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ABSTRACT

Time-reversal (TR) transmission scheme has attracted more
and more attention from both academia and industry due to
its ability to focus the energy of a transmitted signal at an in-
tended focal spot, both in the time and spatial domains. Based
on the extensive data collected in the real world, we observe
that the energy distribution around the focal spot is highly sta-
tionary and location-independent, which we call as the “TR
spatial hardening effect”. This is because TR scheme adds
up numerous copies of the transmitted signal bouncing off
different scatterers coherently and the randomness from the
environment is averaged out. We characterize the statistical
behaviors of the energy distribution around the focal spot us-
ing a statistical model. By exploiting the hardening effect,
the moving speed of transceivers can be estimated in indoor
environments and extensive experiments show the superiority
of the proposed method compared with previous works using
RF signals.

Index Terms— indoor speed estimation, spatial harden-
ing effect, time-reversal

1. INTRODUCTION

Time-reversal resonating effect is a fundamental physical
resonance phenomenon that can focus the energy of a trans-
mitted signal at an intended focal spot both temporally and
spatially. The research of TR dates back to the 1950s, where
TR was utilized to align the phase differences caused by mul-
tipath fading during long-distance information transmissions
[1], and the resonating effect was also observed in a practi-
cal underwater propagation environment [2]. The capacity of
TR technology in refocusing the energy in the vicinity of an
intended focal spot at a particular moment enables wide ap-
plications of TR techniques in acoustic communications [3],
wireless communications [1, 4, 5, 6], and indoor positioning
systems [7, 8].

TR scheme enjoys its elegant simplicity as it harvests en-
ergy from the surrounding environment by exploiting the mul-
tipath propagation, giving rise to the well-known TR resonat-
ing effect. The TR resonating effect has been well studied
in theory under very strong assumptions on the propagation
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medium such as homogeneity and discrete scattering [9, 10,
11]. It is studied via numerical simulations an experiments
in controlled environments, for instance, reverberation cham-
bers consisting of metallic walls [12, 13, 14]. Recently, H.
El-Sallabi ef al. conducted an experiment in an indoor space
with 240 MHz bandwidth [15]. However, they investigate the
spatial focusing effect at one fixed location and only with a
resolution of half-wavelength, far from enough to fully unveil
the details of the energy distribution of the received signal
within the focal spot. In addition, only a single realization
of the received energy around the focal spot was measured
which fails to shed light on the statistical behaviors of the en-
ergy distribution.

To investigate the energy distribution within the focusing
ball, we collect the channel impulse responses (CIR) exten-
sively in real-world rich-scattering environments with a much
finer measurement resolution. We observe that the energy
distribution inside the focusing ball is highly stationary and
location-independent. We call such a phenomenon as the TR
spatial hardening effect. Using the measurement data, we de-
velop a statistical model to explain the observed TR hardening
phenomenon.

Further, this location-independent characteristic can be
applied in indoor speed estimation, since the decay of the re-
ceived energy can be translated to the distance away from the
focal spot. Traditional methods for speed estimation based
on Doppler shift fails to track (human walking) speed when
RF signals are reflected by numerous scatterers in typical
indoor environments and when the speed is too slow to pro-
duce perceptible Doppler shift. Other schemes such as the
inertial sensor based schemes [16] and the coherence time
based method [17] cannot perform well either since they are
generally based on the strong assumption of uniform walking
speed. Using the location-independent characteristic of TR
resonating effect, the proposed speed estimation algorithm
can produce accurate estimations in a complicated indoor
environment using RF signals even when the speed is low
and non-uniform, which have been validated through experi-
ments.

The rest of the paper is organized as follows. Section 2
describes the TR transmission scheme and shows the TR res-
onating effect obtained from measurement data using our own
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platform. TR spatial hardening effect is presented in Section 3
followed by statistical explanations. Section 4 presents a TR-
based indoor speed estimation algorithm and the experiment
results. Finally, conclusion is drawn in Section 5.

2. PRELIMINARIES

2.1. TR Transmission Scheme

Consider a radio rich-scattering environment, i.e., it can
be either indoor or metropolitan area. Consider a wireless
transceiver pair each equipped with a single omnidirec-
tional antenna in a rich-scattering environment. Given a
large enough bandwidth, the MPCs in a rich-scattering envi-
ronment can be resolved into multiple taps in discrete-time
and let h(k T — RO) denote the k-th tap of the CIR from
T to RO, where T' and Ro denotes the coordinates of the
transmitter and receiver, respectively. In the TR transmission
scheme, the receiver at ﬁo first transmits an impulse and the
transmitter at 7' captures the CIR from ﬁo to T. Then the
transmitter at T simply transmits back the reversed and con-
jugated version of the captured CIR, i.e., h*(—k; By — T),
where * denotes complex conjugation. In the following, Ry
is called the focal spot. Without loss of generality, we use
h(k; R) instead of h(k; Ry — T) when T is fixed. With the
channel reciprocity, i.e., the forward and backward channel
are identical which has been verified experimentally [8], the
received signal at R can be written as

L—-1
s(ky R) =) h(l; R)h* (1 — k; Ro), (1)
=0

where L is the length of the CIR, h(l — k; Ry) = 0 when
(I—k) §é {0,1,..., —1},and k € { (L=1),....,(L=1)}.
When R = RO and k = 0, |s(k; R)| attains the maximum
value Zl ' |h(l, R)|> when all MPCs are accumulated co-
herently, i.e., the signal energy is refocused on one particu-
lar spatial location at one specific time instance. This phe-
nomenon is termed as the TR spatial-temporal resonating ef-
fect. To study the TR resonating effect in the spatial domain,
we fix kK = 0 and define the TR resonating strength (TRRS)
as the normalized received signal energy at R, given by

s(0; R)

\/ S 1h(t; Bo) 2 ;01 Wi B)?

@
assuming the transmitter simply transmits back the time re-
versed and conjugated version of Ry.

2.2. Energy Distribution in TR Resonating Effect

To understand the TR spatial-temporal resonating effect
as well as to study the spatial distribution of TRRS with a fine
granularity, we conduct extensive experiments in a typical in-
door environment using customized TR devices operating at
5GHz ISM band with 125MHz bandwidth. The TR transmit-
ter is placed at an NLOS position with no direct path between
the transmitter and the receiver, as shown in Fig. 1 and the
TR receiver is placed on the channel probing platform. CIRs
corresponding to the locations from a square area with dimen-
sion bcm X bem are measured and the measurement resolu-
tion is 0.5cm. In total, 121 CIRs are captured. In Fig. 2, we
demonstrate the TRRS at different locations when the focal
spot RO is located in the middle of the square area. As we
can observe, TRRS is very close to 1 in the vicinity of EO, in-
dicating a very high similarity in CIRs between the locations
very close to Ry, but decays rapidly when the distance to Ry
increases. This observation illustrates the energy distribution
of the TR spatial resonating effect around a focal spot for a
single realization.

- -

Fig. 1. TR system prototypes and channel probing platform.
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Fig. 2. TR resonating effect in spatial and time domains.

3. TR SPATIAL HARDENING EFFECT

3.1. Experiment Setup and Observations

In order to investigate the energy distribution around dif-
ferent focal spots, we randomly choose 55 locations on the
channel probing platform as different focal spots. The short-
est distance between any two focal spots is 20cm. For each
focal spot EO, we measure the CIRs from 20 equally-spaced
locations with a resolution of 0.5cm lying on the same straight
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line with ﬁo. For each ﬁo, we calculate the TRRS between
the CIRs obtained at B, and those associated with nearby lo-
cations. Then, we plot the TRRS decay curve which depicts
the impact of distance on TRRS. In Fig. 3, we demonstrate
an ensemble composed by 55 TRRS decay curves as well as
the TRRS variance at different distances. The results imply
that the TRRS decreases rapidly with the distance d and sat-
urates when d > 20mm. Meanwhile, the TRRS variance is
very small near the focal spot, indicating that the TRRS is
predictable when the distance between the focal spot and the
location is sufficiently small. Based on this observation, we
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Fig. 3. TRRS decay curves from 55 different focal spots.

define the TR spatial hardening effect as follows: in a rich-
scattering environment and given a sufficiently large band-
width, time-reversal can focus the energy around the focal
spot in a highly predictable way.

3.2. Statistical Modeling of TR Resonating Effect

Now we treat the CIR as a random vector denoted as H
and thus h(ﬁ) can be treated as a realization of H at loca-
tion R. We use H({) to denote the I-th element of H where
1=0,1,...,L—1. Let (H, H;) denote the pair of CIR random
vectors with distance d apart from each other, and a realiza-
tion of (H, Hy) at location (R, By + A) can be presented as

(h(ﬁo), h(R, + &)) for any ||Al|; = d. Based on the CIR
measurements, we conclude:

Fact 1. H(l) is a complex Gaussian random variable, dis-

tributed as CN(0,03e=), V1 = 0,1, ..., L — 1. !
Fact 2. H(!) and H(k) are independent, V1 # k.

We use the sample correlation p (H(l), H4(k)) as the
metric to quantify the correlation between H(l) and Hy(k),
which is defined as

p(H(l),Ha(k)) =

S (000) ~ B(0)" (B (6) ~ But))

(Eho-s0r) (£ o)

v equals to 0.1952 in our typical indoor environment.

)

N

where N is the number of samples, h(*) gl ) stands for the [-th
component of the i-th sample pair and h(l) is defined as the

N
£ 5" h®)(]). The results in Fig. 4
show that the correlation 0;11; exists between the taps with
the same index and correlations coefficients with [ = k& > 4
are almost the same for fixed distance value d. The first three
taps are more correlated than the others since they correspond
to the reflectors near the focal spot, which contain a signif-
icant channel energy from the line-of-sight (LoS) MPC. In
addition, we also note that the correlation coefficients decay
rapidly when d increases and the correlations become negli-
gible when d = 20mm.

sample mean, i.e., h([)

d = 5mm

Fig. 4. Correlation coefficient matrix |p (H(1), Hq(k))|.

Based on these observations, we have the following as-
sumptions for modeling the spatial correlation among CIRs
from nearby locations.

Assumption 1. (H, Hy) are joint Gaussian random vectors
with a diagonal covariance matrix.

EHaOROL vy = 0,1,...,L — 1,

2 ’ bl
9]

Assumption 2. p; =
where E stands for the expectation operator.

If the TR transmission scheme is applied, then the re-
ceived signal for the location with distance d away from the
focal spot at time k is also a random variable (RV) S as fol-
lows:

— ST H,(H (- ), @)

where H(l — k) = 0 when (I — k) ¢ {0,1,...,L — 1} and
ke {—(L—-1),....(L—1)}. Letn(d) denote the TRRS be-
tween H and Hy, i.e., n(d) £ n(H,Hy), and we call 7(d)
as the TR spatial resonating decay function. Under Assump-
tion 1-2, 77(d) = E[n(d)] can be approximated by taking the
expectation operations to the numerator and denominator of

2
, respectively, as follows [6]:

_ S(0;d)
n(d) = ’uHHandnz

1— e—2aL 1— e—aL 2
E[|S(0;d)*] = o (16 + |pal? (M) ) ;

®)
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(6)
The average of the TR spatial resonating decay function 7)(d)
can be obtained from the measured data and the joint Gaus-
sian approximations > respectively as shown in Fig. 5. The
result shows that the proposed approximations match the ex-
periment result well with respect to the TR spatial resonating
decay function, which indicates that the approximations can
indeed capture the essential characteristics of the TR spatial
resonating effect. Given a realization of the CIR at the focal
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Fig. 5. The average of TR spatial resonating decay function.

spot H = h, the variance of the received signal S(0; d) is
Var[$(0;d)[H = h] = 05 (1 — |pa|*)h'Ab, (7

where A is a diagonal matrix with the (k, k)-th element given
as e~ =1 For locations in the close vicinity of the focal
spot, the variance of the received signal energy is also small
since |pg| is close to 1. Given a larger bandwidth, o de-
creases since the total channel power gain distributes among
a larger number of taps, which will further decrease the vari-
ance of S(0;d). Therefore, the TR spatial hardening effect
only happens when the bandwidth is large enough.

4. TR-BASED SPEED ESTIMATION

The TR transceiver pair is placed in an NLOS scenario
and CIRs are measured constantly with a channel probing rate
of 100Hz. The core idea of the algorithm is to translate the re-
duction in the resonating strength into the moving distance of
the TR transmitter or receiver. In addition, we use an averag-
ing window with length IV to further mitigate the fluctuations
of the TR spatial resonating decay function.

2The correlation coefficients are obtained from the measured CIRs.

Algorithm 1 TR indoor speed estimation

Input: The most recent N CIRs: [hy_ny1, ..., hy]
Output: Speed estimation at time ¢: 0(t)
Initialization: ¥ < 0, Ts (channel probing interval)
foric{t—-N+1,..,t—1}do

¥+ X +mn(hi, hiyg)

end for (V-1
. 7 -1
U(t) =1 T,

AN

To evaluate the performance of the speed estimation
scheme, we conduct two experiments as follows. (i) In the
first experiment, one participant carries the TR transmitter
and walks at 0.5m/s. (ii) We fasten the TR transmitter to the
end of a R = 2.17 meters long string and the other end of the
string is tied to the ceiling. We release the string at an angle
of § = 0.22 rads with respect to the vertical direction. The
theoretical speed of the TR transmitter at time t can be com-
puted as v(t) = OwR cos(wt + ¢), where w = /g/R, g is
the gravitational acceleration, and ¢ is the initial phase. The
experimental results in Fig. 6 shows that the proposed speed
estimation algorithm can work very well in both slow human-
walking and fast-changing speed settings. One thing to note
is that the result is independent of the specific locations of
the TR receiver even when the transceiver pair is placed in an
NLOS setting which indicates that the TR spatial hardening
effect is indeed uniform in typical indoor environments.

=~ Real-ime speed estimation
—— Controlled walking speed

i
Stop walking o8y

i
Keep static
0.1 N~ start walking 02

0 5 10 15 20 0
Time (s) Time (s)

(a) Walking speed estimation (b) Pendulum speed estimation

Fig. 6. Experiment results of real-time speed estimations of
the two cases.

5. CONCLUSIONS

In this paper, we present a statistical model of TRRS in
close proximity to the focal spot to depict the TR spatial hard-
ening effect based on extensive experiment results in an in-
door environment with fine granularity measurement. Lever-
aging the TR spatial hardening effect, we present a TR-based
indoor speed estimation scheme with high accuracy in an in-
door environment.
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