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Abstract—This article presents a methodology based on
matched-adaptive filters, which is used to mitigate the effect of near-
range multipath in multistatic SAR systems and transponders.
It is challenging to physically construct a bistatic receiver such that
the reference signal is not leaked into the received signal, either
via coupling in the circuitry or via reflections off objects in the
vicinity of the receiver. Due to its much larger amplitude, the ref-
erence signal can easily mask near-range targets with its sidelobes.
A similar signal degradation is observed in active transponders
that are used for calibrating radar systems, when objects exist
in their vicinity. In this article, we address these two issues: the
coupling between the reference channel and the imaging channel,
and the parasitic echoes present in the transponder response.
A novel methodology is proposed that is capable of time-domain
filtering the undesired components in real time. The novelty consists
in combining matched and adaptive filters as a means of boosting
performance and resolution estimation, resulting in an extremely
accurate multipath elimination method. The proposed methodol-
ogy is experimentally evaluated and optimized for each of the two
aforementioned problems.

Index Terms—Bistatic and multistatic radar, deconvolution,
matched-adaptive filtering, multipath, synthetic aperture radar
(SAR).

I. INTRODUCTION

IN RECENT years, synthetic aperture radar (SAR) instru-
ments have become an essential tool in remote sensing
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applications and represent a great interest for space agencies
[1]. SAR is capable of providing high-resolution radar images
and serves as an extremely useful technique in the field of Earth
Observation (EO) [2]. The main advantage of SAR imaging
over the conventional optical sensor based imaging is that it can
maintain a nominal operation independent of weather changes or
sunlight. By using interferometry techniques, displacements can
be monitored with an unsurpassed accuracy leading to valuable
insight on geological stability [3]–[5].

Apart from displacement measurements, SAR sensors, de-
pending on their operating frequency, offer the possibility of
obtaining unique information regarding physical parameters of
matter. A couple of such examples are SAR sensors operating in
L and P bands, which are typically used for extracting informa-
tion on biomass and soil humidity, whereas C- or X-band sensors
are used in applications, such as monitoring ocean currents, oil
spills, agriculture, and urban imaging.

A technological advancement of significant value in the field
of remote sensing is the multistatic SAR. These spatially dis-
tributed and modular systems can improve coverage and adapt-
ability along with enhancing performance and resolution, when
compared to the monostatic SAR [6]–[9].

However, realizing such a system poses several challenges,
such as meeting highly precise synchronization and timing
requirements, and the need of complex calibration methods [10].
Another issue is that bistatic and multistatic radar systems are
affected by coupling, either within the circuitry or via reflections
from nearby objects, between the reference/synchronization
channel and the main receive, or imaging, channel [11]. The
reference signal is received from line of sight and has a signif-
icantly larger amplitude than the target reflections received by
the imaging channel. Because of this, if just a small fraction of
the reference signal is coupled to the imaging channel, multiple
targets may be masked by the sidelobes of the reference signal’s
point spread function (PSF). This is one of the two problems
addressed in this article, and is illustrated for a spaceborne trans-
mitter (TX)—ground-based receiver (RX) bistatic SAR system
in Fig. 1. The problem may be further generalized for fully
spaceborne multistatic SAR systems, such as the TanDEM-X
[7] or European Space Agency’s (ESA) Harmony mission [6].

The second problem addressed in this article is related to the
tolerance of spaceborne SAR applications, which is defined by
the mission specifications and must be maintained throughout
the mission’s lifetime [12]. The methods used for calibrating
SAR systems typically make use of natural and artificial tar-
gets and are of paramount importance for SAR performance
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Fig. 1. Spaceborne transmitter—stationary receiver bistatic geometry. The
addressed issue is depicted in red, as a parasitic coupling or reflection between
the reference channel and the receive channel.

[13], [14]. Natural targets present the most cost-effective cal-
ibration method, but they do not always provide a reliable
scattering center. Prior work has been done in [12] and [15],
where the authors evaluate the performance of natural targets
for calibration purposes, and propose a calibration method using
multiple passes. For real-time, single-pass calibration, artificial
targets, such as corner reflectors or transponders, are often used
[16]. Multiple designs of reliable artificial passive targets are
provided in [17] and [18]. However, passive targets lack the
processing capability and the reduced size that active transpon-
ders benefit of, and generally cannot be used in bistatic geometry.
Therefore, active transponders, although more expensive and de-
ployable only in limited geographical areas, offer more reliable
and dynamic responses than both artificial and natural passive
scatterers.

An issue affecting active transponders is the coupling between
the TX and RX antennas, which gives rise to undesired multi-
path and signal degradation. For SAR applications, the antenna
spacing is limited so that the transponder behaves as a point
target. The relatively small spacing between the TX and RX
antennas can easily lead to coupling either directly or through
reflection off objects in the vicinity of the transponder. The
envisaged geometry is illustrated in Fig. 2. For pulsed radar
transponders, a basic approach is to keep the receiver in standby
until a certain power level is met, then the data are captured and
held in memory for the pulse duration and transmitted afterward,
thus eliminating the possibility of any feedback to take place.
The drawback of this approach is that a delay comparable to
the entire pulse duration, for chirp-based radars, may lead to
extreme off-sets in the range profile, making the transponder
impractical.

In this article, a methodology is presented, which is capable
of solving the two issues mentioned earlier: the leakage of
the reference signal in the bistatic SAR image, and the un-
desired echoes present in transponder responses. The novelty
consists in the proposed matched-adaptive filter configuration.
The configuration is adapted accordingly to optimize the perfor-
mance when used to enhance each of the two aforementioned
applications.

Fig. 2. Calibration transponder used for SAR applications, which is affected
by parasitic couplings.

Fig. 3. Traditional channel-estimation configuration for adaptive filters.

The rest of this article is organized as follows: In Section II, a
detailed comparison is provided between the traditional adaptive
filter and the matched-adaptive filter. In Section III, the first
application is presented, including a detailed description of the
reference signal coupling problem together with the proposed
solution, which is evaluated using experimental data. In Sec-
tion IV, the second application is presented, where simulated and
experimental data are used to evaluate the proposed transponder
signal filtering method. Finally, Section V concludes this article.

II. PROPOSED MATCHED-ADAPTIVE FILTER CONFIGURATIONS

In this section, the proposed matched-adaptive filter method-
ology is presented. The two main configurations in which an
adaptive filter will be placed in are the channel estimation config-
uration shown in Fig. 3, and the echo-cancellation configuration
shown in Fig. 4. In principle, the channel estimation configura-
tion uses an adaptive algorithm to adapt the weights of the finite
impulse response (FIR) filter w such that they match the radio
frequency (RF) channel h. The echo-cancellation configuration
adapts the weights until the effect of the RF channel is removed.

In this work, the proposed channel estimation configuration,
Fig. 5, is used in the near-range elimination application, while the
proposed echo-cancellation configuration, Fig. 6, is used in the
second application, to enhance the active transponder response
in real-time.

Next, a short description of the recursive least squares (RLS)
algorithm will be made, which was the adaptive algorithm used
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Fig. 4. Traditional echo-cancellation configuration for adaptive filters.

Fig. 5. Proposed matched-filtered channel-estimation configuration using the
RLS adaptive algorithm.

Fig. 6. Proposed matched-filtered echo-cancellation configuration using the
RLS adaptive algorithm.

in our research. Unlike other adaptive algorithms, it presents
unique capabilities, such as memory and fast convergence, which
make it suitable for the proposed matched-adaptive methodol-
ogy. The least mean squares (LMS) and the normalized LMS
(NLMS) adaptive algorithms are widely used in practice for
their low complexity, however their convergence rate is slow,
requiring multiple samples to be processed [19], [20]. Because
of this, signals that are stationary relative to the sampling rate are
required, e.g., speech signals. The proposed matched-adaptive
methodology is different than what is currently used in practice.
The method first makes use of matched filters to compress
the signal to only a few samples. It is shown in this work
that the RLS is capable of converging to a highly accurate
solution even for energy-compressed signals, within a few
iterations.

Side note: Throughout this article, the index placed in brackets
(n) is the iteration # of the RLS algorithm, and the terms
in bold represent vectors or matrices, (e.g., x(n) is the time
series x when values are measured at iteration n of the RLS
algorithm). The subscript is used to denote the sample number
(e.g., if y is constructed from the first four samples of x,
then: y = x1:4). The superscript “H” represents the Hermitian
operator. The symbol “∗” is the convolution operation and “⊗”
is the cross-correlation operation.

Algorithm 1: Recursive Least Squares.
Input:X, D
Output: w∗
Initialize: ε = 1, w = 0, P (0) = ε
for n = 1, … do
x (n) = Xn:n+N

d (n) = Dn

z (n) = xH (n)P (n− 1)

k (n) = zH(n)
λ+z(n)x(n)

α (n) = d(n)−wH(n− 1)x(n)
w (n) = w(n− 1) + k(n)α∗(n)
P (n) = 1

λ
(P (n− 1)− k(n)z(n))

end for

The goal of the RLS algorithm is to minimize the cost function
in (1)

J (n) =
n∑

i=1

λn−i|e (i) |2 (1)

where e(i) is the a posteriori error (2)

e (n) = d (n)−wH (n)x (n) (2)

and λ is the forgetting factor, which plays the role of increasing
the weight of newer samples over older ones, d(n) is the desired
or reference signal, and wH(n)x(n) is the inner product of
the input signal x(n) and the filter coefficients wH(n) at
iteration n.

The cost function is minimized when (3) is satisfied

w (n) = ψ−1 (n)θ (n) (3)

where ψ(n) is the weighted auto-covariance matrix

ψ (n) =

n∑
i=1

λn−ix (i)xH (i) (4)

and θ(n) is the weighted cross-covariance vector

θ (n) =
n∑

i=1

λn−ix (i) d∗ (n) . (5)

The recursive relation between w(n) and w(n− 1) is based
on the recursive properties of ψ(n) and θ(n)

ψ (n) = λψ (n− 1) + x (n)xH (n) (6)

θ (n) = λθ (n− 1) + x (n) d∗ (n) . (7)

Such that

w (n) = w (n− 1) + k (n)α∗ (n) . (8)

A typical implementation of the RLS adaptive filter is shown
in Algorithm 1. A more performant adaptation can be found
in [21]. The input signals to the RLS algorithm are x and d,
which represent the received signal and the reference signal, the
order depending on the used configuration. ψ−1(n) has been
denoted as P(n), α(n) represents the innovation vector, and
k (n) = P (n)x(n) represents the Kalman gain.

The RLS complexity per iteration is given byO(N2) additions
andO(N2)multiplications, whereN is the total number of filter
taps. The number of iterations depends on the total number of
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Fig. 7. Example of how data are sequentially processed using a sliding window
for the proposed matched-adaptive filter methodology. The reference moment
is characterized by w1(n). The length of x(n) is N, and is equal to the order of
the FIR filter w(n).

available samples provided by the signalsX andD. The signals
x(n) and d(n) are constructed using a sliding window of size
N from the signalsX andD, where N is the order of the filter
wH .

The novelty of the proposed method consists in the introduc-
tion of the matched filter reducing the total size of the input signal
to just a few samples. This results in significantly less iterations
of the adaptive algorithm, but requires faster convergence. This
is achieved by replacing the traditional LMS/NLMS algorithms
with the more advanced RLS algorithm that is otherwise rarely
used in practice due to its high complexity. However, when used
in the proposed methodology, it is both faster and more perfor-
mant than traditional approaches. Although the RLS algorithm
requires more operations per iteration than the LMS or NLMS,
by using the matched filter, the number of iterations is greatly
reduced. As an example, consider that the number of iterations
is proportional to the samples available inX , which for typical
time-domain signals can be 1000, but after matched filtering,
X is reduced up to 10 samples, thus reducing the amount of
iterations by a factor of 100.

A detailed illustration is shown in Fig. 7 of how the two input
signals x(n) and d(n) are selected from the available data X
and D using a sliding window. The available data X and D
represent the output of a matched filter in a radar use-case, such
that the upper plot is in fact a range profile. The size of x(n)
and d(n) is equal to the size of the sliding window, which is
given by the length of the FIR filter w. It is clear that for such
energy compressed signals after a few iterations, the reference
signal’s properties will change drastically, resulting in a very
poor performance of the adaptive algorithm. For this reason, we
have chosen to use the RLS adaptive algorithm, which is capable
of memorizing the effect of the samples in previous windows.

The reference moment expressed as a dashed vertical line
through the center of the reference PSF marks the beginning of
the acquisition.

III. APPLICATION I, TX–RX COUPLING REMOVAL

IN BISTATIC SAR

A. Description

This section addresses the issue of TX–RX coupling in bistatic
receivers, as previously illustrated in Fig. 1. The passive receiver
uses a line-of-sight reference channel, REF, for data synchro-
nization, and a separate receive channel, RX, for capturing the
signal reflected from the scene. The measured bistatic time delay
for a given target is relative to the moment of arrival of the pulse
at the reference channel. Additional space-time synchronization
is also required, and for the system presented in this article, this
can be achieved using the public ancillary data from ESA, as
detailed in previous work [22]. The captured reference signal is
used to construct the matched filter for range compression.

In bistatic SAR applications that use multiaperture focusing
[9], the coupling will change during the acquisition, hence an
adaptive method should be used. A naive approach is to zero
the peaks in the range-compressed signal. This solution reduces
the dynamic range of the SAR image, but does not deal with the
remaining sidelobe.

In contrast to prior art, such as Sornmo et al. [23], our
method is not limited by the constraint of having nonoverlapping
pulses, thus being able to resolve subresolution targets. The
authors in [24] present a method in which the matched filter
is placed within the adaptive filter loop, and was designed for
electrocardiography measurements. However, if the order of the
filter is large, an exhaustive amount of computations would be
required and will deny real-time capabilities.

B. Proposed Solution

The reference signal sTX is received by the reference channel
directly from the transmitter, sRX is the captured raw data, hc is
the radio channel response that contains information regarding
target location, amplitude, and phase shift, and z is the receiver
noise. The proposed method makes use of a matched-adaptive
filter that is placed in channel estimation configuration, as shown
in Fig. 8(a). After estimating the channel transfer function, the
time-domain received signal can be easily filtered, eliminating
the parasitic reference signal from the image, as shown in
Fig. 8(b).

At the receiver, the signal can be expressed as the convolution
between the reference signal sTX and the channel response hc

sRX = sTX ∗ hc + z. (9)

Next, rRX is the result of matched-filtering sRX, such that

rRX = sTX ⊗ sRX. (10)

In order to identify hc, an adaptive filter is used where rRX
represents the “input signal” and the “desired signal” is

rTX = sTX ⊗ sTX. (11)

Traditional approaches [25], [26] use sRX and sTX as inputs
to the adaptive filter, but this requires all fast-time samples to be
processed, which is computationally exhaustive. The proposed
method only requires a few samples to be analyzed, as most
signal information regarding targets/multipath is embedded in
just a few samples after matched filtering is applied. The conver-
gence rate is improved by the proposed method due to the much
higher signal-to-noise ratio (SNR). Once convergence state has
been reached, the adaptive filter will have an impulse response
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Fig. 8. Block representation (a) of the proposed channel estimation scheme
for estimating the weight vector w(n), and (b) of the proposed method used to
eliminate the reference signal components from the received signal.

functionw equal to the first N samples of the discretized radio
channel response hc.

The final step is to subtract sTX ∗w from the raw data’s
respective isoazimuth line

s′RX = sRX − sTX ∗w. (12)

The number of eliminated signal components N is equal to
the adaptive filter’s order, hence to eliminate a larger area, an
adaptive filter with more filter taps is required. The adaptive
filter w replaces the PSF with a single sample, the proposed
method can correctly eliminate targets spaced closer than the
range resolution. More importantly, the spillover and sidelobes
of the targets within the first N samples are eliminated from
the entire signal. The method processes each PRI separately;
therefore, the Doppler effect is negligible, even more so for the
presented bistatic SAR acquisition system.

C. Experimental Results

In this section, we will present the performance of the pro-
posed method applied on data acquired from a spaceborne
transmitter—ground-based receiver bistatic SAR system [22].
The opportunistic satellite is Sentinel 1-A operating in interfero-
metric wide swath mode, and the ground-based receiver is placed
on the roof-top of one of the highest buildings in Bucharest,
Romania—the Faculty of Electronics and Telecommunications,
UPB. The purpose of this experiment is to eliminate all re-
flections within Re =10 m, equivalent to eliminating all signal
components captured by the receiver within 67 ns since the
reference signal has been received. Re should be chosen as the
longest undesired physical path between the REF channel and
the RX channel. The reference signal used for range compression
during a single pulse acquisition is shown in Fig. 9(a). The
fast-time signal received during the pulse acquisition is shown

Fig. 9. (a) Reference signal sTX. (b) Received signal during a single pulse
acquisition represented in fast-timesRX. (c) First 500 m of the range-compressed
reference signal rTX. (d) First 500 m of the range-compressed received
signal rRX.

in Fig. 9(b). The range-compressed reference and original sig-
nals are shown in Fig. 9(c) and (d), respectively. The parasitic
coupling is formed as multiple reflections between 2.5 and 9.5 m
from the receiver.

Traditional methods usesTX andsRX, depicted in Fig. 9(a) and
(b), respectively, as a means of estimating the channel transfer
function, as opposed to the proposed method that uses rTX
and rRX, depicted in Fig. 9(c) and (d), respectively. We will
further compare the performance of the proposed method with
an adaptive filter method and with the naive deconvolution via
frequency division method.

The order of the adaptive filter was chosen as: N = Fs
2Re

c ,
where Re = 10 m is the elimination range, Fs is the analog
digital converter sampling frequency, and c is the speed of light.
In this experiment, the sampling frequency is Fs =60 MHz,
resulting in an adaptive filter size of 4. The performance of
the proposed method can be visually evaluated from the range-
compressed SAR data shown in Fig. 10. The evolution of the
adaptive filter coefficients when placed in the proposed con-
figuration is presented in Fig. 11. Next, an arbitrary isorange
profile from Fig. 10 is analyzed in detail. It is shown that
the traditional adaptive-filter approach [see Fig. 12(c)] is less
effective in eliminating the reference signal components than
the proposed method, as shown in Fig. 12(e).

The proposed method eliminates the coupled signal precisely,
revealing multiple targets initially masked by sidelobes, which
can be visible up to 50 m. The proposed method is also compu-
tationally faster, as the matched-adaptive filter’s inputs, rRX and
rTX, only require a few samples, 16 in this example, whereas the
traditional adaptive filter’s inputs, sRX and sTX, are spread over
8000 samples. The RLS complexity, as presented in Algorithm 1,
is 5N2 +N per iteration, where N is the filter size. The number
of iterations is given by the input signal’s length. Since both
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Fig. 10. Range-compressed SAR image (a) of the raw data, (b) of the near-range filtered targets using traditional approach, and (c) of the near-range filtered
targets using proposed approach.

Fig. 11. Evolution of the adaptive filter weights over multiple iterations.

the traditional and proposed methodologies use the same filter
size, the difference consists in the input signal’s length. For
the values mentioned earlier, the complexity of the proposed
method is improved by a factor of 8000

16 = 500. The reason
why all available samples (8000) are needed by the traditional
approach is due to the highly nonstationary nature of the chirp
signal, which significantly degrades the convergence rate of the
adaptive algorithm. Moreover, SNR is generally insufficient in
time domain, which further degrades convergence.

From a performance perspective, the traditional approach
using adaptive filters eliminates the multipath only partially,
and does not deal with the sidelobes as effectively. Performance
could be slightly improved for the traditional approach, by
increasing the filter size, N , by a factor determined empirically,
however, this would lead to an even higher computational cost.
Finally, the naive method presented in Fig. 12(a) consists in
zeroing the first N cells of the range profile, and applying
deconvolution via frequency-domain division. It is evident that
this has no effect on the sidelobes of the eliminated targets,
which continue to exist. Moreover, the raw data are difficult to
be recovered by deconvolution, as shown in Fig. 12(b). This
is due to the deconvolution problem described previously in
[11]. The signals presented in Fig. 12(f) and (d) represent the
fast-time signals without the signal returns that originated within
a 10-m range, filtered by the proposed method and the traditional
adaptive filter method, respectively. The near-range results from
Fig. 12 are presented in greater detail in Fig. 13.

Fig. 12. Range profile from which targets within 10 m of the receiver have
been eliminated: (a) with proposed method using a matched-adaptive filter,
(c) with the traditional approach using an adaptive filter, (e) by zeroing the first
samples. The original range profile is in blue, and the processed range profiles
are drawn in red. Fast-time signal reconstruction using (b) the proposed method,
(d) the traditional adaptive filter method, and (f) zeroing in the range-profile and
applying deconvolution.

IV. APPLICATION II, ENHANCING THE CALIBRATION

TRANSPONDER RESPONSE

A. Description

The present application is based on the radar transponder
described in previous work [27], which is compatible with
Sentinel 1-A/B satellites and used for ground-based receiver
bistatic or multistatic applications. The transponder provides an
artificial method of increasing signal-to-clutter ratio by digitally
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Fig. 13. Range profiles (a) from Fig. 12(c), and (b) from Fig. 12(e), represented
between 0 and 60 m.

adding a path delay to the received pulse, which allows a good
separation in the range profile between the re-emitted signal and
the clutter generated by the natural reflections off the transponder
(and the building it is placed on). Even without any clutter, the
original response of the transponder was not ideal and presented
artefacts [28]. These were caused by the feedback between the
TX and RX due to coupling between the antennas or reflections
off objects in the vicinity of the active transponder

sTX = sRX ∗ g (13a)

where sRX and sTX are the signals received and transmitted
by the transponder, respectively, and g is the multipath weight
function. It is desired to have sTX = sRX, where for simplicity,
we ignore the amplitude gain and phase shift caused by the
transponder. Furthermore, we will rename the weight function of
the echo-canceller adaptive filter asm(n) to clearly distinguish
it from the channel estimation filter w(n) introduced in the
previous section. Equation 10(a) can be written in frequency
domain as

STX = SRX G (13b)

where SRX, STX, and G are the Fourier transforms of sRX,
sTX, and g, respectively. In steady state, we are dealing with
a feedback situation rather than traditional multipath, resulting
in g to have an autoregressive model, equivalent to G being a
pole-only transfer function.

Because of this, the proposed solution is to use a similar ap-
proach as in the previous section. The difference is that instead of
using a channel-estimation configuration, an echo-cancellation
configuration will be used instead.

Before presenting the proposed solution, it will be shown that
traditional adaptive filter methodologies cannot provide a valid
solution for this problem.

The echo-cancellation configuration implies that the two in-
puts of the adaptive algorithm are now switched, sTX is the
input signal of the RLS adaptive algorithm, and s[0]RX represents

the desired signal. s[0]RX is the ideal version of the received
signal, sRX, when the transponder’s transmitter is turned OFF.
The superscript “[p]” denotes the pulse number from the SAR
image, which starts from “[1],” with exception of the reference
pulse, which has superscript “[0].” In order to obtain s[0]RX , the
transponder captures a pulse while keeping the TX OFF, such that
there is no feedback or multipath during receive. After s[0]RX has
been captured, it is used to correct/process all future acquisitions
s
[p]
RX .

Fig. 14. Simplified block schematic of the proposed real-time method. s[p]RX is

the input of the transponder and s
[p]
TX is the output.

The cost function of the echo-cancellation RLS adaptive
algorithm is minimized when

M = G−1 (14)

such that the adaptive filter’s output after n iterations is

ŝTX = sTX ∗m (n) (15a)

ŜTX = SRX M (n) (15b)

where ŝTX is the output of the adaptive filter, ŜTX and M
are the Fourier transforms of ŝTX and m, respectively. In this
application, G is stable transfer pole-only function, meaning
that M is a minimum phase transfer function, and therefore it
can be implemented as a stable FIR filter.

A major issue is that unlike in the channel-estimation method,
the echo-cancelling output ŝTX does not preserve phase infor-
mation

ŝ
[p]
TX = s

[p]
RX ∗ g ∗ m (n) . (16)

After the last iteration of the adaptive filter, ideally the
transponder will transmit

ŝ
[p]
TX = s

[0]
RX (17)

where ŝ[p]TX is the filtered signal that is going to be transmitted by

the transponder instead of s[p]TX. Equation (17) shows that each
pulse will have its phase set to that of the reference signal. This
phase derotation will make SAR imaging impossible.

B. Proposed Solution

The novel implementation that is proposed in this article
solves the phase derotation issue while also significantly re-
ducing computational cost. It requires that only the first radar
pulse s[1]RX is processed by a matched-adaptive filter

r
[1]
RX = s

[1]
RX ⊗ s[0]RX. (18)

The reference pulse matched filtering can be precomputed and
saved in memory

r
[0]
RX = s

[0]
RX ⊗ s

[0]
RX. (19)

The two inputs of the adaptive algorithm are: the matched
filter output of the first pulse r[1]RX and the ideal auto-correlation

r
[0]
RX, as shown in Fig. 14. The signals must first be circular shifted

accordingly, at least by N samples, such that they resemble Fig. 7.
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Fig. 15. Peak-to-spur ratio versus SNR.

This is required in order to preserve the symmetry of the refer-
ence pulse. The outputs of the adaptive algorithm are the weights
of the FIR filterm(n). After 2N iterations, the N coefficients of
the adaptive filter are implemented as a traditional FIR filter,
and used to filter the real-time time-domain acquisition, which
is amplified and retransmitted

ŝ
[p]
TX =

(
s
[p]
RX ∗g

)
∗m (20)

As previously mentioned, for simplicity, we ignore the am-
plitude gain of the transponder.

The FIR filter will suppress the parasitic couplings and will
introduce the same phase derotation to all radar pulses, hence the
relative phase information between adjacent pulses is perfectly
preserved. The method only uses a small number of iterations,
which is proportional to the FIR filter order. The method also
eliminates the need of using a matched filter for every pulse,
which will significantly affect real-time capabilities given the
large size of the signal in time domain. Because the coupling
generally appears as a series of closely spaced peaks, only the
first few coefficients from the range profile are necessary to
model the coupling, thus the size of the static FIR filter will
be orders of magnitude smaller than the matched filter.

C. Simulated Results

Along with all the benefits presented up to this point, the
matched filtering also increases the signal’s SNR. The SNR
of the range compressed signal, which is fed to the adaptive
algorithm, is increased by 10log(Ns), where Ns represents the
number of in-phase/quadrature samples in which the matched
filtering has been done. For the present application, a typical
value of Ns is 6000, resulting in a 38-dB SNR increase. Fig. 15
presents a measure of performance of the proposed method as a
function of SNR. It is computed as the ratio between the largest
peak of the compressed signal and second largest peak, which
at high SNR is the main-lobe to sidelobe ratio of the PSF, and
at low SNR is given by spurs, noise, and unresolved targets.

The performance of the proposed method for –15-dB and
+15-dB SNR is presented in Figs. 16 and 17. The received signal
is composed from the direct signal and a subresolution multipath,
resulting in a widened PSF. It can be seen that if the SNR is large
enough, the proposed method easily deals with the subresolution
multipath, and also acts as a denoising filter.

Fig. 16. Ideal, nonprocessed, and processed range-compressed signals, for
an input signal of 15-dB SNR containing additional subresolution multipath
propagation, observable in the nonprocessed signal.

Fig. 17. Ideal, nonprocessed, and processed range-compressed signals, for
an input signal of –15-dB SNR containing additional subresolution multipath
propagation, observable in the nonprocessed signal.

Fig. 18. Ground based bistatic SAR system placed on the rectorate building
of UPB.

D. Experimental Results

The experimental setup is shown in Figs. 18 and 19. The
ground-based bistatic SAR system is presented in Fig. 18,
whereas the distributed system is shown in Fig. 19. The receiver
and transmitter, as shown in Fig. 18, are approximately 10-m
apart, placed on top of the rectorate building of the Polytechnic
University of Bucharest. The transponder is placed at 700 m in
one of the highest points in Bucharest city, the main building
of the Faculty of Electronics and Telecommunications (ETTI).
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Fig. 19. Transceiver, transponder, and illuminated scene as seen from Google
maps.

Fig. 20. Time-domain representation of the reference, received, and corrected
signals.

Our central frequency is 5.755 GHz with a bandwidth of 48 MHz
and pulse duration of 50 μs. The central frequency was chosen
close to that of the Sentinel-1A/B, 5.405 GHz, so that the same
transponder hardware could be used for either ground-based or
spaceborne bistatic SAR applications.

Acquired data are first processed using MATLAB. The data
consist in range profiles saved from a SAR acquisition of the
scene shown in Fig. 19. The time-domain waveforms of the ref-
erence, received, and corrected signals are presented in Fig. 20.
The respective range profiles are presented in Fig. 21. The second
peak corresponds to an artificial delay that was generated using
the system in Fig. 22. Aside from the hardware generated peak,
another subresolution echo was digitally added by adding a
slightly shifted copy of the signal to itself. This was done to
create a very large undesired component both at subresolution
range and at a larger distance. This experiment shows that the
method is capable of subresolution multipath mitigation.

The subresolution echo can be observed from the larger width
of the main lobe. The correction solves undesired multipath
and correctly filters the desired signal, even when subresolution
echoes are present. It has been considered that the radio channel
of the multipath is stationary for long enough for the processing
to be done correctly, allowing us to use the echo-cancelling

Fig. 21. Range compression of the reference, received, and corrected sig-
nals, represented in continuous blue, dotted magenta, and dashed green lines,
respectively.

Fig. 22. Block schematic presenting additional multipath artificially intro-
duced by transponder.

Fig. 23. SAR image of the scene depicted in Fig. 18.

configuration of the proposed method, which consists in im-
plementing the FIR filter previously computed in MATLAB.
Fig. 23 displays the image of the illuminated scene from Fig. 19,
where the RX and TX are placed at (0, 0) and the transponder
is placed at near (−350, 600) where its natural reflection can
be observed and its active response is observed at (−450, 700).
Fig. 24 compares the transponder response with and without
correction.

The level difference between the transmitted signal and the
artificial multipath interference, as shown in Fig. 24, is 10 dB
larger with the proposed method. The FIR filter coefficients were
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Fig. 24. Transponder response with and without the implemented echo-
cancelling filter.

computed using an acquisition one week prior to the day the
presented data were captured.

V. CONCLUSION

A near-range target signature elimination methodology has
been presented. The method uses highly compressed signals as
an input to the memory preserving RLS adaptive algorithm as a
means of quickly converging to the desired solution. Two differ-
ent applications are presented, a bistatic SAR receiver affected
by near-range reflections, and an active transponder affected
by TX–RX coupling and multipath. Numerical simulations are
presented as a means of providing a clear understanding of
the limitations and capabilities of the proposed methodology.
Experimental results are presented for both use cases and outline
how the two aforementioned applications perform with and
without the proposed methodology. Future work will consist
in implementing both methods using LabView for real-time
operation and analyzing the possibility of using the proposed
method to enhance fully spaceborne multistatic SAR systems.
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