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The global positioning system (GPS) is 
a space-based navigation system that 
can provide location and time informa-

tion whenever there is an unobstructed line 
of sight (LOS) to four or more GPS satel-
lites [1]. Such a system provides critical ca-
pabilities to military, civil, and commercial 
applications around the world. On the other 
hand, considering the fact that people today 
spend more than 80% of their time in in-
door environments, accurate indoor local-
ization is highly desirable and has a great 
potential impact on many applications. 
Unfortunately, the use of GPS satellites to 
enable indoor localization is a nonstarter 
due to a variety of reasons including poor 
signal strength, multipath effect, and lim-
ited on-device computation and commu-
nication power [2]. Therefore, over the past 
two decades, the research community has 

been urgently seeking new technolo-
gies that can enable high-accuracy indoor 
localization. However, the results are still 
mostly unsatisfactory. Microsoft hosted 
Indoor Localization Competitions in re-
cent years and concluded that “the indoor 
location problem is not solved” [3].

Many indoor positioning systems 
(IPSs) have been developed by leverag-
ing radio wave, magnetic field, acoustic 
signal, or other sensory information col-
lected by mobile devices [4]. Most of 
these systems are based on the ranging 
technique. Ranging is a process to deter-
mine the distance from one location 
to another by utilizing the collected 
information such as the received signal 
strength indicator (RSSI) and/or time of 
arrival (TOA). Typically, these systems 
require multiple anchors at known 
locations and dedicated devices to col-
lect fine-grained information for accu-
rate ranging.

However, when there exist obstacles 
between the localized device and the 
anchors, the localization performance 
degrades significantly. In other words, 
the performance of ranging-based sys-
tems cannot maintain under non-line-
of-sight (NLOS) scenarios, which is 
very common for an indoor environ-
ment. Such degradation is due to that 
the physical ranging rules that trans-
late the collected information into the 
distances are impaired by the blockage 
and multipath components naturally 
existing indoor. Developing a general 
physical ranging rule that suits NLOS 
conditions is practically difficult, if 
not impossible, due to the complicated 
indoor environment, which motivates 
the development of the fingerprint-
based IPSs. A summary of the existing 
state-of-the-art capabilities from the 
Microsoft-hosted Indoor Localization 
Competitions is given in Figure 1, in Date of publication: 4 November 2016
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which one can see that under the LOS 
condition, with more than one anchor, 
submeter accuracy can be achieved. 
However, under the NLOS condition, 
only the meter range can be obtained 
by most methods, except the recent-
ly proposed time-reversal approach 
that can obtain 1–2 cm accuracy for 
both LOS and NLOS conditions [5].

In an indoor environment, there 
naturally exists some location-specific 
information, known as the fingerprints. 
Examples include the magnetic field, 
RSSI, and the channel state information 
(CSI). All of these fingerprints can be 
exploited for indoor localization. Spe-
cifically, in the fingerprint-based IPS, 
the location-specific fingerprints are 
collected and stored in a database in 
the mapping phase. Then, in the local-
ization phase, the location of the device 
is determined by comparing the device 
fingerprint with those in the database. 

In [5], it was shown that the physical 
phenomenon of the time-reversal focus-
ing effect can provide a high-resolution 
fingerprint for indoor localization. The 
authors used a dedicated device to 
obtain the channel impulse response 
under the 5 GHz industrial, scientific, 
and medical radio (ISM) band with a 
bandwidth of 125 MHz as the finger-
print and utilized the time-reversal 
resonating strength (TRRS) as the simi-
larity measure, which gives an accuracy 
of 1–2 cm.

The question now is: Can one use 
the ubiquitous Wi-Fi devices to achieve 
the same? The answer is yes as evi-
denced by the recent works in [6]–[8]. 
The work in [6] and [7] leveraged fre-
quency  hopping, while the work in [8] 
used multiantenna spatial diversity to 
increase the effective bandwidth. As a 
result, the localization resolution can be 
significantly improved to 1–2 cm.

This article will show the basic 
principles of how one can achieve 
indoor localization resolution down 
to the cent imeter accuracy level 
using standard Wi-Fi devices. A 
unified view by combining both the 
frequency and spatial diversities is 
also presented.

How does bandwidth affect the 
localization performance?
The main reason that most of the 
fingerprint-based methods utilizing 
CSI in Wi-Fi systems cannot achieve 
 centimeter localization accuracy is 
due to the bandwidth limitation. More 
specifically, the maximum bandwidth 
in mainstream Wi-Fi devices is only 
either 20 or 40 MHz, which intro-
duces severe ambiguity into the fin-
gerprints of different locations and 
thus leads to the poor accuracy for 
indoor localization.
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figure 2. Ambiguity among nearby locations under (a) 40-MHz bandwidth, (b) 120-MHz bandwidth, and (c) 360-MHz bandwidth.



130 IEEE SIgnal ProcESSIng MagazInE   |   November 2016   |

To clearly illustrate the impact of 
bandwidth on localization performance, 
we have conducted experiments to col-
lect CSIs under different bandwidths in 
a typical indoor environment. Two chan-
nel sounders are placed in an NLOS set-
ting, where one of them is placed on a 
customized experiment structure with 
5-mm resolution.

To characterize the similarity between 
CSIs collected at the same or different lo-
cations, the TRRS is calculated, given by
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where H  and Hl represent two finger-
prints, K  is the total number of usable 
subcarriers, Hk  and Hkl  are the CSIs on 
subcarrier ,k  h  is the modified cross-
correlation between H  and Hl  with 
synchronization error compensated, and 

,K Kl are the channel energies of H and 
,Hl  respectively. Realizing that the Wi-Fi 

receiver may not be fully synchronous 
with the Wi-Fi transmitter due to mis-
matches in their radio-frequency front-
end components [9], an additional phase 
rotation of e jkz-  is employed to counter-
act the phase distortions incurred by the 
synchronization errors in the calculation 
of ,h  where z can be estimated and com-
pensated using Algorithm 1 shown later 
in the section “Calculating Time-Reversal 
Resonating Strength by Diversity Exploi-
tation.” Equation (1) implies that TRRS 
ranges from 0 to 1. More specifically, a 
larger TRRS indicates a higher similarity 
between two fingerprints and thus the two 
associated locations.

The corresponding TRRS between 
the target location and nearby loca-
tions are illustrated in Figure 2 under 
different bandwidth settings. It is 
shown in Figure 2(a) that with 40 MHz 
bandwidth, a large region of nearby 
locations is ambiguous with the tar-
get location in terms of the TRRS. 
Enlarging the bandwidth shrinks 
the area of ambiguous regions. As 

demonstrated in Figure 2(c), when 
the bandwidth increases to 360-MHz, 
the ambiguous region is reduced to a ball 
of 1 cm radius, which implies centime-
ter accuracy in localization.

The experiment results motivate us 
to formulate a large effective band-
width by exploiting diversities on Wi-Fi 
devices to facilitate centimeter accuracy 
indoor localization.

Increasing effective bandwidth  
via diversity exploitation
Two different diversities exist in the 
current Wi-Fi system, i.e., frequency 
diversity and spatial diversity. Accord-
ing to IEEE 802.11n, 35 Wi-Fi channels 
are dedicated to Wi-Fi transmission in 
2.4- and 5-GHz-frequency bands with 
a maximum bandwidth of 40 MHz. 
The multitude of Wi-Fi channels leads 
to frequency diversity in that they pro-
vide opportunities for Wi-Fi devices to 
perform frequency hopping when expe-
riencing deep fading or severe interfer-
ence. On the other hand, spatial diversity 
can be exploited on multiple-input, mul-
tiple-out (MIMO) Wi-Fi devices, which 
is a mature technique that greatly boosts 
the spectral efficiency. MIMO has not 
only become an essential component of 
IEEE 802.11n/ac but also been ubiqui-
tously deployed on numerous commer-
cial Wi-Fi devices. For Wi-Fi systems, 
both types of diversity can be harvested 
to provide fingerprints with much finer 
granularity and thus lead to less ambi-
guity in comparison with the fingerprint 
measured with a bandwidth of only 
40 MHz.

Figure 3 shows the general principle 
of creating a large effective bandwidth 
by exploiting the frequency and spa-
tial diversities either independently or 
jointly. Since Wi-Fi devices can work 
on multiple Wi-Fi channels, one can 
exploit the frequency diversity by per-
forming frequency hopping to obtain 
CSIs on different Wi-Fi channels. 
As demonst rated in Figure 3(a), 
CSIs on four different Wi-Fi channels 
are concatenated together to formu-
late a fingerprint of a large effective 
bandwidth. Despite the fact that the 
frequency diversity can be exploited 
on a single-antenna Wi-Fi device, it is 

time-consuming to perform frequency 
hopping. For time efficiency, spatial 
diversity can be exploited on mul-
tiantenna Wi-Fi devices. For a Wi-Fi 
receiver with four antennas, e.g., in 
Figure 3(b), CSIs on the four receiving 
antennas can be combined together to 
formulate the fingerprint with a large 
effective bandwidth. Figure 3(c) shows 
an example of utilizing both the fre-
quency and spatial diversities, where 
CSIs on two Wi-Fi channels and from 
two receiving antennas are combined 
into the fingerprint.

For a Wi-Fi system, the spatial di-
versity is determined by the number of 
antenna links, while the frequency di-
versity is dependent on the number of 
available Wi-Fi channels. Denote the 
maximum spatial diversity by ,S  the 
maximum frequency diversity by ,F  and 
the bandwidth for each Wi-Fi channel by 

,W  the effective bandwidth is calculated 
as .S F W# #

Achieving centimeter accuracy  
via TRRS
As discussed in the section “Increas-
ing Effective Bandwidth via Diversity 
Exploitation,” a fine-grained fingerprint 
associated with a large effective band-
width can be generated through diversi-
ty exploitation on Wi-Fi devices. In this 
section, we first introduce the calcula-
tion of TRRS when both of the frequen-
cy and spatial diversities are available. 
Then, we present the algorithm for 
indoor localization.

Calculating TRRS by  
diversity exploitation
As discussed in the sections “How Does 
Bandwidth Affect the Localization 
Per   formance?” and “Increasing Effec-
tive Bandwidth via Diversity Exploita-
tion,” to achieve centimeter localization 
accuracy, a large effective bandwidth 
beyond 40 MHz is required, which can 
be obtained by diversity exploitation. For 
Wi-Fi devices with a spatial diversity of 
S  and a frequency diversity of ,F  the 
CSI measurements can be written as 

{ } ,H H , , , ,
, , ,

s f s S
f F

1 2
1 2

= f
f

=
=  where H ,s f  stands 

for the CSI measured with the sth  
antenna link on the f th Wi-Fi chan-
nel, denoted as the virtual link ( , ).s f  
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grained fingerprint with an effective 
bandwidth of .S F W# #  Consequently, 
TRRS in (1) can be extended to the fine-
grained fingerprint H  and ,H  with h  
and ,K Kl modified as
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represents the modified cross-cor-
relation on the virtual link ( , ),s f  and 
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H ,s f  and H ,s fl  on the virtual link ( , ),s f  
respectively.

Algorithm 1 elaborates on the calcu-
lation of [ , ] .H Hc l  As shown in Algo-
rithm 1, steps 4–9 are used to calculate 

the channel energies on the virtual link
( , ),s f  while steps 10–14 are targeted 
to compute the modified cross-corre-
lation of two CSIs on the virtual link
( , ).s f  The channel energies and modi-
fied cross-correlation on each virtual 
link are accumulated as shown in step 9  
and step 15, respectively. Finally, 
the TRRS is obtained by step 18. The 
computation of ,s fh  is approximated by 
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that takes the same format of a discrete 
Fourier transform of size N  and thus 
can be computed efficiently by fast 
Fourier transform. Using a large N  in 
the computations leads to a more accu-
rate approximation of .,s fh

Localization using TRRS 
There are two phases in the proposed 
IPS: a mapping phase and a localization 

phase. During the mapping phase, the 
CSIs are collected from L  locations-
of-interest using Wi-Fi devices with 
S  antenna links and across F  Wi-Fi 
channels, denoted by .H , , ,L1 2, , f=" ,  In 
the localization phase, Hl  is obtained 
at a testing location, which may either 
be one of the L  locations-of-interest 
or an unmapped location in the map-
ping phase. Then, the pairwise TRRS 

[ , ],H Hc , l  is calculated for all loca-
tions-of-interest. Finally, the location 
is determined based on [ , ],H Hc ,  i.e, 
(5), shown in the box at the bottom of 
the page, where C  is a threshold intro-
duced to balance off the true positive 
rate and false positive rate in location 
determination. When [ , ]H Hc , l  falls 
below ,C  the IPS cannot obtain a cred-
ible location estimation and returns 0 to 
imply an unmapped location.
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Experiment results
Extensive experiments are conducted 
to validate the theoretical analysis and 
evaluate the performance of the pro-
posed IPS. The proposed system con-
tains two Wi-Fi devices, each equipped 
with three omnidirectional anten-
nas. One Wi-Fi device, called Origin, 
estimates CSI from the other Wi-Fi 

device, named the Bot. With the pro-
posed algorithm in the section “Achiev-
ing Centimeter Accuracy Via TRRS,” 
the Origin estimates the location of the 
Bot. Figure 4 shows one Wi-Fi device 
used in the proposed IPS.

The experiments are conducted in a 
typical office of a multistory building. 
The indoor space is filled with a large 
number of reflectors, e.g., chairs, desks, 
shelves, sofas, walls, and ceilings. The 
CSIs of 50 candidate locations are 
measured, with 20 measurements for 
each location.

To evaluate the performance, the 
CSIs at each location are partitioned into 
a training set and a testing set, with ten 
CSIs for each. The TRRS matrix is cal-
culated using the CSIs collected at the 
50 candidate locations. Each element of 
the matrix represents the TRRS between 
the CSIs at the training location and the 
testing location. In other words, the 

diagonal elements of the matrix indicate 
the similarity between CSIs at the same 
location, while the off-diagonal ele-
ments stand for the similarity between 
CSIs of different locations.

Figure 5 illustrates the TRRS vma -
t  rices under effective bandwidths of 
10, 40, 120, and 360 MHz. First of 
all, it is easily seen from Figure 4 that 
the  diagonal elements of the matri-
ces are close to one, signifying high 
similariti es among CSIs of the same 
locations. Regarding the off-diagonal 
elements, they become smaller with an 
increasing effective bandwidth. When 
the effective bandwidth is small, e.g., 
10 MHz, some off-diagonal elements 
are even larger than the diagonal ele-
ments, giving rise to localization errors. 
In other words, it is very likely to local-
ize the Bot to incorrect positions when 
the effective bandwidth is small. When 
the effective bandwidth is increased, the 
gap between diagonal and off-diago-
nal elements enlarges, which provides 
a clear watershed between the correct 
and incorrect locations and leads to an 
enhanced system performance in return.

To provide a statistical point of view, 
Figure 6 shows the cumulative density 
functions of the diagonal and off-diag-
onal elements in TRRS matrices under 
a variety of effective bandwidths. As 
we can see, the gap between the diago-
nal and off-diagonal elements increases 
with the effective bandwidth, indicating a 
better distinction between different loca-
tions. Whenever there is a gap between 
the diagonal and off-diagonal elements, a 
perfect localization can be achieved with 
an appropriate threshold, i.e., 100% true 
positive rate and 0% false positive rate.

In a practical indoor environment, 
there usually exists environment dyna-
mics that might degrade the localization 
performance. To evaluate the proposed 
IPS in a dynamic indoor environment, 
the testing CSIs are recollected in the 
presence of human activities and large 
object movement. In particular, to 
emulate dynamics from human activi-
ties, one participant was asked to walk 
continuously in the vicinity of the Bot. 
Then, the participant was asked to open 
and close a door that blocks the direct 
link between the Origin and Bot so as 

Algorithm 1. Calculating TRRS by exploiting diversities.
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figure 4. The Wi-Fi device used in the pro-
posed IPS.
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to emulate the dynamics from large 
object movement.

Figure 7(a) demonstrates the receiv-
er operating characteristic curve with 

human activities. For a fixed false posi-
tive rate 0.15%, the true positive rate 
increases from 94.17% with 40-MHz 
effective bandwidth to 99.11% with 

120-MHz effective bandwidth. Fur-
ther enlarging the effective bandwidth 
to 240 MHz and 360 MHz boosts the 
true positive rate to 99.61% and 99.89%, 
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respectively. On the other hand, Fig-
ure 7(b) depicts the receiver operating 
characteristic curve with large object 
movement. For a fixed false positive rate 
0.15%, the true positive rate increases 
from 75% with 40 MHz effective band-
width to 76.38, 87.12, and 95% with 120, 
240, and 360 MHz effective bandwidths, 
respectively. This can be justified by 
that, with a large effective bandwidth, 
the environment dynamics only affect 
very limited information in the finger-
print while leaving the majority intact. In 
other words, a large effective bandwidth 
enhances the robustness of the proposed 
IPS against environment dynamics.

During the experiments, we observe 
multiple Wi-Fi access points coexisting 
with the proposed IPS. However, their 
impact on the proposed IPS is minimal. 
Due to the carrier sense multiple access 
with collision avoidance (CSMA/CA) 
mechanism, these Wi-Fi access points 
would not transmit signals whenever 
they sense that the IPS is operating to 
obtain CSIs, which guarantees that the 
captured CSIs are free from interference.

Conclusions
In this column, we present a time-
reversal method for indoor localiza-
tion that achieves centimeter accuracy 
with a single pair of off-the-shelf Wi-Fi 
devices. The high accuracy for localiza-
tion is maintained under strong NLOS 

scenarios. With the exploitation of the 
inherent frequency and spatial diversities 
in Wi-Fi systems, it is capable of creat-
ing a large effective bandwidth to enable 
centimeter accuracy. Extensive experi-
ment results in a typical office environ-
ment show that the centimeter accuracy 
as well as robustness against dynamics 
can be simultaneously achieved with a 
large effective bandwidth. The global 
GPS can achieve 3–15 m of accuracy 
by mapping the world into latitude and 
longitude coordinates. The presented 
“indoor GPS” can achieve 1–2 cm accu-
racy when an indoor environment is fin-
gerprinted and mapped.
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figure 7. The receiver operating characteristic curve in the presence of environment dynamics: (a) dynamics from human movement and (b) dynamics 
from door opening and closing.


