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Abstract—A dual-frequency radar, which estimates the range of
a target based on the phase difference between two closely spaced
frequencies, has been shown to be a cost-effective approach to
accomplish both range-to-motion estimation and tracking. This
approach, however, suffers from two drawbacks: it cannot deal
with multiple moving targets, and it has poor performance in noisy
environments. In this letter, we propose the use of time-frequency
signal representations to overcome these drawbacks. The phase,
and subsequently the range information, is obtained based on
the moving target instantaneous Doppler frequency law, which is
provided through time-frequency signal representations. The case
of multiple moving targets is handled by separating the different
Doppler signatures prior to phase estimation.

Index Terms—Dual-frequency radar, moving target localization,
time-frequency analysis.

I. INTRODUCTION

T HROUGH-THE-WALL radar (TWR) imaging and
sensing is an emerging technology supporting a range of

civilian and military applications [1]–[6]. TWR has been re-
cently sought out for surveillance and reconnaissance in urban
environments, requiring not only the layout of the building,
including types and locations of walls, but also detection and lo-
calization of both moving and stationary targets within enclosed
structures. This technology can also be used by firefighters to
detect and locate survivors, by law enforcement officers for
enhanced situational awareness and tailored tactical operations,
and in search and rescue operations in natural disasters.

Doppler radars exploiting continuous-wave (CW) waveforms
are often used in the detection of moving targets due to their
cost effectiveness [6]–[8]. Because Doppler radars typically use
a single frequency, they are impractical for estimating the range
of a target. A simple and low-cost alternative is to use dual-fre-
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quency CW radar, which employs two different frequencies and
simultaneously measures the phase change with respect to time,
for each of the two frequencies. The range is estimated based on
the phase difference between the two frequencies [9]–[12]. Due
to phase wrapping in the observation of return signals, there ex-
ists the range ambiguity problem. The maximum unambiguous
range of the target is determined by the separation between the
two distinct carrier frequencies. In urban sensing, this unam-
biguous range may be sufficient to uniquely solve for the target
range, given prior knowledge of the structure bounds on target
location. For example, a 10-MHz difference in the carrier fre-
quencies yields an unambiguous range of 15 m.

The performance of the dual-frequency radar technique
rapidly degrades when operating in a noisy environment [11],
which is commonly encountered in urban sensing applications,
or when dealing with multiple targets. In the latter, the received
signal is the superposition of returns from different targets,
and therefore, phase information corresponding to individual
targets cannot be obtained from the raw data. Similarly, when
there are strong multipaths, the phase information is distorted
and does not yield correct range estimates.

In this letter, we propose the use of time-frequency repre-
sentation of the target return signals for improved range esti-
mation and tracking of one or more moving targets. The pro-
posed technique has three major advantages. First, the time-fre-
quency representation allows concentration of the signal energy
around the instantaneous Doppler frequency and thus enhances
the signal-to-noise ratio (SNR) [13]. Second, time-frequency
representations provide a platform to obtain enhanced phase in-
formation as well as the Doppler signatures of the targets. Thus,
range estimation and tracking can be improved through the fu-
sion of Doppler signature and the phase information, which is
most effective, particularly in low SNR scenarios. Third, sep-
aration of multiple target signals can be accomplished in the
time-frequency domain.

II. CONCEPT OF DUAL-FREQUENCY CW RADAR

Consider a dual-frequency CW radar operating at frequencies
and . The baseband radar return at the two frequencies can

be expressed as

(1)

where and are, respectively, the
range-dependent amplitude and the phase of the return corre-
sponding to the th frequency of operation, is the velocity of
wave propagation, and is the range of the moving target.
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Without considering phase wrapping, range can be es-
timated from the phase difference observed at the return signal
corresponding to the two frequencies, i.e.,

(2)

In reality, however, phase observations are wrapped within the
range. Therefore, the true phase can be expressed as

(3)

where is an unknown integer. Accordingly, the range estimate
is subject to range ambiguity [9], [11], i.e.,

(4)

The second term in the above equation induces ambiguity in
range. For the same phase difference, the range can assume in-
finite values separated by

(5)

which is referred to as the maximum unambiguous range.

III. RANGE ESTIMATION BASED ON

TIME-FREQUENCY REPRESENTATION

A. Short-Time Fourier Transform

We exploit the short-time Fourier transform (STFT) to
demonstrate the effectiveness of time-frequency analysis to
provide enhanced range estimates of moving targets using a
dual-frequency radar. The STFT of a signal can be defined
as

(6)

where is the window function. The use of different win-
dows allows trading-off the time and frequency resolutions.

B. Range Estimation Based on STFT Phase Information

The Doppler frequency shift, , of a moving target is the
differential of the corresponding phase. For a signal waveform
expressed in (1), can be obtained as

(7)

As discussed earlier, the phase information, and thereby the
range estimate, obtained at the Doppler signatures in the time-
frequency domain is much more robust to noise as compared
to that obtained from the raw data due to SNR enhancement.
In addition, multiple target returns with distinct Doppler signa-
tures can be separated in the time-frequency domain. With the
ability of capturing the Doppler signature of each moving target
in the scene, one can proceed to calculate the respective phase
information and, subsequently, estimate the target range.

The selection of the Doppler signatures in the time-frequency
domain, in general, can be done using simple peak detection.
With multiple moving targets, some additional work may be
required to trace different segments of the Doppler signature
of the same target. Separation of non-overlapping and crossing
Doppler signatures can be effectively performed by observing
phase continuity [14], often describing motions of indoor ani-
mate or inanimate target.

The effect of multipath, which is a common occurrence in a
typical urban sensing environment, may also distort the phase of
return signals. In a propagation environment with two or more
paths, the phase of the received signal corresponds to neither the
target (direct path) nor that of the indirect path. When the direct
and indirect paths have distinct Doppler signatures (e.g., a re-
flector behind a target generates Doppler frequency opposite to
that of the direct path), they can be well separated and discrim-
inated in the time-frequency domain.

C. Range Estimation Based on Doppler Signatures

In addition to the phase information, the Doppler signature of
each target can also be obtained from the time-frequency repre-
sentations. From (7), we obtain

(8)

The phase difference is important for range
estimation. From (7), it is known that the Doppler frequency
shift is proportional to the carrier frequency, resulting in the
following relationship:

(9)

Thus

(10)

As such, the phase information of the return signals and, sub-
sequently, the ranges of moving targets, can be obtained from
the Doppler frequency shift up to an initial value. The unknown
initial phase difference can be estimated by minimizing
the overall distance between , obtained from (10), and the
phase difference directly obtained from the phase of the STFT,

, at the selected Doppler signatures. That
is

(11)

where the integral is evaluated over the entire observation pe-
riod. Both simulation and experiment results have shown that
range estimates based on the Doppler signature are robust to
various perturbation factors caused by noise, reflections, and
cross-component interference, compared to those obtained from
raw data or from directly using the corresponding phase value in
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Fig. 1. STFT and range estimation results of a single target case in the presence
of noise �SNR � � dB�.

the STFT. Note that a Doppler signature bias may accumulate
over time to yield a large error in the range estimate. Therefore,
high-frequency resolution is desirable in computing the STFT.

IV. SIMULATION RESULTS

We first consider a single target scenario. The target swings
around a center which is 5 m away from the radar with a max-
imum displacement of 1 m. The observation period is 1 s. The
two carrier frequencies are 990 MHz and 1 GHz, respectively.
The reflection coefficient is assumed to be a constant, regardless
of the range. The input SNR is 0 dB.

Fig. 1(a) shows the spectrogram of . Due to the fre-
quency resolution limitation, the STFT signature of
approximately coincides with that of . The sampling fre-
quency is 1 kHz, and a 101-point Hanning window is used. As
shown in Fig. 1(a), despite the low SNR level, the Doppler fre-
quency signatures can be clearly identified in the spectrogram.
Fig. 1(b)–(d) shows the range estimates using raw data, STFT
phase, and the Doppler signature. It is evident from Fig. 1(b)
that, because of the noise, the raw data-based approach fails to
provide meaningful range estimates. Significant improvement
is achieved when using the phase information from the STFT.
The best results are, however, obtained when the Doppler
signature-based approach is applied. In this case, the range
estimation error is very small.

Next, we consider a two-target scenario, where the Doppler
frequencies of the two targets overlap. A target moves away
from the radar at a constant speed of 0.5 m/s, whereas another
target moves away at a time-varying speed, accelerating from 0
m/s to 2 m/s over the 5-s period. The initial ranges of the two
targets are 4.5 m and 4 m, respectively. To clearly illustrate the
effect of multiple targets, no noise is considered in this example.
Fig. 2(a) shows the STFT results at the carrier frequency of 900
MHz. The Doppler frequencies of the two targets are separated
in the time-frequency domain for most of the observation pe-
riod, but they overlap at around . As a result, poor

Fig. 2. STFT and range estimates of two-targets in the absence of noise. The
targets have overlapping Doppler signatures in the time-frequency domain.

range estimates occur around this moment when the STFT phase
information is used, as seen in Fig. 2(c). This problem is over-
come by using the instantaneous Doppler signature, as demon-
strated by the range estimate in Fig. 2(d). For comparison, we
also show the results using raw data, which only yields a single
estimated trajectory in the middle of the true target trajectories
[Fig. 2(b)].

V. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed method in
a real environment, experiments were conducted in a laboratory
setting. A dual-frequency radar with operational frequencies of
919.866 MHz and 906.317 MHz was employed, and a ten-ele-
ment Welded Yagi antenna was used. The walls of the lab were
lined with electromagnetic absorbers to reduce ambient reflec-
tions. The received baseband data are preprocessed to remove
clutter component near the dc frequency before time-frequency
analysis and range estimation are performed.

In the first experiment, two conducting spheres of diameter
0.25 m and 0.20 m are mounted on separate linear positioners.
One sphere remains stationary at the far end whereas the other
moves back and forth over a 3.05-m range with a speed of 0.635
m/s. Thus, it takes approximately 4.8 s for the sphere to travel
in one direction. The sampling frequency is 1 kHz and the time
duration of the collected data is 20 s. Fig. 3(a) shows the spectro-
gram of the baseband signal corresponding to carrier frequency
of 919.866 MHz, where a 2001-point Hanning window is used
to perform an 8192-point STFT. The estimated range using raw
data is shown in Fig. 3(b), whereas that estimated from the STFT
phase difference is shown in Fig. 3(c). Note that, in this example,
the SNR is relatively high. As a result, range estimation based
on raw data is relatively acceptable, although some local vari-
ance is observed. Such variance is not observed in Fig. 3(c)–(d)
for the result based on time-frequency representations. Interest-
ingly, range estimation results in Fig. 3(b)–(c) are affected by
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Fig. 3. STFT and range estimation results of the first experiment where one
conducting sphere moves back and forth.

a phase distortion due to reflection from a computer rack lo-
cated in the corner of the lab. The effect of the reflection is ob-
served in Fig. 3(a) as a weak chirp. Such effect is mitigated when
the Doppler signature-based approach is exploited, as shown in
Fig. 3(d). This is a good example that demonstrates the capa-
bility of the proposed method to perform range estimation in a
multipath environment. Nevertheless, the proposed method may
not properly function in a complicated multipath environment
where the Doppler signature of the targets corresponding to the
direct path is overshadowed by the Doppler signature due to
multipath.

The second experiment has the same setting as the first one,
except that now both conducting spheres move with the same
speed but in opposite directions. Fig. 4(a) shows the spectro-
gram of the baseband signal. When raw data are used, as shown
in Fig. 4(b), only the range of the sphere closer to the radar at
each time is obtained as its return signal has a dominative ef-
fect on the phase of the received signal. Time-frequency anal-
ysis-based methods allow separation of the two targets. The
STFT phase-based method provides relatively good range es-
timates for the 0.25-m sphere, but the result for the 0.20 m is
not consistent. The proposed Doppler signature-based approach
yields very robust range estimation for both targets.

VI. CONCLUSIONS

The dual-frequency radar approach estimates the range of a
moving target by estimating the phase difference of the signal
returns at two closely spaced frequencies of operation. The per-
formance of such a radar system degrades significantly in high
noise power level and/or with multiple moving targets. To over-
come these shortcomings, a technique based on determining
the phase from the instantaneous frequency law of the target
Doppler signature was proposed. This technique operates with
enhanced SNR through time-frequency signal representations.
It enables accurate range estimation in the presence of multiple

Fig. 4. STFT and range estimates of the second experiment where both con-
ducting spheres move with the same speed but in opposite directions.

targets as well as multipath propagation. Simulation and exper-
imental results were provided to clearly demonstrate the capa-
bility of the proposed method.
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