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A. SCIENTIFIC OBJECTIVES:

This research program sets out to design, build and demonstrate low-cost radar

sensors to detect and track human targets in high-clutter environments. As warfare has

shifted from combat on open battlefields to fighting in urban areas and covert facilities,

there is an increased need to detect concealed persons. Personnel detection is key to

maintaining situational awareness, whether it is on a battlefield, in a city, or surrounding a

building. The detection of hidden personnel in a cluttered environment, however, is a

daunting task. For active radar sensing, the combination of high-clutter environments and

weak radar returns from the human body precludes the use of conventional radar

techniques for reliable personnel detection.

The objectives of our research program are to devise low-cost radar sensor

concepts for personnel detection based on commercial wireless products, to collect an

extensive database using the developed sensors and to exploit the data for personnel

detection, tracking and identification. Our basic proposed concept entails the use of both

Doppler and direction-of-arrival (DDOA) information to track multiple movers. The

uniqueness features of our concept are: (i) the use of Doppler features from human

movements to suppress stationary clutter such as buildings and walls, (ii) the use of very

few receiver elements (i.e., two) to obtain DOA tracking of multiple human targets, and

(iii) the use of mass-market wireless products for very low-cost sensor development.



B. SUMMARY OF RESULTS AND SIGNIFICANT ACCOMPLISHMENTS:

'; This program was carried out in three phases. In Phase 1, we demonstrated our

DDOA concept of a low-cost, two-element radar sensor for tracking multiple persons in a

high-clutter environment. In Phase 2, we extended the concept to achieve multi-

dimensional tracking of multiple human targets through very low-order frequency and

spatial diversities. In Phase 3, the limitations of the system were investigated and ways to

improve the performance of the system were explored. Our research accomplishments in

human detection and tracking include:

Phase 1: Design and demonstration of a two-element DDOA radar.

1.1. Designed, built and calibrated the radar.

1.2. Set up experiments and carried out data collection of human movements under

various situations including number of humans, type of movements, different

environments and radar polarizations.

1.3. Developed signal processing algorithms to process and analyze the collected data.

1.4. Demonstrated the tracking of up to three humans up to a range of lOim in indoor line-

of-sight environment and through a 15" exterior brick wall.

Phase 2: Extension of the DDOA radar to achieve multi-dimensional tracking.

2.1. Incorporated a third receiver element to the radar to achieve the capability of

simultaneous elevation and azimuth bearing tracking.

2.2. Extended the idea of human tracking to achieve the frontal imaging of a human

subject.

2.3. Developed ranging capability to our sensor system by designing and realizing a two-

frequency radar.

2.4. Developed three-dimensional tracking capability by combining the two-tone ranging

capability with the three-element, elevation-azimuth tracking radar.

Phase 3: Assessment of system limitations and exploration of new concepts.

3.1. Collected in-situ transmission data of different wall types and carried out finite-

difference time-domain electromagnetic simulation to understand wall penetration

phenomenology.



3.2. Evaluated the effect of dynamic clutters with rotational or vibration motions on the

DDOA radar sensor.

3.3. Developed a Monte Carlo simulation to establish confidence bounds on the

performance of the radar in tracking multiple movers.

3.4. Explored the concepts of a multi-element array and a network of Doppler sensors to

improve the performance of the 2-element DDOA radar.

The detailed descriptions of our accomplishments are discussed below.

B.1. Design and demonstration of a two-element DDOA radar. We designed and

constructed a radar testbed by combining the Doppler discrimination offered by human

movements with the DOA information that can be collected using an antenna array to

provide the necessary information for human movement tracking. Note that conventional

DOA detection requires the use of multiple receiver elements, where the number of

elements must be greater than the number of targets. This leads to high cost as well as a

physically bulky system below 5 GHz. Here we took advantage of the Doppler

information from multiple moving humans to achieve Doppler-DOA (DDOA) tracking

with only a two-element array. The approach is to use the short-time Fourier processing to

separate the target via their contrasting Doppler returns. Then by extracting the phase

difference between the received signals at the two elements, we can determine the DOA of

each mover individually. More explicitly, if we assume the time signals received at the

two antenna elements to be fj(t) and f 2(t), then after the Doppler processing the signals

become Fq(fb) and F 2(fD), respectively. If the targets of interest generate different Doppler

frequencies fbi due 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:

O 1sin-1 -/- fD)--F2(. )(1)

where d is the spacing between the elements and A, is the RF wavelength.

To implement this concept, we designed and built a two-element receiver to extract

the DDOA information simultaneously (Fig. 1). The system was designed based on two

integrated receiver boards from Analog Devices. It has very low cost (under $100 for

each board) and small form factor, since the boards came from mass-market products for



the wireless networking market. The system operates at 2.4 GHz. Two microstrip patch

antennas were used as the front-end and a National Instruments DAQ system was used for

data acquisition. Some results collected from this radar are shown in Figs. 2 and 3. Fig. 2

shows the Doppler vs. DOA plot of an acoustic subwoofer driven at 40 Hz and placed at

40 degrees with respect to the radar boresight. It shows the correct bearing angle and

Doppler information at -40Hz (the two-sided Doppler response is due to the FM

modulation created by the subwoofer vibration). Fig. 3 shows the snapshot data from a

person walking away from the radar. As we can see from the data, the human target

includes various limb microDopplers and is not as localized as the subwoofer response.

Nevertheless, reliable DDOA information can be acquired. Further, a continuous real-

time tracking of the person in an indoor environment can be achieved. Fig. 4 shows how

the same concept is applicable to multiple targets, as three speakers with different Doppler

returns are used as test targets. The Doppler separation among the target allows the DOA

of the speakers to be obtained using the two-element array. Figs. 5 and 6 show

respectively the result of two and three walking human subjects recorded using the radar.

The measured DOA vs. time plot shows very distinct trajectories corresponding to the

azimuth bearings of the subjects as they walked during the data acquisition. Extensive

testing was also conducted for different through-wall scenarios. Fig. 7 shows the data

collected through a 15" exterior brick wall. A large database was collected for different

parameter spaces including number of humans, types of movements, wall types and radar

polarization (VV, WH-).

We also quantified the maximum range of the radar by estimating all the system

parameters in the radar range equation. We estimated the maximum operating range of

our radar for human detection in open space to be 46 m (with a transmit power of 1 ldBm

and a signal-to-noise ratio of 10dB at 2.4GHz). This free-space range estimate agrees

fairly well with our outdoor line-of-sight measurements on human subjects. For wall

attenuations of 16 dB (gypsum/wooden wall) and 20 dB (brick wall), the estimated

maximum operating ranges become 34 m and 27 m, respectively. However, the impact of

the wall on the DOA accuracy was significantly more complicated and unpredictable.

Further follow-up studies were subsequently conducted to ascertain the wall

phenomenology and are discussed later in Sec. B.3.
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Fig. 1. A two-element radar sensor for measuring both Doppler and direction of arrival

(DDOA). The sensor uses two Analog Devices integrated receiver boards, which

cost less than $100 each. Data collection was carried out at 2.4 GHz.
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Fig. 4. Three loudspeakers measurement: (a) Setup and (b) Measured Doppler and DOA.
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Fig. 5. Measurement of two humans walking in opposite direction: (a) Setup and (b) DOA
vs. time
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Fig. 6. Measurement of three human subjects walking in a room: (a) Setup and (b) DOA
vs. time.
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Fig. 7. Through-wall measurement of a walking human through a 15" exterior brick wall:

(a) Setup and' (b) DOA vs. time.



The main factor that limits the performance of this radar for multiple mover

tracking is the occurrences of similar Doppler from different targets. We developed a

Monte Carlo simulation to establish confidence bounds on the system performance of the

radar in tracking multiple movers. In the simulation, the movers were assumed to be ideal

point scatterers with random velocities and random positions in a 10m by 10m room. Fig.

8 shows the probability of successful DOA determination versus the number of movers.

As expected, the percentage of successful cases decreases as the number of movers is

increased. This is expected since a larger number of movers result in more occurrences of

close Doppler spacing (similar radial velocities). Thus the DOA accuracy of the two-

element system is strongly influenced by the number of movers. Nevertheless, a success

rate of 70% can be maintained for four targets or fewer under this condition

The results of this portion of the research were reported in [J3, C1, C2].
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Fig. 8. Probability of successful DOA determination (to a 50 accuracy) versus the number
of movers for the point scatterer model.



B.2. Extension of the DDOA radar to achieve multi-dimensional tracking. The basic

concept of the two-element DDOA array can be extended to achieve multi-dimensional

tracking of multiple moving targets with only a moderate increase in complexity. First,

we incorporated one additional receiver element in the vertical direction of the radar to

achieve the capability of simultaneous elevation and azimuth bearing tracking (see Fig. 9).

The additional receiver Rx3 and the existing receiver Rxl form a new pair of elements to

provide the DOA in the elevation plane. The Doppler and DOA processing is repeated for

the Rxl and Rx3 signals, similar to the Rxl and Rx2 signals. Finally, by correlating the

DOA results in azimuth and elevation based on their associated Doppler, it is possible to

achieve two-dimensional bearing sensing of multiple movers, provided that the movers

have different Doppler frequencies.
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Fig. 10 shows the results of three loudspeakers driven by 3 different audio tones.

A comparison of Figs. 10(a) and 10(d) shows a close correspondence of the DOA results

to the frontal perspective of the radar.

(a) (b)

DOA AZIMUTH (degree)

(c) (d)

Fig. 10. Loudspeaker Doppler and DOA measurements: (a) Setup, (b) Azimuth DOA, (c)
Elevation DOA, and (d) Two-dimensional DOA.

Fig. 11 shows the result of two human subjects in front of a building walking in the

patterns shown in Fig. 1 l(a). The subject on the left begins at point A and climbs a

staircase to the top at point B. The subject then turns around and descends to the ground

level to point A. The subject on the right starts at point C at the ground level and walks to

the right until reaching point D. The subject then turns around and walks back to point C.

The two-dimensional DOA trajectories are tracked closely by the radar.
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Fig. 11. Tracking two human subjects in the azimuth-elevation plane: (a) Setup, (d) Two-

dimensional DOA trajectory.

The idea is explored further for a possible imaging application. In addition to

tracking multiple humans, the radar may be employed to generate a two-dmensional

image or a frontal view of a human. The concept entails resolving the micro-Doppler

frequencies of the returned signals from a moving human, and then measuring the phase

difference at each Doppler frequency component to determine the DOA of the various

body parts. If each body part gives rise to a different Doppler frequency, then the

resulting bearing map should correspond closely to a two-dimensional frontal view of a

human. Fig. 12(a) shows such a frontal view of a human subject in a line-of-sight test.

During the measurement period, the subject remained standing while moving each body

part sequentially. After correlating the azimuth and elevation DOA measurements based

on their Doppler information, a two-dimensional or frontal view of the human was

constructed. The measured frontal view shows the position of each limb, making an

outline of the subject. The dynamic range of the image is 40 dB. The measurement was

then repeated in-situ with a 5" thick gypsum/wooden wall in an interior room. Fig. 12(b)

shows the measured through-wall view of the human. The image appears to be less

focused due to the significant attenuation from the wall. However, the outline of the

human is still visible. Of course, this concept is based on the assumption that different

body parts give rise to different Doppler frequencies. When this condition is not met in



practice, the resulting bearing information is not accurate. Therefore, the present concept

can at best be an "imaging of opportunity" that captures glimpses of the human subject.

E1. [
_1

I I 4

OMA At 6Ou.00 A 6U

(a) (b)

Fig. 12. Measured frontal view of a human (a) In free-space and (b) Through an indoor
wall.

We have also incorporated ranging capability to the radar. In contrast to the

pulsed-based or frequency-modulated continuous wave (FMCW) radar, multiple

frequency continuous wave (MFCW) radar is a simple and low-cost way to acquire range

information. To keep the radar architecture as simple as possible, only two frequencies

are used, as shown in Fig. 13. However, a two-frequency system can only acquire the

range for a single-target configuration. To overcome this limitation, the Doppler

separation among the moving targets is again used as a prefilter before measuring the

phase difference to arrive at the range information of the moving targets. Similar to Eq.

(1), the range, R, of target n from the radar can then be determined by the phase difference

between F 1(6) and F2(/) at each Doppler binfDi:

F (,1t,) - (2)R. = ~ ~ 4r//c

where Af =fci -fc 2. This concept again applies as long as the Doppler frequencies from

different targets are sufficiently distinct.
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Fig. 13. Basic two-tone radar operation.
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Fig. 14. System block diagram of a three-element and two-frequency Doppler
radar.

This two-frequency approach was implemented and integrated to the existing two-

dimensional radar to achieve three-dimensional tracking. Fig. 14 shows the overall block

diagram of the integrated system. The system operates at two CW frequencies fcj (2.4

GHz) and fc2 (10 MlHz below fc1). The frequency separation is selected to achieve a



maximum unambiguous range of 15 m. Fig. 15 shows the result of the two-loudspeaker

test. The measured data show good agreement with the expected Doppler vs. azimuth,

elevation and range. The location of each loudspeaker can now be determined after

correlating the measured azimuth, elevation and range based on their Doppler information.

By using the spherical-to-Cartesian transformation, a three-dimensional location

coordinate (cross-range, down-range, elevation) can be constructed accordingly. Figs.

16(a) and (b) show the corresponding top-view, frontal view, and the three-dimensional

coordinates of the loudspeakers. Comparing Figs. 15(a) and 16(c), the measured

coordinates of the left and right loudspeakers are close to the expected locations.
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Fig. 15. Two-loudspeaker measurement: (a) Setup, (b) Doppler and azimuth DOA, (c)
Doppler and elevation DOA, and (d) Doppler and range
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Fig. 16. Three-dimensional tracking of two loudspeakers: (a) Top view, (b) Frontal view,
and (c) Three-dimensional coordinate

Finally, three-dimensional tracking of two human subjects was demonstrated.

Two human subjects walked in a straight path at approximately the same speed but in

opposite directions (Fig. 17(a)). During the walk, the radar continuously measured and

output the bearing and range information of the subjects (Fig. 17(b-d)). The elevation

tracks of the two human subjects are not distinguishable in Fig. 17(c) since the subjects

walked along the same elevation plane (ground level). The measured range tracks in Fig.

17(d) show a crisscross pattern due to the two subjects moving back and forth. The

corresponding top view and frontal view maps are constructed and shown in Figs. 17(e)

and (f).

The results of this portion of the research were reported in [JI, J2, C3, C4].
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Fig. 17. Three-dimensional tracking of two humans: (a) Set up. (b) Azimuth DOA vs.

time. (c) Elevation DOA vs. time. (d) Range vs. time. (e) Top-view. (f) Frontal-view.



B.3. Assessment of system limitations. We have found that one of the major

uncertainties in the operation of the radar is the accuracy of the DOA and range

measurements under through-wall operations. To better understand the wall propagation

phenomenology, we collected the in-situ reflection and transmission data of an exterior

brick wall using a vector network analyzer (VNA) firom 2 to 6 GHz. The results showed

significant variability over different parts of the wall and over the frequency range,

indicating multipath. Next, we constructed a cinder block wall in the laboratory and

conducted detailed measurements using both a VNA and our radar. The DOA results of

the line-of-sight case versus the cinder block wall case (shown in Fig. 18) are compared in

Fig. 18. It shows that the DOA accuracy is surprisingly poor for the cinder block wall.

The cause of the inaccuracy is not due to lack of power level. To investigate the

transmission physics, we carried out a finite-difference time-domain (FDTD) simulation

of both a solid homogeneous wall and a cinder block wall structure with air holes. As can

be seen in Figs. 19(a) and 19(b), the wavefront transmitted through the solid homogeneous

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 using the two element array. We also

notice that at a sufficiently far distance from the wall, the wavefront begins to resemble

the regular spherical spread. Indeed, we have found in our experiments that the DOA

accuracy actually improved at sufficiently far distance away from the wall, provided that

the signal strength was not too weak. In summary, our study showed that a wall with

interior inhomogeneity causes significant challenge to the present two-element radar

concept. The only way to potentially overcome this challenge is with more elements to

resolve the different DOA components.

Another potential challenge for the DDOA system is dynamic clutter that can

result in false alarm, for example, rotating fans and vibrating structures. The latter has

already been well tested using the subwoofer system. We made measurements of a

rotating fan and the results are shown in Fig. 20. When the fan is stationary, the

spectrogram shows Doppler lines at frequencies corresponding to (the number of blades)

times (the number of rotations per second). This phenomenon is very similar to the jet

engine modulation (JEM) lines observed in jet aircraft and is well understood. The
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Fig. 18. DOA test for 9 different positions of the transmitter in the (a) line-of-sight case

and (b) cinder block wall case. The blue dots are the expected positions of the transmitter
while the red dots are the measured DOA in azimuth and elevation.
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Fig. 19. FDTD simulation results of the wave transmission through a solid homogeneous

wall and an inhomogeneous cinder block wall with air holes.
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Fig. 20. Spectrogram of a fan in a stationary position and held by a moving subject.

strength of each Doppler line is dictated by the shape of the blade. Another interesting

case is when the fan is turned on and held by a walking person. In this case, the Doppler

lines are modulated by the movement of the person, as shown in the bottom spectrogram

of Fig. 20. This points to an interesting possibility that we might be able to recreate the

Doppler lines electronically in an RFID tag, which can be worn by friendly forces. By

producing a set of unique Doppler lines, the individual can be readily recognized by the

DDOA radar as a friendly target. The way to achieve this goal is to design active RF tags

that can electronically create amplitude or phase modulation on the return signal. The

basic tag architecture may use an antenna for both transmit and receive, a low-noise

amplifier and a passive mixer with an oscillator to create the AM tone. This concept



provides a means by which cooperative and non-cooperative targets can be simultaneously

tracke& and separately identified by the same sensor.

The main factor that limits the performance of the DDOA radar for multiple

human tracking is the overlapping microDoppler returns from the body parts of human

targets. We developed a more sophisticated Monte Carlo simulation to establish

confidence bounds on the system performance of the radar in tracking multiple movers.

Fig. 21 shows the probability of successful DOA determination versus the number of

movers for both the point scatterer model (blue) shown earlier in Fig. 8 and a model

including human microDoppler (red). As expected, the overlapping micro-Dopplers

between movers significantly reduce the Doppler spacing as the number of movers is

increased, thus lowering the overall confidence level. Under these parameters, only three

targets or fewer can be detected at a success rate of approximately 70%. This result is

consistent with the measurement results where successful detection of three movers or

higher is harder to achieve.
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Fig. 21. Probability of successful DOA determination (to a 5' accuracy) versus the
numnier of movers for both the point scatterer model (blue) and a model including human

microDoppler (red).



In this program, we have demonstrated a very low-complexity, low-cost radar

sensor concept for tracking moving humans. The capabilities of human tracking in one-,

two- and three-dimensions were designed, implemented and tested. While the concept

was shown to be sound, our results did point out some challenges that should be addressed

in future research. In particular, the robustness of the system should be further improved,

especially to deal with complex through-wall scenarios, dynamic clutters and human

microDoppler phenomenon. Of course, any improvements in performance will need to

come at the price of higher complexity and higher cost. We have briefly investigated

several potential ideas. One is to increase the number of receiver elements and

incorporate software beamforming algorithms into our radar architecture. The other is to

use a network of low-cost distributed Doppler sensors, and fuse the resulting data to locate

human subjects. These ideas are discussed in [C5, C6]. They should be further

researched to ascertain their potential for improving the performance of the current

generation of DDOA sensors.

C. FOLLOW-UP STATEMENT:

During this program, we have carried out in-depth research in human detection and

tracking in urban environments. We have designed a number of radar sensors, collected a

large database of measured data, carried out extensive data analysis and feature

interpretation, developed simulation tools and gained a basic understanding of these

phenomena. Furthermore, we have carried out signature exploitation efforts to utilize

these phenomena in human detection, tracking and imaging. The potential impact of this

research to DARPA's Force Multiplier Program is a new low-cost radar sensor technology

for personnel tracking and wide-area surveillance in urban areas.
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Frontal imaging of human using three- d is the spacing between the two antennas. In this work, an additional

element Doppler and direction-of-arrival receiving antenna (Rx3) is placed directly above Rx2. Since Rx2 and

radar Rx3 are placed vertically apart, they form a new array pair to acquire
the DOA in the elevation plane, 0

En By correlating the azimuth and

A. Lin and H. Ling elevation bearing information at each Doppler bin fD, a data matrix
[A(f,), OAz(fD), OpE.(ft)] can be constructed, where A(fD) is the

A two-dimensional Doppler and direction-of-arnival (DDOA) rar radar return strength at the Doppler binfD1 Provided that each body

concept is proposed for the frontal imaging of human&. The system part gives rise to a different Doppler frequency, the resulting (A, OAz,

consists of a three-element receiver aray configured to provide 0RL] corresponds to an approximate two-dimensional frontal image of

simuluneous DOA measurements in the azimuth and elevation the human.
planes. An experimental system has been built and tested. To-
dimeni ional frontal images of a human in free space as well as in a
throuti-wall scenario are generated. Radar design: The radar consists of a continuous-wave transmitter

operating at a frequency of 2.4 GHz and three receiver elements.
Three off-the-shelf quadrature receiver boards from Analog Devices

Introduction: Through-wall sensing of humans using radar is a topic (AD8347 IC) are used. The receiving antennas consist of three
of current interest for security, surveillance and search-and-rescue microstrip patches fabricated on 1.6 mm FR-4 substrate. The antennas
operations. Various aspects of human sensing have been investigated are separated by ),/2, where J., = 6.25 cm, to provide the maximum
recently, including micro Doppler of humans [1 31 and position resolution within the range -90* to 90* while avoiding any DOA
tracking and imaging using ultra-wideband systems 1.4, 51. Ultra- ambiguity. After downconversion, the received signals are digitised by
wideband imagers utilise wideband pulses to gather range information an NI-DAQ 6024E system. Since human movements produce time-
and a one-dimmnsional aperture to resolve in azimuth. Consequently, varying Doppler shifts, the digitised signals are processed using a
the resulting imagery is a top-view of the target. While this type of short-time Fourier transform (STFT) for Doppler separation before
imaging setup is useful for targets such as airplanes and ground the DOA calculations are carried out. An integration time of 0.5 s and
vehicles, for human targets the frontal image may provide more a Kaiser window with P = 10 are used in the STFT.
information than the top-view. To acquire the frontal image, a two-
dimensional collection aperture is required, leading to a significant
increase in complexity. Results: We first use three loudspeakers as stable calibration targets

In this Letter, we present a two-dimensional frontal imager by using to validate the system. The approximate (azimuth, elevation) co-
only a three-element receiving array and a transmitter. The concept ordinates of the three loudspeakers are (-15', 5V), (-5', 25') and
entails resolvirg the micro Doppler frequencies of the returned signals (5%, 5') with respect to the radar receivers. The loudspeakers are
from a moving human, and then measuring the phase difference at each driven by audio tones of 20, 30 and 66 Hz, respectively. Fig. 2a shows
Doppler frequency component to determine the direction-of-arrival the measured azimuth DOA against time. The azimuth DOA of the
(DOA) of the various body parts. If each body part gives rise to a three loudspeakers are found to be at the expected positions of -I15,
different Doppler frequency, then the resulting bearing map should -5"and 5'. Fig. 21) shows the elevation DOA against time, which
correspond closely to a two-dimensional frontal view of the human. An correspond to the expected elevations of 5' and 25'. After correlating
experimental :;ystem operating at 2.4 GHz has been designed and the azimuth and elevation measurements at each of their Doppler bins,
constructed to test the concept. The system consists of a three-element a two-dimensional location mapping of the three loudspeakers can be
receiving arra) configured to provide simultaneous DOA measurements constructed accordingly (Fig. 2c), which agrees well with the actual

in both the azimuth and elevation planes. Measurement results on a placement of the loudspeakers (Fig. 2d).
human subjeci are presented. ______ ____

4 .5 -. .. . .. .. . ....... ................ i]

Rt3 -4"C"

Rx2 V'2 ill
•Tx sag"a0

G nerator 90 0 +90 _Q0 0 +90

DOA AZ. dog DOA EL. dog
a b

-90
------------ ------------

-- g90 +9

Fig. 1 Radar aystem block diagrom and conceptual operation dOA 0 +9g

Moving body parts (arms, legs) of a human produce different Doppler returns c
and are imnged by the radar

FIg. 2 Measured data from three loudspeakers driven at three different
audio tones

Radar concejt: Fig. I shows the conceptual operation and the radar a Azimuth DOA against time
system block diagram. Different moving body parts of a human give b Elevation DOA against time

rise to micro Doppler shifts with respect to the radar. Therefore, by c Resulting frontal image

first Doppler processing the data, we can extract the DOA information d Photo of actual loudspeaker placement

of the different Doppler frequency bins by measuring the phase
difference anmong the receiver elements. Previously, we have reported Next we use the same setup on a human subject. The subject stands at

on a one-dimensional bearing tracking system for multiple humans in 2 m from the radar boresight. The height of the subject is approximately

the azimuth plane using a two-element Doppler and DOA radar J,6J. 1.8 m. During the measurement period the subject remains at the 2 m

The azimuth DOA of the received signals can be obtained from the distance while moving each body part sequentially. After correlating the

measured phase difference between the two array outputs, azimuth and elevation DOA measurements based on their Doppler

AO=02-04, using the expression 0,z=sin-'(GA#/2,rd), where information, a two-dimensional or frontal view of the human is
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constructed (Fig. 3a). The measured frontal view shows the position of with the free-space result, albeit at a much lower signal-to-noise ratio.

eadh limb, making an outline of the subject. The dynamic range of the It is worth pointing out that, while the proposed radar has very low

image is 40 dB. The measurement is then repeated in situ with a 5-inch- complexity, it is based on the assumption that different body parts

thick gypsum/wooden wall in an interior room. The subject stands at give rise to different Doppler frequencies. When this condition is not

approximately I m behind the wall while the radar measures the return met in practice, the resulting bearing information is not accurate.

against time. Fig. 3b shows the measured through-wall view of the Therefore, the present radar concept can be termed an 'imaging of

human. Compared with the free-space image shown in Fig. 3a, the opportunity' that captures glimpses of the human subject. This is

through-wall image appears larger since the subject stands closer to the similar to other types of target-motion induced sensing schemes such

radar. The image also appears to be less focused owing to the significant as inverse synthetic aperture radar.

attenuation from the wall. However, the outline of the human is still
visible. The dynamic range of the image is 20 dB and the transmitted Acknowledgments: This work is supported by the Office of Naval

powyer used is -10 dBm. Research, the Texas Higher Education Coordinating Board under the

Texas Advanced Technology Program and the National Science
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Three-dimensional tracking of humans °
using very low-complexity radar " W2 "

A. Lin and H. Ling

A low-complexity radar for human tracking in three-dimensional
apace is reported. The system consists of a zhree-eleonent receiving-
array and two continuous-wave (CW) frequencies configured to

provide azimuth bearing, elevation bearing and range measurements. L0
Doppler processing is used for clutter removal as well as to separate
multiple moving targets. A radar prototype is constructed and tested. Wh wan W
Three-dimensional tracking of multiple humans is performed in both OA OA

unobstructed and through-wall scenarios, a
Mn3

Introduction: Human detection and tracking is a topic of interest in

security and surveillance applications. A popular approach for

through-the-wall imaging is to use ultra-wideband (UWB) [1 4],

which offers high down-range resolution. To obtain cross-range

location information, UWB radars use either a physical or synthetic
aperture. High angular resolution is needed for the cross-range
localisation of targets at long distances, leading to the requirement
of a large aperture. Furthermore, for human detection and tracking in a

an indoor setting, clutter suppression becomes challenging and b

requires complex signal filtering algorithms.
In this Letter we present a low-complexity radar architecture capable Fig. I Radar system block diagram, and radar receiver prototype photo

of tracking multiple humans in three dimensions. The concept entails a Radar system block diagram
using Doppler pre-processing to suppress stationary clutter as well b Radar receiver prototype photo

as to distinguish multiple movers based on their different Doppler

frequencies. A three-element reciver is then used to determine two- Iton

dimensional bearing information for each target. The phase differenceW
measurement from the horizontal two-element army is used to obtain 40

the azimuth direction of arrival (DOA), while that from the vertical two-

element array is used for the elevation DOA. In addition, the phase
difference measured at two CW frequencies is used for target ranging. 4

Therefore, the entire receiver system comprises only three antenna

elements and four receiver modules. A radar prototype is designed and -10e0 -a o60 o -2 so W W
constructed to test the concept. Measurement results on human subjects admm ook d"

are presented.

too$

Radar concept and design: Fig. la shows the radar system block p 40

diagram. Earlier, we reported on the one- and two-dimensional DOA 20

tracking of multiple movers using a single CW frequency [5, 6]. Hem
our system operates at two CW frequencies fci (2.4 GHz) and fc 2

(2.39 GHz). The two CW frequencies are combined, amplified and -400
transmitted simultaneously. The scattered wave off a target is received %- W-40-e-- 0 20 40 eo so t s 1o

by three antennas connected to the radar receivers. The local "hd

oscillator (LO) frequency of receivers Rx1, Rx2 and RX3 is set to

fcl, and that of Rx4 is set to fc2 . The downconverted signal for each Fig. 2 Measured data from two loudspeakers driven at two different audio

receiver is lowpass filtered and digitised, and the time-varying tones

Doppler spectrum of the targets is obtained by applying the short- a Photo of actual loudspeaker placement

time Fourier transform (STFT). To determine the DOA and the range, b Doppler against azimuth DOA

we compare the phase differences between the receiver outputs at c Doppler against elevation DOA against time

each Doppler frequency component. The elevation and azimuth

DOA are found, respectively, by the formulas OEL=sin-1(),A032
(fD)/2nd) and O4z=sin-'OA.,,a21(fD)/2icdcos OE), where .1,, is Results: The radar is first tested using loudspeakers driven by audio

the wavelength offce, Ao,,(fD) is the phase difference between the amplifiers at different monotones. Fig. 2a shows the measurement

two array outputs m and n at the Doppler frequency f, and d is the setup and the loudspeakers' locations. The first loudspeaker is located

spacing between the two horizontal or vertical antennas. The received at the approximate (0Az, OEL, R) co-ordinate of (- 40, - 50, 3 m) and

signal at Rx3 is also routed into Rx4 , but mixed with L02 atfc2. The driven by a 35 Hz audio tone. The second loudspeaker is positioned at

phase difference, A0 43, is then measured to calculate the target approximately (200, 150, 6 m) and driven by a 55 Hz audio tone. Figs

range, R, using the following expression: R = cA043(fD)/4itb, where 2b-4 show, respectively, the measured azimuth DOA, the elevation

Af=fci -fc 2 and c is the speed of light. Since the phase difference DOA and the range plotted against Doppler frequency. Excellent

A043 is modulo 2xt, it follows that the maximum unambiguous agreement with the expected locations of the targets in bearing and

range is 15 m. By correlating the range and DOA information at range is observed. Further, it is seen that the Doppler discrimination

each Doppler binfD, a data matrix [A(fD), OAz(fD), OEL(fD), R(fD)] allows us to determine the three-dimensional locations of two (or

can be constructed, where A(&D) is the radar return strength at the more) targets.

Doppler bin fD" This resulting map shows the three-dimensional Three-dimensional tracking of two human subjects is shown next.

locations and strengths of the targets, provided that the targets have Two human subjects walk back-and-forth along straight paths at

different Doppler frequencies. Fig. I b shows the photo of the radar approximately the same speed but in opposite directions (Fig. 3a).

receivers. The three antennas are microstrip patches with 5 cm During the walk, the radar continuously measures and outputs the

spacing between each horizontal and vertical pair. Four off-the-shelf azimuth bearing, the elevation bearing and the range of the subjects

integrated quadrature receivers are used. A window size of 0.5 a is (Figs. 3b--d). During the first four seconds of the measurement, Fig. 3b

used in the STFT. shows two distinct azimuth-bearing trajectories: the first one progres-
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sing from approximately -20r towards 6--f, and the second one fun†
20r to IS*. The elevation tracks of the two human subjects are shown in

Fig. 3c; however, the tracks are not distinguishable since the subjects f
walk on the same elevation plane (at ground level). Fig. 3d shows the
measured range tracks, which criss-cross as the subjects walk back-and-
forth. By using the spherical-to-Cartesian transfornation, the corre- t ......
spdnding front view and top view maps are constructed and shown in
Figs. 3e and f, respectively. The top view in Fig. 3f shows good , "
agreement with the actual walking paths in Fig. 3a.

Fig. 4 In situ range measurement of walking human through 15-inch-thick
exterior brick wall
a Setup

2: b Measured range track of up to 35 m

F Conclusion: A low-complexity radar concept for tracking multiple
- W - Mk - " humans in three-dimensional space (azimuth, elevation and range) has

a been presented. Measurements using a prototype consisting of three

"4 ,.antenna elements and four integrated receivers operating at 2.4 and
2.39 GHz have been performed to validate the concept The three-
dimensional tracking of moving humans is realised by correlating the

range, azimuth and elevation DOA measurements based on their
Doppler information. The in situ measurement result through a
15-inch thick exterior brick wall showed tracking up to a distance

-,o-in-I -ic thc - 0 o t S
of 35 m.
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A Doppler and Direction-of-Arrival (DDOA) Radar for
Multiple-Mover Sensing Based on a Two-Element Array

Adrian Lin and Hao Ling

Department of Electrical and Computer Engineering
The University of Texas at Austin

Austin, TX 78712

Abstract

A low-cost, two-element receiving array concept is investigated for detecting

multiple moving targets in indoor surveillance applications. Conventional direction of

arrival (DOA) detection requires the use of an antenna array with multiple elements.

Here we investigate the use of only two elements in the receiver array. The concept

entails resolving the Doppler frequencies of the returned signals from the moving targets,

and then measuring the phase difference at each Doppler frequency component to

calculate the DOA of the targets. Simulations are performed to demonstrate the concept

and to asses the DOA errors for multiple movers. An experimental system is designed

and constructed to test the concept. The system consists of a two-element receiver array

operating at 2.4 GHz. Measurement results of human subjects in indoor environments

are presented, including through-wall scenarios.

Keywords: Doppler, direction of arrival, radar, human tracking, through-wall



1 Introduction

The need for detecting moving targets (such as humans) and their locations is

becoming one of the key necessities in security and surveillance systems, especially for

law enforcement, counter-terrorism and urban warfare. Information such as the number

of combatants and their locations can aid in decision making. Therefore, the capability of

detecting multiple targets is an important feature in such systems. Recent work on radar

detection of humans has focused mainly on the Doppler characteristics from a single

human [1-5], or the ultra-wideband imaging of an entire scene [6-9].

Multiple target detection using a Doppler radar system has been explored in [10].

The system uses a superheterodyne receiver architecture operating at a 10.53 GHz carrier

frequency to detect the velocity and acceleration of a rocket-driven flare. The Doppler

returns are downconverted, digitized and processed using the short-time Fourier

transform (STFT) [11, 12]. Multiple targets can then be detected as long as they move at

different velocities, and their accelerations can be calculated by observing the rate of

Doppler changes with respect to time as the result of the STFT process. The system,

however, does not provide the bearing information of the targets.

In order to acquire the bearing information or the direction of arrival (DOA) of

multiple targets, the standard approach is to use multiple receiving elements and to apply

a direction finding algorithm such as MUSIC or ESPRIT [13, 14]. Such methods require

the number of elements to be at least one greater than the maximum number of targets.

That is, they require at least N + 1 elements to detect N targets. However, increasing the

number of elements leads to an increase in the physical size, cost and complexity of the

overall system.

2



In this paper, we explore the use of a low-cost, two-element receiving array for

detecting multiple moving targets. The DOA of a mover is obtained from the phase

difference of the reflected waves arriving at the two receiving antennas. However, a two-

element receiving array is not able to resolve the DOA from multiple targets due to

multiple wavefronts arriving simultaneously at the two receiving antennas. We exploit

the fact that the different moving targets typically give rise to different Doppler shifts

with respect to the radar. Therefore, by processing the data via Doppler discrimination,

we can extract the DOA information by measuring the phase difference at each Doppler

frequency component.

Numerical simulations are first conducted to test the concept. Detection of two

movers is simulated to analyze factors influencing the DOA accuracy such as the Doppler

separation between movers. A Monte Carlo simulation is then performed to predict the

DOA error resulting from the reduced Doppler separation due to multiple movers. The

confidence level of correctly detecting the DOA versus the number of movers is

generated accordingly.

An experimental radar system is designed and constructed to test the concept.

The system consists of a two-element antenna array, dual-quadrature integrated receivers

(Analog Devices AD8347 ICs) and a transmitter operating at a frequency of 2.4 GHz.

Since this IC is targeted for the consumer wireless market, it is extremely low cost.

Microstrip antennas are used, resulting in a small form factor. The receiver uses a direct

conversion architecture [15], eliminating the need of the second mixing process and

filtering as in the superheterodyne architecture. The received signals are downconverted,

digitized and processed for Doppler and DOA calculations. Measurement results of the

3



DOA from multiple targets are presented. The limitations of the proposed system

resulting from DOA ambiguity of multiple moving targets are studied. The performance

of the system under through-wall scenarios is also reported.

2 Basic Theory

To obtain the DOA information, consider a two-element receiver array as shown in

Fig. 1(a). Assuming the far-field case, the incoming wave scattered off the target arrives

at the two antennas with a path length difference x of:

x = dsin 0 (1)

where d is the spacing between the two antennas and Ois the DOA of the target. The

measured phase difference A~Vof the two array outputs can be expressed in terms x by:

2A r (2)

where A, is the wavelength of the carrier frequency. Therefore, the DOA of the target can

be obtained by:

7Av

However, this scheme works when only one target is present. When multiple targets are

present, the incoming signal at the two antennas is the summation of the scattered waves

from all the targets. The individual phase information of each target is no longer

available and therefore their corresponding DOA are not resolvable.

To obtain the DOA of multiple targets, we take advantage of the Doppler

discrimination that is possible for moving targets. Referring to Fig. 1(b), consider the

4



signals arriving at the two receivers, sl(t) and s2(t). For the sake of simplicity, we assume

that the scattered waves arriving at the receivers have the same strength. After the

demodulation, the signals can be expressed as:

s, (t) = eirl't) + eir'(1) (4)

s2 Wt = e J* W(+Airi) + e J(V, W+AVO (5)

The phase term Vun(t) of target n can be expressed as:

0,.(Q) = -2 { o _ 2vn) (6)

where R0,, and v,, are respectively the initial distance and the radial velocity of target n

with respect to the radar. Similar to equation (2), the term An, is the phase delay due to

the position of the antenna elements and the direction of the incident wavefront for target

n.

V

VF
":o ,2 '"""

"-PVI 02

FFT FFT

IF DOA

Rx1  Rx2

(a) (b)

Figure 1. DOA detection using a two-element array: (a) Single target and (b) Multiple targets.

Next, we process each signal by the Fourier transform. By assuming infinite integration

time and ignoring the constant term, the signals become:
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S (fA) = 8(fD - f4) + 8(fD - fd) (7)

S 2(fD) = S(fD -f4)eA"' +c5(fD -fD2)eA&" (8)

wherefD,, = 2v,,/1 is the Doppler frequency of target n. The phase difference AV,, at

Doppler binfDfl for target n can be calculated as:

A .(. S (f s.) S (fh.) (9)

If the targets generate different Doppler frequencies due to the difference in their radial

velocities with respect to the radar, then the DOA of target n with respect to the receiver

array boresight can be determined by:

0, = sin-' S (fVD)- 2( VD (10)

which is similar to equation (3). It can be seen from equation (10) that this concept

applies as long as the Doppler frequencies from different targets are sufficiently distinct.

3 Simulations

Two simulations are performed to test the concept. The first simulation is used to

evaluate the DOA calculation result as the Doppler spacing between the two movers is

reduced. The second simulation is used to assess the DOA error as the result of reduced

Doppler spacing for more than two movers.

Fig. 2(a) shows the simulation result of the Doppler frequency versus DOA from two

moving targets. The Doppler of the first target is 8 Hz with a DOA of -20' while the

second target has 80 Hz Doppler and +200 DOA. An FFT integration time of 0.25

second and Kaiser windowing with 8= I are used in the Doppler processing. Under this

6



Doppler spacing (8:80), the algorithm produces the correct DOA information for both

targets. The Doppler of the first target is then increased to 76 Hz while its DOA is kept at

-20. With the reduced Doppler spacing (76:80), the DOA of the two targets become

hard to identify and are erroneous (as shown in Fig. 2(b)). This is expected since the

minimum resolvable Doppler separation is 4 Hz due to the 0.25 second integration time.

4-

- m

401

DOA (degree)

(a)

- - - -== no'"-- •~~tt ,. -

I -. _ _

DOA (degree)

(b)

Figure 2. Simulations for two targets: (a) Doppler spacing 8:80 and (b) Doppler spacing 76:80

To predict the DOA error behavior as the result of reduced Doppler spacing for two

or more movers, we run a more exhaustive Monte-Carlo simulation with more realistic

7



input parameters. The simulations input parameters include a spatial boundary of 10 m

by 10 m, moving targets with speeds with uniform distributions from 0 m/s to 6 m/s, and

a direction that is uniformly distributed from 0 to 2nt. A carrier frequency of 2.4GHz is

assumed. Two or more moving targets are placed inside the boundary with the selected

velocities. These parameters are used to mimic people in a typical indoor environment.

Amplitude decay as a function of 1/r4, where r is the distance of the target from the radar,

is also accounted for in the simulation. The decay calculation is included to evaluate the

effect of the received signal strengths of the two targets on the DOA calculation. Fig.

3(a) illustrates the simulation setup. The Monte Carlo simulations use the monostatic

configuration where both the receiver and transmitter are co-located at the (0,0)

coordinate. One hundred thousand realizations are generated. The DOA errors with

respect to the Doppler separation of multiple moving targets are calculated. However,

only the worst DOA error of all targets is recorded in each realization. The recorded

DOA errors are then plotted at the end of all realizations.

Figs. 3(b)-(d) show the simulation results for multiple moving targets, for two, five

and seven movers. The worst case DOA error is plotted versus the Doppler separation

between the targets. For each Monte Carlo sample, the target with the worst DOA error

is identified first. The minimum Doppler separation between that target and the others is

obtained next. The DOA error of that target is then plotted versus the minimum Doppler

separation. The grey scale indicates the relative signal strengths between the targets, with

the darker grey shades representing more similar strengths and the lighter ones

representing a difference in strengths of more than 50 dB. As seen by the trend in Fig.

3(b), the DOA error generally gets larger when there is smaller Doppler separation
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between the two targets, and vice versa. However, there are also cases that contain large

DOA errors even though the Doppler separations are large. From their lighter shading,

we know that they correspond to cases where there is a significant difference in the signal

strengths of the two targets (more than 50 dB). This corresponds to the case when one

target is located much closer to the radar (thus a much larger reflected signal) than the

other. This phenomenon is referred to as the close-far effect, where the side-lobe energy

from the stronger, close-in target contaminates the phase of the much weaker signal from

the far-away target in its frequency bin.

F\ ISON=2.

VI
Y14

0 ~V2 .

Rx Tx(0,O) loni DOqpw Discnkiw Piz)

(a) (b)

j.N=5 160 N=7

140 .* 140

~~*:.

80 so..>

40 2 .. ."

000 20 40 GD so 18 12D 14C 0 10 20 30 40 6D 60 M0 80 90 1I
0OP"ix D '0w,0) i0 m H.. D.O"P m O'tz)

(c) (d)

Figure3. Monte Carlo simulations for N movers: (a) Setup and (b-d) Worst DOA errors vs. Doppler
separation for N = 2,5 and 7, respectively.
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As N increases, the DOA error increases, as observed in Figs. 3(c) and (d). At the

end of the simulations, we count the number of successful DOA detections for a given

number of movers. If the difference between the calculated and the expected DOA is less

than 5P then the sample is considered a success. A profile of the percentages of

successful DOA detections can be generated accordingly. As shown in Fig. 4, the

percentage of'successful cases decreases as the number of movers is increased. This is

expected since a larger number of movers result in more occurrences of close Doppler

spacing (similar velocities). From the simulation, it can be concluded that the DOA

accuracy of the two-element system is affected by the number of movers. Nevertheless, a

success rate of 70% can be maintained for four targets or fewer.
100

"l. -I-.

"Io - -

2- -0-

1 2 3 4 5 6 7 6 9 10
Nume of Moyer,l

Figure 4. Successful DOA detection profile with 50 failure threshold.

The above simulation uses a point-scatterer model to study the system behavior as

the number of movers is increased. In the actual case of human tracking, however, the

Doppler spacing is further reduced by the overlapping micro-Doppler returns from the

10



body parts of each mover. Therefore, a more realistic model should be used to account

for the micro-Doppler effects. In [16], we incorporated the micro-Doppler effects for

human limbs in a similar simulation and found that the successful DOA detection rate is

around 70% for three movers. This is more consistent with our observations on the

actual measurement results.

It is also worthwhile to compare the performance of our two-element system to that

of a multi-element array here. Our analysis has shown that the performance of the two-

element system depends on the Doppler separation among multiple targets. The

performance is worst when the targets have the same Doppler return, in which case the

phase information from each target is not resolvable, leading to erroneous bearing

determination. In a conventional multiple-element system, spatial beamforming can be

utilized to obtain the locations of multiple targets. However, the bearing accuracy

depends on the beamwidth of the array. Higher accuracy requires the use of a larger

aperture (for narrower beamwidth) and correspondingly more array elements. Hence the

implementation complexity and cost of such a system will be higher than that of the two-

element system.

4 System Design and Implementation

An experimental radar system is designed and constructed to test the concept. Our

radar receiver consists of a two-element direction-finding array, each with full quadrature

detectors, to determine both the Doppler shift and the DOA of the target. The transmitter

uses a continuous wave (CW) operating at 2.4 GHz carrier frequency. Two microstrip

antennas are used as receiving antennas. The antennas are fabricated on a 1.6 mm thick

FR-4 substrate with a dielectric constant of 4.3. Each patch is of dimensions 3 cm by 3
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cm and follows the conventional half-wavelength microstrip antenna design [17]. The

antennas are configured to receive the vertical polarization, since the human body is

predominantly vertical (height is greater than width). The spacing between the feed

points is 5 cm (slightly less than Xcd2) to avoid DOA ambiguity while providing good

sensitivity in the scanning range from -90' to 900.

Two low-cost, off-the-shelf integrated boards manufactured by Analog Devices

(AD8347) are used as the quadrature (or IIQ) receivers. Each receiver has the low-noise

amplifier (LNA), I/Q mixers, gain control, and baseband amplifications all integrated on

one chip. The chip allows a direct conversion from RF to baseband, eliminating the need

for special analog filtering as in the superheterodyne conversion. Fig. 5 shows the radar

system block diagram and the actual hardware implementation. Appendix A describes

the range estimate of the system based on the radar equation. Appendix B discusses the

procedure used to correct for the I/Q imbalance in the system.

> --:..... I

AD8347 IC C"

I/Q Receiver

(a) (b)

Figure 5. Radar hardware: (a) System block diagram and (b) Hardware implementation
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After being received and downconverted, the reflected signals from the moving

targets are digitized by a 12-bit analog to digital converter (ADC) from National

Instruments. The signals are sampled at a 500 Hz sampling rate, which is sufficient to

sample humans movement data at 2.4 GHz. The sampled data are then logged into a

computer and further processed using Matlab software. The signal processing is

performed on the time domain data using the FFT to obtain the Doppler spectrum for

each channel. By comparing the phase difference between the two Doppler spectra at

each Doppler bin, we can then generate the DOA information one Doppler frequency at a

time using Eq. (10).

5 Measurements

A series of measurements are conducted using the radar hardware to validate the

simulations. The first measurement series is performed using loudspeakers driven by

audio tones. The loudspeakers are chosen as calibration targets since they produce very

stable and repeatable results. The next measurement series is carried out with human

subjects.

5.1 Loudspeakers Measurements

To demonstrate multiple target detection, two loudspeakers are used. The vibrating

membrane of each loudspeaker is covered by aluminum tape to enhance its return. The

back-and-forth vibration of the membrane results in a radar return that is frequency

modulated. The two loudspeakers are placed at -25*and -15' to the radar boresight and

driven by a 55 Hz and a 35 Hz audio tone, respectively. Both loudspeakers are located at
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about 4.5 m away from the radar and separated by 0.6 m from each other (Fig. 6(a)).

Their expected Doppler returns are +/- 55 Hz and +/- 35 Hz with the DOA of -25' and -

150, respectively. The two-sided nature of the Doppler is due to the frequency

modulation. The measured data are plotted in Fig. 6(b) and clearly show the expected

returns.

To investigate the effect of Doppler separation on the DOA accuracy, the 55 Hz

audio tone is lowered in 1 Hz decrement approaching the 35 Hz tone. Since the length of

the FFT integration time used in this measurement is 1 s, the corresponding minimum

resolvable Doppler separation is 1 Hz. Therefore, the DOA calculation is expected to be

accurate up to about 1 Hz. The measured data is plotted in Fig. 6(c) and clearly shows

that the DOA accuracy is still maintained for a 1 Hz Doppler separation. Both audio

tones are then set to 35 Hz. Fig. 6(d) shows the measured data with the incorrect DOA as

the result of zero Doppler separation.
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Figure 6. Two loudspeakers measurement: (a) Setup, (b) Doppler spacing (55:35), (c) Doppler spacing

(36:35) and (d) Doppler spacing (35:35)
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The next measurement involves three loudspeakers driven at different audio

tones: 55, 75, and 35 Hz. The purpose is to demonstrate detection of more than two

movers with using only a two-element array. They are placed at approximately -50',

-20* and +55° to the radar boresight at about 6.5, 10 and 2 m away from the radar (Fig

7(a)). Their expected Doppler returns are +/- 55 Hz, +/- 75 Hz and +/- 35 Hz with the

DOA of-50°,q'-20° and +55', respectively. The measured data are plotted in Fig. 7(b) and

clearly show the expected returns. Also note from Fig. 7(a) that the environment is full

of stationary clutter. However, they do not contaminate the DOA results due to the

Doppler processing.

(a)

40

4In
'40
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(b)

Figure 7. Three loudspeakers measurement: (a) Setup and (b) Measured Doppler and DOA.
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It can be summarized from the loudspeaker measurements that the DOA accuracy

can be maintained as long as there is sufficient Doppler separation. One of the factors

influencing the Doppler separation is the integration time. Longer integration results in

better Doppler resolution. However, long integration time might introduce other issues,

especially for fast moving targets. This is similar to photography when shooting fast

moving objects with a low shutter speed. In particular, Doppler returns from humans

contain complex higher-order motions of body parts such as arms, legs, etc. The higher-

order information is contained in the so-called micro Doppler returns [1-5]. The next set

of measurements is taken on moving humans to analyze such phenomena affecting the

DOA accuracy.

5.2 Human Measurements

Since radar returns from humans contain time-varying micro Doppler features, the

measured data should be processed using the short-time Fourier Transform (STFT). The

STFT is well-suited for analyzing a non-stationary signal. For a signal s(t), its STFT is

defined as:

STFTs(t,f) = Js(r)h(t - r)e-j2 dr (11)

where h(t) is the sliding analysis window. Windowing the signal leads to a tradeoff in

time resolution versus frequency resolution. Good time resolution requires a short

duration sliding window, while good frequency resolution requires a long duration

window. For the human measurements, we empirically determined that a good sliding
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window duration to be around 1 second. The result of the STFT is then presented as a

spectrogram, which is the squared modulus of its STFT.

Figure 8 shows the spectrogram of a human walking toward and away from the

radar. As shown in the spectrogram, the micro Doppler modulation results in higher

overall Doppler frequencies than the main body returns. For a 2.4 GHz carrier frequency

the main body return of a human walking at 1.5 m/s produces a 24 Hz Doppler shift;

however, the body parts produce much higher Doppler shifts up to one hundred Hertz.
100
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Figure 8. Spectrogram of a walking human.

If there are multiple humans walking simultaneously then there is a possibility that their

micro Doppler returns will overlap with each other. The overlapping micro Doppler

returns degrade the Doppler discrimination, which could lead to an increase in the DOA

error.
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Figure 9(a) shows the measurement setup for a walking human. The walking path

starts at about 200 to the left of the radar. The subject walks in a straight path away from

and then returns toward the radar. The turning point is approximately 10 m away from

the radar. During the walk, the radar continuously measures and outputs the DOA of the

subject (Fig. 9(b)). The grey scale indicates the strength of the returned signal, from

black (strongest) to white (weakest). As expected, as the subject walks farther away from

the radar the return signal gets weaker as indicated by the grey shades. The plot also

shows that the signal fades out at approximately t = 4.5 second, when the subject stops

and turns around toward the radar. When the subject stops the corresponding Doppler

return falls into the zero Doppler bin and is filtered out by the software. Hence the signal

appears to fade out the most during this time interval. The round-trip walking trajectory

appears to be curved since it is plotted at the perspective or angular view of the radar.

The next measurement scenario involves a human walking from the right to the

left of the radar as shown in Fig. 10(a). The starting position is approximately 40° to the

right of the radar. As in the previous human measurement, the radar continuously

collects and plots the DOA while the subject walks across the radar (Fig. 10(b)). As

expected, the walking trajectory spans approximately ± 40' of the radar boresight. The

DOA trace also shows detailed movements of the body parts as indicated by the arrows

corresponding to the right and left feet of the subject. Through the time sequence, it is

possible to identify that the subject's left foot reaches -20° at t = 2.5 s first. In the

subsequent stride, the right foot reaches -40' at t = 4 s. Since the left foot is also closer

toward the radar, its return is stronger than the right foot, as indicated by the arrow

pointing to the darker shaded area on the plot.
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Figure 9. Measurement of a human walking away and towards the radar: (a) Setup and (b) DOA vs. time
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Figure 10. Measurement of a human walking across the radar: (a) Setup and (b) DOA vs. time

To demonstrate DOA detection of multiple targets, the next set of measurements

involves multiple human subjects. Fig. 11 (a) shows the setup for two humans walking at
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the same speed but in opposite directions. As expected, the measured DOA vs. time plot

(Fig. 11 (b)) shows two traces corresponding to the angular positions of the two subjects

as they walk during the data acquisition.
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Figure 11. Measurement of two humans walking in opposite direction: (a) Setup and (b) DOA vs. time

In the next scenario, the two humans walk in the same direction, first away and

then toward the radar (Fig. 12(a)). Since they move at about the same speed, their

Doppler returns overlap significantly thus resulting in DOA error. As shown in Fig.

12(b), the overlapping instances appear as lines bridging across the two correct traces, as

indicated by the arrow. This DOA behavior due to overlapping Doppler returns is similar

to the earlier simulation result of Fig. 2(b). The system basically produces incorrect

DOA under this condition. This is an intrinsic limitation of this radar, which we have

addressed earlier in the simulation.
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Figure 12. Measurement of two humans walking at the same speed: (a) Setup and (b) DOA vs. time

The last measurement set involves three human subjects. Two of the subjects

walk at the same speed but in opposite directions while the third one walks sideways with

respect to the radar boresight (Fig. 13(a)). The measured DOA vs. time plot (Fig. 13(b))

shows three traces corresponding to the angular positions of the three subjects as they

walk during the data acquisition. Again, there are some instances where line features

bridging across the three correct traces appear in the figure due to the overlapping

Doppler returns. Such appearance is rather similar to the cross term effects in the

Wigner-Ville distribution [11]. However, the radar is still capable of capturing three

distinct targets over a large portion of the time intervals.
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Figure 13. Measurement of three humans: (a) Setup and (b) DOA vs. time

6 Through-wall Measurements

Next, we evaluate the system performance in through-wall scenarios. Since a

Doppler shift can only be induced by a moving target, Doppler sensing provides very

good stationary clutter suppression. In through-wall scenarios, the returns from the wall

itself fall into the DC bin and are filtered out while the Doppler frequency components

are passed through, although attenuated. From [18], significant wall penetration is

expected at 2.4 GHz compared to the higher frequencies.

Figure 14(a) shows the through-wall measurement setup where the radar is placed

against a 15-inch exterior brick wall. Figure 14(b) shows the DOA vs. time of a human

walking away and towards the radar on the opposite side with approximately a 10 m

23



maximum walking distance from the wall. In this scenario, the human walks in a straight

path along the radar boresight. As expected, the corresponding trajectory is

approximately straight at 0' DOA as shown in the measured data. We have also tested

the through-wall performance using two loudspeakers placed at different locations off

boresight (reported earlier in [19]). We found that the wall did not produce any

noticeable effect on the DOA accuracy.
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Figure 14. Through-wall measurement of a walking human: (a) Setup and (b) DOA vs. time

Measurements are also performed to evaluate the wall attenuation on the radar

returns for different types of walls. A loudspeaker is used again as a test target,

positioned at 4 m away from the radar boresight.
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Figure 15. Wall attenuation measurements: (a) Free space, (b) 5" Gypsum/wooden wall and (c) 15" Brick

wall
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Three measurements are carried out: in free space (no wall), in-situ with a

gypsum/wooden wall in an interior room, and in-situ with an exterior brick wall. As

shown in Fig. 15, the processed radar returns are -83.5 dBm, -99.6 dBm and -103.4 dBm

for the free space, the 5" gypsum/wooden wall and the 15" brick wall, respectively.

Therefore, it can be concluded that the attenuations of the gypsum/wooden wall and brick

wall are respectively 16 dB and 20 dB.
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7 Conclusions

Simulation and measurement results of a Doppler and DOA radar for detecting

multiple moving targets have been studied. The measurements were performed using a

low-cost, two-element receiver array operating at 2.4 GHz. Based on the measurement

results, it has been shown that simultaneous DOA detection of multiple movers using a

two-element array is feasible. Our study also showed that the system could be used in

indoor and through-wall scenarios due to the use of Doppler processing to suppress

stationary clutters. Future work includes additional studies of through-wall scenarios.

Extension of the concept to gather two-dimensional bearing and three-dimensional

location information has also been investigated and reported in [21-24].
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Appendix A. Radar Range Estimate

The radar equation is used to estimate the maximum operating range of our radar:

R.=C PTGTGRACI 2 '1) (12)

where

Pr = transmitter output power = -10.3 dBm

GT = transmitter antenna (horn) gain = 7 dBi

GR = receiver antenna (microstrip) gain = 1 dBi

A•= carrier frequency wavelength = 0.125 m

or= human body radar cross-section = 0 dBsm

S• = system noise floor = -130 dBm

SiNmi,, = minimum signal-to-noise ratio = 10 dB

Using Eq. (12) with the parameters above, we estimate the maximum operating range of

our radar for human detection in free-space to be 46.4 m. This free-space range estimate

agrees fairly well with our outdoor measurements on human subjects. For the wall

attenuations of 16 dB (gypsum/wooden wall) and 20 dB (brick wall), the estimated

maximum operating ranges become 18.5 m and 14.7 m, respectively.

Appendix B. Correction for I/Q Imbalance

Since our radar uses the homodyne architecture, it is inherently sensitive to the

hardware gain and phase errors of the in-phase and quadrature (I/Q) downconversion

mixers [15]. The I/Q gain and phase errors introduce signals at the image frequencies of

the actual downconverted signal, and may interfere with other target returns at those
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frequencies. A correction algorithm is therefore needed to correct the I/Q gain and phase

errors.

During the calibration, a known sinusoidal tone at a frequency offa",I above the

carrier frequencyf, is injected at the RF input terminal. The signal level of the

calibration tone is set to maximize the system dynamic range while avoiding input

saturation. This level is typically 10 dB below the 1 dB input compression point of the

system. After the calibration tone is downconverted, the actual I/Q gain and phase errors

are measured at the frequencyfka,.

The following equations are then used to represent the actual measured

downconverted I and Q signals:

I = A(4 + C)cos(Wd t) (13)

Q = Asin(cow, t + V) (14)

where A is the signal amplitude, E and yf are the I/Q gain and phase errors respectively.

The errors can then be corrected by the following equation [20]:

I IQ =L IQ (15)

E cosW (16)1+6

p -siny (17)

1+6

The corrected I and Q signals then become:

I, = EI = A cos(wd, t) cos y/ (18)

Q,,, = PI + Q = Asin(wd o t)cosW (19)
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As shown in Eqs. (18) and (19), the corrected I and Q signals are of equal amplitude and

900 of each other. Note that this algorithm works as long as the errors do not vary as a

function of frequency. Since our radar has a very narrow bandwidth (250 Hz) and the

errors are relatively stable throughout the bandwidth, the algorithm can therefore be

employed. We typically usef,, of 40 Hz for the calibration.
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ABSTRACT

We investigate the use of a low-cost, two-element receiving array for tracking human movements in indoor surveillance
applications. Conventional direction of arrival (DOA) detection requires the use of an antenna array with multiple
elements. Here we investigate the use of only two elements in the receiver array. The concept entails simultaneously
resolving the Doppler frequencies of the returned signals from the moving targets and the DOA of the targets.
Simulation is performed to demonstrate the concept. Both the monostatic and the bistatic scenario where the transmitter
and the receiving array are placed at different locations are investigated. DOA errors and tolerances are analyzed for
each scenario. An experimental system is constructed to test the concept. The system consists of a two-element receiver
array operating at 2.4 GHz. Measurement results of various collection scenarios are presented.

Keywords: Doppler, direction of arrival, radar, human tracking

1. INTRODUCTION

We explore the use of a low-cost, two-element receiving array for tracking human movements. The direction of arrival
(DOA) of a moving human is obtained from the phase difference of the reflected waves arriving at the two receiver
antennas. However, a two-element receiving array is unable to resolve individual DOA from multiple moving humans
due to multiple phase differences arriving simultaneously at the two receiving antennas. Conventional methods are to
increase the number of receiving elements and to apply direction finding algorithms such as MUSIC [1-3]. We
investigate a way to overcome this issue while maintaining the use of a two-element receiving array for human tracking.

The basic concept of our approach is to detect both the Doppler frequency and the DOA information of the movers.
Under a monostatic scenario, Doppler discrimination allows the detection of multiple movers, depending on the unique
combination of speed and direction of each mover. An extra degree of discrimination freedom can be achieved in a
bistatic scenario since the incident and reflected wave vectors of each mover are different, depending on the transmitter
and receiver placement.

Extensive Monte Carlo simulation is performed to demonstrate the concept. Both the monostatic scenario and the
bistatic scenario where the transmitter and the receiving array are placed at different locations are investigated. DOA
errors resulting from the imperfect Doppler discrimination are analyzed for each scenario.

An experimental system is constructed to test the concept. The system consists of a two-element antenna array, dual-
quadrature integrated receivers (Analog Devices AD8347 ICs) and a transmitter operating at a frequency of 2.4 GHz.
Microstrip antennas are used, resulting in a small form factor. The received signals are downconverted, digitized and
processed using the FFT for Doppler and DOA calculations.

Measurement results of the DOA from multiple targets are presented. The limitations of the proposed system resulting
from DOA ambiguity of multiple moving targets are studied.



2. METHODOLOGY

Our radar receiver consists of a two-element direction-finding array, each with full quadrature detectors, to determine
both the Doppler shift and the direction of arrival of the target. The transmitter uses a continuous wave (CW) operating
at 2.4 GHz carrier frequency. The position of the transmitter and receiver can be arranged in a monostatic or a bistatic
configuration.

In the monostatic configuration, the radar transmitter and receiver are co-located with Doppler shift given byfD = 2v/l.
In the bistatic configuration, the radar transmitter and receiver are not located at the same position and the Doppler shift

is given byfD = (u,-ui)!v/,•. The bistatic radar Doppler frequency is related to the component of target velocity v along

the difference of the reflected and incident unit vectors, (u,-ui), and X., is the wavelength of the transmitted carrier. Since
the Doppler shift is only induced for a moving target, Doppler sensing provides very good clutter suppression in a highly
cluttered environment such as indoors.

The DOA of the received signal can be obtained by the measured phase difference of the two array outputs, d4o = 02 -0j,

as follows: 0 = sin''(,J.A/2fd) where d is the spacing between the two antennas (Fig. 1). To provide the maximum
resolution while avoiding DOA ambiguity within the scanning range of 0 from -90 to 900, the distance between the two
antennas is set to A/2.

100 *1;

"Tx Rxl Rx2
MDoppler and DOA

Figure 1. Basic radar operation.

For proof-of-concept, we have constructed a low-cost system that consists of a transmitter and a two-element direction-
finding array. For the transmitter, an RF signal generator capable of outputting CW frequency at 2.4 GHz is utilized.
For the receiver, an off-the-shelf IC receiver manufactured by Analog Devices (AD8347) is used. This integrated
receiver has all the required features including low-noise amplifier (LNA), I/Q mixers, gain control, and baseband
amplification. Low-pass filtering with a cut-off frequency of 250 Hz is used for anti-aliasing before the A/D converter.
The National Instruments NI-DAC 6024E is used for digitizing the receiver output. Fig. 2 shows the system block

diagram and the actual radar implementation.

The signals reflected from the moving targets are received, downconverted, digitized and processed using the FFT for

Doppler discrimination. By measuring the phase difference at each Doppler frequency component, we can obtain the

DOA information of multiple targets. This scheme works as long as their Doppler frequencies are sufficiently distinct.

We discuss in the following section several cases where erroneous DOA information might occur as the result of poor

Doppler discrimination.
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3. SIMULATION DATA

Fig. 3 shows the simulation result of the Doppler and DOA from two moving targets. The Doppler of the first target is 8

Hz with a DOA of -20° while the second target has 80 Hz Doppler and +200 DOA. Both Doppler returns have the same
received power level. Under this Doppler spacing (8:80), the detection algoxithm produces the correct DOA information

for both targets. The Doppler of the first target is then increased to 76 Hz while its DOA is kept at -20°. With the

reduced Doppler spacing (76:80), the DOA of the two targets become hard to identify and are erroneous (as shown in

Fig. 4). To predict the DOA error behavior as the result of reduced Doppler discrimination, we run a more exhaustive
Monte-Carlo simulation with more realistic input parameters.

Figure 3. Doppler and DOA simulation result of two moving targets (Doppler spacing 8:80).

Figure 4. Doppler and DOA simulation result of two moving targets (Doppler spacing 76:80).

The simulations input parameters include a spatial boundary of 10 m by 10 m, moving speed with a uniform distribution

from 0 m/s to 6 m/s, and a velocity direction that is uniformly distributed from 0 to 2n. Two moving targets are placed

inside the boundary with the given speed and velocity range. These parameters are used to mimic a typical office

environment of 10 m by 10 m with two moving humans. Amplitude decay as a function of distance is also calculated

and accounted for in the simulation to evaluate the effect of the received signal strengths of the two targets. Fig. 5

illustrates the simulation setup. The receiver and transmitter coordinates are shown for the monostatic and bistatic

configurations.
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Figure 5. Simulation setup for two moving targets in a spatial boundary of 10 m by 10 m.

The first simulation case uses the monostatic configuration where both the receiver and transmitter are co-located at the
(0,0) coordinate. One hundred thousand realizations are generated. The DOA errors with respect to the Doppler
discrimination of the two moving targets are calculated and plotted. Fig. 6(a) shows the simulation result using the
Kaiser window with the smallest main-lobe setting (but the highest side-lobes). The different color/grey shades indicate
the relative signal strengths between the two targets, with the lighter shades representing more similar strengths. As
expected, the DOA error is the largest when the Doppler separation between the targets is the smallest, and vice versa.
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Figure 6. Monostatic simulation results using a Kaiser window with: (a) Highest side-lobes and (b) Reduced side-lobes.

However, there are also cases that contain large DOA errors even though the Doppler separations are large. From the

darkness of the points, we also know that they correspond to cases where there is a significant difference in signal

strengths (larger than 50 dB). This is caused by one target located much closer to the radar (thus much larger signal

strength) than the other. This phenomenon is referred to as the close-far effect, where the side-lobe energy from the

stronger, close-in target contaminates the much weaker, far-away target in its frequency bins. One way to mitigate the

close-far effect is to decrease the side-lobe energy by setting the Kaiser window parameter accordingly. Fig. 6(b) shows

the simulation result with the lower side-lobe window. This time there are much fewer occurrences of the DOA error

due to the close-far effect.



We repeat the simulations above for the bistatic configuration where the radar receiver is located at (0,0) and the
transmitter is at (10,0). Fig. 7(a) shows the simulation result with the highest side-lobe window setting. The DOA error
trend is very similar to the monostatic case, but there are fewer occurrences of the close-far effect. With a lower side-
lobe window setting, the close-far effect is hardly noticeable, as shown in Fig. 7(b). We verify the simulation cases
above by measurements and discuss the results in the following section.
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Figure 7. Bistatic simulation results using a Kaiser window with: (a) Highest side-lobes and (b) Reduced side-lobes.

4. MEASUREMENT RESULTS

To demonstrate the multiple target detection, we use two loudspeakers as stable test targets. The vibrating membrane of

each loudspeaker is covered by aluminum tape to enhance its return. The audio tone causes the loudspeaker membrane

to vibrate back and forth and the radar return is an FM signal. The two loudspeakers are placed at -25°and +150 to the

radar boresight and driven by a 55 Hz and a 35 Hz audio tone, respectively. Both loudspeakers are located at about 15

feet away from the radar (Fig. 8(a)). Their expected Doppler returns are +/- 55 Hz and +/- 35 Hz with the DOA of -25'

and +15', respectively. The measured data are plotted in Fig. 8(b) and clearly show the expected returns.

C'M

(a) (b)

Figure 8. Measurement results of two loudspeakers: (a) Setup and (b) Measured Doppler and DOA.



Moving human detection is next demonstrated. Two people move in the room with the person on the left (-15*) moving

away and the person on the right (+200) moving toward the radar. The measured Doppler and DOA returns are shown in
Fig. 9. The wider Doppler spread is caused by the higher-order movements (arm/leg swings). These higher-order
movements result in microDoppler returns [4, 5]. The measurement is taken with 0.5 second refresh time resulting in a
wider DOA angle spread depicting the accumulated Dopplers during the 0.5 second duration. This is analogous to when
a fast moving object is photographed with slow shutter speed.

too

be

40

1I00

Figure 9. Doppler and DOA measurement results of two people walking in opposite directions.

The next set of measurement results shows the close-far phenomenon. First the monostatic configuration is used in an

outdoor setting (Fig. 10(a)). The two loudspeakers are placed at -20°and -10° to the radar boresight and driven by 75 Hz

and 55 Hz audio tones, respectively. The loudspeaker at -20° is located at 3 feet from the radar while the other one (at -

10") is at 42 feet away. As predicted by the simulation, the monostatic case clearly shows the close-far effect where the

incorrect DOA is measured for the far-away target as shown in Fig. 10(b). The closer loudspeaker dominates the

Doppler return of the far-away one, causing both DOA to be -20° (instead of-200 and -100). In the bistatic configuration

(Fig. 1 (a)), the transmitter is placed at equidistance from the two loudspeakers. As shown in Fig. 11 (b), this time the

correct DOA are measured for both targets (-20°and -10").
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Figure 10. Close-far monostatic measurement of two loudspeakers: (a) Setup and (b) Measured Doppler and DOA.
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Figure 10. Close-far bistatic measurement of two loudspeakers: (a) Setup and (b) Measured Doppler and DOA.

5. CONCLUSIONS

Doppler and DOA simulation and measurement results of multiple moving targets have been presented. The

measurements were performed using a low-cost, two-element receiver array operating at 2.4 GHz. Based on our

measurement results, it is shown that simultaneous DOA detection of multiple movers using a two-element array is

feasible. Our study also shows that the DOA accuracy is influenced by the Doppler separation and the close-far effect.

Both our simulation and measurement results show that the bistatic radar configuration can be used to mitigate the close-

far effect thus improving the DOA accuracy.
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Introduction

Increasing demands on security and surveillance systems in military and law enforcement
applications have prompted studies on through-wall detection of moving targets such as humans
[1,2]. Recent developments show implementations of through-wall radars employing ultra-
wideband (UWB) [3] and pulsed-Doppler signals [4]. UWB-based radars use very short pulses
thus can provide high spatial resolution for through-wall imaging. However, certain wall
materials such as bricks have significant dispersion and loss effects, causing only the lower
portion of the signal band to be useful. For concrete walls, UWB radar is not suitable for
through-wall detection [5]. Pulsed-Doppler based through-wall radars use Doppler shifts for
motion detection and pulse timing for target ranging information. Using a carrier frequency of
5.8 GHz, the radar in [4] can provide a range accuracy of approximately 30 cm with minimum
target velocity of 4 cm/sec. However, the range of the system is limited to 4 m.

In this paper, we demonstrated the use of a low-cost, two-element receiving array for tracking
human movements in indoor surveillance applications. The concept entails simultaneously
resolving the Doppler frequencies and the directions of arrival (DOA) of the returned signals
from moving targets. The carrier frequency is 2.4 GHz as it provides significant through-wall
penetration [6-8]. Moving target detection up to 30 feet distance through a 15-inch brick wall is
demonstrated. Through-wall data of multiple movers is also collected using our system.

DDOA Radar

The system consists of a two-element receiver array operating at 2.4 GHz. Two microstrip
antennas spaced a half wavelength apart are used as receiving antennas. Two low-cost, off-the-
shelf integrated boards manufactured by Analog Devices (AD8347) are used as the quadrature
receivers. Each receiver has the low-noise amplifier (LNA), I/Q mixers, gain control, and
baseband amplifications all integrated on one board. After the down-converted signals are
digitized, the fast Fourier transform is applied for Doppler discrimination and the phase
difference between the two channels is used to calculate the DOA. Figure 1 illustrates the basic
radar concept.

Through-Wall Measurement Results

Figure 2 shows the spectrogram results of through-wall Doppler measurements of a person
walking toward the radar. The left figure was taken from a 5 GHz system built earlier [9]. The

right figure shows the result from the present 2.4 GHz radar under approximately the same setup.

The radar is placed against a 15-inch exterior brick wall while a person walks toward the wall on

I



the opposite side. The data show that the person is visible only during the last 3 seconds of the
walk for the 5 GHz system, whereas the person is visible over the entire 10-second duration for
the 2.4 GHz system. As expected, the 2.4 GHz carrier offers a longer detection range due to
better wall penetration than at higher frequencies.

To measure the maximum through-wall detection distance, we use a loudspeaker driven by a 55
Hz audio tone as a stable test target. The vibrating membrane of the loudspeaker is covered by
aluminum tape to enhance its return. The tone causes the loudspeaker membrane to vibrate back
and forth and the radar return is an FM signal with fundamentals at +/- 55 Hz. Figure 3 shows the

measurement Setup and the results. First the loudspeaker is placed at approximately 200 to the
left of the rad;i boresight at 30 feet distance from the other side of the wall. The return from this
distance has sufficient power such that the correct Doppler and DOA can be measured (+/- 55 Hz

and -20* respectively as shown in Fig. 3(b)). The loudspeaker is then moved to a 40 feet
distance. This time erroneous DOA is measured due to the weaker signal, although the Doppler
return is still vaguely recognizable (Fig. 3(c)). Therefore, we approximate the maximum through-
wall detection range of our radar to be about 30 feet at a transmit power level of 23 dBm.

Multiple targets detection is next demonstrated. Two loudspeakers are placed at W0 and 300 to
the left of the radar boresight and driven by 75 Hz and 55 Hz audio tones, respectively. Both
loudspeakers are located at about 12 feet away from the wall (Fig. 4(a)). Their expected Doppler
returns are +/- 75 Hz and +/- 55 Hz with the DOA of -10° and -30*, respectively. The measured
data are plotted in Fig. 4(b) and clearly show the expected returns. Moving human data will be
presented.

Conclusion

Doppler and DOA through-wall measurement results have been presented. The measurements
were performed using a low-cost, two-element receiver array operating at 2.4 GHz. Based on our
measurement results, our system is capable of detecting an indoor mover from outside a 15-inch
brick wall with a range of 30 feet. Through-wall Doppler and DOA detection of multiple movers

in a highly cluttered indoor environment was also demonstrated using our system.
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Figure 1. Basic radar operation.
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Figure 2. Through-wall Doppler of a walking person: (a) 5 GHz and (b) 2.4 GHz.
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(b)

(a)

(c)

Figure 3. Through-wall Doppler of a single loudspeaker: (a) Radar system. (b) DDOA of the
loudspeaker at 30' distance. (c) DDOA of the loudspeaker at 40' distance.
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Figure 4. Through-wall Doppler of two loudspeakers: (a) Loudspeakers placement.
(b) DDOA of the two loudspeakers.
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Abstract-We investigate the use of a low-cost, three-element utilizing Doppler discrimination. The phase difference of the
receiving array for two-dimensional direction-of-arrival reflected waves arriving at two receiver antennas are
(DOA) sensing of multiple movers. The concept entails measured at each Doppler bin to allow for the DOA
resolving the Doppler frequencies of the returned signals from determination of multiple movers with sufficient Doppler
the moving targets, and then measuring the phase difference at separation. The two antennas are spatially separated in the
each Doppler frequency component to calculate the DOA of horizontal dimension. Thus one-dimensional DOA sensing
the targets. The three-element receiving array is configured to in the horizontal (azimuth) plane can be achieved.
provide simultaneous DOA measurements in both the azimuth
and elevation planes. An experimental system is constructed to In this paper, we extend the idea to the two-dimensional
test the concept and measurement results of multiple movers (azimuth and elevation) tracking of multiple movers by using
are presented. a receiving array consisting of three elements. The receiver

array is implemented using three commercial off-the-shelf
integrated receivers. With two-dimensional information, it

I. INTRODUCTION becomes possible to track multiple humans moving at
Increasing demands on security and surveillance systems different elevations of a structure such as in a multi-storied

in military and law enforcement applications have prompted building.
studies on human detection using radar. Information such as
the number of humans and their locations in a high clutter 11. BASIc THEORY
environment is crucial for counter-terrorism, urban warfare
and disaster search. Recent work on human detection Different moving targets typically give rise to different
includes both investigations on the Doppler characteristics Doppler shifts with respect to the radar. Therefore, by
from human movements [1-3] and the development of ultra- processing the data via Doppler discrimination, we can
wideband imagers [4-6]. extract their DOA information by measuring the phase

difference at each Doppler frequency component. More
For Doppler detection, which is attractive for stationary explicitly, if we assume the time signals received at the two

clutter suppression, a directional receiving antenna can be antenna elements to befi(t) andf 2(t), then after the Doppler
used to provide the additional bearing information or the processing the signals become F,(/j) and F2(f'), respectively.
direction of arrival (DOA) of a moving target. Conventional If the targets of interest generate different Doppler
DOA sensing of multiple targets requires the use of an frequencies frj due the difference in their velocities with
antenna array with multiple elements, in combination with respect to the radar transceiver, then the DOA of target i with
the use of direction finding algorithms. Such methods respect to the array boresight is given by:
require the number of elements to be at least one greater than
the number of targets. However, increasing the number of • I [ZFj (fDi) -LF 2 ( fDi
elements leads to an increase in the physical size, cost and 9i = sin- /. D. /(1)
complexity of the overall system. J

In [7, 8], we reported on the DOA sensing of multiple where d is the spacing between the elements and A, is the RF
moving targets from a two-element receiver array by wavelength. Referring to Fig. 1(a), ifthe two receiving
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Fig 1. DOA sensing in: (a) One-dimensional (azimuth) and (b) Two-
dimensional (azimuth, elevation)

elements (Rxl and Rx2) are placed horizontally apart, they
provide DOA (0Az) information in the horizontal (azimuth)
plane.

To obtain the bearing information in the elevation
direction, an additional receiving antenna (Rx3) is placed
directly above Rxl as shown in Fig. 1(b). The additional
receiver Rx3 and the existing receiver Rxl form a new pair

of elements to provide the DOA in the elevation plane, GEL.

The Doppler and DOA processing in Eq. (1) is then repeated
for the Rxl and Rx3 signals. Finally, by correlating the
DOA results based on their associated Doppler, it is possible
to construct the data matrix [A&fd, OAz(fm.), OE(fT•)], where (b)
A(f&d is the signal strength at the Doppler component ft.
Hence, the two-dimensional bearing sensing of multiple Fig 2. Radar (a) system block diagram and (b) actual hardware

movers can be achieved, provided that the movers have implementation.

different Doppler frequencies.
IV. MEASUREMENT RESULTS

III. RADAR DESIGN 1) Loudspeakers. We use three loudspeakers driven by 20

An experimental system is designed and constructed to Hz, 30 Hz and 66 Hz audio tones as stable test targets. The

test the concept. The system consists of a three-element vibrating membrane of each loudspeaker is covered by

antenna array, three dual-quadrature integrated receivers aluminum tape to enhance its return. The tones cause the

(Analog Devices AD8347 ICs) and a transmitter operating a loudspeaker membrane to vibrate back and forth and the

a frequency of 2.4 GHz. Since the IC is targeted for the radar returns are FM signals with fundamentals at +/-20 Hz,

consumer wireless market, it is very low cost (less than $100 +/-30 Hz and +/-66 Hz. The three loudspeakers are placed at

per evaluation board assembly). Three microstrip patch the approximate (azimuth, elevation) coordinates of (-280, -

antennas on a 1.6 mm thick FR-4 substrate are used. To 100), (-300, . 10") and (-150, 18") respectively. The

provide the maximum resolution while avoiding DOA measurement setup and results are shown in Fig 3. As

ambiguity within the scanning range from -90* to 900, the expected, Fig. 3(b) shows that the Doppler and azimuth

distances between the two antennas in both the azimuth and DOA of the three loudspeakers are (+/-20 Hz, -28"), (+/-30

elevation planes are set to XW2. The received signals are Hz, -30*) and (+/-66 Hz, 180). Fig. 3(c) shows the Doppler

downconverted, digitized by the NI-DAQ 6024E and and elevation DOA of (+/-20 Hz, -100), (+1-30 Hz, 10") and

processed using the FFT for Doppler discrimination before (+/-66 Hz, 18"), which correspond to the expected
the DOA calculations are carried out. Fig. 2 shows the elevations. By correlating the two measurements based on
system block diagram and a photo of the radar hardware. the Doppler information, a two-dimensional DOA plot can

be constructed accordingly. Fig. 3(d) shows the resulting
azimuth and elevation coordinates of the three loudspeakers.
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Fig 4. Bouncing basketball: (a) Setup, (b) Azimuth DOA vs. time, (c)

Elevation DOA vs. time and (d) Two-dimensional DOA trajectory.

The gray shading indicates the signal strength. The
measured trajectory result agrees with the actual trajectory:
the first bounce is at approximately (-30°, -20°), followed by
subsequent bounces at (-10*, -20°) and (15°, -20°) as
indicated by the three white dots.

" WA.,,.N,,W, 3) Human Walking The next measurement involves human

(c) subjects. Two human subjects in front of a building walk in

Fig 3. Loudspeakers measurement: (a) Setup, (b) Doppler and azimuth the patterns shown in Fig. 5(a). The subject on the left

DOA, (c) Doppler and elevation DOA and (d) Two-dimensional DOA begins at point A (at approximately (-600, -200) with respect
(azimuth, elevation) to the radar) and climbs a staircase to the top at point B (-

200, 400). The subject then turns around and descends to the

ground level back to point A. The subject on the right starts
A comparison of Figs. 3(a) and 3(d) shows a close at point C (at approximately (200, -20°) at the ground level)
correspondence of the DOA results to the frontal perspective and walks to the right until reaching point D at (850, -200).
of the radar. The subject then turns around and walks back to point C.

2) Bouncing Ball. To show two-dimensional trajectory The radar is placed approximately 10 m away from the

tracking we use a bouncing basketball as a moving target. building. Since a directional horn is used as the radar

The ball is also covered by aluminum tape to enhance its transmitter, the measurable angular range in the azimuth

return. The ball is launched from the left side of the radar plane is limited to approximately +/-700. Figs. 5(b), (c) and

toward the radar boresight and bounces on the floor three (d) show the measured azimuth, elevation and two-

times during its trajectory. Fig. 4 shows the measurement dimensional DOA trajectories, respectively. As we can see

setup and results. The short-time Fourier transform [9, 10] is from Fig. 5(d), the measured walking trajectories span from

used to process the measured data to extract the Doppler point A to point B for the person on the left, and from point

components of the moving target with respect to time. The C to point D for the person on the right.

corresponding DOA versus time plots are used to show the
motion trajectory of the ball in the azimuth and elevation V. CONCLUSION
planes, as shown in Figs. 4(b) and (c). After correlating the
DOA information from both planes according to the Two-dimensional DOA sensing of multiple movers using

Doppler, a two-dimensional DOA trajectory is generated a Doppler and DOA (DDOA) radar has been presented.

(Fig. 4(d)). It shows the entire time that the ball is in motion. Measurements were performed using a low-cost, three-
element receiver array operating at 2.4 GHz. By correlating
the azimuth and elevation DOA measurements based on the
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Introducti~n

Two-dimensional location tracking of humans is useful for physical security applications.
Previously, we reported on a two-element Doppler and Direction-of-Arrival (DDOA)
radar for a bearing tracking of multiple humans [1, 2]. In this paper, we add the ranging
capability to the radar to achieve two-dimensional location tracking. In contrast to
conventional pulsed-based or frequency-modulated continuous wave (FMCW) radar,
multiple frequency continuous wave (MFCW) radar is a simple and low-cost way to
acquire range information [3, 4]. To keep the radar architecture as simple as possible, we
use only two frequencies. However, a two-frequency system can only acquire the range
for a single-target configuration. To overcome this limitation, we take advantage of the
Doppler separation among the moving targets as a prefilter before measuring the phase
difference to arrive at the range information of the moving targets. This two-tone
approach in conjunction with the two-element DDOA radar can then provide the two-
dimensional locations of humans. Multiple human location tracking results are collected
using our system.

Two-Frequency DDOA Radar

Figure 1(a) illustrates the basic radar architecture. The system operates at two CW
frequencies fc1 (2.4 GHz) and fc2 (10 MHz below fcl). The frequency separation is
selected to achieve a maximum unambiguous range of 15 m. The two CW frequencies
are combined and transmitted simultaneously. The scattered wave off a target is received
by two microstrip antennas spaced a half wavelength apart. Three low-cost, off-the-shelf
integrated boards manufactured by Analog Devices (AD8347) are used as the quadrature
receivers. Each receiver has a low-noise amplifier (LNA), I/Q mixers, gain control, and
baseband amplifiers all integrated on one board. The actual radar hardware is shown in
Fig. 1(b). The local oscillator (LO) frequency of receivers Rx, and Rx2 is set to fcl, and

that of Rx3 is set to fc 2. The down-converted signals are digitized and the Doppler
frequencies of the target are extracted after applying the sliding-window fast Fourier

transform. The phase difference zA0)21 at each Doppler bin from Rx, and Rx2 is measured

to obtain the bearing information 0 using the following equation:
0-sin-` gcA'A 21

where d is the spacing between the receiving antennas and /c, is the wavelength offcl.

The received signal at Rx2 is also routed into Rx3 and the phase difference AdO32 at each

Doppler bin from Rx2 and Rx3 is measured to calculate the target range R using the

following equation:



R = ¢cA32 (2)4x•f

where 4f = fc, -fC 2 and c is the speed of light. By correlating the bearing and range
information based on their associated Doppler, it is possible to assemble the data matrix
[A(fDd), (.rd, R(fDd], where A(fn) is the signal strength at the Doppler binfDl. The two-
dimensional range and bearing information of multiple movers can then be obtained
accordingly as long as the movers have different Doppler frequencies.

Measurement Results

We first use two loudspeakers as stable test targets. The vibrating membrane of each
loudspeaker is covered by aluminum tape to enhance its return. Fig. 2(a) shows the
measurement setup and the loudspeakers locations. The first loudspeaker is located at
approximately 20' to the left of the radar boresight at 4 m distance, driven by a 40 Hz
audio tone. The second loudspeaker is positioned at approximately 200 to the right of the
radar at 5.5 m distance, driven by a 50 Hz audio tone. The measured data are plotted in
Fig. 2(b), and show good agreement with the expected bearings of -200 and +200. Fig.
2(c) shows the range measurements which agree with the expected ranges of 4 m and 5.5
m. By using the polar-to-Cartesian transformation (R sinO ,R cos6), a location map can
be constructed and is shown in Fig. 2(d). The coordinates of the left and right
loudspeakers are close to the expected locations at (-1.4 m, 3.8 m) and (1.8 m, 5.2 in).

Preliminary human location tracking measurements are described next. Two human
subjects walk in a straight path at approximately the same speed but in opposite
directions (Fig. 3(a)). During the walk, the radar continuously measures and outputs the
bearing and range information of the subjects (Fig. 3(b, c)). During the first five seconds
of the measurement, Fig. 3(b) shows two distinct bearing trajectories: the first one
progressing from approximately -20° toward 00, and the second one from 00 toward 20'.

These measured bearing trajectories are expected since they are plotted based on the
perspective of the radar. As the subject to the left walks in a straight path away from the
radar, the measured bearing angle advances toward the radar boresight. The opposite
happens for the subject on the right: the measured bearing angle advances away from the
radar boresight as the subject walks closer to the radar.

Fig. 3(c) shows the measured range tracks. In the first five seconds of the measurement,
there are two distinct range tracks: the first one starts at about 1 m and ends at 10 m while
the second one progresses from approximately 10 m to 1 m. The first range track is
associated with the subject to the left of the radar, who walks away from the radar during
this time. The second range track belongs to the subject to the right, who walks closer
toward the radar during the time interval. At approximately t = 5 sec, both subjects turn
around and walk back to their original starting positions. This is clearly shown in Figs.
3(b) and 3(c) as changes in the bearing and range tracks at t = 5 sec. The corresponding
two-dimensional location map is constructed and shown in Fig. 3(d).

Conclusion

Two-dimensional bearing and range tracking of multiple indoor movers using a two-
frequency Doppler and DOA radar have been presented. Measurements were performed
using a low-cost, two-element receiver array operating at two CW tones. The



attractiveness of the system is that it has very low complexity. However, its performance

is dependent on the Doppler separation between the targets.
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Figure 1. (a) Basic radar operation and (b) actual radar hardware.
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(d) 2-D location map.
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with spatial beamforming in software to resolve multiple

Abstract- We present a continuous-wave Doppler radar targets in the Doppler and DOA space. Monte Carlo
with a multi-element receiver array for tracking humans. Joint simulations are carried out to assess the performance gain of a
Doppler processing and spatial beamforming are used to resolve multi-element system. To further overcome the broad
multiple movers in the Doppler and direction of arrival (DOA) beamwidth and high sidelobes in a limited size array, three
space. The improvement in the performance of the multi- different DOA estimation algorithms are implemented. They
element array compared to a previously developed two-element are the amplitude-comparison monopulse technique [10], the
system is evaluated through Monte Carlo simulation. In an
array of limited size, the sidelobes of the strong targets prevent CLEAN algorithm [11], and the RELAX algorithm [121. The
the detection of weaker targets. To overcome this limitation, the performance of the different algorithms is studied by

monopulse, CLEAN and RELAX algorithms are investigated in simulation and experimentally verified by using a 4-element
conjunction with software beamforming. The improvement in receiver array. Measurements are conducted under line-of-
the performance of the radar towards the detection of multiple sight and through-wall scenarios for audio loudspeakers and
targets is evaluated by simulation. Measurements are conducted human targets.
using a 4-element receiver for different targets in line-of-sight
and through-wall scenarios. II. RADAR THEORY AND SIMULATION

Index Terms-beamforming, direction of arrival, Doppler, A. Joint Doppler Processing and Spatial Beamforming
CLEAN, RELAX Fig. 1 shows the basic radar architecture under

I. INTRODUCTION consideration. A CW signal is radiated from a transmitter and
each target introduces a Doppler shift on the scattered signal.

etection and tracking of human targets through walls by The radar receiver consists of a multi-element antenna array,

u radar has important applications in law enforcement, with each element connected to a separate receiver channel

urban area operations and search-and-rescue missions. where the signal is amplified, downconverted and digitized

Developments that have been reported include wideband radar before it is fed to a computer for further signal processing. To

using impulsive [1-3], stepped frequency [4] or FMCW [5] carry out the Doppler processing and spatial beamforming, the

waveforms to obtain high spatial resolution. Altentely, time domain signal from each receiver, y.(t), is first fast
continuous wave radars of low power have been implemented Fourier transformed to generate the Doppler information and

to suppress stationary clutter [6]. A low-complexity CW radar then phassft nmed to generate the Doa

of two elements was reported by us in [7-9]. It uses the phase information. This is described by

difference of the scattered signal at the two elements to

determine the direction of arrival (DOA) of the target. In 2,1rd

addition, Doppler discrimination facilitates the tracking of N (t-j27rrfdtdt- -) ý" sinO
multiple movers. However when the Doppler separation (fd )= Yn (t)(1)
among the multiple targets is poor, the DOA error is found to n-i

increase significantly. In the above equation, N is the number of array elements, fd

In this paper, we investigate the performance gain is the Doppler frequency, d is the spacing between two
achievable by a multi-element array versus the two-element adjacent elements, A, is the RF wavelength and 0 is the steered
system. We implement Doppler processing in conjunction beam angle from the array boresight. Note that the order in

which the Doppler processing and spatial beamforming are

This work is supported by DARPA, the Office of Naval Research, Texas applied could be reversed without any change in the results.

Higher Education Coordinating Board under the Texas Advanced Technology
Program and the National Science Foundation Major Research
Instrumentation Program.



the case of a large number of targets, since a narrower

beamwidth improves the DOA resolution. This is done at the

expense of increased system cost and complexity. We see that

I ".. 4.- with 4 elements, there is a 78% probability of successfully
",, , resolving 4 targets.
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B. Monte Carlo Simulation - I.3

Monte Carlo simulations are next performed to gauge the M~4 elammna
performance of the joint Doppler-beamfrm3Ting algorithm D0 10 I IU
towards the successful tracking of multiple targets. The
following assumptions are made for the simulation. For each t
realization, a given number of targets are randomly placed 6
inside a sectorial region of space bounded in range from I to
10i and DOA from a45o to +450. Each target is randomly
assigned a velocity of magnitude in the range of 0 to 2.5m/s a
and direction in the range of 00 to 3600. This yields Doppler
values in the range of 40Hz to +40Hz for an RF wavelength

of 12.5cm. We then assume that the ability of the radar to 20
resolve a single target's returns is constrained in the DOA

dimension by the beasm width of the linear array, which for an

antenna aperture of sizeD is t0 0/(D/),d. In the Doppler saa r m t w a a

dimension, the ambiguity is mainly caused by the NumOber otaargeit

microDoppler components from the armis and legs of the(b
human movement [ 13]. A 40Hz Doppler spread is introduced
to simulate the microDoppler spread for each target. With Figure 2: (a) Detection of targets in the Doppler versus DOA plot

these two assumptions, each target is resolvable up to the (b) Monte Carlo simulation results for probability of successfully

rectangular ambiguity region in the DOA vs. Doppler space as resing multiple argespeian when arrg
shown in Fig. 2a. For multiple targets, the chance of overlap
between the targets' ambiguity regions is increased. When the C. DOA Estimation
ambiguity regions of any two targets overlap by more than If multiple targets are not well resolved in the Doppler

50%, we consider that realization to be unresolvable by the domain, their successful DOA determination becomes quite
radar. We perform this simulation for 500,000 realizations difficult using a small size array, especially when the target
and tally the results. Fig. 2b shows the probability Of strengths are very different. This is understood from the
successfully resolving multiple targets versus the number of following simulation performed in a two target scenario where
targets. Each color represents a different assumed number of the targets are of the same Doppler. Hence the detection of the
array elements, and therefore a different size antenna aperture. two targets is entirely determnined by spatial beamforming.
As expected, as the number of targets is increased, the The simulation is conducted for a four-element antenna array
probability of successfully resolving the targets drops. Using and the ratio of the strength of the two targets is set to 20dB.
more array elements improves the performance, especially in The angular position of the strong target is varied from -45*
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Fig.3. Simulation results when ratio of strength of targets is 20dB for (a) Spatial beamnforming, (b) Monopulse, (c) CLEAN, and (d) RELAX techniques

to +450 while that of the weak target is varied from +45° to

45*as indicated by the dashed lines in Fig. 3a. For each +1
pair of simulated angular positions of the targets, the main D - (2)

lobe and sidelobe patterns arising from the two targets are i y'
computed by spatial beamforming. The DOA of the targets _ it
are estimated to be at the peaks of the beamformer pattern i - 1
and their strengths are represented by the colored intensity For each possible angular position of a target, a data set of

as indicated in Fig. 3a. It is observed that the DOA of the difference values is computed theoretically and stored The

strong target is detected correctly at every possible DOA measured data set is then compared with each of the

position of the targets. The weaker target however is not multiple data sets obtained by theory. The DOA of the

detected at all because it is buried beneath the sidelobes of target is identified as that angular value which gives the

the strong target. This result is unsatisfactory. In order to closest fit between the measured and theoretical data sets.

improve the tracking of weak targets in the presence of While it is possible to estimate the DOA of two targets of

strong targets, we implement three different algorithms, equal strength that are well resolved in the DOA space, the

namely, monopulse, CLEAN and RELAX, and evaluate performance of the algorithm deteriorates for a higher

their performance using the same simulation set up. dynamic range. This is seen when the technique is

1) Monopulse: Monopulse processing is a standard simulated in the two target scenario described earlier using

technique to improve the angular resolution in target M=-5. The presence of the sidelobes prevents the detection

tracking. The amplitude comparison monopulse technique of the weak targets as indicated in Fig. 3b

described in (10] is implemented here. In order to estimate 2) CLEAN: The CLEAN algorithm is a well-known

the DOA of a single target, the strength of the scattered technique to extract weaker features in the presence of

signal from the target is measured at two specific angular strong features, given that the feature response function is

values or lobes using the beamforming equation (1). In known [11]. Here we apply the algorithm to extract the

order to try to handle multiple targets, the technique is DOA of multiple targets. The DOA of the strongest target

modified by increasing the number of lobes to M ('I: m). is first extracted by picking out the strongest response from

Normalized difference values (DI:M1), of the signal strength the beamformer output:

are computed for each pair of adjacent lobes:



2 e-J(n-I d s 2 increased computation time.

lap 12= maxop i lyneZ ln (3) III. MESuREMENT REsuLTs
N "The radar prototype used to demonstrate the above

concepts is shown in Fig. 4. It consists of a signal generator

Once the DOA of the strongest target is found, its presence that transmits a 2.4GHz signal through a horn antenna. The

is removed from the original array signal: receiver consists of a four-element microstrip array on an
FR4 substrate of 1.6mm thickness. The inter-element

S2iOpspacing of the array is 0.56 ),. This allows the antenna
- s(n4p array to scan from -45* to +45* without the occurrence of

yn,residual = yn - ap(4) grating lobes. Each element is connected to an integrated
quadrature receiver from which the signal is amplified,

Since the strongest target is removed together with its downconverted and fed to the A/D converter. The digitized

sidelobe contribution, the weaker target becomes better output is fed to the computer for signal processing.

revealed. The next strongest target and its DOA are then
determined and removed from the residual signal. This
procedure is continued in successive steps until the strength
of the residual pattern converges or falls below the noise
floor. This algorithm is simulated for the two target
scenario described earlier and the results are presented in
Fig. 3c. It is observed that the weak target is detected in the
presence of a stronger target as long as their angular
separation exceeds the beamwidth of the array. The
algorithm clearly performs better than the ordinary
beamforming and monopulse techniques towards detecting
multiple targets. However there does appear to be false
targets near the strong target due to the influence of the
weaker target on the strong target.

3) RELAX: The RELAX algorithm is an enhanced Fig. 4. RADAR set up

version of CLEAN that relieves the error propagation
tendencies in CLEAN [12]. It introduces a relaxation step
that iteratively identifies target parameters (strength and
DOA) until the energy of the residual pattern at each
CLEAN step converges. Relaxation occurs in the CLEAN
algorithm once the second target has been found. At that
stage, the second target's contribution is extracted from the
original signal. The goal is to more accurately extract the

first and strongest target a second time, without the mutual
interference effects of the second target. The re-extraction
of the two targets repeats until convergence. Afterwards,
the algorithm resumes in order to extract the next strongest
target from the residual. The relaxation process is then
initiated again to individually adjust the values of all known
targets in the absence of the contribution of the others. Fig. 5. Speaker test: speakers well resolved in DOA but identical Doppler

While this inner relaxation loop makes the algorithm First we use audio loudspeakers as steady test targets.

computationally more expensive than ordinary When a loudspeaker is driven by a single audio tone, the

beamforming and CLEAN, it allows the accurate FM signal that is generated gives rise to a two-sided

determination of the number of targets. The results obtained Doppler return. The two-element DDOA radar reported in

when this algorithm is implemented for the two target [7-9] is not capable of resolving targets of identical

scenario described earlier are presented in Fig. 3d. It is Doppler. To demonstrate that the current radar is capable of

observed that angular position and the strength of the two resolving targets of identical Doppler along the DOA axis,
targets are detected with better precision. The number of the following measurement is made with two loudspeakers
erroneous detections or false targets is much smaller than as shown in Fig. 5. Two loudspeakers are driven at the

the earlier cases. Additionally, successful detection is same frequency (40Hz) but are located at different DOA
possible even when their angular separation is within the (300 and -45). From the results presented in Fig. 6a, it can

beamwidth of the antenna array. Thus RELAX enhances be seen that two targets of identical Doppler are resolved

the performance of the CLEAN algorithm at the price of along the DOA axis using spatial beamforming. However,



the high sidelobes appear as false targets. When the response with high resolution and low sidelobes is
CLEAN algorithm is tried on the same measurement, it convolved with the discrete estimates. The RELAX result,
becomes apparent from Fig. 6b that the algorithm is able to which is not shown here, further improves the CLEAN
correct'yi identify the DOA of the two targets despite the result slightly.
presence of high sidelobes. To display the CLEAN results,
which are a set of discrete DOA estimates, a point spread
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Fig. 6. Speaker test with: (a) Spatial beamforming and (b) CLEAN
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Fig. 7. Measurement results for human targets under line-of-sight.

Top figures illustrate two targets with high Doppler separation and low DOA separation: (a) Spatial beamforning. (b) CLEAN.

Bottom figures illustrate two targets with low Doppler separation and high DOA separation: (c) Spatial beamfonming. (d) CLEAN.
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1. Introduction

Tracking of human movements using radar in a high-clutter environment or even
through walls is a problem of current interest. Example applications include law
enforcement, disaster search-and-rescue and urban military operations. One approach to
human tracking is to use wideband waveforms [1-4]. Such system is capable of high
range localization, but the cost of the hardware tends to be high. Doppler-based sensors,
on the other hand, offer an inexpensive way to detect moving targets in the presence of
stationary clutter. However, target location information is not possible, unless frequency
or spatial diversity is incorporated [5,6]. In this work, we investigate the use of a
collection of spatially diverse Doppler sensors to derive the location information of a
moving target.

This problem has been investigated previously by Armstrong and Holeman in the
context of tracking a baseball in 3-D using a number of speed guns [7]. In that work, a
local search method was employed for the maximum-likelihood estimation of target
parameters (position and velocity) from the measured Doppler shifts. However, the
results can be very dependent on the initial guess so that the parameter estimation may
not be robust. In this paper, an artificial neural network is proposed to estimate the target
parameters using Doppler information measured by a set of spatially distributed sensors.
The neural network is trained to relate the nonlinear relationship between the observed
Doppler information and the target parameters. For the training, point scatterer data
generated by simulation are used. Some preliminary measurement data are collected
using a toy car that runs a round track. Its trajectory and velocity are estimated by the
neural network. The simulation and measurement results are reported.

2. Problem Formulation

For tacking a moving target, the use of Doppler information measured by distributed
radar sensors is considered. A collection of Doppler sensors can observe the signal from a
moving target at different positions. The Doppler frequency is expressed as:

fdopper - Vf"- (Tx -Rx) (1)
C

wheref is the radar frequency, c is the velocity of light, i is the velocity of the target, Tx
is a unit vector pointing from the transmitter to the target position and Rx is a unit vector
pointing from the target position to the receiver. As can be seen from (1), the Doppler
shift from a target observed at a sensor depends not only on its velocity, but also the
locations of the transmitter and receiver. Therefore, if a number of sensors are deployed
around a moving target, each sensor will experience a different Doppler frequency
because of its relative position with respect to the target. The statement of the problem is
to process the Doppler information from the sensors to estimate the target position and
velocity.



3. Artificial Neural Network

An artificial neural network [8] is proposed to estimate the target parameters of a
moving target using the Doppler information from multiple sensors. The receivers detect
the Doppler frequency caused by the moving target. The inputs to the neural network are
the Doppler frequencies measured at the different locations and the outputs are the
position and velocity of the target. For the ANN structure, the multi-layer perceptron
(MLP) is selected.

In the simulation, six radar sensors are placed with equal angular spacing around
the perimeter of a circular region with a diameter of 18m. Each radar sensor is assumed
to have its own transmitter. The sensor positions are shown in Fig. 1(a). After the sensor
positions are given, the target is assumed to have a random position and velocity inside
the region. For each unique position and velocity realization, the Doppler frequencies at
the 6 sensors are simulated and the data set is used for the ANN training.

For the learning process of the ANN, 3000 training data sets are generated, in
which 2700 are used as the training set, and the remaining 300 are used as the validation
set. The size of a hidden layer is determined empirically and set to be 150 in this case.
Using a gradient descent method, the ANN is trained and iterated 500 times. The
resulting training error in position is 0.29 m and that in velocity is 0.048 m/s. The
validation error in position is 0.32 m and that in velocity is 0.051 m/s. These results are
quite acceptable provided that they can be duplicated in real-world data.

4. Measurements

For a validation of the proposed method, we consider a target being observed
simultaneously by six Doppler sensors in a laboratory experiment. However, to save cost
in the actual experiment, we restrict the target motion to be periodic in time, and use only
one Doppler sensor. We then replicate the measured data from this one sensor to six
sensor outputs by shifting the data in time. The target chosen is a remote controlled toy
car being driven around a circle of radius 6 m. A cylindrical reflector is mounted on top
of the car to enhance its radar cross section. The configuration and a photo of the
measurement setup are shown in Fig. 1. The radar operates at 2.4 GHz and uses a low-
cost, off-the-shelf integrated receiver board. The down-converted signals are digitized
for Doppler processing. The toy car is set to run around in a circle with a constant speed
of 4.2 m/s. The assumed size of the monitored region is 18 m by 18 m in this case. The
spectrogram of the measured data is shown in Fig. 2(a). As expected, the observed data
is nearly periodic in time. The Doppler frequency corresponding to the strongest return
at each time bin is first selected. Because the toy car is not an ideal point scatterer, the
resulting graph is not a smooth curve. The selected data are then processed with a low
pass filter and a median filter with a time window of 0.5 sec to remove the noisy high
frequency components. The resulting data are shown in Fig. 2(b).

To emulate the Doppler data at six different locations, the measured data from
the sensor is time-delayed and replicated. This emulation of the data is possible because
the trajectory of the toy car is assumed to be in a perfect circle. The replicated data are
input to the trained ANN and the target parameters are estimated through the net as the
output. The actual trajectory of the car and the estimated trajectory are shown in Fig. 3(a)
and the actual velocity and the estimated velocity are presented in Fig. 3(b). In the figure,
Vx and Vy are the velocities along the x axis and y axis, respectively. The resulting RMS
error in position is found to be 1.12 m and that in velocity is 0.43 m/s. The ANN

estimates in both position and velocity show rapid variations in time. A low pass filter
and a median filter with a time window of 1 sec are used for smoothing the data. The



filtered estimated trajectory and velocity of the car are shown in Fig. 4. They agree fairly
well with the actual parameters.

5. Conclusion

In this paper, an artificial neural network was proposed to estimate the target position and
velocity using the Doppler information measured at multiple locations. A trained neural
network predicted the target parameters with 0.32 m error in position and 0.051 m/s error
in velocity. The proposed concept was verified by the measurement of a toy car and the
results showed that the error in position is 1.12 m and that in velocity is 0.43 m/s. Human
tracking data are currently being collected and will be reported.
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Fig. 1. (a) Deployment of Doppler sensors. (b) Measurement setup.
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Fig 2. (a) Spectrogram of measured toy car. (b) Filtered data.
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Fig. 3 (a) Actual trajectory (blue) and estimated trajectory (Red) of the car.

(b) Actual velocity (black) and estimated velocity (green).

-16•- f • -
44

12 - r, -m - - -- . . .. -. sln ~ -el - -

I I

vI -- - - - - - - - -

46 -~ -- - ---

2 -True Tve.mO EsiluatsdVe~caty
-- bImaedt Thaor r : _ eT

.6 0 6 2 4 6 8

X (M) Thm (sec)

(a) (b)

Fig. 4. (a) Actual trajectory (blue) and filtered estimated trajectory (red) of the toy car.

(b) Actual velocity (black) and filtered estimated velocity (green).


