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ABSTRACT: In radar target detection, long-term coherent integration (LTCI) is widely employed to improve the signal-to-noise ratio (SNR)
and enhance the detection capability for weak and small targets. Meanwhile, the airborne radar, with advantages of wide-area surveillance,
high sensitivity, and strong maneuver ability, demonstrates significant superiority in detecting high-speed targets. However, during the
flight of the airborne radar platform, motion errors and the relative motion of high-speed targets can cause significant range migration
(RM) and Doppler frequency migration (DFM), degrading coherent integration performance. To this end, this paper proposes a coherent
integration method for high-speed target in airborne radar based on the symmetric autocorrelation function, scaled Fourier transform,
and sequence reversing autocorrelation function (SAF-SFT-SRAF). Detailed comparisons between SAF-SFT-SRAF and several typical
methods demonstrate that the proposed method effectively balances computational complexity and detection performance.

1. INTRODUCTION

n radar target detection, long-term coherent integration

(LTCI) is widely employed to improve the signal-to-noise
ratio (SNR) and enhance the detection capability for weak
targets [1-3]. However, during the coherent integration of
uniformly accelerated targets, the motion of high-speed targets
can induce both range migration (RM) and Doppler frequency
migration (DFM), resulting in a significant degradation in
coherent integration performance [4-6]. In actual airborne
radar applications, the aircraft experiences significant external
disturbances while flying in the atmosphere, causing it to devi-
ate from the ideal straight-line motion and produce noticeable
motion errors [7,8], which further exacerbates the RM and
DFM.

Currently, research on LTCI for uniformly accelerated mo-
tion is mainly divided into correction-compensation methods
and search-integration methods. For correction-compensation
methods, one approach first performs RM correction and treats
the target echo as a linear frequency-modulated (LFM) signal
within the slow-time domain, where acceleration is estimated
based on the chirp rate of the LFM signal. Common meth-
ods for RM correction include keystone transform (KT) [9],
scaled inverse Fourier transform (SCIFT) [ 10], symmetric auto-
correlation function-scaled Fourier transform (SAF-SFT) [11],
etc. Acceleration estimation methods include the second-
order Wigner-Ville distribution (SoWVD) [12], Lv’s distribu-
tion (LVD) [13], coherently integrated cubic phase function
(CICPF) [14], etc. Another approach is to estimate motion pa-
rameters of targets simultaneously, such as three-dimensional
scaled transform (TDST) [15] and three-dimensional coherent
integration (TDCI) [16]. These methods have lower compu-
tational complexity than search-integration methods but have
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inferior anti-noise performance. Compared with the correction-
compensation method, the search-integration method has better
anti-noise performance and higher computational complexity.
A representative method is the generalized Radon Fourier trans-
form (GRFT) [17], which compensates the target trajectory and
integrates echo energy by jointly searching for multiple motion
parameters, providing strong anti-noise performance. How-
ever, the mechanism of traversal search leads to a substantial
computational burden.

Motion error compensation for airborne radar primarily in-
cludes methods based on aircraft attitude and echo data. Aerial
attitude-based compensation [18, 19] relies on motion parame-
ters recorded by devices such as the inertial measurement unit
(IMU) and global positioning system (GPS). In addition, the de-
coupling techniques are applied to the point-by-point compen-
sation of two-dimensional space-variant errors. However, the
performance is influenced by the accuracy of the devices and
environmental interference. Echo-based compensation [20,21]
estimates errors by analyzing echo characteristics, with tech-
niques such as image contrast optimization and waveform en-
tropy minimization. However, under low SNR conditions, the
difficulty in extracting echo characteristics can significantly re-
duce the accuracy of compensation.

Several improved methods have been proposed to address
the impact of airborne platform motion errors on the coher-
ent integration of echo signals from high-speed targets. These
include the sequence reversing transform and special GRFT
(SRT-SGRFT)[22] and the improved GRFT (IGRFT) [23]. The
IGRFT method extends the GRFT by incorporating a search
for platform motion errors, achieving coherent integration with
strong anti-noise performance. However, the five-dimensional
search mechanism results in high computational complexity,
making it impractical for applications. SRT-SGRFT method re-
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duces the computational complexity by employing a hierarchi-
cal search strategy: first performing a two-dimensional search
for range and acceleration, followed by a three-dimensional
search for sinusoidal error parameters and velocity. Despite
this optimization, the multi-dimensional search still has high
computational complexity, leading to application limitations.

This paper proposes an sequence reversing autocorrelation
function (SRAF) to estimate sinusoidal motion error parame-
ters and combines it with the traditional SAF-SFT method to
obtain SAF-SFT-SRAF method. First, the equivalent velocity
between the target and radar is estimated using SAF-SFT oper-
ation, and the resulting compensation function corrects the RM
caused by velocity. Next, after performing an SRAF operation,
the sinusoidal motion error parameters are jointly estimated, en-
abling the correction of sinusoidal motion error. Finally, SAF-
SFT operation is applied again to estimate the equivalent ac-
celeration and construct a compensation function for DFM cor-
rection. Detailed experiments are provided to demonstrate the
effectiveness of the proposed method. The results show that
the proposed method achieves a good balance between compu-
tational complexity and detection performance.

The rest of this paper is organized as follows. In Section 2,
a signal model considering motion errors is established. The
proposed method is described in detail in Section 3. Then, some
simulation results are provided in Section 4.

2. SIGNAL MODEL

The chirp signal emitted by the radar can be expressed as

t
S, (t) = rect (T) exp (j2m fot + jmut®) (1)
P
1, [t <T,/2 . .
where rect (i) = { ’ = P/7 | tis the fast time, f.
T, 0, [t|>1T,/2 /

the carrier frequency, T}, the pulse width, and p the frequency
modulation.

After down conversion, the received echo signal can be ex-
pressed as

Sy (t,tm) = Aprect {W} exp [—j 47TCfcR(tm)}

X exp {jﬂu [t— QR(Ctm)r},

where A, is the amplitude of the received signal, ¢ the light
speed, R(t,,) the radial distance between the target and the
radar, t,, = mT, the slow time, 7T, the pulse repetition time
(PRT), m = —M /2, ..., M /2 the transmitted pulse number in-
dex, and M the number of coherent integrated pulses, assumed
to be even.

After pulse compression (PC), the result is given by

2R(Ctm)] } exp [_j ZL;\TR(tm)} :

€)

@)

Sp (t,ty) = Asinc {B {t -

184

— —» Ideal flight trajectory

—  Flight trajectory with motion errors

Z . Target
Transmited signal
5 , Received signal

® o
(@)
v

FIGURE 1. Geometrical schematic of airborne radar with motion errors.

where B is the signal bandwidth, A\ = ¢/ f. the signal wave-
length, and A the amplitude of the pulse-compressed signal.

In practice, the airborne radar platform is subject to motion
errors [23], as illustrated in Fig. 1. Motion errors lead to a sig-
nificant degradation in radar system coherent integration per-
formance, hindering target detection.

Three classical equivalent models for motion errors include
linear error, quadratic error, and sinusoidal error [22-25]. The
linear and quadratic errors are equivalent to the changes in the
relative velocity and acceleration between the airborne radar
and the target. These errors do not affect the RM and DFM cor-
rection processes in existing LTCI methods. Therefore, the ra-
dial distance between the target and the radar can be expressed
as follows [23]

1 .
R(tm) = Ro + votm + = at?, + Agsin (27 fot )

- @)

where vg denotes the equivalent velocity when linear error ex-
ists, and a denotes the equivalent acceleration when quadratic
error exists. A, and f. represent the amplitude and frequency
of sinusoidal error, respectively.

Substituting (4) into (3), the result is given by

Sp (t,tm) = Asinc

<B{t 2 [Ro + votm + 3at?, + Acsin (27 fot,,)]
c

)

4 1 .
X exp{—J ; {Ro + votm + iatf,ﬂ—Ae sin (27rfetm)}}. (5)

Equation (5) shows that after PC, the target’s envelope varies
with slow time, while the Doppler frequency variation induced
by acceleration and sinusoidal error causes DFM. When RM
and DFM exceed one resolution cell, range cell migration
(RCM) and Doppler frequency cell migration (DFCM) occurs,
degrading coherent integration performance.

In (5), at?,/2 represents the RM affected by acceleration.
Assuming a range cell size of 5m and a coherent processing
interval (CPI) of 100 ms, the relative movement distance must
exceed 5m for RCM induced by acceleration to occur. This
requires an equivalent acceleration of at least 500 m/s?. Given
that such high acceleration is uncommon in practice, the RM
induced by target acceleration can be considered negligible.
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The following presents an analysis of RM and DFM caused
by sinusoidal error. In (5), the radial range and Doppler fre-
quency affected by the sinusoidal error are given by

R (ty) = Aecsin (2w fety,), (6)
fas(tm) = 72 [2mAe fe cos (27 felim)] - 7

The RCM and DFCM induced by sinusoidal error occur
when the following condition is satisfied

|max [Rs (t,)] — min [Rs (t,)]] = 2|Ae| > AR.,  (8)

8| Acfe

ma [fas (tm)] ;

— min [f4,(tm)]| > Afa, 9)

where A R, denotes the size of the range cell, and A f; denotes
the size of the Doppler frequency cell.

Furthermore, parameter A, typically lies within the range of
[—1,1] [22], indicating that sinusoidal motion error does not
significantly contribute to RM in the received echoes. How-
ever, 8| A, f.|/ A can be much larger than a Doppler resolution
cell, meaning that its impact on coherent integration cannot be
ignored. Therefore, (5) can be rewritten as

Sp(tstm) = Asmc{B [t_wﬂwn

c

4 1
771' (RO + votm + 2at72n>:|

X exp {—j 4; A, sin (27rfetm)} . (10)

X exp [—j

Performing the fast Fourier transform (FFT) on (10) with re-
spect to ¢, the result is given by

Anf

Sp (f,tm) = Agrect (é) exp { (Ro + votm)]

4dn
X exp |:—J \ (RO + votm + 2at?n>]

X exXp |:—J 4;146 sin (27rfetm)] , (11

where f denotes the range frequency, and A denotes the ampli-
tude after FFT with respect to ¢.

3. PRINCIPLE OF SAF-SFT-SRAF

In this section, SAF-SFT-SRAF is introduced to correct RM
and DFM for coherent integration.

3.1. Range and Velocity Estimation

The principle of the first SAF-SFT operation can be expressed
as

Sl (tru ftm) = IFFTfW <addf {SFTtm [Rl (.fa fn;tm)]}> 9 (12)

where addy{-} represents the addition operation with respect
to f; fn denotes a lag-frequency variable with respect to f;
IFFTy, (-) denotes the inverse FFT (IFFT) with respect to f,;
t,, denotes the time variable with respect to f,,; Ri(f, fn,tm)
is a symmetric autocorrelation function (SAF) expressed as

Rl (fafnatm):Sp(f+fnatm)S; (f_fn,tm)- (13)

SFT;, [-] represents the scaled Fourier transform (SFT) with
respect to t,,,, which can be expressed as

R(f, fur o) = / Ry (f, fs t) exp (—jzwftm bm ) dt,

(14)
where f; denotes the frequency variable associated with ¢,,,
and h is a scaling factor, typically set to 1 [11, 13].

Substituting (11) into (12) yields

(tn - 4R0> 5 (f + 4h"’°> . (15)
C C

where A; denotes the signal amplitude resulting from the first
SAF-SFT operation.

The result contains a unique peak at (4R /c, —4hvg/c), al-
lowing the range and velocity to be estimated via peak detec-
tion. Based on the estimated velocity 0, a phase compensation
function exp(jdw f0/c) is constructed to compensate the RM
caused by velocity in (11). When v = vy, the result is given by

S1(tn, fr.,) = A16

X exp |:—J \ A, sin (27 fet m)] . (16)
Performing the IFFT on (16) with respect to f yields

T 2Ry
S, (t,ty) = Asinc B(t—)}

c

47 1
X exp f] \ <R0 + voty, + = 5 atfn)]

X exp | —j 4{ A, sin (27Tfetm)] . a7

As observed from (17), the RM has been effectively cor-
rected. However, the DFM induced by sinusoidal error and
acceleration remains.
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3.2. Sinusoidal Error Estimation

After RM correction, the target signal extracted along the range

cell based on eatimation of ]/%B can be expressed as

Sext (tfm) = S;l) (ta tm) ’t:QRo/c
A 1
= Asexp |:—J 5N (votm + 3 atfn)]
47 .
X exXp |:—J Y Ag sin (waetm)} ,  (18)
where A = Aexp (—j4mRo/N).

If the second SAF-SFT operation is directly applied to esti-
mate acceleration at this stage, the phase factor related to the
sinusoidal error will cause the spectrum of the result to broaden
significantly, preventing energy from being concentrated. To
solve this problem, this paper proposes an SRAF, which can be
expressed as

SSRAF (tm) = Sext (tm) Sex (—tm) - 19)
Substituting (18) into (19) yields

S ()= Aexp{ =i 5 it + A, sin (21,11 .

(20)
A phase compensation function is constructed and multiplied
with (20), which can be expressed as

HQ(At, ft) = €Xp |:J 8771— At sin (27Tftt{m):| . (21)

where A; and f; denote the search amplitude and frequency of
the sinusoidal error, respectively.
The result is then given by

.8
SsRaF (tm; Atests frest) = A3 exp (—J % votm>
X exp [—] \ A sin (27 fet m)]

xexp{ Y Aest SIn (27 fresttm )] (22)

When Agst = A, and fiest = fe, performing the FFT on (22)
with respect to ¢, results in the concentration of signal energy.
The estimated sinusoidal error parameters can be expressed as

(4. ) = argmax max (FET S (6 A f]) -~ 23)

where A and f denote the estimated amplitude and frequency
of the sinusoidal error, respectively.

Based on the estimated parameters, a phase compensation
function exp|j4mA sin(27 ft,,,)/A] is constructed to compen-
sate the DFM caused by the sinusoidal error in (17). When
A=A, and f = f., the result is given by

. 2Ry
S (t,ty,) = Asinc [B (t — )}

c

A
X exp [—J 3 (Ro + votm + 3 at2 )} . (24

As observed from (24), the DFM caused by sinusoidal error
has been effectively corrected. However, the DFM induced by
acceleration remains.

3.3. Acceleration Estimation

After applying the sinusoidal error correction, (18) is given by

4
Sext (tm) = Az exp [—j;(vot +2at2>] (25)

The principle of the second SAF-SFT operation can be ex-
pressed as

Ss(fin o f,) = FFT, { / Ro (b )

exp (—_] 27rftm ) de } , (26)

where 7 is a lag-time variable with respect to t,,,; f is the fre-
quency with respect to 7; h is a scaling factor, typically set to
1 [11,13]; Ra(tm, ) is another SAF, expressed as

Ry ( my T ) = Sext (t + T) Sext (t - T) : (27)
Substituting (25) and (27) into (26) yields

S0 (o £2) = A8 (o + 550 )0 (5452 29)

where A3 denotes the signal amplitude resulting from the sec-
ond SAF-SFT operation.

The result contains a unique peak at (—4vg/A, —4ah/N),
allowing the acceleration to be estimated via peak detection.
Based on the estimated acceleration a, a phase compensation
function exp(j2mat2, /\) is constructed to compensate the DFM
caused by acceleration in (24). When a = a, the result is given
by

) 2Rg
S (t,ty) = Asinc {B (t - )]

c
Y
exp [ ~ (Ro + votm)] . (29)

Ultimately, the RM and DFM induced by the velocity and
acceleration, as well as motion errors of the airborne radar, are
fully corrected. The flowchart of the proposed SAF-SFT-SRAF
method is shown in Fig. 2.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 154, 183-190, 2025

PIER C

Radar echoes —» SRAF operation

v v

Sinusoidal error
parameter search
Range FFT l

A 4

First SAF-SFT Sinusoidal error
operation compensation

v v

Range and velocity Second SAF-SFT
estimation operation

v '

Acceleration
estimation
Range IFFT ¢
\ 4

Pulse compression

RM correction

Extract target signal — DFM correction

FIGURE 2. Flowchart of SAF-SFT-SRAF based method.

3.4. Cross-Terms Analysis

For multiple targets, cross-terms between echo signals may de-
grade the method’s performance. A detailed analysis of cross-
terms in the SAF-SFT method has been provided in [11] and
will not be repeated here. Since this paper introduces the SRAF
operation for sinusoidal error compensation, the following sec-
tion focuses on cross-terms in the SRAF operation.

When multiple targets exist within the same range cell, (18)
can be rewritten as

k
A 1

i=1

4
X exp {—j % A, sin (Qertm)} , (30)
where As; denotes the signal amplitude of the ith target, and a
total of k targets are considered.
Applying the SRAF operation to (30), the resulting cross-
terms can be expressed as

k k An
Z Z A2pA2q eXp [_J 7 (UOp + UOq) tm:|

X exp [—j 8; A, sin (27Tfetm)] . 3D

In (31), since exp|—jdm(ao, — aoq)t2,/ ) introduces addi-
tional DFM, the cross-terms are suppressed during the sinu-
soidal error parameter search, preventing full energy concen-
tration. Moreover, even if multiple targets have the same ac-
celeration, the energy remains concentrated at the sinusoidal
error amplitude A, and frequency f. during the search process.
Therefore, SRAF effectively mitigates cross-terms interference
among different targets.
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4. SIMULATION RESULTS

In this section, the effectiveness of the proposed method is eval-
uated through computer simulations.

4.1. Coherent Integration for a Single Target

Example 1. A high-speed maneuvering target is considered,
and its equivalent motion parameters are set as follows: an ini-
tial range cell number of 300, a velocity of 750 m/s, and an ac-
celeration of 50 m/s>. Radar parameters are set as follows: a
carrier frequency of 10 GHz, a bandwidth of 10 MHz, a sample
frequency of 20 MHz, a pulse repetition frequency of 10 kHz,
a pulse duration of 10 us, and a pulse number of 2048. Sinu-
soidal error parameters are set as follows: an amplitude of 0.8
and a frequency of 25 Hz.

The simulated signal had an SNR of 6 dB after PC. As shown
in Fig. 3(a), significant RM can be observed in the echo signals.
The simulation results of the proposed SAF-SFT-SRAF method
are shown in Figs. 3(b)—(d). After applying RM and DFM cor-
rection, effective coherent integration is achieved. The coher-
ent integration results before and after correction are shown in
Figs. 3(e)—(f). It can be observed that, after RM and DFM cor-
rection using the proposed method, the SNR is significantly im-
proved.

4.2. Coherent Integration for Multiple Targets

Example 2. Two high-speed maneuvering targets (Target A
and Target B) are considered, with the following equivalent mo-
tion parameters: an initial range cell number of 300, a veloc-
ity of 750 m/s, and an acceleration of 50 m/s? for Target A; an
initial range cell number of 300, a velocity of 750 m/s and an
acceleration of 20 m/s? for Target B. The radar and sinusoidal
error parameters are the same as those in Example 1.

After PC, the simulated signals for both targets had an SNR
of 6 dB, as presented in Fig. 4(a). Due to the similarity in their
motion parameters, the trajectories of the targets were closely
clustered. The simulation results of the proposed SAF-SFT-
SRAF method are illustrated in Figs. 4(b)—(d). As shown in
Fig. 4(c), the sinusoidal error parameter search result still ex-
hibits a single peak, demonstrating that the SRAF operation
effectively suppresses cross-terms interference. Furthermore,
Fig. 4(d) shows that the target energy is concentrated into two
distinct peaks, which enhances target detection.

4.3. Computational Complexity

GRFT, IGRFT, SRT-SGRFT, and SAF-SFT methods are se-
lected as comparison methods in this paper. Denote the num-
bers of pulse number, range cells, search velocities, search ac-
celerations, search sinusoidal error amplitudes and frequencies
by M, N, Ny, Ng, N4, and Ny, respectively.

GRFT requires a three-dimensional search, while IGRFT
involves a five-dimensional search, with complexities denoted
as O(NyN,MN) and O(N,N,NsN¢MN), respectively.
Additionally, SRT-SGRFT combines the SRT operation and
two SGRFT operations, with computational complexities of
O(2MNlogy N), O(NgMN), and O(N,NsN;M).
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FIGURE 3. Simulation results of the SAF-SFT-SRAF method. (a) Result after PC. (b) Range-velocity estimation result. (c) Sinusoidal error parameter
search result. (d) Acceleration estimation result. (¢) Coherent integration result before correction. (f) Coherent integration result after correction.
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For the proposed SAF-SFT-SRAF method, the computa-
tional complexities of SAF-SFT, SRAF, and sinusoidal error
parameter search are O(M?3 +6M N log, M +2M N log, N),
O(M), and O(NaN¢M log, M), respectively.

Assuming N, = N, = Ny = Ny = N = M, the compu-
tational complexity of each method under different pulse num-
bers is shown in Fig. 5. As shown in Fig. 5, GRFT, IGRFT, and
SRT-SGRFT methods involve multidimensional searches, lead-
ing to high computational complexity. In contrast, the proposed
SAF-SFT-SRAF method reduces the search dimensions by fo-
cusing solely on sinusoidal error parameters. Consequently, the
proposed method has significantly lower computational com-
plexity than IGRFT and SRT-SGRFT methods. However, com-
pared to the SAF-SFT method without any search, the compu-
tational complexity of the proposed method is slightly higher.

4.4. Detection Probability

To evaluate the detection probability under noisy conditions,
a constant false alarm rate (CFAR) detector is applied to each
method. The SNR ranges from —50dB to 10dB, with 300
Monte Carlo simulations performed for each condition. Under
the false alarm probability of 1076, the detection probabilities
of each method as a function of SNR are shown in Fig. 6. As il-
lustrated in Fig. 6, for the same detection probability P; = 0.9,
the proposed method achieves improvements of 5dB, 1dB,
and 12 dB compared to the GRFT, SAF-SFT, and SRT-SGRFT
methods, respectively. Although the detection probability of
the proposed method is approximately 10 dB lower than that
of the IGRFT method, its computational complexity is signifi-
cantly lower.

5. CONCLUSION

To address the excessive computational complexity of existing
airborne coherent integration methods, we improve the SAF-
SFT method and propose the SAF-SFT-SRAF method. First,
we derive the theoretical principles of the SAF-SFT-SRAF
method for correcting RM and DFM. The effectiveness of the
proposed method is then verified through simulations. Finally,
we compare the proposed method with several representative
coherent integration methods in terms of computational com-
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plexity and detection probability, demonstrating its advantages
in practical applications. However, the iterative compensation
strategy employed in the proposed method is susceptible to er-
ror propagation, and the SRAF operation amplifies the noise
level, leading to poor anti-noise performance in sinusoidal er-
ror parameter search, potentially compromising the accuracy
of subsequent acceleration estimation. In future work, the idea
of simultaneously estimating multiple parameters using IGRFT
may be referred to in order to further improve the proposed
method.
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