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Abstract— Along-track synthetic aperture radar interferome-
try (ATI) systems are used to detect a moving target and to
estimate its radial velocity. A dual-channel (single-baseline) ATI
system estimates the velocity ambiguously because there are
many candidate velocities corresponding to the interferometric
phase. To resolve the ambiguity of the estimates, a multichannel
(multibaseline) ATI system is required. This letter proposes an
efficient implementation technique of a multichannel ATI system
by using a frequency-modulated continuous wave (FMCW) radar
and an antenna arrangement method considering the inherent
bi-static characteristic of FMCW radars. Also, a simple and
robust radial velocity estimation algorithm suitable for the
proposed system model is presented. The validity of the algorithm
is confirmed with simulated ATI results.

Index Terms— Along-track synthetic aperture radar interfer-
ometry (ATI), frequency-modulated continuous wave (FMCW),
radial velocity estimation.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is a technology widely
used for surveillance or terrestrial and marine observation

because it generates images of large areas at any time under
any weather conditions. To detect moving targets in SAR
images, the along-track interferometry [1], [2] method is
frequently incorporated with the SAR technique. Along-track
SAR interferometry (ATI) is assessed as an efficient and
practical ground-moving target indication method because of
its ability to estimate the velocity of the detected moving target
and low demands on the computation load.

ATI estimates the radial velocity of a moving target by
measuring the phase of an interferogram generated by conju-
gate multiplication of SAR images formed from two channels
separated by the baseline in the along-track direction. Since
the phase value of a single interferogram is limited to (−π, π],
several velocities corresponding to the nominal ATI phase
exist. Therefore, the velocity of the moving target is ambigu-
ously estimated in a dual-channel (single-baseline) system.
To resolve the ambiguity of the estimated velocity, it is
necessary to introduce a multichannel ATI system and infer
the actual target velocity by analyzing the estimated velocities
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from multiple interferograms (multibaseline) [3], [4], [5], [6],
[7], [8], [9]. Because pulse radars commonly used as ATI
hardware are expensive and heavy, configuring a multichannel
system with pulse radars is costly and has limited options
on SAR platforms. Frequency-modulated continuous wave
(FMCW) radars are suitable for relatively light and compact
multichannel system configurations. In fact, many attempts and
studies have been conducted to implement ATI with FMCW
radars [10], [11], [12].

This letter proposes an FMCW radar design and a
transmit/receive antenna (T/RX) arrangement method for
implementing a compact multichannel ATI system. The tech-
nique is designed for the standard mode of ATI data collec-
tion [13], considering the inherent bi-static characteristic of
FMCW radars that requires TX and RX to be separated for
continuous data acquisition. We also present an efficient and
robust moving target velocity estimation algorithm suitable
for the proposed system model. The algorithm is validated
with the ATI simulated data results considering the stationary
background clutter and additive thermal receiver noise to
emulate the actual SAR raw data.

The rest of this letter is organized as follows. Section II
derives signal models for the ATI phase and the maximum
unambiguous velocity (MUV) from the FMCW radars. The
proposed FMCW radar design and T/RX arrangement method
to implement the multichannel ATI system are presented in
Section III. Based on the MUV of the FMCW radar, a moving
target velocity estimation algorithm suitable for the system is
also designed. In Section IV, the algorithm is validated by
presenting the velocity estimation results of a moving target.
In addition, the estimation accuracy of the algorithm is con-
firmed by statistical estimation results. Finally, the conclusion
is summarized in Section V.

II. ATI PHASE AND MUV OF FMCW SAR

This chapter derives a complete 2-D final FMCW SAR
image model of a moving target based on the signal models
for FMCW SAR systems [14], [15]. This is to develop signal
models for the ATI phase and the MUV from FMCW radars
and to confirm whether FMCW radars produce the same result
as conventional pulsed radars.

Fig. 1 shows the ATI data acquisition geometry of a moving
target. x is the azimuth spatial variable, r is the slant range,
P(ro, xo) is the initial position of a moving target, vp is the
velocity of SAR platforms, vr is the radial velocity of the
moving target, and b is the baseline between two channels.
The cross-range velocity of the target is assumed as zero since
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Fig. 1. ATI data acquisition geometry of a moving target.

it has a negligible effect on the ATI phase [16]. The range
between the SAR platform and the moving target is as follows:

r(ta) =

√
(ro − vr ta)2 + (vpta − xo)2 ≈ ro − vr ta +

v2
p

2ro
t2
a .

(1)

In (1), ta is the azimuth time. Without loss of generality,
xo can be assumed as zero so that the moving target is
broadside the SAR platform at ta = 0. Applying the third-order
Taylor series validates the approximation of (1). By incor-
porating this range model for the moving target into the
FMCW radar signal model [14], [15] and processing with the
basic range-Doppler algorithm (RDA) for FMCW SAR [17]
including range deskewing [18], [19], [20], a complete 2-D
FMCW SAR image model for the moving target is obtained
as follows:
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In (2), fr is the range frequency, Ba is the Doppler band-
width, λ is the radar wavelength, Tp is the pulse duration,
and kr is the linear chirp pulse rate. It is notable that the
moving target in the FMCW SAR image is displaced by
1x = vpvrro/v

2
p = vrro/vp in the azimuth direction and

1r = −rov
2
r /(2v2

p) in the range direction, respectively. The
FMCW ATI phase derived from the FMCW SAR image model
of a moving target is as follows:

φATI = φ1(ta) − φ2(ta + 1t)

= −
4πvr

λ
ta −

(
−

4πvr

λ
· (ta + 1t)

)
=

4πvr

λ
1t. (3)

In (3), 1t is the short time interval between the two
channels. It is shown that the FMCW ATI phase is the same
as that of the pulse SAR. This implies that the ATI phase
is only related to the azimuth modulation of the signal and
is independent of the received range signal model (chirped or
de-chirped) or the transmitted waveform. Meanwhile, since the
ATI phase is limited to (−π, π], the MUV of FMCW ATI is
as follows, which is also the same as that of the pulse ATI:

MUV =
λ

41t
. (4)

Fig. 2. Block diagram of the proposed FMCW radar design.

Note that the MUV is used as the basic parameter in the
proposed moving target velocity estimation algorithm for the
multichannel ATI system in Section III.

III. MULTICHANNEL FMCW ATI SYSTEM DESIGN AND
VELOCITY ESTIMATION ALGORITHM

The proposed FMCW radar design for implementing a
multichannel ATI system is shown in Fig. 2. Note that the
proposed system is compatible with both the triangular lin-
ear frequency-modulated (TLFM) and sawtooth transmission
models, but for convenience of description, it is introduced
based on the TLFM model to refer to each transmitted signal
clearly. As shown in Fig. 2, a TLFM signal generator and
a radio frequency (RF) switch are used to implement two
transmission signal sources. In addition, the TX and RX are
separated since it is impossible to transmit/receive signals with
a single antenna in the FMCW radar. This is the inherent
bi-static characteristic of FMCW radars. The RF switch in
the radar uses a square wave to split the TLFM signal into
up- and down-slope parts. The two TXs alternatively transmit
up- and down-slope signals and the two RXs receive the
TLFM signal, respectively. Each receiver generates two SAR
images by dividing the received signal into up- and down-
slope signals. The proposed FMCW radar model is efficient
in that it implements four channels (four SAR images) with
only a single baseband signal generator and two receivers.

It is well known that an ATI system with four phase centers
positioned to implement both short and long baselines is
capable of accurate velocity estimation for both slow and
fast objects. It is also well known that the SAR image
obtained with this bi-static operation using two separated
antennas is equivalent to the SAR image obtained with a
single antenna, which is assumed to be located in the mid-
dle between the two antennas [21]. Considering these facts,
by properly arranging the two TXs and two RXs in the along-
track direction, an efficient multichannel ATI system with four
equivalent phase centers can be implemented, as shown in
Fig. 3. It is noteworthy that the TX2 is located at a delayed
position relative to TX1 in the along-track direction. This is to
generate additional phase centers by implementing the basic
measurement principle of ATI. X0 and b are key variables that
determine baselines between equivalent channels and should
be designed to implement both short and long baselines.
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Fig. 3. Proposed T/RX arrangement method. The solid circles represent the actual positions of the T/RXs, and the dashed circles represent the positions of
the virtual transceiver antennas that form the equivalent model of the real case. X0 is the distance between the two RXs, X1 is the distance between the RX1
and TX for the up-slope signal (TX1), X ′

1 is the distance between the RX1 and TX antenna for the down-slope signal (TX2), X2 is the distance between
the RX2 and TX1, X ′

2 is the distance between RX2 and TX2, b is the distance between the two TXs, bs is the effective baseline between channel 1 and
channel 2, and bl is the effective baseline between channels 1 and 3.

Fig. 4. Flowchart of velocity estimation algorithm for the proposed system.
v̂r is the estimated radial velocity of a moving target.

In addition, X0 and b have to be designed such that the aft
channel aligns with the fore channel, that is, the phase center
is in the same azimuth position within a short time interval.
For channel (CH) 3 to be aligned with CH1, the time interval
between the two channels needs to be a multiple of pulse
repetition interval (PRI)

1tl =
bl

vp
=

X0

2vp
= n · PRI

⇒ X0 = 2n · vp · PRI, with n = 1, 2, 3, . . . (5)

On the other hand, it should be noted that the time interval
between CH1 and CH2 is as follows because the down-slope
signal is internally delayed by half of the PRI compared to
the up-slope:

1ts =
bs

vp
=

b
2vp

=

(
m +

1
2

)
· PRI

⇒ b = (2m + 1) · vp · PRI, with m = 0, 1, 2, . . . (6)

Although these conditions are alleviated since alignment
between channels can be performed by modern signal pro-
cessing techniques such as interpolation or resampling, they
are strongly recommended because the clutter coherence coef-
ficient between SAR images is assumed as 1 under these
conditions [22].

A flowchart of a simple and robust velocity estimation
algorithm suitable for the proposed quasi-four-channel FMCW
ATI system is given in Fig. 4. In the single-baseline inter-
ferogram (SI) step, six different along-track interferograms

TABLE I
SIX SINGLE-BASELINE INTERFEROGRAMS

are generated from four channels. The notation and MUV
values for each SI are listed in Table I. The SI ambiguously
estimates the velocity of a moving target because there are
many “candidate” velocities corresponding to the measured
ATI phase. The set of candidate velocities from SIx is as
follows:

Sx = {2 · MUVx · i + vr | i ∈ Z} (7)

where MUVx is the MUV of SIx and Z is the set of integers.
The ambiguity can be suppressed by considering another ATI
phase measured from another SI with a different baseline
value. This is because only the intersection components of the
two candidate velocity set corresponding to each ATI phase
remain. In the double-baseline velocity estimator (DVE) step,
DVExy obtains the intersection of Sx and Sy as follows:

Sxy = Sx ∩ Sy = {2 · IMUVxy · i + vr | i ∈ Z} (8)

where IMUVxy = nx · MUVx = ny · MUVy is the increased
MUV of DVExy where nx and ny are minimum natural
numbers that satisfies the following equation:

MUVx

MUVy
=

ny

nx
. (9)

Although DVE also has an infinite number of candidate
velocities theoretically, practical candidate velocities are lim-
ited because of the large IMUV value. This is because a
moving target with a large vr/vp ratio is not compressed in the
SAR image because of its large Doppler shift. Note that, even
though there are several DVEs with the same IMUV value,
the estimates are different because baselines are formed from
different channels. As shown in Fig. 4, results of DVE16 and
DVE25 are excluded because the two interferograms have the
same baseline (MUV) value. On the other hand, even if the
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TABLE II
ATI SIMULATION PARAMETERS

ambiguity is reduced in the DVE step, in the realistic case
where clutter and noise signals are present, the phase wraps
even when the velocity of the moving target is near the MUV,
resulting in many ambiguity estimates.

To completely disambiguate the estimate, the outlier
removal and averaging processes, which have negligible com-
putation load, are performed in turn. Even if some of the
DVE results fail to accurately estimate the velocity (ambiguous
estimates or outlier estimates), the algorithm is robust because
there are 13 individual estimates. The process of removing
outliers from the 13 estimates and averaging the remaining
values accurately estimates the velocity of the moving target.
In addition, the averaging process has the advantage of reduc-
ing the standard deviation of the estimated velocity to a certain
degree.

IV. ATI SIMULATION RESULTS

This chapter proves the validity of the proposed FMCW
ATI system and its velocity estimation algorithm by presenting
the velocity estimation results with simulated ATI results
of a moving target. The simulation parameters are listed
in Table II. X0 and b are set by (8) and (9). Note that
because the algorithm is based on along-track interferogram
results, it is recommended to maintain the prescribed platform
velocity to align channels precisely. However, simple signal
processing is sufficient to compensate for channel misalign-
ments caused by deviated velocities. Stationary background
clutter and additive thermal receive noise signals are added
to emulate the actual SAR raw data [16]. Fig. 5 shows the
process of the SAR image generation and the moving target
detection in a given data acquisition geometry where a single
stationary target and various moving targets exist. As shown
in the last step, only the moving targets are present in the
detection result images. The RDA is used to compress the SAR
signal, and the method of [23] is used to detect the moving
targets.

The velocity estimation was performed with the proposed
algorithm while increasing the velocity of the moving target
from −4 to 4 m/s by 0.01 m/s (801 estimates). As shown in
Fig. 6, the SI estimation values are wrapped when the moving
target velocity reaches the MUV values. Although the DVE

Fig. 5. Preprocessing steps of the proposed velocity estimation algorithm.

Fig. 6. Velocity estimation results of the moving target. The estimate is
forced to none if it is ambiguous. (a) SI (SI5 and SI6 are omitted). (b) DVE34.
(c) Proposed method.

usually accurately estimates the velocity of the moving target,
there are still many ambiguous estimates, and an outlier is
also observed. The average number of ambiguous estimates
found in the 13 individual DVEs was 49. This implies that
DVE still suffers from ambiguity. The proposed method almost
perfectly estimated the moving target velocity without a single
ambiguous estimation.

To confirm the estimation accuracy of the proposed method,
the velocity estimation process was repeated 1000 times to
obtain statistical results of the estimation. The results for
various velocities are shown in Fig. 7. The results of the
proposed method have reduced standard deviations by about
36% because of the averaging process. On the other hand,
the means of the estimated velocities are slightly smaller than
the actual velocities. This is because the velocity is usually
underestimated since the clutter signal distorts the ATI phases
of the moving target signal, causing it to be biased toward
zero [21]. It is also notable that SI fails to estimate a velocity
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Fig. 7. Statistical estimation results for various velocities. SI (dotted line),
DVE (dashed line), Proposed method (solid line). (a) 0.01 m/s. (b) 0.1 m/s.
(c) 1 m/s. (d) 3 m/s.

of 3 m/s because there is no SI that can estimate a velocity
above 2.5 m/s in the given ATI simulation parameters.

V. CONCLUSION

This letter proposed an efficient implementation of a mul-
tichannel ATI system by integrating an FMCW radar with a
proper T/RX arrangement method. Compared to other pulsed
multichannel ATI systems, the proposed system is expected
to be inexpensive and free from platform restriction due
to its lightweight and simple configuration. The proposed
system is innovative in that it implements four channels with
only a single baseband signal generator and two receivers.
In addition, because the four channels implement short and
long baselines simultaneously, the system can estimate the
velocities of both slow- and fast-moving targets. An efficient
and robust velocity estimation algorithm suitable for the
proposed system was developed and validated the algorithm
by the multichannel FMCW ATI simulations. The algorithm
resolves the ambiguity of the estimated velocity by utilizing
multiple along-track interferograms and enables the estimation
of velocities exceeding the MUV corresponding to the shortest
baseline.

Future work includes the actual implementation of the pro-
posed system and the estimation of the actual moving object
velocity using the proposed velocity estimation algorithm.
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