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Precise Radial Velocity Estimation for Inverse Synthetic
Aperture Radar
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Abstract—This paper describes a convenient technique of precise radial velocity estimation for inverse
synthetic aperture radar (ISAR). In order to keep both the range profile and phase history of the echoes
coherent, direct sampling with high sampling rate using high performance analog-to-digital converter
and matched-filter correlation processing in pulse compression are used for the ISAR system. Due
to the coherence property of the echoes, the translational motion compensation parameters for ISAR
imaging are just the radial motion parameters of the target. Thus, the coarse velocity estimation is
obtained by range alignment and fine velocity estimation is achieved by phase adjustment. The fine
velocity estimation is ambiguous and the coarse velocity estimation is used for ambiguity resolution.
The advantage of this technique is the high precision with range error values at sub wavelength levels,
and it achieves velocity information and translational motion compensation at the same time. Both
simulated and experimental validations are presented to verify the effectiveness of the proposed method.

1. INTRODUCTION

Inverse synthetic aperture radar (ISAR) has rapid development all over the world, owing to its ability
to provide two-dimensional high-resolution images of moving targets in all-weather, and night and day
circumstances.

In radar, it is always crucial to estimate the radial range or velocity between the radar and a target.
This can be a precursor to more detailed signal processing whose end product might be a radar image
of the object, or a Doppler spectrum extraction of the target [1]. Thus the ISAR system is usually
accompanied by a narrowband mode or narrowband radar, which conducts the functions of searching
and tracking the target but rarely provides precision high enough for the target velocity while inducing
implementation difficulties in the radar system. An alternative solution is to estimate velocity directly
from the wideband echo by signal processing, which has the advantage of decreasing the burden of the
radar system, and this work has attracted much attention in the radar community [2–21].

A highly precise measurement of range or velocity based on radar phase named Phase-Derived
Range was applied to missile defense systems, which had proven the capability of estimating precession
parameters [3–6]. However, the details of the technique have not been published. Accurate velocity
estimation methods for wideband radar based on keystone transform were proposed [7–9]. But they
were only suitable for targets with uniform motion. Some researches focused on motion compensation
for high resolution range profile (HRRP) but the estimated velocity was low precision [2, 10, 11]. A novel
method of precise radial range measurement based on dechirped echoes was presented in [12]. However,
it was difficult in phase extraction and ambiguity resolution. Moreover, it needed high precise velocity
as a precursor. Recently, the work has been extended to direct sampling radar [13], but the disadvantage
still exits. Some investigations were relied on signal waveforms [14–16] or system structures [17, 18]. A
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method not based on range profile was presented in [19], but it suffered from heavy computation load.
An efficient algorithm for maximum likelihood estimation of translational motion was described in [20];
however, it assumed that the maximum relative translational motion from pulse to pulse was less than
one wavelength. A basic, simple and reliable approach for estimation and compensation of the target
relative translational motion was proposed in [21], but the correct behaviour of the algorithm depended
on its correct initialisation.

With the development of analog-to-digital converter, direct sampling with high sampling rate and
matched-filter correlation processing in pulse compression for ISAR become realistic [22]. Compared to
dechirping (or stretch) processing, matched-filter correlation processing can keep both the HRRP and
phase history of the echoes coherent [23]. Thus the translational motion compensation parameters for
ISAR imaging are just the radial motion parameters of the target. Hence, the velocity information can
be obtained while the translational motion is compensated.

In this paper, a convenient method of precise radial velocity estimation is proposed. The method
is based on the coherent property of the echoes. In the first step, range alignment is applied to get the
range shift, which is proportional to the coarse velocity. In the second step, phase adjustment is taken
to obtain the ambiguous range shift, which is proportional to the fine but ambiguous velocity. In the
third step, the resolution of ambiguous velocity is resolved by the coarse velocity. The strategy provides
high enough precision for the radial velocity and decreases the burden of the radar system.

The remainder of this paper is organized as follows: the signal model is presented in Section 2; the
velocity estimation method is proposed in Section 3; simulated and experimental results are illuminated
in Section 4; and conclusions are summarized in Section 5.

2. SIGNAL MODEL

Figure 1 shows the ISAR geometry. A target moves from A to C as shown in Figure 1(a), which can be
divided into three segments. In the first segment, the target circles from A to B as shown in Figure 1(b),
which has no effect on ISAR imaging. In the second segment, the target translates from B to C as shown
in Figure 1(c), which introduces range misalignment and phase error. Unless an optimal translational
motion compensation is obtained, serious blurring and smearing will be in the ISAR image. In the
third segment, the target rotates around its center at C as shown in Figure 1(d), which provides the
high-resolution in cross-range of target imagery. Hence the target motion can be divided into translation
and rotation. Thus, the instantaneous distance from the kth scattering center at (xk, yk) to radar is
given by [24]

rk(t) = RO(t) + xk sin θ(t) − yk cos θ(t), (1)

where RO(t) denotes instantaneous radial range from radar to the target center, usually corresponding
to the translational motion. θ(t) is the instantaneous rotation angle and t is the slow time.

Assume that the radar transmits a waveform

sT (τ, t) = u(τ) exp (j2πfct) , (2)

where u(τ) is the complex envelope of the transmitted signal, τ the fast time, and fc the carrier
frequency.

Therefore, the received signal from the target after down-conversion to the baseband is given by

sR(τ, t) =
K∑

k=1

δku

[
τ − 2rk(t)

c

]
exp

[
−j2πfc

2rk(t)
c

]
, (3)

where K is the total number of the scattering centers, δk the scattering coefficient at (xk, yk), and c the
light speed.

By applying Fourier transform with respect to τ , we have

SR (f, t) = U (f)
K∑

k=1

δk exp
[
−j2π (f + fc)

2rk(t)
c

]
, (4)

where U(f) is Fourier transform of u(τ).
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Figure 1. ISAR geometry.

After matched-filter correlation processing in pulse compression, the signal is expressed as

S (f, t) = |U (f)|2
K∑

k=1

δk exp
[
−j2π (f + fc)

2rk(t)
c

]
. (5)

By substituting Eq. (1) into Eq. (5) and neglecting the constants, we have

S (f, t) =
K∑

k=1

δk exp
[
−j4π (f +fc)

xk sin θ(t) − yk cos θ(t)
c

]
exp

[
−j2πf

2RO(t)
c

]
exp

[
−j2πfc

2RO(t)
c

]
.

(6)
In Eq. (6), the term exp[−j2πf 2RO(t)

c ] causing misalignment of HRRP in the range-compressed
domain needs range alignment. And the term exp[−j2πfc

2RO(t)
c ] standing for the phase error requires

phase adjustment. They are just two typical steps of translational motion compensation.

3. VELOCITY ESTIMATION

Equation (6) shows that both the range migration and phase error correspond to the translational
motion RO(t). When an optimal translational motion compensation is achieved, the translational
motion information RO(t) can be obtained. Once the instantaneous radial range RO(t) is known, the
radial velocity is just the range differential.

However, it is not the situation for stretch processing, where the signal model can be expressed in
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frequency domain as [23]:

Sstr (f, t) =
K∑

k=1

δkTpsinc
[
γTp

(
f

γ
+ 2

RΔ

c

)]
exp

[
−j4πfc

xk sin θ(t) − yk cos θ(t)
c

]

exp
[
−j2πfc

2RO(t)
c

]
exp

[
j2πfc

2Rref(t)
c

]
, (7)

where Tp is the pulse duration, γ the chirp rate, RΔ = rk(t)−Rref(t), and Rref(t) the reference distance.
Hence the reference distance introduces additional errors. Since the reference distance changes with
the position of the target, the range migration and phase error do not correspond to the translational
motion RO(t) any more. In other words, the instantaneous radial range RO(t) cannot be obtained by
the translational motion compensation.

It should be noted that compensations of the range misalignment and phase error require different
precisions. To remove the profile migration through range cells, the precision of the range shift should
be in the order of a fraction of a range cell, such as a quarter of one range cell, which is typically
tens of centimeters. However, the phase error corresponds to the radar operating wavelength, which
is typically only a few centimeters. Limited by the range resolution, the motion estimate from range
alignment is insufficient to perform an optimal phase adjustment. Moreover, due to the shortness of
the wavelength, the phase errors are largely wrapped, resulting in the uncertainty between the phase
error and RO(t) [24]. Therefore, range alignment is applied to get the radial range shift and then the
velocity, which is coarse but unambiguous. Then, phase adjustment is performed to obtain the range
shift and then the velocity, which is fine but ambiguous. Finally, ambiguity resolution is carried out.

Rewrite Eq. (6) in a discrete form as

S (n,m) =
K∑

k=1

δk exp
[
−j4π (nΔf + fc)

xk sin θ(m) − yk cos θ(m)
c

]

exp
[
−j2πnΔf

2RO(m)
c

]
exp

[
−j2πfc

2RO(m)
c

]
, (8)

where n is the range cell number, m the pulse number, Δf the resolution of frequency, and RO(m) and
θ(m) are the radial range and rotation angle corresponding to the mth pulse, respectively.

Range alignment is to compensate the range shifts of profiles. There have been many methods to
perform range alignment [25–27]. Denote s(m) and s(m + 1) as the adjacent profiles corresponding to
the mth and (m + 1)th pulses, respectively. After range alignment, the range shift of the two profiles is
obtained, assuming to be Δn(m) range cell, which means that

RO(m + 1) − RO(m) = Δn(m) · ρr, (9)

where ρr is the resolution of range cell. Then the coarse but unambiguous radial velocity corresponding
to the mth pulse is given by

vRA(m) = Δn(m) · ρr · PRF, (10)

where PRF is the pulse repetition frequency.
Phase adjustment is to remove the error phase after range alignment is done well. There have been

a lot of schemes to carry out phase adjustment [28–32]. After phase adjustment, the phase error of two
aligned adjacent echoes is achieved, assumed to be Δϕ(m) rad, which means that

RO(m + 1) − RO(m) = [Δϕ(m) + 2πXm] · λ

4π
, (11)

where λ is the radar operating wavelength, and Xm is an integer to ensure −π ≤ Δϕ(m) ≤ π. Then
the precise but ambiguous radial velocity corresponding to the mth pulse is given by

vPA(m) = Δϕ(m) · λ

4π
· PRF. (12)

As the error of Δϕ(m) obtained by phase adjustment can be less than 0.25π rad, corresponding to a
radial range deviation of λ/16 [33], the precision of vPA(m) is high.
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Denote
vun =

λ

2
· PRF. (13)

Then the precise and unambiguous velocity estimation will be

v(m) = vPA(m) + Xm · vun. (14)

Hence, the ambiguity resolution is to determine Xm. In order to resolve the ambiguity, the error
range of velocity used for ambiguity resolution should be within[

−vun

2
,

vun

2

]
. (15)

As vRA(m) is the coarse velocity, v(m) can also be

v(m) = vRA(m) + ε1(m), (16)

where ε1(m) is the error of vRA(m). As the precision of range shift Δn(m) is in the order of a fraction
of a range cell, such as a quarter of one range cell, the error range of vRA(m) is

ε1(m) ∈
[
−ρr

4
· PRF,

ρr

4
· PRF

]
. (17)

Since the resolution of range cell is limited, the precision of vRA(m) is low. For a typical X-band radar,
the operating wavelength is 0.03 m, and the bandwidth is 1 GHz, providing a range resolution of 0.15 m.
Then according to Eqs. (15) and (17), vRA(m) cannot be used for ambiguity resolution.

As the translational motion of ISAR target is regular and during a short dwell time, the translational
motion can be approximated effectively by means of a second or third order polynomial. Therefore
the precision of vRA(m) can be improved by polynomial curve fitting. Assuming the velocity after
polynomial curve fitting is vRA fit(m), v(m) can be written as

v(m) = vRA fit(m) + ε2(m), (18)

where ε2(m) is the error of vRA fit(m), which satisfies the requirement of ambiguity resolution now.
According to Eqs. (14) and (18), Xm is determine by

Xm =
⌈

vRA fit(m) − vPA(m)
vun

⌉
, (19)

where �·� denotes for rounding operation.
Hence, the high precise and unambiguous velocity estimation is

v(m) = vPA(m) +
⌈

vRA fit(m) − vPA(m)
vun

⌉
· vun. (20)

We can obviously see that the precision of the final velocity estimation depends on the precision of
vPA(m). Thus, the proposed method has the high precision with the radial range error less than λ/16,
which is better than other methods [2, 15].

For clarity, we present a flowchart of the proposed algorithm in Figure 2.

4. SIMULATIONS AND EXPERIMENTS

This section intends to validate the algorithm performance using simulated data of a target with four
scattering centers as well as real radar measurement data of an aircraft.

Let’s begin by referring to Figure 3, which is a gray-scale plot of the simulated two-dimensional
target. For this simulation, each of the point scatterers has equal reflectivity and the target has a
uniformly accelerated translation and uniform rotation. The simulation parameters including the radar
characteristics and the target motion quantities are shown in Table 1.

Figure 4 shows the sequences of HRRP. We can easily note that the traces of the time history of
the scatterers are almost linear, which indicate the translational motion information.

The range shifts, obtained by range alignment, are provided in Figure 5. And the corresponding
coarse velocities are shown as the dashed line in Figure 6. Though the curve of range shifts seems
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Figure 2. Flowchart of the proposed algorithm.

Table 1. Simulation parameters.

Carrier frequency 10 GHz
Bandwidth 1GHz

Pulse repetition frequency 166 Hz
Sampling rate 1.2 GHz
Echo numbers 100

Range cell numbers 2048
Initial range 15 km

Initial velocity 200 m/s
Acceleration 20 m/s2

Rotation velocity 1.08 deg/s

smooth, the velocity curve is rough, as a result of the limited range resolution and the performance
of range alignment. According to the radar parameters, the error of coarse velocity for ambiguity
resolution should be no more than 1.245 m/s. Hence such coarse velocities cannot be used for ambiguity
resolution. The solid line plotted in Figure 6 is the velocity curve after polynomial curve fitting, which
is smooth.

The phase errors, achieved by phase adjustment, are shown in Figure 7. We can see that the phase
errors are wrapped. Hence, the derived velocities are ambiguous as shown in Figure 8.

After ambiguity resolution using the fitted velocities, the precise velocities are presented as shown
as the solid line in Figure 9(a). The dash-dot line displayed in Figure 9(b) is the simulated theoretical
velocities. The two lines almost coincide. In order to compare them, the velocity errors are shown as
the solid line in Figure 10, which are on the order of 10−4 m/s. The root mean square error (RMSE)
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is calculated to be 1.696 × 10−4 m/s. The performance of the proposed method is further compared to
that of a robust and computationally efficient technique named Translational Motion Estimation and
Compensation (TMEC) [15]. The dash-dot line shown in Figure 10 is the velocity errors of TMEC,
which are on the order of 10−3 m/s. The RMSE is calculated to be 6.907× 10−3 m/s. It is obvious that
the velocity errors of the proposed method are smaller than those of TMEC. Hence, the effectiveness of
the proposed algorithm is validated.

Further, the performance of the proposed method under different signal-to-noise ratio (SNR)
conditions is considered. For simplicity, we do not consider noise in the above simulation. However,
noise is present in real life situations. Hence we add noise into the signal to generate SNR varying from
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Figure 9. Velocity comparison. (a) Estimated velocity. (b) Theoretical velocity.
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−20 to 20 dB with a step of 2 dB in the following simulation. The noise is additive Gaussian white noise
with a mean of zero. The simulation is carried out and the RMSE of the velocity estimation is calculated
at every SNR condition. Figure 11 shows the RMSEs corresponding to different SNRs, which presents
that the proposed method provides very small RMSE when SNR is above −13 dB, demonstrating that
the proposed method is effective, even in a low SNR case. It can also be seen that the RMSEs of the
proposed method are lower than those of TMEC, which further verifies the effectiveness of the proposed
method.

Real radar data of a non-cooperative aircraft are utilized to further validate the performance of
the proposed method. The target is a Boeing 737 aircraft, which has the length/width/height of
33.6 m/34.3 m/12.5 m, respectively. The aircraft has just taken off and is accelerating. The distance
between the aircraft and the radar is about 38 km. The aircraft is measured by the X-band radar
under field conditions. The parameters of the radar are as follows: the center frequency is 10 GHz; the
bandwidth is 1 GHz; and the PRF is 166 Hz. Thus the range resolution is 0.15 m, and the maximum
error of vRA(m) is 6.225 m/s, while the operating wavelength is 0.03 m and the error of coarse velocity
for ambiguity resolution should be no more than 1.245 m/s.

Results of real radar data, shown in Figure 12, are very similar to the simulation results.
Figure 12(a) shows the sequences of HRRP and (b) is the range shifts obtained by range alignment. The
corresponding coarse velocities are shown as the dashed line in Figure 12(c) while the velocities after
polynomial curve fitting as the solid line. The phase errors achieved by phase adjustment are shown in
Figure 12(d) and the derived velocities are in (e). The final precise velocities are presented as the solid
line in Figure 12(f), where the dashed line is the velocities measured by the narrowband mode. From
this comparison, the effectiveness of the proposed algorithm is verified.
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Figure 12. Results of real radar data. (a) Sequences of HRRP. (b) Range shifts. (c) Coarse velocities
and fitted velocities. (d) Phase errors. (e) Ambiguous velocities. (f) Velocity comparison.

5. CONCLUSION

A convenient technique for estimating radial velocity has been proposed in this paper. The method
estimates the precise velocity directly from the wideband echoes by range alignment and phase
adjustment, which are the two steps of translational motion compensation in ISAR imaging. Thus
it has the advantage of high precision and decreases the burden of the radar system. Results based on
simulated and measured data have validated the performance of the proposed algorithm.
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