expected, as the RF has the highest
sidelobes reduction, which produces a background floor that
is dominated by noise for all the DNRin values considered.
However, the RF suffers from a high SNR loss when ap-
plied with a non-OFDM fragmentation, which results in a
poorer performance for low and intermediate DNRin values
compared to the MF.

Finally, the TRF-S with both threshold values offer the
best SINR for typical values of DNRin. This is the result
of the combined effect of providing a lower SNR loss than
the RF, and a higher sidelobes reduction than the MF. It is
important to remark that the performance of the TRF-S is
dependent on the selected threshold t . A low value of t will
shift the TRF-S towards the RF, having a low SINR overall,
but extending the DNRin range where it provides the best
performance. This is evident by comparing the performance
curves of the TRF-S with t = 0.01, and t = 0.2. On the

contrary, a high value of t will increase the overall SINR
at the cost of reducing the DNRin range where it provides
the best SINR. This further illustrate the flexibility of the
supervised RF strategies and provides a strategy that the
designer could use to properly select the parameter t to
adapt the solution to the application at hand.

VI. CONCLUSION

In this article, we discussed the limitations of using
an OFDM fragmentation for the evaluation of the range-
Doppler map based on suboptimal batches algorithm. The
need to exploit a non-OFDM fragmentation has been illus-
trated with batch length longer than the individual OFDM
symbol in order to reduce the SNR degradation for targets
lying at far ranges. This approach has been proven to be
effective when a MF is exploited at the range compres-
sion stage whereas a RF-based range compression applied
with a non-OFDM fragmentation has been shown to yield
additional SNR loss. Therefore, we proposed appropriate
supervised strategies as modified versions of the RF that
can sensibly reduce the observed SNR loss, while largely
preserving the benefits of a RF-based range compression
in terms of sidelobes floor level. The performance of the
proposed solutions has been theoretically characterized
based on a suitable approximation for the signal statistical
model. This also provides an effective tool to set the value
of their relevant parameters. Moreover, the effectiveness
of the proposed approaches has been illustrated by means
of simulated analyses using OFDM waveforms. Finally,
their benefits have been demonstrated with reference to a
practical case study for a DVB-T based PR to be used in
maritime surveillance applications.

APPENDIX A
SNR LOSS EVALUATION

In this appendix, the additional SNR loss due to the
application of a generic range compression filter is first
evaluated and then it is specialized for all the strategies
considered in this article.

To this purpose, we start by assuming that the surveil-
lance signal s[n] only includes the echo form stationary
scatterer at zero range, i.e., s[n] = Asr[n], being As its
complex amplitude. According to (2), the range-Doppler
map based on a batches approach applied with a generic
fragmentation is given by

zS [l, m] = As

L

B−1∑
b=0

e
j2πmb

B

L−1∑
k=0

R̃b [k] H̃b [k] e
j2πkl

L (32)

where R̃p[k] and H̃p[k] are the FFT of the reference signal
and the range compression filter at the bth batch and B is
the number of batches. Using (21), (22), (32) becomes

zS [l, m] = As

L

B−1∑
b=0

e
j2πmb

B

L−1∑
k=0

√
xb (k)ub (k) e

j2πkl
L . (33)

Similarly, when assuming that the surveillance sig-
nal only includes noise contributions, the output map is
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written as

zN [l, m] = 1

L

B−1∑
b=0

e
j2πmb

B

L−1∑
k=0

√
ηb (k)ub (k) e j

[
2πkl

L −φb(k)
]

(34)
being ηb(k) the squared modulus of the FFT of the noise
signal at the b-batch.

Therefore, the output SNR is evaluated based on (4) as

SNR = |As|2
∣∣∣∑B−1

b=0

∑L−1
k=0 E{√xb(k)ub(k)}∣∣∣2

E

{∣∣∣∣∑B−1
b=0 e− j2πmb

B
∑L−1

k=0

√
ηb(k)ub(k)e j[ 2πkl

L −φb (k)]
∣∣∣∣
2
} (35)

where the numerator is evaluated at the scatterer location,
i.e., l = l0 = 0 and m = m0 = 0. Also notice that the ex-
pected value at the numerator is evaluated only with respect
to the random variable xb(k) while that in the denominator
is evaluated with respect to both the data content and the
noise samples. By first evaluating the expected value at the
denominator with respect to random noise, we obtain

SNR =
|As|2

∣∣∣∑B−1
b=0

∑L−1
k=0 E

{√
xb (k)ub (k)

}∣∣∣2
Lσ 2

N

∑B−1
b=0

∑L−1
k=0 E

{
u2

b (k)
} (36)

where we assumed that the noise signal is a white process
statistically independent of the data content. Moreover,
assuming that the statistics of xb(k) does not change across
batches and frequency, (36) can be further simplified as

SNR = |As|2B E 2
{√

xb (k)ub (k)
}

σ 2
N E

{
u2

b (k)
} . (37)

Therefore, the SNR loss with respect to the ideal CAF
is obtained as [see (5)]

�SNR (l0 = 0, m0 = 0) = ρ =
|As |2σ2

r BL

σ2
N

SNR = Lσ 2
r E{u2

b(k)}
E2{√xb(k)ub(k)}

(38)

as reported in (24). We recall that this represents the SNR
loss for a stationary scatterer at zero range when a batches
approach is applied with a generic signal fragmentation and
the range compression filter used at the bth batch is H̃b(k) =
ub(k)e− jφb(k).

The abovementioned expression can be specialized to
all the cases considered in this article using the exponential
approximation for the statistical model of xb(k) as discussed
in Section III. In particular

with the MF, we have ub(k) = √
xb(k), therefore, we

obtain

ρMF−non−OFDM = Lσ 2
r E {xb (k)}

E 2 {xb (k)} = 1 (39)

with the RF, we have ub(k) = [xb(k)]−
1
2 , and we obtain

ρRF−non−OFDM = Lσ 2
r E

{
1

xb (k)

}
= ∞. (40)

Similar calculations can be performed for the supervised
RF strategies presented in Section IV. Specifically:

for the LRF, using the filter definition in (26), we can
write

ρLRF =
Lσ 2

r E
{

1
xb(k)+x0

}
E 2
{√

xb(k)
xb(k)+x0

} . (41)

The expected value at the numerator can be obtained as

E

{
1

xb (k) + x0

}
=
∫ ∞

0

1

x + x0

1

Lσ 2
r

e
− x

Lσ2
r dx

= et

Lσ 2
r

∫ ∞

t

1

z
e−zdz = et

Lσ 2
r

E1 (t ) (42)

where t = x0
Lσ 2

r
and E1(t ) is the exponential-integral func-

tion.
The expected value at the denominator is derived as√

xb (k)

xb (k) + x0
=
∫ ∞

0

√
x

x + x0

e
− x

Lσ2
r

Lσ 2
r

dx

= t
∫ ∞

0
z1/2(1 + z)−1/2e−tzdz = t

√
π

2
U

(
3

2
, 2, t

)
(43)

where U (a, b, t ) is the confluent hypergeometric function.
Using (42) and (43), the SNR loss for the LRF becomes

ρLRF = et E1 (t )[√
π

2 U
(

1
2 , 0, t

)]2 (44)

where we have used the Kummer’s transformation

U (a, b, z) = z1−bU (1 + a − b, 2 − b, z) . (45)

For a generic TRF, using the filter definition in (30), we
can evaluate the expected value at the numerator of (38) as

E
{
u2

b (k)
} =

∫ x0

0
α2 1

Lσ 2
r

e
− x

Lσ2
r dx +

∫ ∞

x0

1

x

1

Lσ 2
r

e
− x

Lσ2
r dx

= α2
(
1 − e−t

)+ 1

Lσ 2
r

E1 (t ) . (46)

Similarly, the expected value at the denominator of (38)
can be evaluated as

E
{√

xb (k)ub (k)
}

=
∫ x0

0

√
xα

1

Lσ 2
r

e
− x

Lσ2
r dx +

∫ ∞

x0

1

Lσ 2
r

e
− x

Lσ2
r dx

=
(

1 − α

√
Lσ 2

r

√
t

)
e−t + α

√
Lσ 2

r

√
π

2
erf
(√

t
)

.

(47)

Consequently, for the TRF-S, being α = 1√
x0

, the SNR
loss becomes

ρTRF−S =
1
t

(
1 − e−t

)+ E1 (t )[√
π

2
√

t
erf
(√

t
)]2 (48)

which coincides with the formula reported in Table I.
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Analogously, for the TRF-M, being α = 1√
E{xb(k)} =

1√
Lσ 2

r

, the SNR loss is evaluated as

ρTRF−M = 1 − e−t + E1 (t )[(
1 − √

t
)

e−t +
√

π

2 erf
(√

t
)]2 (49)

while for the TRF-Z (α = 0), we obtain

ρTRF−Z = E1 (t )

e−2t
. (50)

With the PCF, we have ub(k) = 1, therefore, we obtain

ρPCF = 4

π
. (51)

APPENDIX B
RELATIVE SFL EVALUATION

The SFL is defined in (7) as

SFL = var {zS [l, m]}
E
{|zN [l, m]|2} . (52)

Notice that the denominator coincides with that in (35)
so that it can be evaluated as in Appendix A. The variance
of the target contribution at the numerator can be decom-
posed as var{zS[l, m]} = E{|zS[l, m]|2} − E 2{zS[l, m]}. For
the expected value, we can easily write

E {zS [l, m]}=E

{
As

L

B−1∑
b=0

e
j2πmb

B

L−1∑
k=0

√
xb (k)ub (k) e

j2πkl
L

}

=
{

AsBE
{√

xb (k)ub (k)
}

l = m = 0
0 elsewhere

.

(53)

The second moment E{|zS[l, m]|2} takes the form

E
{|zS [l, m]|2}

= |As|2
L2

E

⎧⎨
⎩
∣∣∣∣∣

B−1∑
b=0

e
j2πmb

B

L−1∑
k=0

√
xb (k)ub (k) e

j2πkl
L

∣∣∣∣∣
2
⎫⎬
⎭

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

|As|2B
L

[
E
{
xb (k) u2

b (k)
}+

(BL − 1) E 2
{√

xb (k)ub (k)
} ]

m = l = 0
|As|2B

L

[
E
{
xb (k) u2

b (k)
}−

E 2
{√

xb (k)ub (k)
} ] elsewhere

(54)

where we assumed that data transmitted at consecutive
batches is statistically independent.

By using (53) and (54), the numerator of (52) is obtained
as

var {zS [l, m]}

= |As|2B

L

[
E
{
xb (k) u2

b (k)
}− E 2

{√
xb (k)ub (k)

}]
.

(55)

Substituting into (52), and using the results for the noise
power as in (35), we can write the SFL as

SFL = |As|2
Lσ 2

N

[
E
{
xb (k) u2

b (k)
}− E 2

{√
xb (k)ub (k)

}
E
{
u2

b (k)
}

]
.

(56)
We proceed by evaluating the relative SFL �SFL with

respect to the ideal CAF using (8)

�SFL = E
{
xb (k) u2

b (k)
}− (E {√xb (k)ub (k)

})2
Lσ 2

r E
{
u2

b (k)
} . (57)

This result is reported in (28). We recall that this rep-
resents the relative SFL for a stationary scatterer at zero
range when a batches approach is applied with a generic
signal fragmentation and the range compression filter used
at the bth batch is H̃b(k) = ub(k)e− jφb(k).

The abovementioned expression can be specialized to all
the cases considered in this article using the exponential ap-
proximation for the statistical model of xb(k), as discussed in
Section III. Notice that the second term of the numerator and
the denominator of (57) were already evaluated in Appendix
A. Therefore, we only need to evaluate E{xb(k)u2

b(k)} for
each strategy

with the MF, we have ub(k) = √
xb(k), therefore, we

obtain

E
{
x2

b (k)
} = 2

(
Lσ 2

r

)2
(58)

which results in

�
(MF−no−OFDM)
SFL = 2

(
Lσ 2

r

)2 − (Lσ 2
r

)2(
Lσ 2

r

)2 = 1 (59)

with the RF, we have ub(k) = [xb(k)]−
1
2 , therefore, we ob-

tain

E {1} = 1 (60)

which results in

�
(RF−no−OFDM)
SFL = 1 − 1

Lσ 2
r E
{

1
xb(k)

} = 0 (61)

for the LRF, using the filter definition in (26), we can write

E
{
xb (k) u2

b (k)
} =

∫ ∞

0

x

x + x0

e
− x

Lσ2
r

Lσ 2
r

dx

= 1 − x0

∫ ∞

0

1

x + x0

e
− x

Lσ2
r

Lσ 2
r

dx

= 1 − tet E1 (t ) (62)

which result in

�
(LRF)
SFL =

1 − tet Ei (t ) −
(√

π

2 U
(

1
2 , 0, t

))2

et Ei (t )
(63)
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for a generic TRF, using the filter definition in (30), we can
obtain

E
{
xb (k) u2

b (k)
} = ∫ x0

0 α2x e
− x

Lσ2
r

Lσ 2
r

dx + ∫∞
x0

e
− x

Lσ2
r

Lσ 2
r

dx

= α2 Lσ 2
r + e−t

(
1 − α2Lσ 2

r (1 + t )
)
.

(64)
Consequently, for the TRF-S, being α = 1√

x0
, the SNR

loss becomes

�
(TRF−S)
SFL =

1 − e−t −
(√

π

2 er f
(√

t
))2

1 − e−t + tEi (t )
. (65)

Similarly, for the TRF-M, being α = 1√
E{xb(k)} =

1√
Lσ 2

r

, the relative SFL is evaluated as

�
(TRF−M)
SFL =

1 − te−t −
((

1 − √
t
)

e−t +
√

π

2 er f
(√

t
))2

1 − e−t + Ei (t )
(66)

while for the TRF-Z (α = 0), we obtain

�
(TRF−Z)
SFL = e−t − (e−t

)2
)

Ei (t )
. (67)

With the PCF, we have ub(k) = 1, therefore, we obtain

�
(PCF)
SFL = 1 − π

4
. (68)

REFERENCES

[1] R. Prasad, OFDM for Wireless Communications Systems. Norwood,
MA, USA: Artech House, 2004.

[2] N. Levanon, “Multifrequency radar signals,” in Proc. IEEE Rec. Int.
Radar Conf., 2000, pp. 683–688.

[3] R. Saini and M. Cherniakov, “DTV signal ambiguity function anal-
ysis for radar application,” IEE Proc. Radar Sonar Navigation,
vol. 152, pp. 133–142, Jun. 2005.

[4] C. Berger, B. Demissie, J. Heckenbach, P. Willett, and S. Zhou,
“Signal processing for passive radar using OFDM waveforms,”
IEEE J. Sel. Topics Signal Process., vol. 4, no. 1, pp. 226–238,
Feb. 2010.

[5] P. Lombardo and F. Colone, “Advanced processing methods for
passive bistatic radar systems,” in Principles of Modern Radar:
Advanced Radar Techniques, W. L. Melvin and J. A. Scheer Eds.
Rijeka, Croatia: SciTech, 2012, pp. 739–821.

[6] J. Palmer, H. Harms, S. Searle, and L. Davis, “DVB-T passive radar
signal processing,” IEEE Trans. Signal Process., vol. 61, no. 8,
pp. 2116–2126, Apr. 2013.

[7] G. Gassier, G. Chabriel, J. Barrère, F. Briolle, and C. Jauffret, “A
unifying approach for disturbance cancellation and target detection
in passive radar using OFDM,” IEEE Trans. Signal Process., vol. 64,
no. 22, pp. 5959–5971, Nov. 2016.

[8] D. Poullin, “Passive detection using broadcasters (DAB, DVB) with
CODFM modulation,” IEE Proc. Radar Sonar Navigation, vol. 152,
pp. 143–152, 2005.

[9] 4. C. J. Coleman and H. Yardley, “Passive bistatic radar based on
target illuminations by digital audio broadcasting,” IET Radar Sonar
Navigation, vol. 2, no. 5, pp. 366–375, 2008.

[10] F. Colone, P. Falcone, C. Bongioanni, and P. Lombardo, “WiFi-based
passive bistatic radar: Data processing schemes and experimen-
tal results,” IEEE Trans. Aerosp. Electron. Syst., vol. 48, no. 2,
pp. 1061–1079, Apr. 2012.

[11] A. Evers and J. A. Jackson, “Analysis of an LTE waveform for radar
applications,” in Proc. IEEE Radar Conf., 2014, pp. 200–205.

[12] S. Bartoletti, A. Conti, and M. Z. Win, “Passive radar via LTE signals
of opportunity,” in Proc. IEEE Int. Conf. Commun. Workshops, 2014,
pp. 181–185.
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