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Abstract—This paper presents a self-injection-locked (SIL)
radar with ranging and tracking capabilities to see through walls
for discovering hidden people. Characterized by low complexity
and high sensitivity, the proposed SIL radar merges the fre-
quency-modulated continuous-wave and sum-difference pattern
detection approaches to determine the distance and azimuth from
the radar to each individual in a scene behind a wooden partition
wall. An individual can be distinguished from a stationary object
by using dynamic spectral subtraction to extract human motions
or vital signs. Additionally, two or more individuals can be distin-
guished from each other by decomposing the Doppler signal into
contributions of individuals in a polar domain. Consequently, a
see-through-wall imaging system is constructed with the proposed
SIL radar to position different individuals concealed behind a
wall.

Index Terms—Frequency-modulated continuous-wave (FMCW)
radar, see-through-wall (STW) imaging radar, self-injec-
tion-locked (SIL) radar, sum-difference pattern, vital signs.

I. INTRODUCTION

O PTICAL IMAGE sensors fail to provide visual informa-
tion behind shelters, and they are easily discovered by

hidden individuals. Real-time see-through-wall (STW) radars
have therefore drawn increasing attention in homeland security,
disaster rescue, and military industry-related applications to de-
tect, locate, and monitor hidden individuals with electromag-
netic waves [1]. A continuous-wave (CW) radar transmits an RF
sinusoidal signal toward a target. The radar then receives and de-
modulates the echo signal to evaluate the relative velocity of the
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target. Since the early 1970s, CW radars have been widely used
to noncontact monitor cardiopulmonary activity and search for
alive victims under earthquake rubble. However, several tech-
nical difficulties, such as null detection points and co-frequency
interference, are encountered in practical applications in which
the robustness issue must be addressed. To overcome these dif-
ficulties, many architectures and demodulation methods have
been developed at the cost of system complexity and power con-
sumption [2]. Moreover, multiple targets in the environment are
detected using the multiple antenna CW radar with advanced
digital signal processing [3]–[5]. However, a tradeoff between
robustness and efficiency is always incurred in operation. Ac-
tually, the CW radar is limited mainly by its inability to obtain
range information for the target [6].
The above limitation of CW radars can be overcome by pulse

radars or frequency-modulated continuous-wave (FMCW)
radars. Pulse radars transmit a sequence of short pulses of
RF energy, and estimate range to the target by measuring the
time delay in returned pulses. Furthermore, pulse radars can
simultaneously detect vital signs and exhibit high immunity
to interference signals using the pulse generator with pro-
grammable delay and synchronization control [7]. However,
these mechanisms significantly increase hardware complexity
and the cost [8]. FMCW radars modulate the CW carrier
frequency with a triangular waveform. Range information of
the targets can then be acquired using the frequency difference
between the transmitted and echo signals. However, the range
correlation of phase noise for cancellation purpose is less
satisfactory with the larger frequency difference between the
transmitted and echo signals [9]. Therefore, FMCW generator
usually requires an integer- phase-locked loop (PLL) refer-
encing a direct digital frequency synthesizer (DFS) [10]–[12]
or a fractional- PLL with a delta–sigma modulator [13] to
achieve low phase noise, fast settling time, and precise fre-
quency control. The generator is thus complex, and the costs
and power consumption are high. Moreover, the clutter signals
make it difficult to distinguish the key target from various
objects within the sensing range. The clutter effect is often
cancelled by generating a signal with the same amplitude but
opposite phase as the clutter signal [14].
Approaches attempting to detect the azimuth of targets,

including sequential lobing [15], conical scanning [16], and
monopulse [17], compare the echo signals measured at different
beam directions of a phased array antenna. The other approach,
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Fig. 1. Proposed STW imaging system using a SIL radar with FMCW and
sum-difference pattern detection techniques.

synthetic aperture radar (SAR) [18], utilizes relative motion
between the radar and the target. The echo signals captured
successively at the different antenna positions are coherently
detected and then post-processed to obtain an image of the
target region. However, these approaches [15]–[18] normally
use a large antenna array for finer spatial resolution. Therefore,
the system complexity is also increased, leading to excessively
high costs and power consumption.
Since the early 1990s, FMCW technology has been adopted

in imaging radars to provide a real-time image with obscured
line of sight [19]–[21]. Recent works [21] located a moving
subject behind a wall by subtracting real-time output spectra
to remove the clutter signals produced by stationary objects.
However, an FMCW radar has difficulty in extracting tiny body
movements, such as due to cardiopulmonary activity, from con-
tinuous range information, since the noise sideband of a trans-
mitter often swamps the target Doppler signals [22]. On the
other hand, some FMCW approaches detect the vital sign sig-
nals by demodulating the low-frequency information from the
FM carrier frequency [23], [24], but fail to provide the syn-
chronous range information.
In our previous works [25], [26], a new kind of CW radar

has been introduced to detect vital signs. In its basic opera-
tion, an oscillator transmits a CW signal, which is partly re-
flected by a distant target, and then injected into the same os-
cillator to form a self-injection-locked (SIL) state. Doppler in-
formation of the target motion can be simply extracted from fre-
quency demodulation of the oscillator output. This radar, called
a SIL radar, was validated to achieve a high sensitivity with
low system complexity. Additionally, our recent work [27] de-
veloped a SIL FMCW radar with simple hardware to detect a
single concealed individual by using background subtraction
of FMCW spectra measured in different time intervals. In this
work, for the first time the FMCW and sum-difference pattern
detection techniques are combined to construct a wall-trans-
parent image to position multiple concealed individuals behind
a shelter, as shown in Fig. 1. Since the SIL radar can detect
Doppler shifts introduced by the cardiopulmonary activity of
a human subject with a high signal-to-noise ratio (SNR) gain
[25], the proposed system can therefore monitor the vital signs
of concealed individuals simultaneously.

II. SIL RADAR WITH RANGING AND TRACKING CAPABILITIES

Fig. 2 shows block and timing diagrams of the proposed SIL
radar, which contains a differential voltage-controlled oscillator
(VCO) with an injection input, a low-noise amplifier (LNA)

Fig. 2. Block and timing diagrams of the proposed SIL radar.

with a power gain of 14 dB, a transmit (TX) antenna, a power
amplifier (PA) with a power gain of 8 dB, a receive (RX) an-
tenna array consisting of two elements, a phase shifter, a com-
biner to synthesize sum-difference pattern for azimuth detec-
tion, and a frequency demodulator composed of a mixer, delay
element, and low-pass filter (LPF). Both the TX and RX an-
tenna elements are horn antennas with a high gain of more than
10 dBi from 2 to 18 GHz. The tuning range of the VCO ranges
from 2.3 to 2.8 GHz, and it delivers an output power of approx-
imately 0 dBm. The operating procedure of the proposed radar
is described briefly as follows.
First, in the FMCW mode, the scanning input voltage

remains constant to fix the beam direction of the RX antenna
array. In contrast, the tuning input voltage outputs a
ramp signal to frequency modulate the inherent oscillation
signal of the VCO during the duration . The positive
output signal of the VCO is amplified by the PA and
then emitted by the TX antenna toward the subjects concealed
behind a wall. According to Fig. 1, the signals reflected
from the wall and the subjects are received by the RX antenna
array and then amplified as the injection signals, ,

, and , respectively, by the LNA. Next, these
injection signals enter the VCO via its injection input and cause
the VCO to enter a SIL state. Round trip propagation delay of
the SIL path with respect to , , and is
, , and , respectively. Notably, the SIL state fails to

hold once the injection signal frequency exceeds the locking
range, which may occur for a very short sweeping duration .
Second, the radar is switched to CWmode by setting as

constant voltage . A ramp signal of enters the voltage-
controlled phase shifter for detecting Doppler shifts with dif-
ferent antenna beam directions during the duration . Further-
more, the echo signals inject into the VCO to make the VCO
achieve a SIL state.
Third, the negative output signal of the VCO is fed

into the frequency demodulator to output a baseband signal
that reflects the frequency variation of the VCO in the

FMCW and CW modes of the radar. After signal processing,
the radar finally extracts the range information of the subjects
by using background subtraction of the FMCW spectra mea-
sured one time per seconds. Furthermore, the radar uses the
sum-difference pattern detection technique to track the azimuth
of the individual subjects in the CW mode.
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A. Range Detection in the FMCW Mode

In Fig. 2, the VCO has an inherent instantaneous oscilla-
tion frequency and a constant oscillation amplitude .
When an injection signal , with instantaneous frequency

and constant amplitude , enters the VCO, output
signal , with constant amplitude , can be regarded
as a vector that rotates clockwise with beat frequency
with respect to , while is the phase difference from

to . Based on our previous work [27], the instan-
taneous output frequency is represented as

(1)

In (1), the locking range for a VCO is given by

(2)

where denotes the quality factor of the VCO’s tank cir-
cuit. The ramp signal of is applied to the VCO’s tuning
terminal, and the radar is operated in the FMCWmode. The os-
cillation frequency of the VCO can be expressed as

(3)

where is the tuning sensitivity and is the center fre-
quency of VCO. Consider a situation in which the injection
signal is a summation of multiple echo signals from various tar-
gets (Fig. 1). Thus, (1) can be rewritten as

(4)

where

(5)

The phase difference under a SIL condition is equal to the
propagation phase delay of each injection signal , and
can be expressed as

for
for

(6)
where and are the round-trip delay within the internal
circuit and the th SIL path delay, respectively. Additionally,

for , represents the delay fluctuation caused by
bodymotion of the subjects. Under a small-angle approximation
for , the frequency-demodulated and low-pass
filtered baseband output signal, , is proportional to the
instantaneous oscillation frequency variation and can be found
as

(7)

where , and and represent the con-
version loss of the mixer and the time delay offered by the
delay element, respectively, in the frequency demodulator. For

, the demodulated signal in (7) can be ap-
proximated by

(8)

where

(9)

and

(10)

Since one sweeping duration is significantly shorter than
the period of vital signs, and can be
treated as a constant with time within the duration .
Hence, and can be mathematically
merged into and , respectively, in discrete
time. Consequently, in (7) can be extracted after sub-
tracting from in the baseband. By assuming
that the VCO has a small tuning range, the locking range,

, can be approxi-
mated. Moreover, the Fourier transform of is

(11)

where and represent the Fourier transform pair of a
window function, and , each tone’s center frequency of the
detection spectrum, equals , where is the scan rate
(i.e., rate of change of per ). Notably, is related
to the th SIL path delay. Therefore, the distance detected for the
targets within the sensing range can be calculated and expressed
as

(12)

where denotes the speed of light.
Next, the proposed theory is verified based on the baseband

output signal measurements. In contrast to Fig. 2, the TX an-
tenna and RX antenna array are bypassed. The experimental
setup connects the PA output directly to the LNA input through
a variable time delay element and an attenuator to adjust the
SIL path delay as well as the injection amplitude. In the exper-
iment, the VCO with a tank quality factor of about 24 sweeps
from 2.4 to 2.7 GHz in 0.01 s; the scan rate is thus 30 MHz/ms.
The SIL path delay and the injection-to-oscillation amplitude
ratio is set as 28.4 ns and 0.1, respectively. There-
fore, the calculated locking range is around MHz
to MHz due to the variation in . In Fig. 3, the
black line expresses the calculated baseband output waveform
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Fig. 3. Baseband output waveform of SIL radar in the FMCW mode.

according to (7) with the aforementioned parameters. The am-
plitude of ripple is proportional to the locking range. Ad-
ditionally, the extracted FMCW spectrum shows a tone centered
at 852 Hz. The measured results denoted by the circle symbols
agree well with the calculated waveform.

B. Azimuth Detection in the CW Mode

Assume that is fixed as a constant value, . The SIL
radar is thus operated in the CW mode with the following oscil-
lation frequency and locking range with respect to the VCO

(13)

According to (7) and (8), can be rewritten as

(14)

where

(15)

and

(16)

In (16), can be expressed as

(17)

where denotes position fluctuation of the subject with
respect to the original distance. The dc level in (14) is the
so-called dc offset, which greatly degrades the system perfor-
mance. Clearly, according to (15), can be particularly tuned
for eliminating the dc offset.
As shown in Fig. 4, the proposed radar utilizes one TX and

two RX antennas for azimuth detection in the CW mode. All

Fig. 4. TX and RX antennas in the proposed SIL radar.

of the elements are horn antennas with aperture width and
height . is power amplified, emitted by the TX an-
tenna, reflected from the targets in the environment, and re-
ceived separately by the two identical RX antenna elements
spaced at distance apart. Assume that the phase shifter is ide-
ally lossless; hence, the transmission coefficient is , and is
the voltage-controlled phase shift. The two received signals are
then combined as for injecting into the VCO. Assume
that the zenith angle remains constant. The RX antenna array
pattern can thus be written as

(18)

where the element factor , horn antenna pattern function
[28] in this case, is given by

(19)

and the array factor in (18) is

(20)

Notably, the azimuth in (19) ranges from 0 to 180 . In the
experiment, the horn antennas with of 10 cm and of 7.5
cm are used as antenna elements, where is chosen around

GHz; in addition, the spacing between two RX an-
tenna elements is about 10.6 cm. Fig. 5 compares the radiation
pattern with equal to 0 , 90 , 180 , and 270 , respectively, in
which the measurement results and theoretical predictions cor-
relate well with each other.
Next, the tracking pattern for a target located at an

azimuth of is defined as the ratio of sum to difference pattern
by varying the phase shift at the azimuth of . Thus, this
pattern is given as

(21)
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Fig. 5. Scanned radiation patterns of the two-element array for the reception
(measurement: black —, theory: gray —). (a) . (b) . (c)

. (d) .

Moreover, the tracking azimuth angle , in which the tracking
pattern shows an infinite peak amplitude, is found by

(22)

Substituting (22) into (21) yields

(23)

and the output baseband amplitude is proportional to .
In the experiment, is around . Hence, the position
of sum pattern scans from 53.97 to 126.03 with varying
from to 180 . Similarly, the difference pattern has the
same scanning range when varies from 0 to 360 . To avoid
the judgment errors, this work selects range as 55 to 125 .
We recommend that future works expand the tracking azimuth
by designing a miniaturized high-gain antenna element to fur-
ther reduce the spacing between the two RX antenna elements.

III. EXPERIMENTAL RESULTS

Figs. 6 and 7 show the actual photograph and the top
view sketch of the experimental setup. The SIL radar in the
FMCW mode sweeps the VCO oscillation frequency from
2.4 to 2.7 GHz with 30-MHz/ms scan rate; in addition, is
fixed as 0 to maintain the beam direction equal to 90 .
The internal circuit delay, , is approximately 15.5 ns.
During the experiment, all of the targets are sheltered by a
180 200 3 cm wooden partition wall. Within the sensing
range, a subject is seated still and breathing normally, with
various objects causing clutter signals and a wood wall having

Fig. 6. Actual photograph of the experimental setup for detection of concealed
individuals.

Fig. 7. Top view sketch of Fig. 6.

Fig. 8. Dynamic FMCW spectra for range detection in the scenario of Fig. 6.

windows located at the far edge. Distances from the radar to the
wooden partition wall, seated subject 1, stainless table, probe
station, electronic cabinet, seated subject 2, and wood wall
with windows are 0.83, 1.86, 2.41, 3.4, 4.41, 5.28, and 6.5 m,
respectively. Additionally, the azimuth angle of seated subjects
1 and 2 are located at 65 and 95 , respectively.
In the FMCW mode, the sweeping duration and the spec-

trum sampling period are set as 0.01 and 0.1 s, respectively.
Fig. 8 shows the 1-s cumulative FMCW spectra. The tones lo-
cated at 630, 836, 945, 1140, 1345, 1521, and 1760 Hz are de-
rived from the TX/RX coupling signal and the echo signals of
the wooden partitionwall, seated subject 1, stainless table, probe
station, electronic cabinet, seated subject 2, and wood wall with
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Fig. 9. Fourth power of the background subtracted spectra with respect to the
original spectrum in Fig. 8.

windows, respectively. According to (12), their detected dis-
tances are 0.825, 1.855, 2.4, 3.375, 4.4, 5.28, and 6.475 m, re-
spectively. The maximum range error is less than 3 cm. More-
over, the range resolution can be further enhanced by using
a broader scanning bandwidth. In particular, the tones located
below 465 Hz originate mainly from the sweep nonlinearity of
the VCO. To remove the effects of sweep nonlinearity and sta-
tionary clutter, this work defines background subtracted spec-
trum as

(24)

With an emphasis on the spectral peak variations in relation to
spectral subtraction noise, Fig. 9 shows the normalized fourth
power of background subtracted spectra with respect to Fig. 8.
Clearly, the largest two peaks of spectral variations occur in the
frequencies that represent the distances of the seated subjects 1
and 2 from the radar, owing to their cardiopulmonary signals
during the 1-second measurement time. Notably, in such a short
measurement time, the maximum peaks corresponding to the
maximum cardiopulmonary displacements appeared in the two
seated subjects may not occur at the same plot. Moreover, in
Fig. 9, the spectral peak amplitude shown for the seated subject
1 varies more severely than for the seated subject 2 because
the former is closer in distance to the SIL radar. Figs. 10(a)
and 11(a) record the position fluctuations with the transformed
spectra shown in Figs. 10(b) and 11(b) for the seated subjects
1 and 2, respectively. The spectral peak values associated with
respiration and heartbeat are 7.132 and 1.324 mm, respectively,
for the seated subject 1, and 8.47 and 1.766mm, respectively, for
the seated subject 2. Additionally, Figs. 10(b) and 11(b) clearly
indicates a breathing rate of 18 breaths/min and a heartbeat rate
of 76 beats/min for the seated subject 1, and a breathing rate
of 17 breaths/min and a heartbeat rate of 72 beats/min for the
seated subject 2, respectively.
Next, the SIL radar is switched to the CW mode by setting

and . The tracking azimuth is
then scanned from 55 to 125 by using to vary the phase
shift . Fig. 12 shows the measured ratio of sum to difference
pattern voltages with varying tracking azimuth. According to

Fig. 10. Vital-sign detection results for the seated subject 1 in Fig. 6. (a) Sub-
ject’s position fluctuations due to vital signs. (b) Spectrum of position fluctua-
tions.

Fig. 11. Vital-sign detection results for the seated subject 2 in Fig. 6. (a) Sub-
ject’s position fluctuations due to vital signs. (b) Spectrum of position fluctua-
tions.

Fig. 5, the width of main antenna beam is so wide that the
received signal for various simultaneously contains the
Doppler shifts caused by the two seated subjects located at
different azimuth angles of 65 and 95 , respectively. Since
the tracking pattern is proportional to the measured voltage
caused by the subjects’ cardiopulmonary signals within the
sensing range, Fig. 12 is dominated by the closer subject 1 at
an azimuth of 65 , making it difficult to distinguish the other
subject at an azimuth of 95 .
The STW image for positioning the seated subjects can be

constructed based on Figs. 9 and 12 that show the range and
azimuth information, respectively, by the following equation in
polar form:

(25)

where is derived from (12) as .
The purpose of using the fourth power of the subtracted spec-
trum in (25) is to enhance the signal to clutter plus noise ratio
of the constructed STW images. As dynamic FMCW spectra
are measured per 0.1 s, this prototype can provide 10-Hz image
rate to monitor the position information of concealed individ-
uals in real-time. As a result, the STW image based on (25)
provides colored blobs to position slow-moving or stationary
subjects and suppresses the appearance of stationary objects.
Fig. 13 shows the most distinctive STW image measured within
1-s monitoring period, in which the colored blobs should closely
correspond to the position of the seated subjects in Fig. 7. How-
ever, in Fig. 13, the blob representative of the seated subject 1
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Fig. 12. Uncorrected tracking pattern for azimuth detection of the seated sub-
jects in Fig. 6.

Fig. 13. Uncorrected STW image for position detection of the seated subjects
in Fig. 6.

expands, owing to the significant distortion in the azimuth res-
olution, as shown in Fig. 12. Furthermore, the position of the
seated subject 2 is mistaken as 5.28 (m) 65 in polar form. In
sum, the above approach fails in the two-person detection.
To resolve this problem, this work develops a time-domain

correction scheme. Assume that the period of antenna beam
scanning in the CW mode is significantly less than that of vital
signals. The vital-sign signals detected in sum and difference
pattern, and , are given by

(26)

and

(27)

where and denote the antenna factors
in sum pattern for detecting cardiopulmonary signals of
the seated subjects 1 and 2, respectively. While the array
is operated in a difference pattern, the antenna factors are

and , respectively, for
individual detections. Since and are ob-
tained as known functions of vital signs from Figs. 10(a) and

Fig. 14. Corrected tracking pattern for azimuth detection of the seated subjects
in Fig. 6.

Fig. 15. STW imaging process for two different subjects.

Fig. 16. Corrected STW image for position detection of the seated subjects in
Fig. 6.

11(a), the antenna factors , for sum pat-
tern and , for difference
pattern can be derived from solving (26) and (27), respec-
tively, at any two sampling times. Thereafter, the tracking
patterns, and

, can be found
as Fig. 14, showing a peak value at the azimuth of the seated
subjects 1 and 2, 65 and 95 , respectively. This results agrees
very well with the actual situation.
Fig. 15 shows the STW imaging process for two different sub-

jects. First, is split by low- and high-pass filtering;
in addition, both cutoff frequencies are set as
to isolate the range information of individual subjects. Second,
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these two split signals multiplied by the corresponding tracking
pattern provide the positioning information. Finally, the two
data sets from the subjects are summed to construct the STW
image, as shown in Fig. 16. In this figure, positions of the two
seated subjects are obvious, although the blob image of the
seated subject 2 has a lower intensity due to a farther position
from the radar, and hence, with a weaker echo signal. More-
over, the optical transfer function of the blob images in Fig. 16
can be improved by raising the spatial resolution with increased
scanning bandwidth and antenna array elements. Notably, the
brightness of the blob image varies with time according to the
detected cardiopulmonary activity. Therefore, the two blob im-
ages twinkle asynchronously because the cardiopulmonary sig-
nals of two subjects have different periods.

IV. CONCLUSION

This paper has presented a SIL radar with a one-element an-
tenna for transmission and a two-element array antenna for re-
ception to construct STW images in order to detect concealed
individuals by their vital signs. The radar performs the range
detection of different subjects by using background subtrac-
tion of FMCW spectra. Moreover, the radar uses the sum-dif-
ference pattern detection in the CW mode to monitor the az-
imuth angle of individual subjects. Despite the seriously dis-
torted sum-difference pattern detection results for multiple sub-
jects due to their mutual interference in the reception of mul-
tiple Doppler signals, this work has developed a time-domain
correction scheme to overcome this problem. Importantly, the
proposed radar imaging system uniquely positions multiple sub-
jects and monitors their vital signs simultaneously, even when
it is concealed from vision.
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