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Abstract. This study developed a novel S-band radar sys-
tem for planar location applications. High-resolution
range imaging and target angle estimation were achieved
by using a stepped frequency continuous wave (SFCW)
signal and single input multiple output (SIMO) architecture
with a linear sparse array layout, respectively. An im-
proved time-frequency method was utilized to link the inde-
pendent range profile and angle spectrum results to obtain
the plane positions of the targets. The radar hardware was
composed of the antenna array with one transmit element
and five receive elements, an RF transceiver, and a signal
processing component. Under the proposed waveform
parameters and signal processing scheme, a 16-ms process
cycle, 0.3-m ranging error, and 0.4° angle estimation error
for target positioning were achieved in field tests. These
results demonstrate the effectiveness and advantages of the
proposed radar system.
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1. Introduction

Moving target indication (MTI) technology has exten-
sive applications in modern radar systems [1—4], especially
compared to its classical use in detecting high-speed mov-
ing targets, as described by [5] and [6]. Emerging MTI
technology aims at detecting slow motions such as those
exhibited by civil unmanned aerial vehicles and human
targets [7-9]. Slowly moving targets can also be detected
by using advanced background cancellation technology
[10],[11].

However, radars using MTTI technology still lack real-
time, fast, and high-resolution positioning and tracking. In
terms of ranging, stepped frequency (SF) radar transmits
a series of step-change point frequency pulses in sequence
to synthesize a broadband signal and yield an ideal range
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resolution [12], [13]. This SF waveform has garnered con-
siderable interest due to its wide variety of applications
[14-16]. In addition, the estimation of the direction of
arrival (DOA) based on single input multiple output (SIMO)
or multiple input multiple output (MIMO) architecture can
achieve very high angular resolution beyond the beam
width generated by the array aperture [17—19].

An ultra-wideband (UWB) through-wall radar using
an SF signal and a SIMO layout was proposed in [20]. This
system was composed of two master/slave radars with eight
switchable antenna channels. However, its target position-
ing was calculated by combining different range profiles of
each transmit-receive pair, which required large band-
widths and only two groups of transmit-receive signals
could be formed in one measurement. [21] proposed
a SIMO radar system for human respiratory detection. This
system combined the modified Capon algorithm with adap-
tive digital beam forming (ADBF) to achieve high-
precision azimuth measurements in indoor settings. How-
ever, it only worked in point frequency mode and had no
ranging capability. A harmonic radar proposed in [22]
adopted both SF and SIMO schemes, which enabled it to
achieve high resolution in range and angle dimensions
simultaneously, but its receiving array was composed of
several passive tags as transponders, which restricted its
applications.

This study proposes an S-band target positioning ra-
dar based on time-frequency correlation processing with
a stepped frequency continuous wave (SFCW) signal and
SIMO architecture. The hardware composition includes
an antenna array with one transmit and five receive ele-
ments, an RF transceiver module, and a signal processor
controlled by an upper computer.

In view of the recently published state-of-the-art (SoA)
works mentioned above, the two primary novelties and
motivations of the proposed system are briefly described as
follows. First, a miniaturized radar system with simplified
hardware construction is proposed. Compared to the anten-
na switching scheme used in [20], all transmit and receive
RF channels are integrated into a small metallic casing.
Because all channels receive simultaneously, five groups of
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echoes can be sampled in one measurement. Through this
composite scheme, high-resolution angle measurement
(such as that described in [21]) and range imaging can be
accomplished simultaneously. Second, a novel time-
frequency correlation signal processing method is intro-
duced into the system. Under this combination of inde-
pendently obtained range and angle results, each target’s
position can be determined efficiently in each stepped
frequency sweep period. The results obtained in field tests
demonstrate superior positioning performance and prove
the effectiveness of the proposed radar scheme.

The remainder of this paper is organized as follows.
First, the working mechanism and overall system architec-
ture of the proposed radar system are introduced in Sec. 2.
Then the RF transceiver and baseband signal processor (the
key components) are detailed in Sec. 3 and 4, respectively.
Next, Section 5 presents the human target detection exper-
iment and signal processing results. Finally, the conclu-
sions of this work are explained in Sec. 6.

2. Radar Mechanism and Architecture

2.1 Summary of Mechanism

The planar radar detection coordinate system is shown
in Fig. 1(a). The SIMO antenna array was comprised of one
transmitting and N receiving elements arranged on the x-
axis. Under co-located and far field approximations, each
antenna shared the same field angle. P targets in the x-y
plane could be treated as several moving points, the posi-
tions of which are described in polar coordinates (7, 6y),
where 6, denotes the azimuth (i.e., the angle between the
target’s position vector and the y-axis).

Under the SFCW waveform with one sweep period,
which is shown in Fig. 1(b), the radar sequentially trans-
mitted a series of point frequency pulses with frequency
stepped increases from fi to fu. Echoes received by each
channel were formed via the transmit signals experiencing
a corresponding delay in the free space transmission link.
Then each received echo was mixed with the transmitted
signal and simultaneously sampled. For each transmitted
pulse, its trailing edge time was taken as the first sampling
time, and then it was moved to the left with sampling peri-
od T to obtain its In-phase/Quadrature (I/Q) sequence and
incorporated baseband complex sequence according to
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Fig.1. (a)Radar plane detection coordinate system.

(b) Diagram of the time-frequency map of the transmit
waveform and sample points.

fi=f+G=-D-4f 6]

where ¢ denotes the wave velocity in free space and o),
denotes the radar cross section (RCS) of the point target p.
All elements share the same gain pattern G(6). Equation (1)
indicates that the output baseband signal z, of each receiv-
ing channel R, was the superposition of all the signals gen-
erated by each individual target. Taking the starting time of
one sweep period shown in Fig. 1(b) as ¢ =0, the sampling
time corresponding to each frequency could be obtained via
(4), where the after-edge time was set as the first sampling
instant in each subpulse’s dwell time with an order number
of ns=1. Under the SFCW waveform, the amplitude and
phase of z, (shown in (2) and (3), respectively) changed
with the working frequency, which is consistent with the
arithmetic sequence formula in (5). After the calibration
process, which is described in Sec. 4.2, the differences
between the amplitudes in all the receiving baseband sig-
nals were small, and the phase distribution indicated regu-
lar characteristics. In addition, the quasistatic observation
of moving targets could be achieved using a reasonably
short sweep period. Therefore, the velocities of the targets
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were not considered in (1)—(3), which resulted in the ampli-
tude and phase described in (2) and (3), respectively, being
dependent only on the frequency f;. Within the given dwell
time of the SF subpulse, the complex signal represented by
(1) could be regarded as a time-invariant term.

In the signal model shown in (1)—(3), only the trans-
mission delay experienced in free space was considered, as
the additional phase shift caused by the radar antenna and
target was not included. The influences of such phase in-
formation loss were analyzed through the following pro-
cess. First, the RF signals at the ports of the transmitting
and receiving antennas were taken as the input and output
signals, respectively, and then the transceiver link was
modeled as a two-port network. As the broadband SF sig-
nal contained a series of spectral components of point fre-
quency subpulses used in the system, the accurate phase of
the complex signal in (1) corresponding to different fre-
quencies f; could be expressed by the group delay of the
network, where the constant term, linear distortion, and
quadratic term distortion were considered as they are in
engineering generally. Within the given bandwidth, the
distortion caused by the change of carrier frequency could
be suppressed through reasonable group delay filter design,
such as that in [23]. On this basis, a simple correction pro-
cess could be performed on the peak shift in the range
profile to offset the constant group delay caused by the
antenna and target. Empirically, for typical human target
ranging, the absolute value of the error requiring correction
is usually less than 1 m.

2.2 System Hardware Composition

The block diagram of the proposed radar system is
illustrated in Fig. 2. Similar to the generally adopted archi-
tecture (such as that described in [21] and [24]), this system
was composed of an antenna array, transceiver, signal pro-
cessor, and upper computer. The RF front end generated
a SFCW signal, which was delivered equally to the trans-
mit channel and the local oscillators to output the mixed
baseband signal corresponding to each receive channel (the
corresponding theoretical formula is shown in Sec. 2.1).
Then each baseband signal composed of two 1/Q branches
were fed into the signal processor module to complete the
positioning measurement in one sweep period. To balance
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Fig. 2. Block diagram of the hardware configuration in the
proposed system.

the cost and performance, the number of receiving channels
N was selected to be 5. All procedures mentioned above
were unified and controlled by the upper computer.

3. RF Waveform and Components

3.1 Radar Waveform Parameters

As mentioned above, this system achieved high-
resolution range imaging by using an SFCW signal. The
elements used to define the waveform parameters are now
described. First, the radar’s working band was selected to
be 3.1-3.42 GHz (the S-band) with a range resolution of
approximately 0.5 m; this frequency range is widely used
for human target detection. Second, the detectable range of
the radar system was determined by three factors: the max-
imum radar range Rmax determined by the radar equation,

1
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the range bin in the inverse fast Fourier transform (IFFT),
and the unambiguous range determined by the pulse width
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Based on the detectable range and the requirement of qua-
sistatic measurement for slow moving targets, the final set
of working parameters used in this study is shown in Tab. 1.

3.2 RF Front-end Prototype

Figure 3(a) shows a schematic of the proposed trans-
ceiver and Figure 3(b) shows an image of the prototype.
The RF front end consisted of three basic parts: a frequency
synthesizer, transmitter, and receiver. The frequency syn-
thesizer generated the baseband SFCW and a 3-GHz point
frequency signal through the direct digital synthesizer
(DDS), integration of the phase-locked loop (PLL), and
voltage-controlled oscillator (VCO), respectively, which
were then mixed and bandpass filtered (BPF) to generate the

Parameter Symbol Value and Unit
Band fL—fu (3.1-3.42) GHz
Frequency step A 1 MHz
Frequency number J 321
Pulse width T 50 ps
Antenna gain G 10 dBi
Center wavelength Ae 92 mm
Receiver sensitivity Simin -90 dBm
Sampling rate s 4 MHz
Sampling points in each pulse N 100
Number of receiving channels N 5

Tab. 1. Summary of radar operating parameters.
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Fig. 3. (a) Schematic of the proposed transceiver and

(b) image of the prototype of the proposed transceiver.

required RF SFCW signal. A microcontroller unit (MCU)
connected the upper computer through an RS232 interface
and also produced the tagging signal, which appeared as
a high-level pulse with width 7 at each frame’s starting time
and marked each transmit sweep cycle through the field
programmable gate array (FPGA). The signal generated by
the frequency synthesizer was then divided into six identi-
cal and time-synchronized signals through the power
divider and sent to the transmitter and receiver. Then these
resultant signals worked as the local oscillator signals in
the transmitter and receiver for mixing and generating ten
baseband I/Q signals.

4. Signal Processing

4.1 Overall Procedure

The processing flow performed on the I/Q signal out-
put from the RF front end is shown in Fig. 4. Based on the
transmit tagging signal and time sequence, the procedure
was divided into three parts: sampling, pretreatment, and

Step 1 C

Step 2

Obtaining 1/Q sequences of each
receive channel shown in (1).

l

Arranging I/Q sequences into N complex
matrices with JxN; dimensions.

I

Dynamic cancellation based on (8).

I

Calibration processing by using
predetermined coefficients shown in (9).

l

Performing IFFT on the calibrated complex
signals and obtaining Nx/V, groups of range
profile results.

Performing time-frequency correlation
processing and obtaining DOA spectrum
corresponding to each peak in the range image.

|

Combining the estimated range and angle results
and determining the position of each target.

Pretreatment Step 3

Step 4

Step 5

< Step 6

\ Step 7

Fig.4. Overall procedure of signal processing for the
proposed radar in one transmit SFCW sweep period.

position estimation from the measured data. The data
points were selected in each transmit sweep period by the
tagging signal, as shown in Figs. 1(b) and (4). The pre-
treatment and positioning are described in Sec. 4.2 and 4.3,
respectively.

4.2 MTI and Calibration Processing

Before conducting positioning measurements, it was
necessary to preprocess the arranged 1/Q signal matrices.
First, MTI processing of dynamic cancellation was per-
formed to extract moving targets from stationary back-
ground clutters based on their Doppler frequency differ-
ences. The cancellation method was conducted in consecu-
tive multiple cycles and was represented in multiple frames
as

yk:a'yk_1+(1_a)'xk: (8)
L =% W

where xi, yr, and z; denote the total baseband signal, the
signal generated by the background, and the signals gener-
ated by the targets, respectively, corresponding to the same
receiving channel in frame k. The cancellation factor a was
set to 0.8 for processing. Taking the I/Q signal sampled in
a certain frame within the observation time as the initial
background data, the background and target data of each
subsequent frame were recursively processed via (8). The
dynamic cancellation method used here was aimed at ex-
tracting the echoes of the moving targets. As the observa-
tion time increased, the number of range imaging frames
with gradually highlighted range profile peaks correspond-
ing to slowly moving targets increased, while the stationary
objects were treated as clutter and filtered out.
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The setup of the calibration scenario is shown in
Fig. 5(a). In contrast to the point frequency CW used in
[21], this calibration was conducted under synchronous
transmit and local oscillator SFCW signals controlled by
the upper computer. For the detection of the far-field point
target shown in Fig. 1(a), the field of view (FOV) of each
antenna was uniformly referenced to the target’s azimuth
angle. In this ideal approximation, when the target was
located on the y-axis with a 0° azimuth angle, the echo
received by each receiving element should have the same
amplitude and phase according to (2) and (3). However, the
amplitudes and phases of each output I/Q signal were une-
qual due to the differences in position between each receiv-
ing element. The purpose of the calibration was to obtain
all receiving I/Q complex signals with an ideal uniform
phase and amplitude distribution for the signals incident
from 0° according to the established radar coordinate and
SIMO array layout shown in Fig. 5(a).

In order to minimize the influence of interference sig-

nals, the calibration was performed in an anechoic chamber.

A single input single output (SISO) radar, which had
a transmitting antenna with a main lobe facing the y-axis,
was used as the signal source to transmit SF signals to the
calibrated SIMO radar. At the receiving end of the SIMO
radar, the SF signals received by five receiving antennas
were mixed with local oscillator (LO) signals and low-pass
filtered to generate the corresponding I/Q signals. All un-
used elements were connected to coaxial attenuators and
matched loads. For imitating the Doppler frequency differ-
ence caused by the target motion in the actual setting, a 20-Hz
frequency difference between the transmit and LO signals
corresponding to a 1-m/s radial velocity and a 3-GHz
carrier frequency were set, as shown in Fig. 5(b). J FFT
iterations corresponding to each stepped frequency’s dwell
time of N receive channels were performed on the sampled
sequence. The dwell time 7 of each SF subpulse was set to
100 ms to obtain an FFT spectral resolution of up to 10 Hz.
The amplitude and phase of the spectrum at the Doppler
frequency were denoted as a.;and ¢,j, respectively; after
MTT processing, these were used to calibrate the complex
signals according to

e—m,

z,(t,,)= z,(t;,,) ©)

a,,

Taking the dwell time of the first SF subpulse in
Fig. 5(b) as an example, the in-phase component sampling
sequences generated by each receiving channel during this
time with and without calibration are shown in Fig. 6. All
the presented signals had their direct current component
removed and were normalized. Before calibration, there
was a certain amount of imbalance in the amplitude and
phase of the output signal from each receiving channel for
the incident direction of 0°. After calibration, the relation-
ship between the amplitude and phase of the sampled sig-
nal in different channels could be approximated by

1, )=cos[27zfd-t,,_n -27(f, +fd)'£} (10)
i, j, . P

where fi denotes the Doppler frequency shift between the
transmit and LO SF signals, ¢, is the sampling instant dur-
ing each subpulse’s dwell time in (1), and R denotes the
distance from the transmitting antenna of the SISO radar to
the coordinate origin.
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Fig. 6.

4.3 Target Localization

In this scheme, the high range resolution achieved by
the SFCW signal and the capability of resolving coherent
sources via the modified Capon algorithm described in [21]
were jointly utilized, and an improved time-frequency
correlation positioning method was further developed. For
the measurement in each frame, the first step was to per-
form IFFT on the calibrated baseband sampling sequence
in each receiving channel according to (9) and obtain
N x Ng groups of range profiles in the time domain, ideally
with high consistency. Second, for each target peak point in
the profile, windowing was conducted to filter profiles that
included only one range peak, which were then trans-
formed back into the frequency domain via FFT. At this
time, the baseband sequences only included the compo-
nents corresponding to a single range. Next, the modified
Capon DOA algorithm was applied to the sequences of
each point frequency pulse and each single range. Then the
covariance matrix and angle spectrum at each frequency
point were obtained according to

1,
N

S

R(H=—70,,) 7, )" (11

and
1

AN 0.1) R () a0.1)

respectively, where z denotes the column vector arranged
by the complex signals of all receiving channels, a is
a steering vector determined by the array layout, and v is
an integer that is set to 5 in actual applications. After the
calculation via (12), the spectrum of each frequency point
was averaged to obtain the formula estimating the final
spectrum. Solving each range peak using the abovemen-
tioned time-frequency correlation method enabled the posi-
tion of each target to be determined. The measurements
under this scheme and the results for three human targets
are discussed in Sec. 5.
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Fig. 7. Prototype of the baseband signal acquisition and
processing circuit board.

4.4 Hardware Implementation

Figure 7 shows the prototype of the baseband signal
acquisition and processing circuit board developed using
the commercial XILINX KINTEX-7 chip and FPGA tech-
nology. In addition to the ten I/Q acquisition ports, this
board also included the transmit tagging signal acquisition
port and RS232 interface for control by the upper computer,
which allowed the sampling rate to be adjusted and each
individual port to be activated.

5. Field Test and Discussion of Results

Based on the proposed radar system with the working
parameters shown in Tab.1 and the signal processing
scheme introduced in Sec. 4, the human target positioning
experiment was conducted, as shown in Fig. 8(a). Under
the established coordinate system, the three human targets
were asked to stand at different initial positions and move
in different directions with a speed of about 1 m/s. The
radar executed a transmit sweep period of about 16 ms as
its time handling frame. To highlight the positioning per-
formance for moving targets, the measured results of the
frames at about 1s and 3 s were observed, as shown in
Figs. 8(b) and (c). For simplicity of presentation, only the
range profiles corresponding to the trailing edge of each
pulse and the R; receiving channel are shown in Fig. 8(b).
In addition, in order to improve the resolution performance
of the array, a sparse layout based on the ambiguity func-
tion optimization, such as that in [25], was used in this
system.

Considering the difficulties in simulating the complex
clutter environment in the test, here we directly give the
measured data. The ten I/Q signals were sampled by the
baseband board shown in Fig. 7 and imported into the up-
per computer (a laptop) for processing. As shown in
Fig. 8(b), the three targets could be distinguished in the
range profiles of both frames. For each range peak, a rec-
tangular window with a width identical to the range resolu-
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tion was adopted to obtain each target’s angle spectrum, as
shown in Fig. 8(c). The latter clearly reflects the motion
between the two frames.

Because average processing was used for the angular
spectrum corresponding to the 321 frequency points, the
fluctuations in the curves shown in Fig. 8(c) are small. In
contrast, for the range profile shown in Fig. 8(b), fluc-
tuations of approximately 10 dB appear outside the target
peak because there was only one snapshot included in each
pulse. Linking the six range peaks and six angle peaks in
the two images enabled the positioning results of these two
frames to be obtained. An interval scale of 0.1° was used
for the angle axis of the DOA spectrum. Based on the nor-
malized curves shown in Figs. 8(b) and (c), peak searches
with —5 dB and -3 dB thresholds were performed to esti-
mate each target’s range and azimuth angle, respectively.
A comparison between the presupposed accurate results
and the estimated results obtained from the range profiles
and angle spectra is summarized in Tab.2. As can be
derived from the table, the maximum error occurred in the
range and angle estimation in two observed frames at about
0.3 m and 0.4°, respectively, which resulted in a relative
ranging error of less than 2%.

Furthermore, a comparison between other similar
works is summarized in Tab. 3. From the perspective of -0K
applications, the proposed system is different from other
radars listed in Tab. 3 in terms of the design and perfor-
mance because it is a positioning radar used to detect slow-
moving targets such as human beings. Because the ranging
resolution of SF radar is proportional to the signal band-
width, a high ranging resolution can be achieved by devel-
oping millimeter wave and terahertz radar, such as those
described in [15] and [24]. Compared to the large band-
width characteristics presented in [15] and [24], the pro-
posed radar works in the microwave S-band with a band-
width of only 320 MHz, which qualifies its range resolu-
tion as acceptable for practical applications. Second, com-
pared to the 2-D FFT imaging used in the UWB through-
wall radar proposed in [20], this system adopted an effi-
cient time-frequency correlation positioning method, which
significantly simplified the signal processing complexity
and increased the resolution in the longitudinal and cross-
range directions of the radar coordinate system. Third, in
contrast to the method of adopting long observation times

Normalized range profile (dB)

Range (m)

(b

to obtain high Doppler frequency resolution, such as was
Frame at1s Frame at3 s Avimuth of arget 2 ac 15
Presupposed | Estimated | Presupposed Estimated . i of arge 1303
position position position position g ot et 203
Target | 1521 m, 15.4m, 15.66 m, 15.81 m, [
1 -9.5° -9.7° -16.7° -17.1° :
Target 14 m, 13.77 m, 12'm, 11.7m, T T T
2 0° 0° 0° 0.1°
Target 16.07 m, 16.35 m, 18.06 m, 18.31 m, el (e
3 5.35° 5.4° 48° 47° ©

Tab. 2. Summary of presupposed and estimated target positions.

Fig. 8. (a) Image of field test. (b) Range profiles from field

test data. (c) Angle spectra from field test data.
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Ref. Working band | Waveform Measurement Array Resolution Measurement error Frame
structure length
[15] 29.7-32.88 GHz SFCW Range imaging SISO 0.05 m in ranging 0.0051 m in ranging Not given
0.15 m in ranging, < 0.1 m in ranging,
[16] | 8.5-9.5GHz srcw | ZDFET forrange- | g)q0 0.2 Hz in Doppler <0.1 Hz in Doppler 10.1s
Doppler mapping
frequency frequency
0.05 m in ranging, 0.1 m in ranein
[20] 1-4 GHz SFCW 2-D FFT imaging SIMO 0.63 m in cross . gme, Not given
. 0.5 m in cross ranging
ranging
DOA + ADBF and 15°in DOA, 6°in DOA,
[21] 5.8 GHz CcwW FFT for Doppler SIMO better than 0.4 Hz in < 0.05 Hz in Doppler >25s
mapping Doppler frequency frequency
Ranging by
FMCW + combined . . . .
[24] 121-127 GHz cw frequency and SISO 0.05 m in ranging 60 pm in ranging 15.93 ms
phase evaluation
2-D DBF and FFT 17° in DBF, 1.5° in DBF,
[26] 2.4 GHz CwW for Doppler MIMO better than 0.15 Hz in 0.02 Hz in Doppler >6.67s
mapping Doppler frequency frequency
. Range imaging and . . . .
This . 0.47 m in ranging, 0.3 m in ranging,
work 3.1-3.42 GHz SFCW tlme-frftquency SIMO 4.7° in DOA 0.4° in DOA 16 ms
correlation DOA

Tab. 3. Comparison with other radar systems.

done in [16], [21], and [26], the main task of this system
was to detect slow-moving targets rather than perform
Doppler frequency measurements. Hence, a compromise
between minimizing the frame length for fast positioning
and tracking and maximizing the radar range described in
(6) and (7) was considered in the design. Under this im-
proved time-frequency correlation scheme, the proposed
system could achieve fast and highly accurate positioning
with a limited bandwidth and a low hardware cost.

6. Conclusion

This paper presented an S-band planar positioning ra-
dar system that used an SFCW signal and SIMO architec-
ture. The hardware structure was simplified into a sparse
antenna array, RF front end, and signal processing module.
A time-frequency correlation method based on joint IFFT
range imaging and the modified Capon algorithm was
adopted in the signal processing module. By windowing
each target peak in multiple groups of range profiles and
returning to the frequency domain for the DOA algorithm,
the angle corresponding to each target range could be
found one by one. The processing step used the frequency
sweep cycle as the basic time step and resulted in a posi-
tioning time of about 16 ms. Superior positioning perfor-
mance with a ranging error of about 0.3 m and an angle
estimation error of 0.4° were achieved in a field test. These
results confirmed the effectiveness of the proposed radar
system and its excellent prospects in applications requiring
fast locating and tracking.
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