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Abstract. Impulse through-wall radar (TWR) is considered
as one of preferred choices for through-wall human indica-
tion due to its good penetration and high range resolution.
Large bandwidth available for impulse TWR results in high
range resolution, but also brings an atypical adversity
issue not substantial in narrowband radars — high timing
Jitter effect, caused by the non-ideal sampling clock at the
receiver. The fact that impulse TWR employs very narrow
pulses makes little jitter inaccuracy large enough to de-
stroy the signal correlation property and then degrade
clutter suppression performance. In this paper, we focus on
the timing jitter impact on clutter suppression in through-
wall human indication via impulse TWR. We setup a simple
timing jitter model and propose a criterion namely average
range profile (ARP) contrast to evaluate the jitter level. To
combat timing jitter, we also develop an effective compen-
sation method based on local ARP contrast maximization.
The proposed method can be implemented pulse by pulse
followed by exponential average background subtraction
algorithm to mitigate clutters. Through-wall experiments
demonstrate that the proposed method can dramatically
improve through-wall human indication performance.

Keywords

Through-wall radar, human target indication, clutter
suppression, timing jitter, average range profile, local
contrast maximization.

1. Introduction

Through-wall human indication is of great interest in
homeland security and disaster rescue applications [1].
Ultra-wideband (UWB) through-wall radar (TWR) has
emerged as a promising technique due to its high range
resolution and good penetration. Impulse TWR is one of
the preferred choices, which generally employs extremely
narrow pulse (typically few nanoseconds) to provide large
bandwidth for high range resolution.

However, through-wall human indication with UWB
TWR is faced with many challenges arising from both the
sensing scenario and the radar system. Low reflectivity of

human body, strong interference including antenna cross-
talk, and clutters from walls, furniture, etc., and high signal
attenuation of walls [2] result in extremely low signal-to-
clutter ratio (SCR), which makes clutter suppression play
akey role in through-wall human indication. In the past
few years, many effective methods operating in time do-
main [3]-[9] or frequency domain [10]-[11] have been
developed to obtain high clutter suppression performance,
based on the fact that there are always motions in live peo-
ple, e.g. heart-beating and respiration in stationary people,
limbs or torso motions in moving people, etc.

Time-domain clutter suppression methods such as
background subtraction [6], moving target indication
(MTI) [8], moving target detection (MTD) filter [9], etc.
succeed in indicating human targets based on the assump-
tion that static clutter signals are time invariant. Frequency-
domain methods reported in [11], [12] to detect trapped
people divide clutters into static and unstatic parts to re-
move, and the jitter distortions are treated as unstatic clut-
ters. Both of the two methods adopt linear trend subtraction
(LTS) to mitigate the static components. As to the unstatic
components, reference [11] decomposes the range-fre-
quency matrix by means of single value decomposition
(SVD) into different subspaces and removes the unstatic
clutter subspace empirically, while reference [12] uses
an improved automatical approach based on constant false
alarm ratio (CFAR) and clustering to remove the unstatic
components. However, neither of the above two references
have examined the timing jitter effect on clutter suppres-
sion in detail. Besides, their methods are complicated.

Note that whether operating in the time domain or fre-
quency domain, clutter suppression requires a steady corre-
lation between received pulses. However, it is difficult to
satisfy the steady correlation with the presence of system
instability in real impulse systems. One issue is introduced
by the non-ideal sampling clock at receiver, which in effect
gives room for sampling offsets referred to as timing jitter
[13]. Typically, timing jitter ranges in 10-150 ps in impulse
systems [14], but the fact that impulse TWR employs nano-
second-short pulses makes the sensitivity to timing jitter
significant, and even common jitter inaccuracy is large
enough to degrade the signal correlation [13], [15]. As
a result, echoes from stationary scatterer including antenna
cross-talk, wall clutters, etc. time varying both in amplitude
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and delay (in this study, we concern impulse TWR with
two co-located antennas which keeps immobile when
working and the antenna cross-talk can also be treated as
clutters from a stationary scatterer in close range). Com-
pared with the weak echoes of human body, these clutters
are so strong that even few residuals because of jitter dis-
tortion are large enough to cause false alarms. In frequency
domain, timing jitter distortion covers the heart-beating and
respiration frequency band and makes it difficult to extract
these components.

In order to analyze the impact of timing jitter on clut-
ter suppression, firstly, we setup a simple model, and pro-
pose a criterion namely average range profile (ARP) con-
trast to evaluate the jitter level. Contrast is usually adopted
to measure the sharpness of an image. Here, lower jitter
level will yield a sharper ARP, whose contrast is higher.
Then, a range alignment method based on local ARP con-
trast maximization is introduced to eliminate the timing
jitter effect. Correlation based range alignment method [16]
was introduced to combat timing jitter effect in coupling
suppression [17] and clutter mitigation [18], but it is widely
accepted that this method is somewhat sensitive to noise.
Additionally, it has the defect of misalignment error accu-
mulation. By contrast, the range alignment method based
on local ARP contrast maximization is immune from the
above defects, and it is proved that this method is essen-
tially an extension of the maximum correlation range align-
ment technique. Finally, an effective time-domain method
— exponential average background subtraction (EABS) [6]
is applied to remove clutters. Since EABS weights previ-
ous pulses by exponential coefficients to estimate the back-
ground data, it permits meaningful control over its clutter-
reduction behavior and can achieve good results in clutter
suppression [6], [19].

The paper is organized as follows. Section 2 gives
a brief description of our impulse TWR and the experimen-
tal scenario. Section 3 setups a model of timing jitter,
presents some simulation results and analysis. Section 4
describes in detail the introduced method to compensate
timing jitters, followed by clutter suppression to achieve
target indication. Various through-wall experiments are
provided and discussed in Section 5. Conclusion is drawn
in Section 6.

2. Radar System

We have developed a portable real-time mono-static
1-D time-domain impulse TWR [20] with two co-located
Archimedean spiral antennas, consisting of antenna mod-
ule, transmitting and receiving module, and data acquiring,
processing and displaying module, as shown in Fig. 1.
Transmitting and receiving are controlled by frequency
synthesizer and timing controller (FSTC). As Fig. 2a)
shows, the TWR transmits about 2 ns width first-order
Gaussian pulses with 20 Hz pulse repetition frequency
(PRF). At the receiver, the sampling rate is 8§ GHz. The
impulse TWR remains immobile and the recorded pulses
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are aligned to each other creating a 2D matrix, in which the
fast-time dimension is related to echo time delay corre-
sponding to measured range, while the slow-time dimen-
sion is related to pulse number, as shown in Fig. 2b).

With the TWR, we have conducted through-wall
experiments, focusing on the scenario that human targets
locate behind wall with all the other objects in their sur-
roundings static as delineated in Fig. 3. The wall to pene-
trate is a 30 cm thick brick wall of a 30 x 17 m? warehouse,
and there are a pile of sundries including cabinets, cables,
metal shelves, etc. lying in the range of 3-6 m away from
the wall as shown in Fig. 3b).

3. Timing Jitter Analysis

3.1 Model Description

Let the first-order Gaussian function denote the
transmitting waveform

pr(t)__AzeXp{_ztoz_z} (1)

o,

where 4 is an amplitude normalization constant, o, is re-
lated to the pulse width. Smaller o, results in narrower
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pulse. Consider the propagation delay 7 encountered by the
signal as it travels from the transmitter to a scatterer behind
wall and back to the receiver, ignore the propagation at-
tenuation and wall effect, and let p,(f) denote the received
analog time continuous echo signal. Due to the differential
characteristic of the antennas [21], the received signal p,(¢)
can be modeled as five-order Gaussian function

A(r—t Y Y r—t)

p.(t)= (af ){[Ta,t] —10[’;] +15}exp{—(20_tz)}. )

Ideally, the received echo signals from stationary
scatterers at different measured time are time-invariant. For
simplicity, we assume that the noise signal added on meas-
urement is also changeless, and far less than the scatterer
echo signals. At the receiver, let 7, denote the sampling
period and n,(f) denote the noise signal. Due to the pres-
ence of jitter ¢ on the sampling clock, the mth ideal sample
at time #,, = mT, will be taken at mT+e(n)

p(t,.m)=p,(2,)+n,(1,) 3)

=p, (mﬂ +£(n))+nr (mTv +£(n))
where &(n) denotes the timing jitter in the nth measurement.
Timing jitter because of the non-ideal sampling clock is
usually considered as a time varying random process inde-
pendent from the analog time continuous input signal p,(?),
which means jitter at each sample in a single measurement
is different. But in this study we simply assume that all
samples in a specified measurement suffer from the same
jitter level.

Expanding (3) using Taylor series around ¢, and
ignoring the high-order items, we obtain the approximation
of (3)

ps(tm,n)zp,_(tm)+nr(tm)+a‘i;7t(t) o(n)+

o, (1
ot

e(n) @)

=ty

1=t,,

where the fourth item is the interaction of timing jitter &(n)
and noise n,(f) and can be ignored under high signal-to-
noise ratio (SNR) [22].

As the effect of the sampling instant uncertainty is
concerned, we neglect the quantization error. Let
k(f)=0p(t)/0t denote the first-order derivative of p.(%),
then the discrete signal corresponding to py(z,, n) is

p(m,n)=p,_(m)+n,_(m)+k(tm)g(n) . 5)

In general, timing jitter ¢ is modeled as a time discrete
Gaussian random process with time step 7, namely pulse
repetition interval (PRI), having mean u; = 0 [23]

£(n)~ N(0.0%) (©)

where o, is the standard variation, typically ranging in
10-150 ps in UWB receivers [14], and N(u, o”) denotes the
Gaussian random process. Thus, in the slow-time dimen-
sion, for a specified rang cell m, p(m, n) also obeys a dis-
crete Gaussian random process with time step 7,, having
mean u, = p(m)+n,(m) and variation ap2 = |k(t,)|os, i.e.

p(m,n) ~ N(p,(m)-#n,_(m),

k(t,)|e3)- ()

Obviously, because of the presence of the distortion,
p(m, n) randomly fluctuates around its mean u,, depending
on the first-order derivative k(f) at ¢,. In other words, the
distribution of p(m, n) is related to the change rate of p,(¢).
Nevertheless, the transmitting pulse is very narrow, and
thus the received signal p,(¢) has a great change rate, which
finally enlarges the timing jitter distortion.

3.2 Effect of Timing Jitter

Ignoring the noise signal n,(f), simulations of echoes
of a stationary scatterer in range 1.2 m under timing jitters
with different o, are performed. The detailed simulation
parameters are listed in Tab. 1. Fig. 4a) shows the normal-
ized power spectrum density (PSD) of p(m, n) under the
timing jitter with o; = 80 ps. The shadow region represents
the frequency band ranging in 0.2-1 Hz corresponding to
heart-beating, respiration, arm swigging and so on. Fig. 4c)
shows the corresponding range-frequency matrix without
zero-frequency components. The timing jitter distortion
occupies the entire frequency band, making it difficult for
frequency-methods to correctly extract the frequency com-
ponents of stationary people from clutters, without com-
pensating distortion.

Parameter
Value

Pulse Width | # /T, T PRF M N
2.0 ns Os | 8GHz | 8ns | 20Hz | 160 | 200

Tab. 1. Simulation parameters.

Fig. 4b) plots the corresponding rang profiles, and ob-
viously nonlinear drift occurs. Fig. 4d) displays the clutter
suppression result by EABS. Obviously, with the presence
of timing jitter, residual clutters are still considerable. It is
also difficult for time-domain methods to distinguish the
weak echoes of human target from the residual clutters,
which means that false alarms could occur.

Timing jitter exerts a significant effect on clutter sup-
pression in impulse TWR. We introduce a criterion namely
ARP contrast to evaluate the jitter level. Contrast is usually
adopted to measure the sharpness of an image. The sharper
an image is, the larger its contrast is. Here, define the ARP
of N sampled pulses with timing jitter as

s(m,2) =3 p(m, n) (8)

n=1

where € = [¢(1), &(2), -, &(V)] is the timing jitter vector, and
the contrast of s is defined as

)

where E[s] and o[s] denote the mean and standard devia-
tion of s respectively and M represents the pulse length.
For N measured pulses of a stationary scatterer, the ideal
different measured echo signals are changeless. The larger
timing jitter is, the more the misalignment of range profiles
will be and the smaller the ARP contrast will be.
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Some simulated results about the distributions of ARP
and ARP contrasts under timing jitter with different o, are
plotted in Fig. 5. As Fig. 5a) shows, without timing jitter
namely ;= 0, the ARP distribution is the sharpest. With
the increase of o, the ARP sharpness decreases. As
Fig. 5b) shows, the smaller oy is, the larger its contrast is.
ARP contrast decreases monotonously with the timing
jitter level ;. Thus, ARP contrast is able to describe the
timing jitter level of N measured pulses, and furthermore it
can be employed to evaluate the jitter compensation.

4. Target Indication

Both of the amplitude and delay of received pulses
are distorted by timing jitters and should be compensated.
As Fig. 6 shows, firstly interpolation along the fast-time is
implemented to recover timing jitters, which can make
compensation reach the sub-range level.

4.1 Timing Jitter Compensation

Amplitude compensation is completed simply by nor-
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malizing each pulse along the fast-time dimension, i.e.
pa(m, n)=p(m, n)/mmax{p(m, n)} . (10)

As discussed in Section 3, our delay compensation
method is designed to maximize the local ARP contrast.
Let W, = [pJ(n-N+1), p,(n-N+2),--, p,(n)] stand for the
sliding window matrix, and Ar = [Ar(1), Ar(2),-, Ar(N)]
represent the range vector corresponding to the timing jitter
vector & where N is the sliding window width. For a given
sliding window, the mean of its ARP E[s(r, Ar)] is con-
stant. Thus, the ARP contrast in (9) can be redefined as

C'=J~sz(r,Ar)dr. (11)

The necessary condition for maximizing (11) is described
by setting the derivate of C with respect to Ar equal to zero

os(r, Ar)

7:.[2s(r,Al‘) dr=20. (12)

Reformulate s in frequency domain

(r, Ar) j{ZP

£, Ln=1

/Zﬂf.Ar(") j| e/, "df. (13)
where P,(f,, n) stands for the Fourier spectrum of p,(r, n) in
the fast-time dimension. Substitute (13) into (12)
JZs(r, Ar) X
v N (14)
[j2f, {ZPH (/ n)e””-"”(”)}e-’z”"’df,. dr
f, n=1

Interchanging the order of integration, we obtain

N .
>[4z (s ){Is(nAr)ef“-’*dr}e””-"““)df;—o. (15)

n=ly "

Note that the integral within the square brackets is the
conjugated Fourier spectrum of s(r, Ar) which is denoted
as S'(f;). Consequently, (15) can be rewritten as

ijﬂ;z[f,e, n)S*(£,) )€™ df, =0, (16)
n=ly,

As per the differentiation property of the Fourier transform,
we obtain

g 2Ln (). s(-()]

gy aAr(n) -0 a7

where ® denotes the 1-D convolution. Solving (17) is
equivalent to searching for Ar(n) to satisfy

COR(p, (r,n),5(r))
or

rArn On_lz N (18)

where COR(p(r, n), s(r)) = p.r, n) ®s(-r) represents the
cross correlation between p,(r, n) and s(r), and Ar(n) is the
coordinate satisfying (18). The Ar to be compensated must
consist of the component Ar(n).
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Fig. 6. Flow chart of the proposed approach.

The sequential search scheme developed in [24] is
employed to search the optimum Ar in the sliding window.
Let & be the iteration number and the initial value of Ar be
zero. In the kth iteration, Ar is updated as follow

Al (n)=Al"(n) +arg mfix[pa(rJrAf’l(n),n)®sk’l(—r)} (19)

n=12--N

where

n

s (r): z pa(r+Af’l (i), i). (20)
i=n—=N+1
For each trial, the ARP contrast of the sliding window is
measured. The aforementioned processing steps are exe-
cuted iteratively until the contrast stops increasing. The
corresponding Ar is used to align the pulses in the sliding
window to complete jitter delay compensation.

The optimization problem is of N dimension. Note
that when the sliding window width N equals to 1, the local
ARP contrast maximization algorithm becomes the maxi-
mum correlation method [16].

4.2 Clutter Suppression

As to clutter suppression, time-domain methods like
background subtraction can be implemented pulse by
pulse. In the background subtraction paradigms, back-
ground data is estimated first using previous pulses and
then subtracted from the current pulse to indicate targets.

In the EABS [6], previous pulses are weighted by
exponential coefficients to estimate the background data.
Let Wy = [pa(n-N+1), pAn-N+2),--, pAn)] denote the slid-
ing window matrix after timing jitter compensation, EABS
in Wy can be described as

p,(m. n)=p, (m. m)~b(n)
@1

N-1
=p,(m, n) Za"pd m, n—i)
i=1

where b(n) stands for the background and « is a constant
weighting factor in the range 0 < o < 1. Compared with the
two-pulse cancellation [8], EABS makes use of more his-
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tory information. Compared with the accumulated average
background subtraction (AABS) [6], EABS is more rea-
sonable as exponential weighting coefficients gradually
weaken the previous pulses effect with time increase.

As the weighting factor a increases, more low compo-
nents will be reserved by EABS [19]. Generally the fre-
quency corresponding to the respiration and heartbeat in
stationary people ranges in 0.2-0.7 Hz. Thus in order to
effectively indicate the stationary human targets, the
weighting factor a of EABS is set to 0.95 in this paper.
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5. Experimental Results

Using our impulse TWR, we have carried out various
through-wall experiments on human targets in the scene
described in Section 2. With different standoff distances
between radar and wall, different people in different ranges
are considered so that the influence of the timing jitter on
clutter suppression could be determined. In the experi-
ments, scatterer range represents the radial distance be-
tween scatterer and radar, and both the proposed method
and EABS are employed to process the measured data. In
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the processing, the constant weighting factor a of EABS
equals 0.95, and the sliding window width N in the pro-
posed method is 15, and the wall effect on the speed of
electromagnetic propagation is ignored. Thus, little devia-
tion from the actual position of scatterers occurs in the
experimental results

5.1 Measurement of Empty Scene

In the first case, the radar is placed close to wall to
sense the experimental scene described in Fig. 3 without
human targets behind the wall. Fig. 7a) shows the raw

measured range profiles of the empty scene, wall clutters
cover the range of 0-2 m, the strongest echoes belonging to
the wall clutters appear in range 0.5 m and the clutters
backscattered from the pile of sundries occupy the range of
around 5 m. Fig. 7b) shows the clutter suppression result
using EABS. Residual wall clutters in the range of 0-2 m
are clearly visible and residual sundries clutters are also
visible in the range of around 5 m. As shown in Fig. 7¢)
and d), with timing jitter compensation, both the wall clut-
ters and the sundries clutters are removed cleanly by the
correlation and proposed method, respectively. Compari-
son of the four ARP distributions is delineated in Fig. 7e).
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figure is exactly the same as that of Fig. 7.
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From the raw data ARP distribution, we can see that with-
out clutter suppression echoes reach the strongest in the
wall clutters range and gradually attenuate with the range
increase. In the ARP distribution corresponding to EABS,
the residual clutters are about 10 dB higher than the aver-
age level which are large enough to cause false alarms, and
the residual sundries clutters are also 4 dB higher than the
level of adjacent cell ranges. The much smoother ARP
distributions of the correlation and proposed methods indi-
cate that strong clutters are well mitigated. By comparison,
the proposed method yields the smoothest curve with only
little fluctuation around -3 dB, and further improves the
clutter mitigation performance.

5.2 Radar Close to Wall

In the second case, the radar is placed close to wall,
three people locate in the scene behind wall, and their
activities are described in Tab. 2. Fig. 8a) shows the range
profiles of the raw data. As same to the first experiment,
wall clutters cover the range from 0 m to 2 m, and strong
clutters backscattered from the sundries appear in range
around 5 m. The targets echoes are masked by the strong
clutters. The clutter suppression result employing EABS is
shown in Fig. 8b), and all the three targets are clearly indi-
cated. Unfortunately the residual wall clutters in range
0.5 m are stronger than Target A, and the residual sundries
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Fig. 9. The radar is setup in front of wall with a standoff distance of 1m to sense the scene with two human targets behind wall in different

ranges. The organization of this figure is exactly the same as that of Fig. 7.
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clutters are also comparable with Target C. However, obvi-
ously in Fig. 8c) and d), with timing jitter compensation,
both the correlation and proposed methods succeed in
removing the wall clutters and sundries clutters and simul-
taneously indicating all the three human targets. As we can
observe from the four ARP distributions plotted in Fig. 8¢),
employing all the three methods, Target B achieves about
5 dB higher than the adjacent cell ranges level. But com-
pared with the ARP of the raw data, EABS makes little
improvement on mitigating wall clutters and the level of
the wall clutters is the highest. Although the indication
results of the correlation and proposed methods in Fig. 8c)
and d) are similar, comparison of their ARP distributions
shows that the proposed method suppresses the wall clut-
ters to the level 6 dB below Target A and B while the cor-
relation method only gets 3 dB. As to Target C, the pro-
posed method achieves 4 dB higher than the sundries clut-
ters, while EABS and correlation only obtains 1 dB and
2 dB respectively. Obviously, the proposed method obtains
a higher dynamic range, which is more favorable to target
detection.

Target A B C
Movement | Standing still | Standing with arm swinging | Standing still
Range 1.0 m 3.0m 6.0 m

Tab. 2. Motion states of human targets in the second
experiment.

5.3 Radar with a Standoff Distance

Finally, in the third case, the radar is setup in front of
wall with a standoff distance of 1 m to illustrate the timing
jitter effect on the antenna cross-talk. Two human targets
locate in different ranges behind wall, and their motion
states are described in Tab. 3.

Target A B
Movement | Standing with twisting irregularly Marking time
Range 1.0 m 10.0 m

Tab. 3. Motion states of human targets in the third experiment.

Target A stands close to the wall. We can observe from the
raw data range profiles in Fig. 9a), the antenna cross-talk
— the strongest echoes appear in the range of 0-0.5 m, wall
direct waves and clutters are in the range of 0.5-2 m,
Target A is invisible, and so is Target B. As displayed in
Fig. 9b), the two targets are indicated by EABS, but resid-
ual clutters including the antenna cross-talk, wall clutters
and sundries clutters are fairly strong. Again, the correla-
tion and the proposed method succeed in removing
whether the cross-talk or the wall clutters or the sundries
clutters in Fig. 9c) and d), respectively. However, the cor-
relation method yields more residuals than the proposed
method. We can find from the ARP distributions provided
in Fig. 9¢) that the antenna cross-talk residuals in the
EABS result are still compete with Target A. By contrast,
the proposed method not only distinguishes Target A from
the wall clutters, but also suppresses the antenna cross-talk
to 5 dB below the level of Target A, while the correlation
method only obtains 2 dB attenuation. Considering the

sundries clutters, they are still higher than the level of Tar-
get B, in the ARP distribution of EABS. However, the
proposed method achieves a best suppression, about 5 dB
lower than Target B, while the correlation method only
gets about 3 dB.

5.4 Discussion

From the three experiments, we can find that timing
jitter exerts an adverse impact on clutter mitigation per-
formance in the impulse TWR. Once it is compensated,
whether by the correlation or proposed method, residuals
from the strong clutters like antenna cross-talk, wall clut-
ters etc. are greatly removed, and the clutter mitigation
performance is significantly improved.

Dealing with the above three experimental scenarios,
the performance of the correlation method is unstable,
which indicates that it is somewhat sensitivity to noise, and
its performance may be degraded by the accumulated mis-
alignment error in long-time use. However, as an extension
of the correlation method, the proposed method makes use
of more information to compensate the timing jitter effect,
enhances the ability to resist the misalignment error and
thus obtains more robust results in the three experiments.

6. Conclusion

Dealing with real systems mean the presence of tim-
ing jitter, and the nanosecond pulses employed in impulse
TWR make the sensitivity to timing jitter significant. Tim-
ing jitters destroy the correlation property of received sig-
nals, and degrade the performance of TWR, especially the
clutter suppression. In this paper, the timing jitter effect on
clutter suppression in through-wall human indication is
modeled and analyzed, a criterion namely ARP contrast is
proposed to evaluate the jitter level and a method based on
local ARP contrast maximization is developed to compen-
sate the timing jitter, followed by EABS to indicate human
targets. Employing the impulse TWR, through-wall sensing
experiments are conducted, and validate the proposed
method.
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