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Abstract—This paper considers the problem of adaptively
controlling range sidelobes of target returns for radar systems
employing linear frequency modulated (LFM) waveforms. Conventional pulse compression method uses a fixed window to shape
the spectral response of a reference waveform to control the
range sidelobes of all radar returns. This non-adaptive approach
needs to apply a severe spectral window with a peak to sidelobe
ratio (PSR) that exceeds the signal to noise ratio (SNR) of the
strongest return to ensure successful detection of weak targets in
the presence of strong radar returns. This leads to unnecessary
processing loss for weak targets. In this paper we propose
a new range sidelobe suppression technique that adaptively
shapes target spectral response to reduce the processing loss,
in particular for weak targets, thereby improving detection
sensitivity of the radar systems. It is significantly less complex
than many existing range sidelobe suppression techniques. We
verify the performance improvement of the proposed adaptive
technique over the conventional non-adaptive technique using
both simulated and real data.

I. I NTRODUCTION
Detection of weak target returns in the presence of other
strong scatterer echoes is an important problem in many
radar applications. As an example, received signals in high
frequency (HF) skywave radar systems often contain echoes
from meteor trails, ground and sea scatterers that are thousand
times stronger than returns from targets of interest. In order
to successfully detect the weak targets, range and Doppler
sidelobes of the strong echoes need to be suppressed. In this
paper, we focus on suppressing the range sidelobes.
Pulse compression is a common technique of achieving
range resolution for long radar pulses. A standard approach
in pulse compression is to correlate the received signal with
a reference waveform. For a point scatterer in white Gaussian
noise, it is well-known that correlating the received signal with
a delayed copy of the transmitted waveform, i.e. a matched
filter (MF), maximises the output signal-to-noise ratio (SNR).
Unfortunately, the MF output has a low peak to sidelobe ratio
(PSR). When the received signal contains both strong and
weak echoes, the presence of weak targets can be masked
by the range sidelobes of a sufficiently stronger echo if they
are not suppressed adequately. To achieve range sidelobe
suppression for radar systems with LFM waveforms, a spectral
window is often utilised to shape the spectral response of the
reference waveform, leading to a mismatched filter [2], [3].
The penalty for this mismatch is a reduction in the target
output SNR, which is subsequently referred to as processing

loss. The magnitude of this loss is dependent on the spectral
window being used. A severely tapered window that possesses
high PSR, hence providing greater range sidelobe suppression
capability, will have greater processing loss [4]. To account for
range sidelobes of the strongest echo, the conventional pulse
compression approach normally uses windows with a PSR that
exceeds the SNR of the strongest echo. This non-adaptive approach is quite inefficient as it causes unnecessary processing
loss for weak targets. For strong targets this processing loss
has negligible impact on their detectability. However it may
lead to missed detection of weak targets, especially those with
SNRs near the detection threshold. This motivates the need to
develop range sidelobe suppression techniques that minimise
the processing loss for weak targets to improve detection
sensitivity of the radar systems.
A number of adaptive pulse compression techniques have
been reported in the literature. In [5], an adaptive technique
based on reiterative minimum mean square error (MMSE) was
introduced. It adaptively estimates an MMSE filter, which
matches to the received signal, for each individual range
cell. Extensions and applications of this approach can be
found in [6]-[8]. A drawback of these techniques is that they
require at least one matrix inversion of a structured covariance
matrix for each MMSE filter. This can become problematic
for radar waveforms with high-time bandwidth product, and
may limit practical implementation in many real-time systems.
Dimensionality reduction techniques based on splitting the full
dimension covariance matrix into multiple lower dimension
matrices were proposed in [9]. Despite efficient implementation of such dimensionality reduction, the computational
complexity of these techniques still varies between 15 to 100
times greater than the MF.
Related work that addresses, in a different way, the issue of
detecting weak targets in the presence of other strong echoes
can be found in [10]-[16]. In [10]-[12], techniques based on
extrapolating the waveform bandwidth and then applying a
non-adaptive window over the extrapolated spectral region
were proposed. These techniques result in range resolution
and SNR improvements. However, they increase the data
volume and require estimation of a set of auto-regressive
(AR) models. The techniques in [13]-[16] are based on the
principle of the CLEAN algorithm where the strong echoes are
iteratively estimated and subtracted from the received signal
to enable the detection of weak targets. These techniques

perform well for discrete-point targets but fail in cases of
contiguous scattering sources. An extension of the CLEAN
algorithm for contiguous scattering sources was discussed
in [17]. This algorithm gives much better performance than
the conventional CLEAN algorithm, but at the expense of
significant complexity increase.
In this paper we propose a new technique to adaptively
shape the spectral response of target returns, thereby controlling their range sidelobes adaptively. The novelty of this
method involves applying the spectral shaping step after
matched filtering and Doppler processing. This approach allows the target spectral responses to be separated into groups,
each having a similar Doppler shift. Different spectral windows are then applied to different groups separately. The
PSR of the window applied to a group is dependent on the
strongest target signal within the group. As a result, a group
containing low SNR targets requires a less severely tapered
window than one with high SNR targets. This in turn leads to
smaller processing loss, hence improving detection sensitivity
of the radar systems. A practical attractiveness of the proposed
adaptive technique is its low complexity. The total number of
arithmetic operations carried out by the proposed technique
is less than twice the number of operations required by the
conventional non-adaptive technique.
II. P RELIMINARY
A. Signal Model
We consider a radar system employing LFM waveforms.
The continuous-time model of the transmitted waveform can
be written as
P
−1
X
st (t) =
s(t − pT ) ,
(1)
p=0

where
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is the complex envelop of a single LFM pulse at baseband,
P is the number of pulses and T is the pulse period. Here,
α = B/To is the sweep rate measured in Hertz per second,
B is the waveform bandwidth and To ≤ T is the pulse width.
The instantaneous frequency of this baseband signal goes from
− B2 at t = 0 to B2 at t = To . The signal s(t) is referred to as
a pulsed LFM signal when To < T and as a linear frequency
modulated continuous waveform (LFMCW) when To = T
[18].
The returned signal from K targets and Nc clutter-scatterers
after it has been demodulated to baseband can then be modeled
as
r(t) =
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ci,`,p (t) + v(t) ,

i=1 `=1 p=0

(3)
where xk,`,p (t) corresponds to the target return of the pth
pulse from the k th target via its `th propagation path, ci,`,p (t)
corresponds to the clutter return of the pth pulse from the ith

clutter-scatterer via its `th propagation path and v(t) represents
noise, which can be composed of internal receiver noise and
external interferences. Note that in some radar environments
the clutter distribution may be a continuum. The target return
xk,`,p (t) and the clutter return ci,`,p (t) can be written as
xk,`,p (t) = αk,` s(t − pT − τk,` ) ej2πfk,` (t−τk,` )
ci,`,p (t) = βi,` s(t − pT − τi,` )e

j2πfi,` (t−τi,` )

,

(4)
(5)

where αk,` , τk,` and fk,` respectively represent signal amplitude, time delay and Doppler shift of the `th path of the k th
target and βi,` , τi,` and fi,` represent amplitude, time delay
and Doppler shift of the `th path of the ith scatterer.
B. Conventional non-adaptive spectral shaping
The standard pulse compression technique correlates the
received signal with a reference waveform h(t). The output
of the pulse compression process is given by
Z ∞
r(t)h(τ − t)dt .
(6)
y(τ ) ,
−∞

When the reference waveform is set to h(t) = hM (t) ,
s∗ (TM −t), it is known as a matched filter (MF). The constant
TM ≥ T0 is a delay constant required to make the filter
physically realizable. It is well-known that the MF maximises
the output SNR for a point scatterer in white Gaussian noise.
However, it has a low PSR of around 13 dB. Consequently,
weak targets can be masked by the range sidelobes of a
stronger echo. To enhance the PSR and thereby allowing
the detection of weak targets in the presence of stronger
echoes, a spectral window W (ω) is often used to shape the
spectral response of the reference waveform. This leads to a
mismatched filter with the resulting reference waveform h(t)
now being given by
h(t) = F −1 {W (ω)S ∗ (ω)e−jωTM } ,

(7)

where F −1 denotes the inverse Fourier transform operation
and S(ω) is the Fourier transform of s(t).
III. A DAPTIVE S PECTRAL S HAPING
As discussed in Section I, the conventional non-adaptive
technique needs to use a window with a PSR that exceeds the
SNR of the strongest echo in the received signal. This is quite
unattractive as it causes unnecessary processing loss for weak
targets. This motivates us to develop a technique that adapts
to the target strength. The idea here is to separate the target
spectral responses into groups, each having a similar Doppler
shift, and apply a spectral window with a PSR dependent on
the strength of the strongest target in the group. This way the
processing loss can be reduced for weak targets.
To see how different spectral windows can be separately
applied to different groups of targets, we begin by deriving
the spectral response of the pulse compression output when the
reference signal h(t) is set to the MF. The spectral response

the MF output can be computed directly from the Fourier
transform of hM (t) and r(t) as
YM (ω) = HM (ω) R(ω) .

The MF output can be partitioned into pulses according to
yp (τ̄ ) , y(τ̄ + pT + TM )

(8)
=

The Fourier transform of hM (t) is given by
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By substituting (4) and (5) into (3), the Fourier transform of
received signal r(t) can be shown to be given by

Nc X
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βi,` ej2πfi,` pT λ(τ̄ , fi,` , τi,` )

i=1 `=1
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(21)

where 0 ≤ τ̄ ≤ T and λ(τ̄ , fd , τd ) is the point spread function
Ci,`,p (ω) + V (ω) ,of a target or scatterer with a Doppler shift fd and a time
i=1 `=1 p=0
k=1 `=1 p=0
delay τd
(10)
1
X
λ(τ̄ , fd , τd ) =
ej2πfd qT z (τ̄ − qT − τd , fd ) .
(22)
where V (ω) is the Fourier transform of v(t) and
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From (21), the MF output corresponding to a target or clutter
return varies from pulse to pulse according to a sinusoid. By
applying Doppler processing across the pulses, we now have
a range profile at the Doppler bin fb

The frequency response of the MF output can be expressed as
a summation of individual target and clutter spectral responses
YM (ω) =
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,

(13)

where N (ω) = S ∗ (ω)V (ω), and Tk,`,p (ω) and Ci,`,p (ω)
respectively correspond to the spectral response of the return
signal of the pth pulse from the k th target and from the ith
clutter scatterer via the `th propagation path. These two terms
are given by

where Wt = [w0 w1 . . . wP −1 ] is a temporal window
that controls the Doppler sidelobes and fb is the frequency
of a Doppler bin of interest. By substituting (21) into (23),
the Fourier transform of the range profile YM (τ̄ , fb ) at the
Doppler bin fb can be expressed as
YM (ω, fb ) , F {YM (τ̄ , fb )}
=

Ci,`,p (ω) = βi,` ej2πfi,` pT Z(ω, fi,` )e−j(TM +pT +τi,` )ω
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The MF output can be obtained from its spectral response
YM (ω) by applying an inverse Fourier transform to it. This
can be expressed as
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where
z(τ, fd ) = F −1 {Z(ω, fd )}

(18)

n(τ ) = F −1 {N (ω)} .

(19)

and

(27)

with mod(·, ·) denotes the modulo operation.
The resulting YM (ω, fb ) is the spectral response of the range
profile at the Doppler shift fb . It still contains the spectral
responses of all targets and clutter-scatterers. However, the
contribution from a target or clutter-scatterer to the spectrum
YM (ω, fb ) is determined by the temporal weighting function
Wt . For targets or clutter-scatterers that are not close to the
Doppler shift fb , their contribution to the spectrum YM (ω, fb )
would be negligible. Hence, the steps of Doppler processing

the MF output to produce YM (τ̄ , fb ) and Fourier transforming
it to YM (ω, fb ) have effectively separated the target and
clutter-scatterer spectral responses into groups, each having
a similar Doppler shift.
With the above separation of the spectral responses, we
can now apply different windows to different Doppler bins.
The PSR of the window applied to a group will be adjusted
according to the strength of the strongest return within the
group. In this paper, we employ a Taylor window for each
group with its PSR adjusted adaptively. Let Wa,fb (ω) denotes
the window being applied to spectrally shape the response
YM (ω, fb ). The final range profile at the Doppler shift fb after
adaptive spectral shaping will now be given by
Yadapt (τ̄ , fb ) , F −1 {Wa,fb (ω) YM (ω, fb )} .

(28)

TABLE I
S IMULATED TARGETS ’ SIGNAL STRENGTH , RANGE AND D OPPLER SHIFT
Target
1
2
3
4
5

Doppler shift (Hz)
-18
10
10
15
20

Input SNR (dB)
22
50
30
15
35

Range (km)
1477
1215
1286
1513
1374

TABLE II
TARGETS ’ O UTPUT SNR
Target
1
2
3
4
5

Non-adaptive
19.2
44.1
24.1
12.3
31.4

Adaptive
20.8
44.5
24.5
14.0
32.3

Gain (dB)
1.6
0.4
0.4
1.7
0.9

IV. P ERFORMANCE A SSESSMENT
The performance of the proposed adaptive spectral shaping
technique is assessed using both simulated and real data. In
both cases, we consider a skywave over-the-horizon (OTH)
radar system where it exploits refraction of electromagnetic
waves by the ionosphere to detect and track targets well
beyond the horizon. We compare the performance of the
proposed adaptive technique with that of the conventional
non-adaptive spectral shaping technique. We will not compare
with other adaptive range sidelobe suppression techniques
such as those presented in [9] and [17] as their complexities
are significantly greater than our proposed method. As will
be shown subsequently, the proposed adaptive method gains
back almost all the SNR loss incurred by the non-adaptive
method for weak targets at the cost of less than doubling the
computational complexity.
A. Simulated Results
We use an LFMCW signal which consists of P = 64
pulses (also known as sweeps) with a bandwidth of 10 kHz
and a repetition frequency of 50 Hz. We assume a clutter
environment with additive white Gaussian noise. The clutter
return is assumed to be composed of ground echoes which
have zero Doppler shifts with an average input clutter-to-noise
ratio (CNR) of 60 dB. The electromagnetic waves are assumed
to be refracted from a single layer in the ionosphere (i.e.
Lk = 1 for all k and Li = 1 for all i). We insert into the
received signal five targets at various ranges. The input SNR,
range and Doppler shift of these targets are summarised in
Table I. The input CNR and input SNR are respectively defined
as N |βi,1 |2 /σ 2 and N |αk,1 |2 /σ 2 where N is the number of
samples of the received signal during the P pulses and σ 2
is the noise power. The received signal is sampled at the
sampling rate fs = 32.5 kHz.
In this simulated scenario a Taylor window with a PSR of
80 dB is used as the temporal window (i.e. Wt ) to suppress the
Doppler sidelobes in the Doppler processing step. To achieve
range sidelobe suppression by the non-adaptive technique a
Taylor window with a PSR of 60 dB is used as the spectral
window (i.e. Wmax (ω)). The theoretical processing loss for the
non-adaptive technique associated with this window is 1.9 dB.

For the proposed adaptive technique Taylor windows are also
used, but with their PSR being set adaptively on a Doppler bin
by bin basis. Fig. 1 and 2 respectively show the range-Doppler
intensity maps produced by the conventional non-adaptive
technique and the proposed adaptive technique for one noise
realisation. The intensity level is colour coded with the JET
colormap with its strongest intensity represented by dark red
and weakest intensity represented by dark blue. Fig. 3 shows
cuts along the range dimension at Doppler bins containing
the targets. In these results the range profile at each Doppler
bin has been normalised so that the average background noise
is at 0 dB. Thus, the magnitudes given in Fig. 3 correspond
to the output SNR of each target. Table II summarises the
average output SNR and the associated SNR gains for all five
targets. These values were obtained by averaging over 1000
different noise realisations. As expected, the proposed adaptive
technique produces higher output SNR than the conventional
non-adaptive technique. The relative gain are higher for targets
in Doppler bins that have only weak targets than those in
Doppler bins containing a strong target. For example, the
proposed method achieves an SNR gain of 1.7 dB for Target
4 in Doppler bin fb = 15 Hz while only 0.4 dB for Target
2 in Doppler bin fb = 10 Hz. With an SNR gain of 1.7 dB
for Target 4 this implies that the proposed adaptive technique
has reduced a processing loss of 1.9 dB, as incurred by the
non-adaptive method, down to only 0.2 dB. It should be noted
that a processing loss of few dBs has negligible impact on the
detectability of strong targets but will have a severe impact on
the detectability of weak targets. Consequently, it is of more
importance to reduce the processing loss for weak targets than
strong targets. In addition to reducing the processing loss, the
adaptive technique improves target range resolution. This is
evident by a smaller target mainlobe width in the range profiles
produced by the adaptive technique.
B. Experimental Results
In addition to simulation, we have also used real data from
an OTH radar of the Jindalee Operational Radar Network
(JORN) to evaluate the performance of the proposed technique.

Fig. 1. Simulated data: Range-Doppler map produced with non-adaptive
spectral shaping

Fig. 2. Simulated data: Range-Doppler map produced with adaptive spectral
shaping

Fig. 3. Simulated data: Comparison of range profile at various Doppler bin.
Range profiles produced by non-adaptive spectral shaping are plotted in red
and by adaptive spectral shaping are plotted in black

V. C ONCLUSIONS
This OTH radar system is situated in Laverton, Western
Australia. An LFMCW waveform was transmitted by a linear
antenna array of 28 elements and the returned signals were
collected by a 3 km linear antenna array of 480 elements.
The received signals were digitised and beamformed using a
conventional beamformer. The signal from a beam of interest
was then used to assess the performance.
Fig. 4 and 5 respectively show the range-Doppler intensity
maps produced by the conventional non-adaptive technique
and the adaptive technique for the beam of interest. There are
four targets clearly present in this beam with each arriving at
the receiver through multiple paths and at different Doppler
shift. Fig. 6 compares the range profiles of the four targets.
These range profiles have been normalised so that the average
background noise is at 0 dB. Similar to the simulated results,
these comparisons demonstrate gains in terms of output SNR
and resolution improvements by the proposed adaptive technique over the non-adaptive technique. The SNR improvement
is more significant for weaker targets with the weakest Target
4 having a gain of around 1.6 dB.

We have proposed a new method to reduce processing loss
of pulse compression methods that adopt spectral shaping
to achieve range sidelobe suppression. The novelty of the
proposed technique involves applying the spectral shaping
after the matched filtering and Doppler processing steps. This
allows the target spectral responses to be separated into groups,
each having a similar Doppler shift. Different windows are
then applied to different groups separately. The PSR of the
window applied to a group is dependent on the strongest target
signal within the group. As a result, a group containing low
SNR targets requires a less severe window than one with high
SNR targets. This in turn leads to smaller processing loss. A
practical attractiveness of the proposed adaptive technique is
its low complexity. The total number of arithmetic operations
carried out by the proposed technique is less than twice
the number of operations required by the conventional nonadaptive technique. We have verified the performance gain
of the proposed adaptive technique over the non-adaptive
technique using both simulated and real data.

Fig. 4. Real data: Range-Doppler map produced with non-adaptive spectral
shaping

Fig. 5. Real data: Range-Doppler map produced with adaptive spectral
shaping
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