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Abstract

In this paper, the principles of Doppler processing to detect and track human movers in indoor
environments are presented. The topics discussed include the micro-Doppler characteristics of
humans, the azimuth, elevation and range tracking of humans using Doppler, spatial and frequency
diversity, the effect of walls, and the characteristics of dynamic clutters from non-humans. The
studies are supported by simulation and measurement results.
© 2008 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Through-wall radar imaging is a topic of current research interest in connection with law
enforcement, urban area operations and search and rescue missions. Developments to date
include wideband radar using impulsive [1-4] or stepped frequency [5,6] waveforms to
obtain down-range resolution down to a few centimeters. Since the attenuation of the
signal through walls increases rapidly as a function of frequency [7,8], frequencies below
5GHz are usually employed. One particular aspect of through-wall imaging is the
monitoring of human activities. For human movement detection and tracking, Doppler
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sensing is a natural choice since stationary indoor clutters can be suppressed to highlight
human movements. Further, low-cost, low-power Doppler sensors can be readily
implemented. Finally, human movements give rise to very unique micro-Doppler features
[9-11], which may be exploited for recognition [12,13]. An early example of a Doppler-
based system is the motion detector radar with a continuous wave phase detector to detect
moving targets [14]. However, this system does not provide any location information. The
Radar Flashlight system that was later developed in [15,16] utilizes an X-band FMCW
radar system to detect the respiratory motion of still humans behind walls. In [17], a pulse-
Doppler waveform is used to compute the range of humans through walls. By using a real
array with multiple elements, the bearing information in azimuth and elevation could also
in principle be obtained, although at the expense of higher cost. Use of synthetic aperture
concept is more challenging due to the short time required to collect coherent data from
the human movement.

In this paper, we discuss the application of the Doppler concept to detect and track
humans in complex indoor environments. First, we focus on the micro-Doppler
characteristics of humans. In Section 2, human gait data are represented in the joint
time—frequency space using the short-time Fourier transform (STFT). The Doppler
spectrograms of both simulated and measured data are studied to identify various
movements. The reassigned joint time—frequency transform (RJTF) [18-21] is also
explored for its superior signal localization properties to aid the interpretation of the
micro-Doppler features.

Next, we focus on the use of Doppler sensors to track multiple human subjects indoors.
A low-complexity Doppler radar concept [22-27] is first reviewed in Section 3. The concept
exploits the Doppler separation among movers to track multiple humans in three
dimensions using only three antenna elements and two carrier frequencies. In Section 4, we
study ways to improve the multiple-human tracking performance. We show that by
incorporating a multiple element array, it is possible to combine Doppler processing with
spatial beamforming to resolve different targets in the Doppler and bearing space [28].
Additional frequency diversity is also explored to determine the range of targets.

Finally, some of the challenges to Doppler-based human tracking are discussed. In
Section 5, we study the effect of walls on the signal amplitude decay and phase distortion.
These wall effects can cause significant degradation in the signal-to-noise ratio as well as
error in the bearing estimation of humans through walls. This is studied using both
simulations based on the finite-difference time-domain (FDTD) simulation as well as
measurements on real walls. Conclusions are given in Section 6.

2. Micro-Doppler characteristics of human movements

Contrary to rigid targets commonly encountered in many radar applications, a human is
a complex non-rigid body under movement. As a result, many interesting features of
human movement such as the swinging arms and legs can be observed using a Doppler
radar. These features are termed micro-Dopplers and they have been studied in a number
of publications [9-11,29,30] through the use of joint time—frequency representations.

We first illustrate the micro-Dopplers from human gait using simulation data. The
methodology is similar to that reported in [11], which uses a primitive-based model to
simulate the radar returns from different parts of the human body. The human body is
modeled as a complex target with 12 body parts as shown in Fig. la. The head is modeled
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Fig. 1. (a) Simulation model of human walking at 1.4m/s towards a Doppler radar. STFT of simulated returns
for a carrier frequency of: (b) 24 GHz, (c) 2.4 GHz. (d) Reassigned JTF of simulated returns for a carrier
frequency of 2.4 GHz.

as a perfectly conducting sphere and the other body parts are modeled as perfectly
conducting ellipsoids of standard dimensions. As the center of gravity (CG) of the human
moves, the position of each body part is specified with respect to the CG using time-
varying functions described by the Thalmann model [31]. The time-varying radar cross
section (RCS) of the human target is then obtained by the complex sum of the RCS of the
individual body parts. This is then used in the radar range equation to generate the radar
return signal as a function of time. The Doppler spectrogram, |y|°, is generated by the
application of the STFT on the time domain radar data, x(z), as

X([’f) — /x(t/)e—(t—ﬂ)Z/zaZ e+/2nf~(1—[’)dt/ — |X|e/¢ (1)

Here, a Gaussian window with a time width of ¢ is used in the STFT.

Fig. 1b shows the Doppler spectrogram that is generated when a carrier frequency of
24 GHz is used in the simulation. The human subject is assumed to approach the radar
head-on at a velocity of 1.4 m/s along a straight line path. A time window width ¢ of 0.25s
is used throughout the paper. We observe that distinct time-varying Doppler tracks due to
the motions of each of the parts of the body (labeled as 2-12) are resolved in the
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spectrogram. The strongest returns are from the torso (2) and the highest Doppler
frequency arises from the motion of the lower legs (6, 11) and feet (7, 12). It is clearly
seen that the motion of the right arm (3, 4) accompanies the motion of the left leg and foot
(5, 6, 7) and vice versa. The superior Doppler sensitivity results from the high carrier
frequency chosen for the simulation. However, signal attenuation through walls at such a
high frequency is very severe and a much lower frequency is needed for wall penetration.
Fig. 1c shows the Doppler spectrogram that is generated when a carrier frequency of
2.4 GHz is used in the simulation. It is now difficult to discern the various micro-Doppler
components in the spectrogram. Hence there is a tradeoff between Doppler sensitivity and
signal penetration through walls.

One interesting question is whether the Doppler sensitivity problem at a low operating
frequency can be overcome through the use of joint time—frequency representations other
than the STFT. Here we investigate a potential candidate called the reassigned joint
time—frequency (RJTF) transform. The reassigned spectrogram was first developed by
Kodera et al. [18] in 1978, and later adopted by the acoustics community [19-21]. The basic
idea of the method is to transform |y|* from the time—frequency (/—f) domain to the
instantaneous time versus instantaneous frequency (f,sfins) domain. The ¢, and fis
coordinates are derived from the partial derivatives of the phase of the STFT spectrogram,
¢, as

1 0¢
fins - EE (2)
1 0¢
tms =1- Eﬁ (3)

In our implementation, the phase derivatives are derived using the formulas discussed in
[21]. Each point in the STFT spectrogram is then reassigned to the coordinate positions
(tins> fins) and appropriately weighted to ensure that energy is conserved during the
transformation. This results in the reassigned distribution in the f,+fi,s plane. The
computational complexity of RITF algorithm is twice that of the STFT operation.
The main characteristic of the reassigned distribution is that the signal energy is localized
to thin lines of high precision. This contrasts with the STFT distribution where the
thickness of each signal feature is defined by ¢ along the time axis and 1/o along the
frequency axis. Fig. 1d shows the reassigned spectrogram of the same data as those
processed in Fig. 1c. It is now possible to discern up to nine distinct micro-Doppler tracks
(2,4,5,6,7,9, 10, 11 and 12). Since the signal energy has been focused in the RJTF, the
dynamic range of the reassigned spectrogram differs from that of the STFT spectrogram.
It is also important to point out that while RJTF leads to improved readability compared
to the STFT spectrogram, the resolution of the reassigned transform is still limited by the
Fourier uncertainty bounds. That is, it is possible to perfectly resolve two features only if
they are farther apart than o along the time axis and 1/o along the frequency axis.

The unique characteristics of the micro-Doppler features make the human Doppler
spectrograms potentially useful for identifying and classifying different types of
movements [12,13]. This is illustrated by examining the spectrograms of some deviated
walking motion data collected using a Doppler radar testbed. The radar testbed consists of
a transmitter with an RF signal generator at 2.4 GHz and a horn antenna. The receiver
consists of a microstrip antenna and an integrated quadrature receiver (AD8347) where the
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signal is amplified and downconverted. A 12 bit, 1000 Hz A/D converter (NI-DAC 6024E)
is used to digitize the time-domain receiver output. In the first measurement, the human
subject walks toward the radar head-on from a distance of 10m (Fig. 2a). The RJTF
transform is applied to the radar data and the resulting reassigned spectrogram is shown in
Fig. 2b. It is observed that the Doppler track of the torso (2) is first positive, then negative
during the 7s data collection. Some of the micro-Doppler features can be identified in the
spectrogram such as the feet (7, 12), lower legs (6, 11) and lower arms (4, 9). Due to
the periodic nature of the human walking motion, the micro-Doppler’s features of the
different body parts are observed for every stride of the human motion.

Next the subject repeats the same motions while carrying a metal corner reflector in his
right hand (Fig. 2c). The reassigned Doppler spectrogram of the data is generated and
presented in Fig. 2d. It is observed that the Doppler spectrogram in Fig. 2d is almost
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Fig. 2. (a) Case 1: walking human subject, (b) reassigned spectrogram of case 1. (c) Case 2: walking human subject
holding a light horn reflector in the right hand, (d) reassigned spectrogram of case 2. (¢) Case 3: walking human
subject holding a heavy metal box on his right with both hands, (f) reassigned spectrogram of case 3. (g) Case 4:
walking human subject holding a pole in the right hand, (h) reassigned spectrogram of case 4.



684 S.S. Ram et al. | Journal of the Franklin Institute 345 (2008) 679-699

e f
100
- -20
N
< -30
§ 50 -40
>
g -50
9 0K -60
[e]
2 -70
8
s -50 -80
(2]
k= -90
-100 -100
1 2 3 4 5 6
Instantaneous time (secs)
g h
100
~N
<
3 50
c
(9]
>
o
Q
» 0
>
[e]
(]
C
S
§ -50
(2]
£

-100

1 2 3 4 5 6
Instantaneous time (secs)

Fig. 2. (Continued)

identical to that in Fig. 2b, except that the micro-Doppler feature from the right hand (4)
has been enhanced. In the next measurement, the subject walks the same path while
carrying a heavy box using both hands as shown in Fig. 2e. This action causes the subject’s
walking pattern to change considerably and is reflected in the reassigned spectrogram
shown in Fig. 2f. The Doppler features of the right leg and foot are altered since that leg
moves slower than the other one. The Dopplers of both arms are also changed, though
more subtly. In the last measurement, the subject repeats the same path while using a long
metal pole in his right hand, like a walking stick, as shown in Fig. 2g. In the reassigned
spectrogram of the motion shown in Fig. 2h, a high Doppler component is observed
slightly ahead of the Dopplers due to the right leg, caused by the motion of the pole. It is
clear from these measurements that different walking patterns give rise to noticeable
variations in the Doppler spectrogram features. Such variations may offer opportunities
for classifying the different motion patterns in human movements.
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3. Doppler-based human tracking

While the individual human Doppler was shown to be quite interesting, it is also
desirable to simultaneously gather location information on multiple humans indoors. For
this purpose, a very low-complexity radar concept that exploits the Doppler separation
between multiple movers was investigated at the University of Texas [22-27]. The concept
combines the Doppler discrimination offered by human movements with the direction of
arrival (DOA) information that can be collected using a small antenna array to provide the
necessary information for human movement tracking. For instance, provided multiple
targets are moving at different radial velocities with respect to the radar, it is possible to
determine the azimuth DOA or bearing of the targets using just two antenna elements
spaced in the horizontal direction. The radar configuration is shown Fig. 3a. More
explicitly, if we assume the time signals received at the two antenna elements to be x;(¢) and
Xx»(1), then after the Doppler processing the signals become X7(f) and X5(f), respectively. If
the targets of interest generate different Doppler frequencies f; due to the difference in their
velocities with respect to the radar transceiver, then the DOA of target i with respect to the
array boresight is given by

—1 ZXl(/{i) — 4X2(f[)
(2nd/2c)

Oazi = sin 4)
where d is the spacing between the elements and A, is the RF wavelength. The hardware
testbed constructed for this purpose is similar to that described in the previous section,
except two receiver elements are employed. The element spacing d is chosen to be A./2 to
avoid angular aliasing. The STFT of the time domain radar signal is used to resolve the
different targets along the Doppler domain and the DOA is determined using Eq. (4).
Extensive data have been collected using this testbed and the results were reported in
[23-25].

This concept has also been extended for two-dimensional azimuth-clevation tracking
[26] and three-dimensional range-azimuth-elevation tracking [22]. The former is achieved
through the use of a third antenna element directly above element 2 with a spacing of d as
shown in Fig. 3b. The third element is connected to a separate receiver, Rxs, identical to
the ones connected to elements 1 and 2. The elevation of a target, Ogr;, with Doppler
frequency f; is computed from the phase difference of the Doppler-processed signals from
channels 2 and 3 using

Apy(fy) = ﬁt—dsm OgLi )
C

Ranging capability can also be achieved using the same concept by the incorporation of
one additional frequency tone [27,32-35]. This is illustrated in Fig. 3c. Here two tones (2.39
and 2.4 GHz) are combined, amplified and transmitted simultaneously. An additional
receiver channel, Rxy, with a local oscillator operating at 2.39 GHz is incorporated at the
receiver system. The signal from antenna element 3 is split between Rx3; and Rx4. The
phase difference of the Doppler-processed signals received from Rx; and Rx4 is used for
computing the range R; of the target at Doppler frequency f; using

dnAf,
Apsy(f;) = CfL

R; (6)
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Fig. 3. (a) Two elements Doppler and direction-of-arrival radar. (b) Three elements two-dimensional Doppler
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Here Af. is the difference of the two tones (0.01 GHz) and is chosen to achieve a
maximum unambiguous range of 15m. Thus, by combining the two-dimensional bearing
tracking with the ranging capability, full three-dimensional tracking can be achieved using
only four receivers and three antenna elements in the resulting architecture.

Fig. 4 shows some representative results of tracking two human subjects through a 15in
exterior brick wall. Subject 1 approaches the radar from a distance of 13 m along a straight path
and then turns and walks away from the radar. Subject 2 walks in a straight path in the opposite
direction to subject 1 as shown in Fig. 4a. Hence the two subjects are well resolved in the
Doppler domain as seen in the STFT spectrogram in Fig. 4b. The Doppler track of subject 1 is
positive while the subject approaches the radar and negative when he moves away from the
radar. The radar returns from the movers are processed to obtain the azimuth, elevation and
the range estimation of the two subjects as a function of time. Fig. 4c shows the variation of the
azimuth DOA of the two subjects with time. The azimuth of subject 1 varies from 0° to —30°
while the azimuth of subject 2 varies from + 15° to + 5°. The processed information in the range
dimension is shown in Fig. 4d. As subject 1 initially approaches the radar, his range changes
from 13 to 5m. His subsequent range follows the away and then back pattern. The range of
subject 2 follows the opposite pattern. Since both the subjects walk on the same ground level
through out the time duration, the elevations of the two subjects remain approximately at 0°.
This pattern is not shown in the figures. Finally, by using the range and azimuth information
associated with each Doppler bin, it is possible to obtain a top XY view of the scene as a
function of time. For display purposes, the time snapshots of the top view are summed in
intensity to form a single plot in Fig. 4e. The tracks of the two subjects are clearly observed.

While the radar concept described in this section has very low complexity, it is based on
the assumption that no two targets have the same Doppler returns. When the targets are
not well resolved in the Doppler space, the errors in the DOA and range estimation are
found to increase significantly. This problem is particularly acute for human tracking since
micro-Doppler returns from human arm and leg motions have a broad Doppler spread.
Therefore, the performance of the low-complexity concept is expected to degrade as the
number of movers increase. Additional diversity must be incorporated to improve its
performance. This will be discussed next.

4. Doppler tracking combined with spatial beamforming and frequency diversity

In this section, we study ways to improve the tracking performance of multiple humans
with overlapping Dopplers. By combining Doppler processing with spatial beamforming in
a multi-element (greater than 2) array, it becomes possible to resolve targets along two
dimensions, Doppler and DOA. It is further possible to resolve targets along the range
dimension by using multiple frequencies. The improvement in the performance towards
multiple human tracking is first studied using Monte Carlo simulations. Next the
algorithms for both two-dimensional Doppler—-DOA tracking and three-dimensional
Doppler—DOA-range tracking are tested using simulation data. Finally, measurements are
conducted using a radar testbed to demonstrate two-dimensional Doppler—-DOA tracking.

4.1. Monte Carlo simulation of multi-target tracking

Monte Carlo simulations are performed to investigate the performance improvement
when additional diversities become available in space and frequency. The carrier frequency
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of the system is assumed to be 2.4GHz. For each realization of the Monte Carlo
simulation, a given number of human subjects are randomly placed inside a region of space
bounded in range from 1 to 30 m and DOA from —90° to +90°. Each subject is randomly
assigned a torso velocity with magnitude in the range of 0-2.5m/s and direction in the
range of 0°-360°. The micro-Doppler spread of a single subject’s return is on average
around 20 Hz. Hence we assume that it is possible to resolve two targets in the 1-D
Doppler dimension if their torso Dopplers are separated by more than 20 Hz. We next
assume a 12-element array with an inter-element spacing of half wavelength. As a result,
the 3dB beamwidth is approximately 8°. By combining Doppler processing and spatial
beamforming, each subject is resolvable in the 2-D Doppler—DOA space. We consider two
subjects to be resolvable if their normalized Euclidean distance, [(Doppler/
20 Hz)* + (DOA/8°)’]"/%, is above 1. If we further assume that a stepped frequency
waveform with a 120 MHz bandwidth and 5 MHz frequency step is used, then targets can
be resolved up to a range resolution of 1.25m with a maximum unambiguous range of
30m. Again we consider two targets to be resolvable in the 3-D Doppler—-DOA-range
space if the normalized Euclidean distance between their 3-D centers is above 1. In general,
a realization is regarded as successful if all the movers are resolvable. The simulation is
performed for 100,000 realizations and the probability of successful resolution of multiple
targets is computed and plotted in Fig. 5. It is observed that the probability of resolving
targets based on Doppler discrimination alone (1-D) falls rapidly as the number of targets
increases. The performance of the system is significantly improved by incorporating an
additional DOA dimension (labeled as 2-D). When we incorporate the range dimension to
form 3-D processing, there is again an improvement, although the increase is more
moderate.

4.2. Combining Doppler processing with spatial beamforming

The procedure for combining Doppler processing with spatial beamforming for
resolving multiple targets in the Doppler—-DOA space is next discussed. First, we assume
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Fig. 5. Probability of successful resolution of multiple human radar returns for increased radar dimensions.
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that a CW signal of carrier frequency, f;, is transmitted. The scattered signals from moving
humans are Doppler shifted and received by a radar system with an N element antenna
array with inter-element spacing d. The radar returns are processed as

X(sin GAZ:fa [/) _ Z/ )C(Vl, t)eijnfth(t/ _ [) dtefj(nfl)(ancd/(?)Sin Oaz (7)
n t

Here x(n, ?) is the time-domain received signal of element »n of the array after the down
conversion. The STFT of x(n, ?) is first carried out with time window, /(?), to transform the
signal from the time domain to the Doppler domain f. Then the signals are suitably phase
shifted and summed to resolve the signal along the DOA (047) dimension. As a result, for
each time instant, ¢, the radar returns are resolved along both the Doppler and DOA
domains.

This technique is tested on simulated radar returns of moving humans obtained using
the simulation model discussed in Section 2 and the radar parameters in Section 4.1.
A number of different cases are tested. In case 1, we consider two human subjects at initial
positions (range, DOA) of (5m, —30°) and (5m, +30°), respectively, from the radar
moving along straight paths away from the radar at a constant velocity of 1.3m/s for a
duration of 3s as shown in Fig. 6a. The radar returns are simulated and processed via
Eq. (7) to arrive at the Doppler—-DOA distribution as a function of time. These time
snapshots are summed in intensity to form a single plot of the Doppler—DOA tracks shown
in Fig. 6b. It is observed that even though the Doppler returns of both the subjects are
identical, it is possible to resolve the two subjects in the DOA domain. Note that both the
Doppler and the DOA change slightly during the time duration. The Doppler spread that
is observed in the figure is caused by the micro-Doppler components from the different
body parts. In case 2, we consider two humans at initial positions (5m, —30°) and (10 m,
+30°) from the radar as shown in Fig. 7a. The two subjects walk towards each other with
a velocity of 1.3 m/s. Fig. 7b shows the Doppler—DOA tracks of the two humans. Since the
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Fig. 6. (a) Case I: Illustration of two human subjects’ motions. (b) Doppler—DOA tracks of the simulated radar
returns of the two subjects.
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Fig. 7. (a) Case 2: Illustration of two human subjects’ motions. (b) Doppler—DOA tracks of the simulated radar
returns of the two subjects. (¢c) Doppler—-DOA-Range tracks of the simulated radar returns of the two subjects.

subjects approach the radar at identical velocities, the Doppler returns are almost identical.
The radial velocity is low and hence the micro-Doppler spread of the Doppler track is
much weaker in this case. Initially the humans are well resolved in the DOA space.
However, as they come closer, they are overlapped in the DOA domain and are no longer
resolvable. Hence a higher order dimensionality is required for resolving the human
movers in this case which is discussed in the next section.

4.3. Combining Doppler processing with spatial beamforming and ranging

To add ranging capability, we assume a stepped frequency waveform of bandwidth, f,
and an antenna array of N elements. Let x(f., n, f) be the downconverted time domain
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radar returns of each element, n, for each carrier frequency f.. It is assumed that the sweep
time of the stepped frequency waveform is small so that the position and DOA of the
human mover remain constant during the sweep. The three-dimensional transform of x(f,
n, t) based on Eq. (8) resolves the targets in the Doppler—-DOA-range space:

X(r,sin Oaz.f. 1) = / 3 / X(f oo, DY — 1) die0=1CRS od/0) sin Onzgrt2nf (21/0) i
Se n Vi .

®)

In Eq. (8), the STFT operation transforms the time domain returns to the Doppler
domain using the time window #(f). Spatial beamforming is performed to resolve the
targets along the DOA (647) domain. A narrowband approximation (center frequency f,)
is used in this step to decouple the DOA from the range. This is followed by the inverse
Fourier transform of the frequency (f.) swept data to obtain the range, r.

Such processing is first tested on the simulated radar returns of human movers for case 2
that was described in Section 4.2. The time snapshots of the 3-D Doppler—-DOA-range
distribution of the returns have been summed in intensity and shown in a single plot in
Fig. 7c. It is observed that, unlike Fig. 7b, the 3-D tracks of the two human movers do not
intersect. Hence the two humans are well resolved during the entire time duration. The
procedure is repeated for case 3, where the initial positions of the two movers are (Sm,
—30°) and (10 m, —30°), respectively, and they walk away from the radar along a straight
path at 1.3m/s (see Fig. 8a). In this case there is overlap in both the Doppler and DOA
domains. However, they are well resolved along the range domain as shown in Fig. 8b.
Both the cases illustrate the advantages of incorporating a higher order dimensionality to
the system. Of course this is accomplished at increased system cost and complexity.

4.4. Measured results

The concept of Doppler processing combined with spatial beamforming is next tested on
measured data obtained from two human subjects walking in indoor line-of-sight
environments. The measurements are made using a modified 2.4 GHz CW radar testbed
described in Section 3. An antenna array consisting of four microstrip antenna elements is
constructed. An inter-element spacing of 0.56 /. is used to avoid any grating lobes within
the field of view of —45° to +45°. Each antenna element is connected to a separate receiver
channel.

The time domain radar returns from the multi-element array are processed using Eq. (7)
to obtain the Doppler—-DOA distribution as a function of time. However, since a limited
size array is used, the beamforming technique is plagued with poor resolution and high
sidelobes. In particular, the sidelobes of a strong target can overshadow a weaker target
when they have overlapping Dopplers. One method of reducing the effect of high sidelobes
is to use the CLEAN algorithm [28,36] after the spatial beamforming. In this algorithm,
the strongest target is first identified as the peak in the beamforming pattern. Next, its main
lobe and sidelobe features are subtracted from the pattern. This allows the weaker targets
to be better revealed in the residual pattern and the process is repeated to extract the next
strongest target. The algorithm is iterated until the energy in the residual pattern reaches
a sufficiently low level. This algorithm is applied to every Doppler bin to obtain the
Doppler—-DOA distribution.
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Fig. 8. (a) Case 3: Illustration of two human subjects’ motions. (b) Doppler-DOA-Range tracks of the simulated
radar returns of the two subjects.

In the measurement, subject 1 moves from the radar’s right to its left. Subject 2 walks in
the opposite direction to subject 1 as shown in Fig. 9a. Doppler processing and spatial
beamforming in conjunction with CLEAN are applied to the radar returns. Fig. 9b shows
the resulting Doppler—DOA distribution. Two distinct tracks that crisscross in the
Doppler—-DOA space are observed. At the start time, the Doppler returns from both
subjects are positive. When they reach the radar boresight, their Doppler returns are both
zero. At the end of the time period, both subjects have negative Doppler. Although there is
considerable overlap in the Doppler domain, the DOA of the two movers are well resolved
for most of the time duration. Results for multiple human movers in through-wall
scenarios are discussed in [28].

5. Wall effects

One of the major challenges in the tracking of humans is the accuracy of the DOA
measurements under through-wall operations. To better understand the wall propagation
phenomenology, we present in this section some measurement and simulation results in
connection with the operation of the Doppler-based radar testbed.

The two important wall effects on RF signal propagation are the attenuation of the
signal amplitude through the wall and the phase distortion of the signal due to multipath
and reverberation. For the signal attenuation, measurements are performed for different
types of walls using the Doppler radar testbed at 2.4 GHz. An audio loudspeaker driven by
a single tone is used as a calibration target. Measurements are carried out for line-of-sight
(no wall), in situ with a gypsum/wooden wall in an interior room (see Fig. 10a), and in situ
with an exterior brick wall (see Fig. 10b). The processed radar returns show a two-way
path loss of 16 dB for the gypsum/wooden wall and 20 dB for the 15in brick wall. Due to
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Fig. 9. (a) Illustration of two human subjects’ motions. (b) Doppler—DOA tracks of the measured radar returns of
the two subjects.

Fig. 10. (a) 5in wooden/gypsum interior wall, (b) 15in brick exterior wall, (c) 30 cm cinder block wall.

the significant attenuation of the signal through the wall, the signal-to-noise ratio of the
system is considerably lowered. However, the more detrimental effect is the phase
distortion introduced by the wall, as shown in the next series of measurements.

In order to study the effect of the wall on the received signal phase, a detailed
measurement of target azimuth and elevation positions are made in indoor line-of-sight
conditions using the three-clement testbed discussed in Section 3. Here, a transmitting horn
antenna is excited at f.(2.4 GHz)+ Af using a signal generator to simulate the Doppler
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return of a moving target. The received signal is downconverted, digitized and processed
by the radar in order to obtain the azimuth and elevation estimates of the horn positions.
Fig. 11a shows the various measurement positions of the transmitting horn and Fig. 11b
shows the corresponding two-dimensional DOA estimates. It is observed that the
measured estimates agree very well with the actual positions of the horn. Next the
measurements are repeated on a 6ft cinder block wall that was constructed in our
laboratory as shown in Fig. 10c. The wall is made of 30 cm thick cinder blocks stacked on
top of each other. The measurements are repeated with the radar receiver at a distance of
30cm from the wall. Fig. 11c show the two-dimensional DOA estimates obtained for the
through-wall setup. In this case the transmitted signal travels only a one way path through
the wall. It is seen that there is considerable error in the DOA estimation in spite of the
strong received power level.

To help us understand the transmission physics, a two-dimensional FDTD simulation is
carried out on both a solid homogeneous wall and a Cinder block wall structure with air
holes. The thicknesses of both walls are 30 cm, with relative permittivity of the concrete set
at 5. A 2.4 GHz sinusoidal source is used and the distance between the source and the wall
is 30 cm in both cases. As can be seen in the sinusoidal steady-state field plots of Fig. 12a
and b, the wavefront transmitted through the solid homogenecous wall remains a well
behaved spherical front, while the transmitted wave through the inhomogeneous cinder
block wall shows considerable reverberation near the wall. This complex wavefront leads
to the poor DOA results observed in the measurement data. We also notice that at a
sufficiently far distance from the wall, the wavefront begins to resemble the regular
spherical spread. In essence, the cinder block structure acts like an array that re-radiates
the impinging wavefront. Therefore, in the near field of the array, the transmitted field is
quite complex. When sufficient distance is reached, the wavefront approaches that of the
far field. The actual far-field distance depends on the illuminated aperture of the wall from
the primary source.

Hence it may be possible to overcome the poor DOA estimation for an inhomogeneous
wall by increasing the standoff distance of the radar from the wall. This is tried by
performing a series of more precise phase measurements using a vector network analyzer
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(VNA) under the tuned receiver mode. A two-element microstrip antenna array is
connected to the two tuned receivers of the VNA and their measured phase difference is
determined. A horn antenna is used as the transmitter and placed 3 ft in front of the cinder
block wall as shown in Fig. 13a. The receiver is placed at different standoff distances (R)
behind the wall as shown in Fig. 13b. At each distance, measurements are taken at three
positions: at boresight (with respect to the transmitter), 3 ft to the right and 3 ft to the left
of the boresight position. In each case, the azimuth DOA of the horn antenna is estimated
by Eq. (4). Fig. 13c shows the azimuth DOA estimates for various positions of the receiver
array. For reference, the truth values are also plotted as dashed lines. It is observed that
when the receive array is very close to the wall, the DOA estimates are completely
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erroneous. The error in the estimates decreases as the standoff distance of the radar is
increased beyond 10 ft. At the last position, the error again increases, most likely caused by
the drop in the signal strength. The same measurements are also repeated for the exterior
brick wall. The results are presented in Fig. 13d. Again, note that the DOA accuracy
actually improves at sufficiently far distances away from the wall, provided that the signal
strength is not too weak.

In summary, our study showed that a wall with interior inhomogeneity causes significant
degradation to the transmitted wavefront, which leads to errors in the DOA estimates and
hurts the tracking performance. Such distortion can be partially alleviated by allowing for
a sufficient standoff distance between the radar and the wall. More fundamentally, the
inhomogeneous wall effects need to be deconvolved from the desired target returns [37,38].
However, this requires more detailed knowledge of the thickness, the constituency of the
wall and the wall dispersion effects [39].

6. Conclusion

In this paper, we have presented the principles of Doppler processing to detect and track
human movers in indoor environments. The main advantage of Doppler sensing is that
stationary clutters can be suppressed. The potential application of micro-Doppler features
for the identification of human movements and the presence of carried objects was
discussed. The RITF was investigated as an alternate representation of the Doppler
spectrogram that provides improved signal localization compared to the standard STFT.
A three-dimensional (azimuth, elevation and range) radar concept that requires only three
antenna elements and two frequency tones to track multiple movers was reviewed. This
concept was based on using Doppler separation to discriminate the movers. However, the
presence of micro-Doppler spread caused deterioration in the performance of the system.
Additional dimensionality was then explored by using an antenna array for spatial
beamforming, along with a multiple frequency waveform for range estimation. The
performance improvement in multiple human tracking was illustrated using simulations
and measurements. We also investigated the walls effects on Doppler-based detection and
tracking. It was found that the phase distortion through a cinder block wall resulted in
significant error in the accuracy of DOA estimation. It was also found that one way to
partially alleviate this effect is to increase the standoff distance of the radar from the wall.

We conclude this paper by highlighting some areas that we believe warrant further
research. First, the detection and tracking of humans through inhomogeneous walls
remain a challenging problem. While Doppler processing allows the suppression of
stationary clutters, the wall effect on Doppler shifted signals still needs to be properly
characterized. Hence the study of through-wall phenomenology and methods to mitigate
its effect remains one of the most important areas for future work. Second, the motion-
induced imaging of human movers is potentially an interesting research topic. Traditional
motion-induced imaging algorithms (such as the inverse synthetic aperture radar) have
been derived for rigid body targets under regular rotational motions. However, human
motion kinematics are quite complex, as can be seen from the human micro-Doppler data.
Whether such motions can be exploited for imaging is still an open question. An attempt at
the frontal imaging of a human by processing the micro-Doppler data from the different
body parts was reported in [40]. However, research into more general approaches is still
much needed. Finally, a simulation tool for studying radar signatures from human
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motions will be an important capability for further developments in human detection,
tracking and imaging. Sophisticated radar simulators have been developed for conven-
tional air and ground targets. These simulators have proven to be indispensable in radar
target recognition. A similar kind of radar simulator for humans under dynamic motions
in indoor environments will provide us with the capability to pinpoint cause-and-effect and
to generate training data for algorithm development. It can serve as an enabler to
designing sensors with optimal performance.
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