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ABSTRACT Radar detection of high-speed targets suffers from range walks during the integration time.
Methods in current use for mitigating range walks are beset by high computational complexity therein
that hinders practical real-time processing. In this context, we exploit the sparsity of the target echo in
the transform domain and propose an efficient range walk mitigation algorithm based on sparse Fourier
transform (SFT). Concretely, the input long echo sequence is first divided into short overlapped segments
with an SFT bucket structure. Then, speed compensation is performed to the short segments, which involves
less complex multiplications. Subsequently, SFT is employed which efficiently obtains the Fourier transform
of the long sequence such that the range alignment of the multi-pulse echo is accomplished. As such,
the proposed SFT-based algorithm significantly reduces the amount of complex multiplications required
in speed compensation and long sequence transform, and thus substantially improves the computational
efficiency. In this paper, the selection of the window function and the length of segments are examined
for their influence on the detection performance with different signal-to-noise ratios. The superiorities of
the proposed algorithm in both detection performance and computational efficiency are demonstrated by
numerical experiments. The proposed algorithm can potentially find applications in other radar systems
such as synthetic aperture radars, inverse synthetic aperture radars, and so on where echo range walk is also
encountered.

INDEX TERMS High-speed target, range walk, sparse Fourier transform (SFT), computational complexity.

I. INTRODUCTION
Classical moving target detection (MTD) methods assume
that a target does not walk in a certain range bin within the
integration time. However, this assumption does not hold for
weak and high-speed targets, for the long integration time
and the high speed conspire to induce considerable range bin
walk. This situation has a negative impact on the integration
gain of the MTD methods and consequently leads to a low-
ered detection probability [1]–[3]. Commonly used methods
to address such problem associated with multi-pulse echo
include envelope shift, keystone, Radon transform, Hough
transform, Radon-Fourier transform, maximum likelihood
method, and their variants [2]–[15]. Although these methods
indeed improve the target detection performance, they share a
common drawback as their overall computational efficiency
is not sufficiently high. More specifically, when the target
speed is high and unknown, the number of required speed
compensation operations increases dramatically. In addition,

when the target range is large, the processing length of the
echo signal increases to such a degree that the fast Fourier
transform (FFT) operation load becomes unaffordable, mak-
ing it difficult tomeet the system real-time requirement. In the
light of this, [16], [17] proposed a scaled inverse Fourier
transform (SCIFT)-based method to achieve fast estimation
of an unknown speed. This method, relying mostly on cross-
correlation technique to introduce a third variable τm, con-
verts the relationship between the fast and slow time signals
into that between the fast time signal and τm. Next, scal-
ing is used to remove the coupling between the fast time
signal and τm, and the FFT technique is used to estimate
the speed. The resulting runtime is reduced by 4 to 5 times
compared to the keystone transform-based method [9]. How-
ever, with this method, the utilization ratio of the available
samples is decreased by 50% and, at false alarm probability
pf = 10−6, the signal-to-noise ratio (SNR) drops by about
5 dB relative to keystone transform, making it unsuitable for
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weak target detection. Reference [18] adopted the compres-
sive sensing technique to improve the detection efficiency
of high-speed targets. This method, however, has limited
application as it involves a complicated process of generating
the sparse matrix of the target echo. Reference [19]–[24]
put forward the sparse Fourier transform (SFT) method for
sparse signals in the frequency domain. Such method is more
efficient than the FFT-based method when computing the
spectra of large-scale signals. Reference [23] and [24] utilized
the SFT method and achieved fast detection of high-dynamic
signals and high-acceleration targets. Taking into account that
long-range, high-speed and weak target signals are charac-
terized by larger length and sparsity in the transform domain,
this paper employs SFT to accelerate the speed compensation
and spectrum computation of high-speed targets.

The remainder of this paper is structured as follows.
Section II provides a brief overview of range walk and its
relationship with various parameters. The influence of range
walk on the echo integration gain and state-of-the-art com-
pensation algorithm is also addressed. Section III presents
the proposed SFT-based range walk compensation method,
where signal bucketing length and speed compensation factor
are also discussed. Numerical experiment results and their
corresponding analyses are given in Section IV. Section V is
dedicated to summary and future work.

II. PRELIMINARY
A. RANGE WALK
With the effect of noise neglected, [12] gives what results
from MTD processing of high-speed target echo. The result
is approximated by:
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where, A0 is the target amplitude, D is the product of time-
width and bandwidth, τ0 = 2R0/c is the initial delay of the
target, β0 = 2v0/c is the time delay variation rate of the
target, fd = 2v0/λ is the Doppler frequency of the target,
λ = c/fc is the emission signal wavelength, Bs is the signal
bandwidth, T is the pulse repetition period, µ is the FM slope
of the transmitted pulse signal, fc is the carrier frequency, c is
the electromagnetic wave speed, v0 is the initial speed of the
target, R0 is the initial range between the radar and the target,
t̂ is the fast time domain, and n = 0, . . . ,N−1, with N being
the number of pulses.

From (1), the effect of speed on the accumulated energy of
the echo can be written as:

z(t̂, f ) ≈ A0
√
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From (2), we know that the envelope range walk time delay
1τ of the nth target echo relative to the 1st target echo is:

1τ ≈ β0nT (3)

From (3) we find that the cross-range bin number RL of the
target echo envelope may be written as:

RL = c1τ/21R

=
β0cnT

2
/1R (4)

where,1R = c/2B is the radar range resolution. Equation (3)
shows that RL is proportional to speed, integration time, and
signal bandwidth. With the same radar parameters, the higher
the speed is, the larger the RL is and the more the integration
energy spreads.

FIGURE 1. Effect of RL on integration gain.

Figure 1 shows the relation between the target integration
gain and the change ratio of SNRpulse as RL changes. Here,
SNRpulse is defined as the integration gain of a single pulse
echo signal and can be expressed as:

SNRpulse = 10 log10
A20
σ 2 (5)

where, A0 is the target amplitude and σ is the noise power
spectral density.

As can be seen from Figure 1, when RL ≥ 2, the loss in
integration gain is greater than 3 dB. The largerRL , the greater
the loss of integration gains. In order to improve the target
detection performance, compensation must be made.

B. STRUCTURE OF RANGE WALK
COMPENSATION ALGORITHM
For obtaining a high integration gain, it is necessary to com-
pensate for echo envelope range walk arising from speed.
For the sake of processing speed and ease of operation,
the algorithms in current use mainly deal with the time
domain and frequency domain signals after the echo pulse
pressure, and the structure of the compensation algorithms is
shown in Figure 2. Among them, the representativemethod of
the frequency domain compensation structure is the keystone
transform, and the representative method of the time domain
compensation structure is the envelope shift algorithm.
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FIGURE 2. Range walk compensation algorithm structure.

FIGURE 3. Flow diagram of SFT-based range walk compensation method.

The above two structures along with their applications
have been studied extensively, but their processing speed
is not high and, especially when dealing with long-time,
high-speed target signals, the real-time performance is unsat-
isfactory [25]. To address this problem, this paper, while con-
tinuing with the frequency compensation structure, suggests
a new method for correcting echo envelope range walk as a
means to improve the computational efficiency of the existent
methods.

III. SFT-BASED RANGE WALK COMPENSATION METHOD
Based on the frequency domain compensation structure
in Figure 2, this paper proposes using the SFT to perform the
target speed compensation and range compensation.

According to [12], the frequency domain mathematical
model of the n-th echo signal after pulse pressure processing
is:

X(f̂ ,n) =
A0
√
µ
rect

(
f̂ − fd/2
µT0 − fd

)
exp

(
jπ

2f̂ fd − f 2d
µ

)
· exp(j2π fd (nT + τ0 − β0nT ))

× exp(−j2π f̂ (τ0 − β0nT )) (6)

The fast time signal spectrum X(f̂ ,n) in (6) is rearranged
with the SFT method and is written as S(m, n). Then, there
are:

S(m, n) = X(
f̂ ,n
){f̂ [(δ · m) mod M ], n},

m ∈ [1,M ], n ∈ [1,N ] (7)

where, M is the total number of echo sampling points, N is
the number of integration pulses, σ ∈ [1,M ] represents
the rearrangement factor, with mod N being reversible, and
σ and N being coprimes.

In order to extract portions of the signal smoothly and
minimize spectral leakage, it is desired to introduce a win-
dow function g(m). g(m) should be such that the passband
focuses both in the time and frequency domains and that
individual sparse large value points can be separatedwith suc-
cess. By windowing the rearranged spectrum signal S(m, n),
we get:

Y (m, n) = g(m) · S(m, n) (8)

where, g(m) is as defined in [20]–[22].
Suppose an integer B and it is an aliquot of M , and the

following signal is constructed:

Z (m, n) =
bw/Bc−1∑
i=0

Y [m+ i · B, n], m ∈ [1,B] (9)

where, w represents the time domain window length, B the
length after signal grouping. In order that the signal after
grouping meets the minimum SNR needed in radar detection,
the length of B is defined to be such that:

From the pulse radar detection theory, the SNR produced
by aggregate accumulation gain of the pulse pressure pro-
cessing and the MTD processing should be greater than the
minimum detectable SNR (SNR)min of the target, or

10 log10(B)+ 10 log10(N ) ≥ (SNR)min (10)

where, B is the piece length of the number M of sampling
points of emission signal, and N is the number of accumula-
tion pulses.

From Equation (10):

B ≥ 10∧[0.1(SNR)min − log10 N ] (11)
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FIGURE 4. Detection results of MTD and the proposed method (speed=1000m/s). (a) MTD, (b) Proposed method.

FIGURE 5. Detection results of MTD and the proposed method
(speed=2000m/s). (a) MTD, (b) Proposed method.

with

(SNR)min =
lnPfa
lnPd

− 1 (12)

FIGURE 6. Detection results of MTD and the proposed method
(speed=3000m/s). (a) MTD, (b) Proposed method.

where, Pfa is the false alarm probability, Pd is the detection
probability, and (SNR)min is the minimum detection SNR
under the condition that Pd and Pfa are satisfied.
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FIGURE 7. Detection results of two targets by MTD. (a) 3D MTD,
(b) 2D projection of MTD.

Equation (9) converts a long sequence signal into a short
sequence one. A speed compensation factor is introduced
here to reduce the times of complexmultiplication operations.
Let the signal after speed compensation be Z ′(m, n), then:

Z ′(m, n) = Z (m, n) exp[−j2π f̂
2_vnT
c

] (13)

where, _v is the estimate of speed. In actual processing, it can
be determined with the help of (5). The range of _v can be
written as:

v̂ ∈ [0,±RL1v, · · · ,±PM ′1v],

P = round[2BNTvmax/RLc] (14)

In (14), vmax is the maximum speed of the target. By RL ≥ 2,
it is suggested that when the range walk exceeds 2 resolution

FIGURE 8. Detection results of two targets by proposed method.
(a) 3D result of the proposed algorithm, (b) 2D projection of the
proposed algorithm.

units and the loss of integration gain is greater than 3 dB,
speed compensation should be performed before detection.

After speed compensation, IFFT processing of (13)
results in:

z′(m, n) = IFFT {Z ′(m, n)} (15)

Using the principle in [20], the positioning cycle is performed
on z′(m, n). At the end of the estimation cycle, the time
domain form of the pulse pressure signal is reconstructed,
and the target speed and range are estimated using MTD.
Figure 3 presents the flow diagram of the SFT-based range
walk compensation method.

IV. PERFORMANCE ANALYSIS
A. ANALYSIS OF TARGET DETECTION PERFORMANCE
1) SINGLE TARGET DETECTION PERFORMANCE
Figures 4–6 compares the performance of MTD and the
proposed method when detecting targets of different speeds.
The radar and target parameters are listed in Table 1. With the
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TABLE 1. Radar and target parameters.

FIGURE 9. Comparison of detection probability of three algorithms.
(a) Flat window function, (b) Rectangular window function.

SFT algorithm, B=1024, the number of positioning cycles
is 3, the number of estimation cycles is 8, the degree of
sparsity is 2.

Conclusion: As can be seen from Figures 4–6, the proposed
method is effective in restraining the spread of integrated
energy and yields better integration than MTD, producing an
SNR about 10dB higher than MTD.

2) MULTIPLE TARGETS DETECTION PERFORMANCE
The parameters of the radar and the targets are given
in Table 1. In this case, the number of targets is 2, with iden-
tical amplitude but having a speed of 1000m/s and 1500m/s
respectively. Figures 7 and 8 compares the detection perfor-
mance of MTD and the proposed algorithm. As is obvious

FIGURE 10. Comparison of integration energy when different window
functions are used. (a) Flat window function, (b) Rectangular window
function.

in Figure 7, MTD virtually fails to distinguish the two targets
while the proposed algorithm fares pretty well. The simula-
tion in Figure 8 includes the detection result of target 1 only,
but that of target 2 can be found with CLEAN technique [26].

B. DETECTION PROBABILITY OF DIFFERENT ALGORITHMS
The radar parameters for Figure 9 are given in Table 1.
With the SFT algorithm, the signal length is 8192, the signal
sparsity is 2, and the number of positioning cycles is 3,
the number of estimation cycles is 8, and the noise margin
of the filter is 10−5. Figure 9 compares the envelope shift,
keystone, and the proposed SFT method. It can be seen that
the detection performance of the three is basically the same
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when the SNR is high, but when the SNR is low the proposed
method has the highest detection probability in Figure 9(a)
and the lowest detection probability in Figure 9(b). This
is because SFT algorithm uses a different filter function,
which produces a different amplitude of segmented signal,
affecting the integration energy and the detection probability
of the target. In actual use, parameters like the filter window
function type and the number of integration pulses shall be
adjusted in consideration of the SNR magnitude of the signal
and the speed of computation. This will be elaborated in the
next section.

FIGURE 11. Comparison of multi-target resolution for different window
functions. (a) Processing result for rectangular window function,
(b) Processing result for flat window function.

C. IMPACT OF WINDOW FUNCTION
Figures 10 and 11 compare the detection performance when
the window function g(m) is of different types. As shown
in Figures 10 and 11, a flat window function in [20]–[22]
has advantages of high time-frequency resolution and multi-
target resolution capability, a rectangular window function
can improve the integration gain of sampled signal, which is

FIGURE 12. Computational complexity comparison of different
algorithms with different compensation times.

FIGURE 13. Computational complexity comparison of different
algorithms with different numbers of range bin sample points.

conducive to the detection of low SNR signals. In practical
processing, these two can be used in combination.

D. COMPUTATION LOAD ANALYSIS
Let M , N , and L be the number of sampling points in the
pulse gate, the number of integration pulses, and the number
of speed compensation channels, respectively. If the enve-
lope interpolation algorithm in [12] is adopted, the number
of complex multiplication operations needed for L searches
is (3/2)M log2(M ) + L[3MN + (MN/2) log2(N )]. As for
keystone-based method suggested in [11], the number of
complex multiplication operations required for L searches
is L[2MN log2 N + 3N (log2 N )/2]. The SCIFT algorithm
proposed in [16] involvesMN 2

+ 3MN log2M +MN log2 N
complex multiplication operations. With the SFT-based algo-
rithm proposed in this paper, the window length is set to w,
the bucket length is B, k is the sparsity, lloc is the number of
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FIGURE 14. Computational complexity comparison of different
algorithms with different accumulate pulse numbers.

positioning cycles, lest is number of estimation cycles, and
ltotal is the number of total cycles. For one speed compen-
sation operation, the number of complex multiplications is
(M + 1) log2(M ) + (B + ysft ) + (NM/2 log2 N ). For one
SFT operation ofM points, complex multiplications of order
ysft = (w+B log2 B/2)× lloc+(B log2 B/2)× lest+2kM/B×
ltotal are needed, and L searches need M log2(M ) + L[(B +
ysft )+ (0.5NM log2 N )] of complex multiplications. The sim-
ulation parameters are given in Table 1. Figure 12 compares
the computation load of the four algorithms with different L.
It can be observed that, when L<300, the computation load
of the proposed SFT algorithm is lower than that of the
other three algorithms.When L>300, the proposed SFT algo-
rithm has a computation load higher than that of the SCIFT
method in [16] and [17]. Figures 13 and 14 compare the
amounts of complex multiplication with the four algorithms
for L=50 when M is in the range [210, 220], and N in
the range [128, 2048]. Among these four methods, the SFT
algorithm has the lowest computational load and SCIFT has
the highest. This is because the computational load of the
SCIFT algorithm approximates to MN 2. Here, L is smaller,
because in practical target detection scenarios, certain a priori
information can be obtained in advance. As such, an approx-
imate speed range can be estimated.

V. CONCLUSION
Long time integration of weak high-speed targets generally
causes range walk, i.e., energy dispersion across range bins.
In this paper, we analyze the key factors that influence range
walk and propose a high-speed target detection algorithm
based on SFT, which is advantageous over various existing
range walk compensation methods in terms of computa-
tional efficiency. As known from the theories and simula-
tion described in this paper, the proposed method is quick
in processing long-range and high sampling rate signals.
Relative to existing methods, it performs speed compensation
of long sequence signal by advantageously converting the

signal into short sequence signal, which further minimizes
the times of complex multiplications and thus improves the
algorithm efficiency. The simulation results also indicate that
the selection of window function has impact on the target
resolution and detection performance. Our further research
will focus on resolving multiple targets with the proposed
method in a lower SNR condition.
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