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Abstract— Synthetic aperture radar-ground-moving target
indication (SAR-GMTI) system generates 2-D images of the
observed area and detects moving targets within the image.
Along-track SAR interferometry (ATI) is gaining attention as a
useful GMTI technique because it not only detects moving objects
but also estimates the radial velocities of the detected objects.
To unambiguously estimate the velocities of the moving objects
with an ATI system, implementing a multibaseline system with
multichannel is required, and frequency-modulated continuous
wave (FMCW) radars are appropriate for multichannel imple-
mentation due to their inherent bistatic properties. This article
proposes a practical and efficient SAR-GMTI design method
that implements an ATI system with a triangular FMCW radar.
The system is lightweight and affordable because it only requires
a single FMCW radar. In addition, by adopting a triangular
transmission signal model, the proposed system achieves the
ability to distinguish signals for two channels in a single receiver.
The usefulness of the proposed technique will be emphasized
through comparison with the existing SAR-GMTI method using
FMCW radars. Furthermore, the GMTI field test results using
a van as a SAR platform are presented to demonstrate the
validity of the proposed system. The experimental results of
detecting multiple objects moving at various velocities validate
the practicality of the proposed system. A method to verify the
accuracy of the estimated velocities is also given.

Index Terms— Along-track interferometry, frequency-
modulated continuous wave (FMCW), ground-moving target
indication (GMTI), synthetic aperture radar (SAR), triangular
transmission model.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) generates 2-D images
that express electromagnetic scattering information of the
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observed area. Unlike optical radar, SAR utilizes electro-
magnetic waves as an illumination source, making it usable
regardless of climate and time conditions. Because of this
all-time availability, SAR has been widely used for surveil-
lance and Earth observation applications. With the increasing
demand for detecting moving objects in SAR images, various
studies have been recently conducted on SAR systems with
ground-moving target indication (GMTI) capability [1], [2],
[3], [4], [5], [6]. GMTI techniques can be broadly categorized
into single-channel and multichannel approaches. Single-
channel SAR detection methods include a range of approaches
for moving target detection. One common approach involves
utilizing the Doppler center frequency or Doppler slope to
detect moving objects [7], [8]. Another approach uses the
compression level of the target’s signal along with Doppler
slope variations to distinguish moving targets [9]. While these
methods are computationally efficient, they are inherently less
effective than multichannel approaches in suppressing clutter,
achieving high detection accuracy, and resolving velocity
ambiguity [10]. Multichannel SAR detection methods are pri-
marily represented by displaced phase center antenna (DPCA)
[11], [12], [13], space–time adaptive processing (STAP) [14],
[15], [16], and along-track SAR interferometry (ATI) [17],
[18], [19], [20].

DPCA detects moving targets by comparing phase signals
from two or more spatially displaced antennas [21]. It is
computationally efficient and effective for clutter cancella-
tion. However, it may struggle in moving target detection
in heterogeneous environments, where clutter characteristics
vary significantly [22]. Extended DPCA provides improved
clutter cancellation capabilities by utilizing more phase cen-
ters and overcomes problems in heterogeneous environments,
but often suffers from increased computational complexity
and calibration challenges [12]. This complexity can limit
its practical implementation and reliability. STAP is highly
adaptive and enhances moving target detection performance
even in complex cluttered environments because it performs
signal processing simultaneously in both space and time
domains. Nonetheless, it requires a substantial computational
load and a significant training sample for effective clutter
suppression [14]. Post-Doppler STAP reduces dimension and
training samples to overcome the computational complexity
issues in traditional STAP. However, it negatively impacts both
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clutter suppression and target detection performance due to
residual range curvature problems [15]. ATI detects moving
targets using the phase of interferogram generated from two
SAR images with time differences in the along-track direction.
It is effective for detecting moving targets with small radar
cross sections (RCSs), is less sensitive to channel mismatches,
and requires less computation load compared with other GMTI
methods [17], [41]. The authors have developed a practical
and efficient SAR-GMTI system that is compatible with the
ATI technique and capable of unambiguously estimating the
velocity of the detected moving object.

Since conventional pulse radars are generally bulky and
heavy, SAR-GMTI systems composed of pulse radars are
hard to load on promising and small SAR platforms such
as drones or uncrewed aerial vehicle (UAV). Frequency-
modulated continuous wave (FMCW) radar is expected to be a
good alternative due to its relatively light and compact design.
In addition, as FMCW radar is affordable in design cost and
advantageous for obtaining high-resolution images through the
deramping technique, it has become a common radar for SAR.
Accordingly, novel studies have been conducted to implement
SAR-GMTI systems utilizing FMCW radars [23], [24], [25].

In [23], [24], and [25], a theoretical method has been intro-
duced that demonstrates the possibility of implementing GMTI
with a single-triangular FMCW radar [26], [27], showing the
potential for additional reduction in the design cost of the
SAR-GMTI system. This existing method utilizes the fact that
the range position of moving objects in FMCW SAR images
varies depending on the sign of the frequency-modulation rate.
However, the practicality of the method is strictly limited for
several reasons. First, the difference in the range position
of a moving object in the up-chirp and down-chirp FMCW
SAR images is not large enough to be detected. Therefore,
it is hard to detect moving objects, especially objects at low
velocities. Second, because the actual location of the moving
object is unknown in advance, it is essential to perform a visual
inspection of the two SAR images to confirm the sign of the
velocity of the moving object. This implies that the detection
process is time-consuming and hard to automate. Furthermore,
the resolution for the detectable velocity of the moving object
is poor and discrete.

To overcome the aforementioned limitations of the exist-
ing method, we designed a practical and efficient triangular
FMCW SAR-GMTI system. The proposed system utilizes a
novel channel configuration technique that transmits up-chirp
and down-chirp separately using two transmit antennas (TXs).
This induces a time difference between the up-chirp and down-
chirp SAR images, allowing the system compatible with the
ATI technique. ATI is an efficient GMTI technique compared
to the above method because the velocity is determined by
the phase difference between two SAR images and, there-
fore, is not limited to discrete value. By utilizing two TXs,
each receiver generates two channels, enabling ATI function
with just a single FMCW radar. Furthermore, utilizing the
proposed technique makes it advantageous for multichannel
configurations, as adding just one more receiver allows for the
implementation of a total of four channels. This means that
a large number of channels can be implemented with fewer

receivers, which will contribute to reducing the design cost
and weight of the GMTI system.

To confirm the validity of the proposed SAR-GMTI system
with real ATI data, we conducted an outdoor SAR-GMTI
field test by mounting a quasi-four-channel Ku-band trian-
gular FMCW radar on the van. To the best of the author’s
knowledge, this article is the first literature demonstrating the
detection results of actual moving objects with the ATI system
implemented with the FMCW radar.

The rest of this article is organized as follows. Section II
reviews the existing moving target detection method using
the triangular FMCW SAR-GMTI system and analyzes its
limitations. It includes an analysis of the signal model of
moving targets in the FMCW SAR image. In Section III, the
proposed FMCW SAR-GMTI system design method using the
ATI principle is introduced, and its usefulness is discussed.
In addition, the reason why the triangular transmission model
is recommended in the system design is presented. Section IV
introduces the actual implementation of the proposed system
and the real moving object detection and velocity estimation
results from actual ATI raw data. Also, a simple validation
method is provided to verify the accuracy of the estimated
velocities of the detected moving objects. The conclusion of
this study is written in Section V.

II. EXISTING GMTI METHOD USING
TRIANGULAR FMCW SAR

Fig. 1 shows the SAR data collection scenario where the
moving object is present within the SAR illumination area. v

is the radar platform velocity, vm is the object velocity, ta is
the azimuth time, x is the azimuth location of the radar, tr is
the range time, c is the speed of light, r is the slant range,
and P(r0, x0) is the location of the moving object when the
radar is at x = 0. vm is the vector sum of the radial velocity
vr and the cross-range velocity vx as follows:

vm = vx x − vr r. (1)

The vx term in (1) is considered 0 in this article because its
effect on the displacement or ATI phase of the moving object
is little [21], [28]. Therefore, the radial velocity is expressed
as velocity for brevity in the rest of this article. In addition,
it is assumed that vr is much smaller than v because relatively
fast objects are not compressed into SAR images due to severe
Doppler shifts.

A. Signal Model of a Moving Target in FMCW SAR Image

A derivation process of the FMCW SAR model of a moving
target is given in this section, and the detailed analysis of
the conventional method and its limitations are discussed in
Section II-B. From Fig. 1, the distance equation from the radar
to the moving target approximates as follows [24]:

r(tr , ta) =

√
(r0 − vr ta)2 + (vta − x0)2

≈ r0 −
vr

v
x − vr tr +

x2

2r0
. (2)

A detailed derivation process of (2) is given in Appendix A.
Note that the vr tr term occurred because the stop-and-go
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Fig. 1. SAR data collection scenario where the moving object is present.

approximation [29] is not applied in the derivation process.
A complete moving object signal model in an FMCW SAR
image is given in (3). The basic range-Doppler algorithm
(RDA) is adopted as a SAR processing scheme [30]

so( fr , ta) = sinc
[

Ba ·

(
ta −

vr

v2 r0

)]
· exp

[
− j

4πvr

λ
ta

]
× sinc

[
Tr ·

{
fr −

2
c

kr ·

(
r0 −

r0v
2
r

2v2 −
f0vr

kr

)}]
.

(3)

In (3), fr is the range frequency, Ba is the Doppler band-
width, λ is the radar wavelength, Tr is the duration of each
pulse, kr is the range frequency-modulation rate, and f0 is
the radar operating frequency. A detailed derivation process
of (3) is given in Appendix B. To analyze the model in a
spatial domain, it is rewritten as follows according to x = vta
and r ′

= c fr/(2kr ) relationships:

so(r ′, x) = sinc
[

1
ρa

·

(
x −

vr

v
r0

)]
· exp

[
− j

4πvr

λv
x
]

× sinc
[

1
ρr

·

{
r ′

−

(
r0 −

r0v
2
r

2v2 −
f0vr

kr

)}]
(4)

where ρa = v/Ba is the azimuth resolution and
ρr = c/(2kr Tr ) is the range resolution.

B. Conventional GMTI Method Using the Triangular FMCW
SAR

As shown in (4), the azimuth and range displacements of
the moving target in the FMCW SAR image are as follows,
respectively:

1x =
vr

v
r0 (5)

1r = 1r1 + 1r2 = −
r0v

2
r

2v2 −
f0vr

kr
. (6)

Fig. 2. (a) Conventional channel configuration. (b) Conventional GMTI
method using triangular FMCW SAR.

By taking advantage of the fact that moving targets cause
range displacement in the FMCW SAR model, a novel the-
oretical method has been introduced that demonstrates the
possibility of implementing GMTI with a single FMCW radar,
showing the potential for additional reduction in the design
cost of the SAR-GMTI system [23], [24], [25]. 1r1 =

−r0v
2
r /(2v2) in (6) is a well-known range displacement value

of the moving target that exists in the conventional pulsed
SAR image also [21]. 1r2 = − f0vr/kr in (6) is the additional
range displacement value that exists only in the FMCW SAR
image model, derived from the assumption that the stop-and-
go approximation does not apply to FMCW SAR. As this term
is related to the kr value, the displacement direction depends
on the sign of kr . Fig. 2 shows the channel configuration
and a schematic of the conventional triangular FMCW SAR-
GMTI. Fig. 2(a) is given to compare it with the channel
configuration of the proposed system in Section III. As shown
in Fig. 2(b), the FMCW SAR systems utilizing a triangular
linear frequency-modulated signal are able to generate two
SAR images for the same observed area by applying the
interferometric deformation technique [23], [24], [25]. One is
generated from up-chirp, and the other is from down-chirp
signals. The key idea of the conventional method is that the
moving target is detectable in the interferogram because the
moving target will be located in different range positions in
the two SAR images due to the opposite sign of the additional
range displacement. However, the practicality of this method
is limited for the following reasons.

First, the system conditions for detecting moving targets are
strictly limited. To identify a moving object by comparing the
two SAR images, the difference between the additional range
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TABLE I
SPECIFICATIONS OF VARIOUS PRACTICAL FMCW SAR SYSTEMS

Fig. 3. Example of FMCW SAR interferogram and its corresponding
two scenarios. (a) FMCW SAR interferogram that detected a moving target.
(b) Case 1: the actual position of the moving target is on the left side of the
SAR image and the velocity is positive. (c) Case 2: the actual position of
the moving target is on the right side of the SAR image and the velocity is
negative.

displacement values should exceed the range resolution of the
SAR image. The corresponding condition is as follows:∣∣∣∣2 f0vr

kr

∣∣∣∣ >

∣∣∣∣ c
2kr Tr

∣∣∣∣ ⇒ |vr | >
PRF · λ

2
= vmin (7)

where vmin is the minimum velocity of a moving target
required for detection and the PRF is the pulse repetition
frequency of the radar. Unfortunately, in most FMCW SAR
systems, the vmin value is too high to be used as a detection
criterion because PRF and wavelength values are in a tradeoff
relationship. SAR systems with short radar wavelengths lead
to signals with wide Doppler bandwidth [31]. Otherwise, high-
system PRF values are required to process the wide bandwidth
signals without aliasing. Table I shows several key specifi-
cations and corresponding vmin values for various practical
FMCW SAR systems that are actually implemented [25], [30],
[32], [33], [34]. The vmin values are high, making it difficult to
detect slow targets. In addition, all of the FMCW SAR systems
given in Table I have similar levels of vmin value to v, which
contradicts the condition that the velocity of the object should
be much smaller than the SAR platform velocity. That is, the
moving targets will not be compressed appropriately within the
SAR image before it reaches the minimum detectable velocity.

Second, it is impossible to determine the sign of the velocity
of a moving target based solely on the interferogram of
up-chirp and down-chirp FMCW SAR images. This is because
in most cases, the radar has no prior knowledge of the actual
position of the moving target. As shown in Fig. 3, the sign of
the velocity of the detected moving target in the FMCW SAR
interferogram cannot be determined until the positions of the
object within the two SAR images are examined. This makes
the detection process inefficient and hard to automate.

Finally, the resolution for the detectable velocity of the
moving object is poor. In the conventional method, the velocity
is estimated using the range pixel location difference between
two SAR images, resulting in discrete estimates. The res-
olution for the detectable velocity is the same as the vmin
value because the estimate varies only when the range location
difference changes by the range resolution. It means that the
resolution of the detectable velocity is not suitable for practical
use.

III. PROPOSED TRIANGULAR FMCW SAR-GMTI
USING ATI PRINCIPLES

As discussed in Section II-B, detecting a moving target by
the difference in the range position of the interferogram is
impractical. This is because the moving target is detected only
when the range position difference is wider than the range
resolution, and the estimated velocity is updated only when the
same amount of additional range position difference occurs.
That is, the estimates are discrete. The reason the existing
technique is impractical is because the 1r2 value is too small.
This term is derived from the assumption that stop-and-go
approximation is not applicable to FMCW SAR. However, the
applicability of the assumption is a controversial topic [35],
[36], [37], [38], and it has been discussed that it is generally
applicable except in cases where the FMCW radar operates
at frequencies over K band or the SAR platform velocity
exceeds airplane levels (hundreds of meter per seconds) [39].
Therefore, we assumed that vr tr in (2) is negligibly small, and
accordingly, (3) reduces as follows:

so( fr , ta) = sinc
[

Ba ·

(
ta −

vr

v2 r0

)]
· exp

[
− j

4πvr

λ
ta

]
× sinc

[
Tr ·

{
fr −

2
c

kr ·

(
r0 −

r0v
2
r

2v2

)}]
(8)

where the − f0vr/kr term is removed.
To develop a practical FMCW SAR-GMTI system, the

authors focused on the fundamental bistatic characteristics of
FMCW radars, allowing the system to be compatible with ATI
principles. In this case, the estimates are continuous because
the velocity is estimated from the phase of the interferogram.

Fig. 4 shows a basic ATI data acquisition scenario of a dual-
channel case where a single baseline is implemented. Note
that the two radars are spaced apart in the radar progression
direction, with a baseline denoted by Bx . The baseline implies
that there is a time difference in the azimuth direction in the
two SAR images. As shown in the exponential term in (8), the
phase of the SAR depends on the azimuth time and the velocity
of the moving target. Therefore, the phase of the along-track
interferogram of the two SAR images with an azimuth time
difference contains the target velocity information. The ATI
phase derived from (8) is as follows [40]:

φATI = φFORE(ta) − φAFT(ta + 1t) = ̸ so(ta) − ̸ so(ta + 1t)

= −
4πvr

λ
ta −

(
−

4πvr

λ
· (ta + 1t)

)
=

4πvr

λ
1t (9)

where φFORE and φAFT in (9) are the phases of the fore and
aft radar SAR signal, respectively, and 1t is the azimuth time
difference between the two SAR images.
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Fig. 4. Basic ATI data acquisition scenario of a dual-channel case (single
baseline).

We applied the ATI principle to a triangular FMCW radar to
develop a practical SAR-GMTI system composed of a single
radar. The key facts considered in developing the proposed
system are as follows.

1) FMCW SAR systems utilizing the triangular transmis-
sion model are able to generate two SAR images for the
same observed area (Section II).

2) Two SAR images obtained with a slight time difference
in the azimuth direction are required to detect the
moving target and estimate its velocity (ATI principle).

3) The TX and the receive antenna (RX) are separated
for continuous signal transmission and reception in the
FMCW SAR system (bistatic characteristic of FMCW
radars).

In consideration of the above points, we propose a simple
SAR-GMTI system design and antenna placement scheme,
as shown in Fig. 5. The proposed system implements two
transmission sources by using a switch to separate the up-chirp
and down-chirp signals from the triangular signals, as shown
in Fig. 5(a). To induce a time difference between the up-
chirp and down-chirp SAR images, the down-chirp TX (TX2)
should be placed in a delayed position in the azimuth direction
relative to the up-chirp TX (TX1) as shown in Fig. 5(b). It is
well-known that the TX and RX are individual and apart in
the FMCW SAR system to continuously transmit and receive
signals. The SAR signal obtained by the separated TX and RX
is assumed to be equivalent to the SAR signal obtained by a
virtual transceiver antenna (T/RX) located in the middle of TX
and RX [21]. Therefore, the up-chirp SAR signal is assumed to
be the same as the SAR signal obtained by the virtual T/RX
(CH1) for TX1 and RX1, and the down-chirp SAR signal
is assumed to be the same as the SAR signal obtained by
the virtual T/RX (CH2) for TX2 and RX1. Then, the time
difference between the two SAR images and the corresponding
unambiguously detectable velocity vunamb of the GMTI system
are as follows:

1t =
Beq

v
=

Bx

2v
(10)

|φATI| < π ⇒ |vr | <
λv

2Bx
= vunamb (11)

where Beq is the equivalent baseline between virtual CHs.
As shown in (11), since the phase is essentially a value

Fig. 5. Proposed SAR-GMTI system. (a) Triangular FMCW radar design and
signal flow diagram. (b) Placement scheme for transmit and receive antennas.
The two dashed red and turquoise arrows are each the same length. The dashed
red antenna is the virtual transceiver channel (CH) for TX1 and RX1. The
dashed turquoise antenna is the virtual transceiver CH for TX2 and RX1. Beq
is the baseline between the CHs.

restricted from −π to π , ambiguity remains in the estimates
when only a single baseline is implemented. The proposed
system is advantageous to eliminate this ambiguity because it
fully uses the bistatic property of the FMCW radar. By simply
adding an additional single receiver (RX2) in the azimuth
direction, two additional virtual T/RXs (CH3: TX1–RX2 and
CH4: TX2–RX2) are generated, allowing for the acquisition
of three additional baselines (CH1–CH3, CH1–CH4, and CH2
and CH3) with different values.

On the other hand, the proposed system is theoretically
replaceable with an FMCW radar that utilizes a sawtooth
transmission model. However, using a sawtooth FMCW radar
is not practical because it is difficult to distinguish between
CH1 and CH2 signals from RX1. Most nonhigh-end radars
require a certain amount of time from booting until data
recording starts, and this duration is unpredictable. Sometimes
more than a few seconds of delay occurs. This implies that the
data recording start time will be from the middle point of the
pulse. Therefore, in order for the proposed system to precisely
separate the two channel signals from the receiver, the start
time of the CH1 signal should be clearly identified.

Fortunately, most nonhigh-end radars suffer from flat-
ness issues, which means that they cannot generate signals
of equal intensity for all frequencies when generating
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Fig. 6. Comparison of the intensity of the received signal according to the
transmission model. (a) Triangular. (b) Sawtooth.

wide-bandwidth chirp signals. The triangular FMCW radars
exploit this limitation in reverse, enabling the distinction
between up-chirp (CH1) and down-chirp (CH2) signals based
solely on the intensity of the received signal waveform.
However, the sawtooth radar that uses only up-chirp or down-
chirp signals cannot take advantage of this property. Fig. 6
shows the comparison of the received signals corresponding to
several consecutive pulse repetition intervals (PRIs) according
to the transmission model of FMCW radars. As shown in
Fig. 6(a), using the triangular transmission model enables us
to distinguish between CH1 and CH2 signals, allowing for
precise determination of the starting point of the CH1 signal.
However, utilizing the sawtooth transmission model makes it
impossible to distinguish between CH1 and CH2 signals, thus
preventing the accurate determination of the starting point of
the CH1 signal.

IV. FMCW SAR-GMTI EXPERIMENT RESULTS

Section IV validates the proposed triangular FMCW SAR-
GMTI system by presenting actual ATI raw data experiments.
To achieve ATI raw data, the authors realized the proposed
triangular FMCW SAR-GMTI system that is compatible with
the ATI principle. As recommended in Section III, multiple
baselines are implemented by using two receivers to remove
ambiguity in the estimated velocities of the moving objects.
Also, as this article is one of the few reports that introduces
actual moving target detection results using an ATI system

Fig. 7. Photograph of SAR platform with the proposed SAR-GMTI system.

utilizing FMCW radar, a method to prove the experimental
results is also provided.

A. Experimental Scenarios and Results

Fig. 7 shows the photograph of the TXs and RXs mounted
on a van. Two receivers are used to implement four CHs
and corresponding six baselines with four different values.
To ensure accurate data acquisition, the channel calibration
was performed before the experiment. All hardware was
synchronized using a common reference clock to ensure timing
and phase alignment. In addition, a nearby corner reflector
(CR) was used for phase calibration, improving phase delay
and noise consistency across channels. The authors used a van
for the SAR platform instead of a plane for financial issues.
Note that using a plane is advantageous to detect faster moving
objects due to its high velocity.

The key specifications of the FMCW SAR-GMTI system
and experimental parameters are listed in Table II. The Saedeul
Bridge (Gongju, Republic of Korea) is adopted as the ATI test
site. Because the Saedeul Bridge is a straight, long, and high
bridge, it is suitable for SAR data acquisition. Fig. 8 shows
the satellite image of the experimental site and implementation
scenarios of moving and stationary objects. The authors took
SAR images of A and B sites while traveling back and
forth the bridge and implemented two moving objects and
one stationary object for each site. The signal-to-noise ratio
at the selected experimental spots was measured to be over
20 dB, ensuring reliable data quality for the experiments. The
authors adopted CRs to implement objects in the SAR images.
As shown in Fig. 9, the stationary object is implemented by
placing a CR on a tripod, and the moving objects are imple-
mented by mounting the CRs on the automobile and trolley,
respectively. As shown in the A-Site of Fig. 8, moving object
#1 (MO #1) moved along the road at 1.50 m/s, corresponding
to a radial velocity of 1.24 m/s, which is greater than the
maximum unambiguously detectable velocity, 1.17 m/s, when
only the single baseline (CH1 and CH2) is used. MO #2 moved
along the road at 0.50 m/s, corresponding to a radial velocity
of 0.28 m/s. In the B-Site, MO #1 and #2 moved along the road
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TABLE II
SPECIFICATIONS OF THE SAR-GMTI SYSTEM USED

IN THE ACTUAL ATI EXPERIMENTS

Fig. 8. Satellite image of the experimental site and implementation scenarios
of moving and stationary objects.

at 1.20 and −0.40 m/s, corresponding to a radial velocity of
1.20 and −0.24 m/s, respectively. The velocities of the moving
objects are set to the above values to show that the proposed
system is capable of detecting high- and low-velocity objects
and resolving ambiguity in estimates.

Fig. 10 shows four FMCW SAR images and Fig. 11 show
corresponding six (4C2) binary value images of the moving
target detection results using along-track interferograms. Note
that the RDA for FMCW SAR is adopted for the SAR imaging
algorithm, and the dual-threshold detection method in [40] is
used for moving object detection. The dual-threshold scheme
suppresses potential false alarms efficiently by applying both
amplitude and phase thresholds sequentially. Especially, since
we used CRs whose RCS is high to implement moving and
stationary targets, the amplitude threshold could be set as a

TABLE III
VELOCITY ESTIMATION RESULTS FOR MOVING OBJECTS

very high value. The moving target detection image results
for the B-Site are omitted because the meaning of the results
is the same as the A-Site results. As shown in Fig. 10, the
two moving objects and one stationary object appeared well
in the SAR images. Since the radial velocity of a moving
target causes an azimuth shift in SAR images as shown
in (5), the two moving objects are slightly off the road in the
azimuth direction. The binary value detection results in Fig. 11
show that all six along-track interferograms only detected two
moving objects. This implies that the dual-threshold detection
method rejected the stationary target and many potential false
alarms.

Table III summarizes the velocity estimation results of
moving objects in A- and B-Site. A brief explanation for
obtaining the estimated velocities is given as follows. Through
Tables II and (10), the azimuth time differences between
channels are obtainable. Then, we are able to convert the
measured phase from the along-track interferograms to the
velocities using the ATI phase equation in (9). For example,
for the MO #1 in A-Site, the estimated velocities from the ATI
phase between CHs are (CH1 and CH2: −1.13 m/s, CH3–
CH4: −1.16 m/s, CH1–CH3: 0.24 m/s, CH2–CH4: 0.22 m/s,
CH1–CH4: −0.18 m/s, and CH2 and CH3: −0.46 m/s).
These are ambiguous velocities since the phase is restricted
from −π to π . From (11), the candidates of actual velocity
between CHs are (CH1 and CH2: {. . . ,−1.13, 0.04,
1.21, . . .}, CH3 and CH4: {. . . ,−1.16, 0.01, 1.18,
. . .}, CH1–CH3: {. . . , 0.24, 0.73, 1.21, . . .}, CH2–CH4:
{. . . , 0.22, 0.71, 1.19, . . .}, CH1–CH4: {. . . , −0.18, 0.16,
0.51, 0.85, 1.20, . . .}, CH2 and CH3: {. . . ,−0.46, 0.38,
1.21, . . .}). We obtained the estimated velocity of 1.20 m/s as
the average of the bolded values, which are the intersection of
the candidates. The proposed SAR-GMTI system estimated
velocities of moving objects within about 7% error. The
error might have been caused by various factors, such
as inaccuracies and inconsistencies in implementing the
SAR platform and moving object velocities. The authors
implemented the desired velocities depending on the speed
instrument panel for the SAR platform (van) and MO
#1 (automobile). For MO #2 (trolley), it was roughly
implemented by dividing the travel distance by the SAR
integration time. Also, the presence of clutter and noise
signals would have caused the error [41].
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Fig. 9. Stationary and moving objects. (a) Stationary object. (b) Moving object #1 (automobile). (c) Moving object #2 (trolley).

Fig. 10. Four-Channel FMCW SAR images. (a) CH1 (A-Site). (b) CH2 (A-Site). (c) CH3 (A-Site). (d) CH4 (A-Site). (e) CH1 (B-Site). (f) CH2 (B-Site).
(g) CH3 (B-Site). (h) CH4 (B-Site).

From (11) and Table II, the maximum unambiguously
detectable velocity is 1.17 m/s when only a single baseline
is used. Because the proposed system implemented multiple
baselines using two receivers, it could resolve the ambiguity in
estimates, and therefore, could accurately estimate the velocity
of MO #1, whose velocity is greater than 1.17 m/s.

Note that, the estimates are all 0 when the existing GMTI
technique is used because the difference in range displacement
is much smaller than range resolution. This result demonstrates
that configuring the SAR-GMTI system to be compatible with
the ATI principle is more practical.

B. Verification of the ATI Experimental Results

This section introduces a method to prove the estimated
moving object velocity results. As shown in (5) and Fig. 10,
the moving object is displaced in the azimuth direction within
the SAR image. As given in Table II, the radar platform
velocity in the experiment was fixed at about 22.22 m/s. The
measured ranges of the moving objects were 277.8 m (MO
#1 in A-Site), 292.8 m (MO #2 in A-Site), 169.8 m (MO
#1 in B-Site), and 302.7 m (MO #1 in B-Site), respectively.
According to the estimated radial velocities of the moving
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Fig. 11. Six binary value images of the moving object detection results (A-Site). (a) CH1 and CH2. (b) CH1–CH3. (c) CH1–CH4. (d) CH2 and CH3.
(e) CH2–CH4. (f) CH3 and CH4.

Fig. 12. Enlarged SAR images where the locations of the moving objects are corrected. (a) MO #1 and #2 (A-Site). (b) MO #1 (B-Site). (c) MO #2 (B-Site).

objects in Table III and the azimuth displacement equation
in (5), the moving objects in the FMCW SAR image should
be coordinated by about 15.00 m (MO #1 in A-Site), 3.43 m

(MO #2 in A-Site), 9.40 m (MO #1 in B-Site), and −3.13 m
(MO #1 in B-Site), respectively. Enlarged SAR images, where
the locations of the moving objects are corrected are shown
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in Fig. 12. As shown in Fig. 12, all moving objects have
been accurately calibrated onto the road, indicating that the
estimates are valid. This result proves that the FMCW SAR-
GMTI using the ATI technique is practical.

V. CONCLUSION

This article proposed a design method for the SAR-GMTI
system using a single triangular FMCW radar. The existing
triangular FMCW SAR-GMTI system transmits both up-chirp
and down-chirp signals with a single TX and therefore, it is
not compatible with the ATI method. Therefore, the existing
system uses the range position differences between the up-
chirp and down-chirp SAR images to detect the moving
targets, but this has been discussed as impractical. To be
compatible with the ATI technology, the proposed system
utilizes two TXs to separately transmit up-chirp and down-
chirp signals. One TX is arranged at a position delayed from
the other TX in the along-track direction to induce a time
difference between the up-chirp and down-chirp SAR images.
It was also discussed why the triangular waveform should
be used from a practical perspective. Note that the proposed
channel configuration technique is hard to apply to pulse
radars because pulse radars generally transmit a much higher
power compared to FMCW radars. When multiple TXs are
used, the leakage signal from one TX to another TX is too
strong. Therefore, separately transmitting up-chirp and down-
chirp signals using two TXs is not recommended in pulse
SAR. Compatible with ATI functionality, the proposed system
detects moving objects based on phase differences rather than
range position differences, resulting in the estimation of the
continuous value of the moving target velocity. In addition,
it has the advantage of being able to configure multiple
channels just by adding another receiver. It is expected to be
widely used for its inexpensive design cost and to be applied
to future SAR platforms such as drones for its lightweight and
compact configuration.

In addition, the authors demonstrated the validity and prac-
ticality of the proposed system by conducting actual ATI raw
data experiments. In particular, it is meaningful in terms of
practicality verification that, as far as the authors know, this
article is the first literature to report the results of actually
performing ATI experiments with an FMCW radar. However,
because the conducted experiment utilized a van as a SAR
platform, verification for faster-moving objects was limited
due to the requirement that the platform velocity should be
significantly faster than the moving target velocity. Using
satellites or airplanes as SAR platforms will enable system
verification for faster objects, such as vehicles running on
highways. The authors expect that this study will contribute
to the popularization of the FMCW SAR-GMTI system using
ATI principles.

APPENDIX

A. Range Equation Between a Radar and a Moving Target

Appendix A shows a detailed derivation of the approx-
imation of the range equation between the radar and

the moving object

r(ta) =
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=
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. (A.1)

The approximation notation at the bottom of (A.1) is
derived from the third-order Taylor equation [42]. Assuming a
broadside mode (x0 = 0), (A.1) is reduced as follows without
loss of generality:

r(ta) = r0 − vr ta +
v2

2r0
t2
a = r0 −

vr

v
x +

x2

2r0
. (A.2)

Note that (A.2) is the range equation with the stop-and-go
approximation. Without the stop-and-go approximation, (A.2)
is modified as follows because the radar moves during the
signal transmission and reception:

r(tr , ta) = r0 − vr ta +
v2

2r0
t2
a

= r0 − vr · (Tn + tr ) +
v2

2r0
· (Tn + tr )2

≈ r0 − vr Tn + vr tr +
v2

2r0
T 2

n

= r0 −
vr

v
xn + vr tr +

x2
n

2r0
(A.3)

where Tn = n · PRI is the discrete azimuth time variable
with n integer and xn = vTn being the discrete azimuth
position variable of the SAR platform. PRI is the abbreviation
for PRI. (A.3) is resulted to (2) by replacing xn with x for
simplicity [24].

B. Detailed Derivation Process of the Moving Target Signal
Model in FMCW SAR Image

The intermediate signal deramped at the receiver of the
FMCW radar is as follows:

sIF(tr , ta) = rect
[

tr
Tr

]
· rect

[
ta

Tsyn

]
× exp[ j2π · ( f0τ(tr , ta) + krτ(tr , ta)tr )] (B.1)

where Tr is the duration of each pulse, Tsyn is the synthetic
aperture time, f0 is the radar operating frequency, kr is the
range frequency-modulation rate, and τ(tr , ta) = 2r(tr , ta)/c
is the time takes for the signal to round trip the moving object.
The exponential term in (B.1) is rewritten as follows:

exp[ j2π · ( f0τ(tr , ta) + krτ(tr , ta)tr )]

= exp
[

j
4π

λ
r(tr , ta)

]
· exp

[
j
4π

c
kr trr(tr , ta)

]
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The approximation notation at the bottom of (B.2) is valid
for narrow-bandwidth cases. The rewriting is continued as
follows:
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By using (B.3), the range Fourier transformed (FFT) signal
of (B.1) is as follows:
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where fr is the range frequency. It is well known that the sinc
function is the range signal. The azimuth FFT and range cell
migration corrected signal of (B.4) is as follows:

S( fr , fa) = rect
[
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(B.5)

where fa is the azimuth frequency, ka is the azimuth
frequency-modulation rate, and Ba is the Doppler bandwidth.
Note that the principle of stationary phase [42] technique is
used to implement azimuth FFT. The final FMCW SAR image
signal model (3) is obtained by implementing the azimuth-
matched filtering and inverse azimuth FFT on the signal (B.5).
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