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ABSTRACT
Heading direction information is crucial to many ubiquitous
computing applications. The main stream has been resorting to inertial sensors, such as accelerometer, gyroscope and
magnetometer, which suffer from severe accumulative errors
or large degradations indoors. In this paper, we utilize the
radio frequency (RF) signals, received from the commercial
off-the-shelf (COTS) WiFi devices, to accurately estimate the
heading direction in indoor environments. Based on the timereversal (TR) technique, we make use of the channel state
information (CSI) and the geometry of the antenna array to
design the proposed algorithm. A prototype is built using a
single access point (AP), without knowing its location, and a
two dimensional (2D) antenna array to validate the proposed
method. Experiments, conducted in strong non-line-of-sight
(NLOS) scenarios with rich multipaths indoors, have shown
that the median error for heading direction estimation is 6.9◦ ,
which surpasses the inertial sensors. With the high accuracy
and low cost, it illustrates the proposed system as a promising
solution to large varieties of applications that require accurate
heading direction information.
Index Terms— Heading direction, time-reversal (TR),
CSI
1. INTRODUCTION
Heading direction information is important to various applications, such as indoor localization, virtual reality (VR) gaming, and gesture control. The global market for the indoor
localization alone is predicted to reach USD 7.8 billion by
year 2021 [1], which demonstrates the growing demand and
importance in accurate moving direction estimation.
Nowadays, Global Positioning System (GPS) is widely
used outdoors, and the moving direction can be roughly estimated using successive location estimates. (The compass
reading is only the orientation of the device, not necessarily
the heading direction.) For indoors, however, GPS does not
work because of the multipath effect and lack of reliable GPS
signals.
To estimate the heading direction indoors, most of the
state-of-the-art rely on inertial measurement unit (IMU) [2–
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7], which is composed of gyroscope that measures the angular velocity, accelerometer that estimates linear acceleration,
and compass that indicates the magnetic north. These sensors,
however, are erroneous and have drifts that are difficult to recalibrate [8]. For example, the gyroscope is notorious for its
cumulative error due to integration; the accelerometer reading is too noisy to yield good speed estimate by integrating
the linear acceleration; the compass has large errors because
of the ferro-magnetic interference in typical indoor environments. Such limitations prevent them from providing accurate
moving direction estimates for many applications.
Wireless sensing is an emerging area that has been
drawing more and more attention because of the promising solutions it provides for various kinds of applications
[9, 10]. Specifically for targets localization and tracking,
much progress has been made using RF signals in the recent
years. Even though some novel systems can achieve decimeter or centimeter level accuracy in localization [11–14], they
all have some of the following drawbacks which prohibit
ubiquitous accurate heading direction measurements: (1)
They cannot directly measure the moving direction but rather
can only get a rough estimate from successive location estimations. (2) Following triangulation, multiple precisely
installed APs and their location information are needed. (3)
Based on fingerprinting, they have to collect the features of
the targeted area, which is cumbersome and susceptible to dynamic environment changes. (4) They degenerate or even fail
in Non-Line-Of-Sight (NLOS) scenarios under rich multipath
environments.
In this paper, we propose a novel indoor heading direction
estimation method that utilizes both the CSI and the geometry
of the 2D antenna array with only a single AP. Based on the
spatial decay property of the time reversal resonating strength
(TRRS), which is first utilized in indoor localization by [15],
a 2D antenna array is designed according to the location of
the first peak in the TRRS curve. Inspired by the virtual antenna alignment proposed in [16], which can be used to calculate the moving speed in high accuracy, our key idea for
estimating the moving direction is to make use of multiple
speed estimates along different aligned antenna pairs. Combining the speed estimates with the known and fixed geometric relations of the antenna array, we propose a novel moving
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direction estimation algorithm that has continuous resolution
with high accuracy. The median error for the proposed algorithm is 6.9◦ for experiments under strong NLOS scenarios,
which outperforms the IMU counterpart. The promising performance and low cost make the proposed heading direction
estimation method suitable for applications that need accurate
moving direction information.
The rest of the paper is organized as follows: In Section
2, we discuss the relation to prior work. Section 3 provides
the background of TRRS and TR Focusing Ball for the basis
of the proposed algorithm. Section 4 explains the proposed
heading direction estimation algorithm in detail. The experimental evaluation is given in Section 5. Finally, we draw the
conclusion in Section 6.
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Fig. 1. TRRS spatial decay curve.

The related work falls into two categories: IMU-based or RFbased. For the IMU-based methods [2–7], they either rely
on periodic human walking patterns for calibration, or suffer
from drifting errors of gyroscope. The proposed algorithm
has no assumptions on the moving pattern of the object, thus
we can estimate the moving direction of robots, automated
guided vehicles (AGVs) as well as human users. Furthermore, there is no accumulative error in the heading direction
estimation in the proposed method. Few RF-based methods
study the heading direction estimation and yield good results.
RIM [16] is the first RF-based system that can measure the
heading direction in strong NLOS scenarios. However, RIM
can only resolve finite discrete angles, which are determined
by the directions formed by antenna pairs. Our method is
able to provide continuous resolution because of the novel design of the antenna array and the exploration of the geometric
properties.
3. PRELIMINARIES
In this section, we introduce the theoretical foundation of the
proposed heading direction estimation system.
3.1. Time Reversal Resonating Strength
Time reversal focusing effect is a physical phenomenon that
the signal’s energy is maximized at a specific time and location instance when combined with its time reversed and
conjugated version. Such a spatial-temporal focusing effect
is verified on electromagnetic waves by experiment in [17].
Based on the focusing effect, [13] can distinguish different
locations at a centimeter-level resolution.
The concept of TRRS, indicating the similarity level of
two CIRs, is first introduced in [18]. The equivalent form for
Channel Frequency Responses (CFRs) is as follows: Given
two CSIs H1 and H2 , the TRRS is defined as:
2

|hH1 , H2 i|
,
|H1 |2 |H2 |2

Theory

0.9

2. RELATION TO PRIOR WORK

ρ(H1 , H2 ) =

TRRS Spatial Resonating Decays

1

(1)

where hx, yi denotes the inner product of complex vectors x
and y, and |·| is the magnitude operator.
Notice that ρ(H1 , H2 ) ∈ [0, 1], and it achieves 1 if and
only if H1 = cH2 , where c is a non-zero complex scaling
factor. Thus, TRRS can be indeed used as a similarity metric
between CSIs.
3.2. Time Reversal Focusing Ball
In the indoor environment, where there exists rich multipath
components (MPCs), [15] discovers a critical statistical property for TRRS in spatial domain. For two CSIs H1 and H2
measured at a separating distance d, their TRRS can be approximated as a determinate function:
ρ(H1 , H2 ) ≈ J02 (

2π
d),
λ

(2)

where J0 (x) is the zeroth-order Bessel function of the first
kind, and λ is the wavelength, as shown in Fig. 1.
It has to be pointed out that due to the asymmetric normalized energy distribution of MPCs in certain directions, the actual TRRS is a superposition of J02 ( 2π
λ d) and some unknown
function. Nevertheless, the TRRS value for very small separating distance d is significantly larger than those with larger
separations, which can be used for identifying nearest (virtual) antenna pairs [16].
4. PROPOSED ALGORITHM
Based on the TRRS spatial decay curve, a novel algorithm for
estimating the moving direction is proposed in this section.
4.1. Overview
A 2D octagonal antenna array, where 1 additional antenna is
at the center, and the reference coordinate system are shown
−−→
in Fig. 2a. Denote the moving direction as OP . There are
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Fig. 2. Illustration of antenna array and aligned antenna pairs.
several pairs of antennas whose traces are close to each other,
which are denoted as aligned antenna pairs, and we take 3
antennas A, B, C for illustration.
Denote the CSIs measured by those antennas at time t as
HA (t), HB (t) and HC (t). For the CSIs collected at the same
time, the corresponding separations between antenna AB,
and antenna AC are both the radius, which is chosen as half
the wavelength. From the TRRS spatial decay curve in Fig.
1, the TRRS values ρ(HA (t), HB (t)) and ρ(HA (t), HC (t))
are small. Imagine antenna A keeps moving and collecting
−−→
CSIs along the heading direction OP . At time t + δAB , the
antenna A is closest to the location of antenna B at time t,
thus ρ(HA (t + δAB , HB (t)) yields a large value. Similarly,
we expect to observe a large value for ρ(HA (t+δAC , HC (t)).
From the large TRRS values, we can infer that the moving
−−→
−→
direction is close to the directions indicated by AB and AC.
Hence, by identifying antenna pairs with high TRRS values,
the rough heading direction is determined by the selected
antenna pairs. In order to find the correct antenna pairs at
time t, for any pair of antennas i and j, we calculate a TRRS
vector g(t) through a window of length 2W + 1:
gij (t) = [ρ(Hi (t + k∆t), Hj (t)), k = −W, ..., W ]T , (3)
where ∆t is the sampling interval. For the aligned pairs, the
time offset for one antenna to reach the closest location to the
other is derived as:

4.2. Antenna Array Design
We use the 2D octagonal antenna array, as shown in Fig. 2a.
The reasons are as follows:
1. To measure the moving direction in [0◦ , 360◦ ), a circular array is chosen because of the symmetry.
2. For the purpose of high resolution, an octagon array
is used based on the TRRS decay curve Fig. 1. For a pair
of antennas with a separation of d = λ2 , assume they move
with a deviation angle of θ as shown in Fig. 2b. The closest
distance is λ2 sin(θ). To correctly map from the largest TRRS
value to the smallest separation, the TRRS for the closest distance should be higher than the first peak as in Fig. 1, which
requires: λ2 sin(θ) < 0.26λ. θ is thus constrained to be less
than 31◦ . The directions formed by pairs in an octagon array
are multiples of 22.5◦ . Thus for every moving direction, there
are pairs of antennas with deviation angles less than 22.5◦ ,
and can be used to infer the true heading direction with a high
resolution of 22.5◦ .
3. For the purpose of super resolution and high accuracy,
one additional antenna is introduced to leverage the geometric
relations of the array. By placing one antenna at the center, it
is guaranteed to have at least two aligned pairs of antennas,
forming different directions, for any moving direction. Thus,
the continuous resolution of moving direction can be achieved
by utilizing the speed estimates and geometry of the aligned
pairs, which will be explained further in the next section.
4.3. Accurate Heading Direction Estimation

δij (t) = (arg max gij (t, l) − W )∆t,

(4)

l

where gij (t, l) represents the lth element in gij (t).
To find the aligned pairs at every sampling time (t1 , t2 , ...,
tT ), a TRRS matrix G is formed by concatenating the TRRS
vectors:
Gij = [gij (t1 ), gij (t2 ), ..., gij (tT )].

The first step is to identify aligned antenna pairs, which are
closest to the heading direction. Since the aligned pairs would
have large TRRS values, and the time offset should change
smoothly because the speed is relatively stable in a short time,
we select best aligned pairs with the highest score defined as
follows:

(5)

Furthermore, utilizing the time antenna A takes to reach
the closest locations to antenna B and antenna C, namely δAB
and δAC , we can refine the direction estimation together with
the geometry of the 2D antenna array, which will be explained
in the later sections.

T
1X
s(Gij ) =
max(gij (tl )) − α
T
l=1

PT

s

PT

l=1 (δij (tl )

T −1

− δij )2

,

(6)

δij (tl )
,
T

where δij =
and α > 0 is a weighting scalar.
For an aligned antenna pair ij, we can derive the time
offset δij (t) as in Eqn. 4. As illustrated in Fig. 2c, the moving
l=1
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Fig. 3. Experiment antenna array and results.
speed v can be calculated using the geometry and time offset
as:
dcos(θ)
v=
(7)
δij (t)
After deriving the best aligned antenna pair, we select another pair forming a heading direction 22.5◦ away from the
best pair with highest score. Assume antenna pair AB is the
best aligned pair, and antenna CD is another pair selected, as
shown in Fig. 2d. Then, the calculated speeds using these two
pairs should be similar:
d2 cos(γ)
d1 cos(22.5◦ − γ)
=
.
δAB (t)
δCD (t)

(8)

Finally, the heading direction is estimated as:
γ = tan

d2 δAB (t)
−1 d1 δCD (t)

(

− cos22.5◦

sin22.5◦

)

(9)

5. EXPERIMENTS
To verify the proposed method, we build a prototype using Qualcomm Atheros 9k chipsets. For the comparison
with IMU sensors, the chipset is attached to an Intel Galileo
Gen2 microcontroller board equipped with a Bosch Sensortec BNO055 sensor unit. Since the compass only reports
the orientation, not necessary the moving direction, and the
gyroscope is used for rotation angle estimation, we only use
the accelerometer readings as comparison. For the 2D octagonal antenna array composed of 9 antennas, because of the
lack of hardware, we use 6 antennas to form a half octagonal
array as shown in Fig. 3a. Although the performance will
degrade from 9 antennas to 6 antennas, the half octagonal
antenna array can still validate the proposed algorithm.
The experiments are conducted in a busy indoor office environment. The single AP is more than 25m away from the
moving area of the 2D antenna array, between which are multiple walls and pillars. During the experiments, the AP broad-

casts packets continuously at the rate of 200 Hz, on the 5 GHz
frequency band with a bandwidth of 40 MHz.
We perform the experiments covering the heading directions from 0◦ to 90◦ with an increment of 10◦ . This is sufficient for validation because of the symmetry of the antenna
array. We push the antenna array along a straight line for
about 1m with different heading directions. The ground truth
is derived from a printed protractor.
As shown in Fig. 3b, the overall median error for the proposed algorithm is 6.9◦ , and the 90 percentile error is 19.5◦ ,
which are both better than the accelerometer counterpart: 8.3◦
and 34.9◦ . For different moving directions in Fig. 3c, the proposed method shows a consistent good performance: less than
10◦ median error for all the moving directions, although some
directions are slightly worse because of the asymmetry of the
half octagonal array.
The drifting error problem in accelerometer can be recognized in two ways: First, the maximum error can be as large as
150◦ shown in Fig. 3b, although the moving distance is only
about 1m. Second, as seen in Fig. 3c, there are lots of large
error outliers in every heading direction, which are due to the
significant cumulative error toward the end of the movement.
On the contrary, the proposed system does not suffer from the
drifting error problem.
6. CONCLUSION
In this paper, we present an indoor heading direction estimation method using RF signals from COTS WiFi devices.
The proposed algorithm works well in strong NLOS scenarios over a large dynamically changing environment, which is
covered by a single arbitrarily placed AP with unknown location. Because of the low cost and the high accuracy, it creates
the possibility for a large variety of new applications that require accurate heading direction information, such as robot
tracking, VR gaming and gesture control.

1631

Authorized licensed use limited to: University of Maryland College Park. Downloaded on March 24,2021 at 17:30:49 UTC from IEEE Xplore. Restrictions apply.

7. REFERENCES
[1] “Global indoor positioning and indoor navigation
(ipin) market,” https://www.technavio.com/
report/global-machine-machine-m2mand-connected-devices-global-indoorpositioning-and-indoor.
[2] Fan Li, Chunshui Zhao, Guanzhong Ding, Jian Gong,
Chenxing Liu, and Feng Zhao, “A reliable and accurate indoor localization method using phone inertial sensors,” in Proceedings of the 2012 ACM conference on
ubiquitous computing. ACM, 2012, pp. 421–430.
[3] Nirupam Roy, He Wang, and Romit Roy Choudhury,
“I am a smartphone and i can tell my user’s walking
direction,” in Proceedings of the 12th annual international conference on Mobile systems, applications, and
services. ACM, 2014, pp. 329–342.

[10] KJ Ray Liu and Beibei Wang, Wireless AI: Wireless
Sensing, Positioning, IoT, and Communications, Cambridge University Press, 2019.
[11] Manikanta Kotaru, Kiran Joshi, Dinesh Bharadia, and
Sachin Katti, “Spotfi: Decimeter level localization using wifi,” in ACM SIGCOMM computer communication
review. ACM, 2015, vol. 45, pp. 269–282.
[12] Jie Xiong and Kyle Jamieson, “Arraytrack: A finegrained indoor location system,” in Presented as part of
the 10th {USENIX} Symposium on Networked Systems
Design and Implementation ({NSDI} 13), 2013, pp. 71–
84.
[13] Chen Chen, Yan Chen, Yi Han, Hung-Quoc Lai, Feng
Zhang, and KJ Ray Liu,
“Achieving centimeteraccuracy indoor localization on wifi platforms: A multiantenna approach,” IEEE Internet of Things Journal,
vol. 4, no. 1, pp. 122–134, Feb 2017.

[4] Shahid Ayub, Behzad Momahed Heravi, Alireza
Bahraminasab, and Bahram Honary, “Pedestrian direction of movement determination using smartphone,”
in 2012 Sixth International Conference on Next Generation Mobile Applications, Services and Technologies.
IEEE, 2012, pp. 64–69.

[14] Chen Chen, Yan Chen, Yi Han, Hung-Quoc Lai, and
K. J. Ray Liu, “Achieving centimeter-accuracy indoor
localization on wifi platforms: A frequency hopping approach,” IEEE Internet of Things Journal, vol. 4, no. 1,
pp. 111–121, Feb 2017.

[5] Wonho Kang and Youngnam Han,
“Smartpdr:
Smartphone-based pedestrian dead reckoning for indoor
localization,” IEEE Sensors journal, vol. 15, no. 5, pp.
2906–2916, 2014.

[15] Feng Zhang, Chen Chen, Beibei Wang, Hung-Quoc Lai,
Yi Han, and KJ Ray Liu, “Wiball: A time-reversal focusing ball method for decimeter-accuracy indoor tracking,” IEEE Internet of Things Journal, vol. 5, no. 5, pp.
4031–4041, Oct 2018.

[6] Nesma Mohssen, Rana Momtaz, Heba Aly, and
Moustafa Youssef, “It’s the human that matters: accurate user orientation estimation for mobile computing
applications,” in Proceedings of the 11th International
Conference on Mobile and Ubiquitous Systems: Computing, Networking and Services. ICST (Institute for
Computer Sciences, Social-Informatics and Telecommunications Engineering, 2014, pp. 70–79.
[7] Pengfei Zhou, Mo Li, and Guobin Shen, “Use it free:
Instantly knowing your phone attitude,” in Proceedings
of the 20th annual international conference on Mobile
computing and networking. ACM, 2014, pp. 605–616.

[16] Chenshu Wu, Feng Zhang, Yusen Fan, and KJ Ray Liu,
“Rf-based inertial measurement,” in Proceedings of the
ACM Special Interest Group on Data Communication,
pp. 117–129. 2019.
[17] G. Lerosey, J. de Rosny, A. Tourin, A. Derode, G. Montaldo, and M. Fink, “Time reversal of electromagnetic
waves,” Phys. Rev. Lett., vol. 92, pp. 193904, May 2004.
[18] Zhung-Han Wu, Yi Han, Yan Chen, and KJ Ray Liu,
“A time-reversal paradigm for indoor positioning system,” IEEE Transactions on Vehicular Technology, vol.
64, no. 4, pp. 1331–1339, April 2015.

[8] Sheng Shen, Mahanth Gowda, and Romit Roy Choudhury, “Closing the gaps in inertial motion tracking,”
in Proceedings of the 24th Annual International Conference on Mobile Computing and Networking. ACM,
2018, pp. 429–444.
[9] Beibei Wang, Qinyi Xu, Chen Chen, Feng Zhang, and
KJ Ray Liu, “The promise of radio analytics: A future
paradigm of wireless positioning, tracking, and sensing,” IEEE Signal Processing Magazine, vol. 35, no.
3, pp. 59–80, May 2018.

1632

Authorized licensed use limited to: University of Maryland College Park. Downloaded on March 24,2021 at 17:30:49 UTC from IEEE Xplore. Restrictions apply.

