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Abstract: With the increasing demand of location-based services, the indoor ranging method based
on Wi-Fi has become an important technique due to its high accuracy and low hardware requirements.
The complicated indoor environment makes it difficult for wireless indoor ranging systems to obtain
accurate distance measurements. This paper presents an Extended Kalman filter-based approach for
indoor ranging by utilizing transmission channel quality metrics, including Received Signal Strength
Indicator (RSSI) and Channel State Information (CSI). The proposed ranging algorithm scheme is
implemented and validated with experiments in two typical indoor environments. A real indoor
experiment demonstrates that the ranging estimation accuracy of our algorithms can be significantly
enhanced compared with the typical algorithms. The ranging estimation accuracy is defined as the
cumulative distribution function of the distance error.

Keywords: indoor ranging algorithm; channel state information; received signal strength indicator;
extended Kalman filter

1. Introduction

For positioning in outdoor environments, the Global Position System (GPS) [1,2] can provide very
accurate positioning results. Since acquiring a satellite signal inside a building is not possible, the GPS
can not be applied to the purpose of indoor positioning. Therefore, it is of great significance to study
the indoor positioning technology not relying on the GPS. In recent years, Wireless Local Area Network
(WLAN)-based [3] positioning technology has become a research hotspot because of its widespread
deployment and ease of use WLAN. In the design of a positioning system, the accuracy of ranging is
one of the factors that must be considered. The most important reason for affecting the positioning
accuracy in the indoor positioning system is the complex multipath transmission environment and the
limited bandwidth of the wireless signal, which cannot effectively distinguish the signals transmitted
through multiple paths.

According to the position estimation method in wireless sensor networks, the ranging algorithm
is divided into two categories: ranging-based algorithm and range-free algorithm. The former method
includes Angle of Arrival(AOA) [4], Time of Arriva (TOA) [5], Time Difference of Arrival (TDOA) [6],
Received Signal Strength (RSS) [7], Channel State Information (CSI) [8] etc., and calculate or estimate
the distance between the node and the reference. The latter one uses the relationship of the geometric
position information between the receiving node and the transmitting node to estimate the distance,
including the fingerprint positioning method [9] and approximate estimation method [10]. Figure 1
shows the position estimation methods between range-based and range-free algorithms.
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Due to the complex indoor environment, RSSI is often affected by multipath effects and noise
signals, and the positioning performance is not stable. With the availability of channel state information
from the physical layer, Wi-Fi-based indoor positioning schemes have gradually shifted from adopting
RSSI indicators to higher resolution CSI indicators. In recent years, commercial Wi-Fi devices (such
as the Intel 5300 wireless network card) have begun to support the acquisition of CSI at the physical
layer. CSI can characterize signals with finer granularity. By analyzing the transmission of different
sub-channel signals separately, CSI can avoid the multipath effects and noise as much as possible.
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Figure 1. The position estimation methods between range-based and range-free algorithms.

Wau et al. [8] explore the frequency diversity of subcarriers in the Orthogonal Frequency Division
Multiplexing (OFDM) system and propose a new method called fine-grained indoor localization
(FILA), which uses CSI to establish the propagation model and fingerprint identification system at
the receiver. FILA can achieve a median accuracy of 1.2 m in a corridor environment. In paper
[11], Destiarti et al. proposed a mobile cooperative tracking method based on extended RSSI ranging.
The error estimation range of this algorithm was between 0.22 m and 2.84 m. The fine-grained indoor
fingerprinting system (FIFS) [12] explores CSI of the physical layer which specifies channel status on
all subcarriers for location fingerprint identification in WLAN. The system uses the amplitude and
phase of CSI on multiple propagation paths to display a single position. In experiments, for over 90%
of data points, the error of FIFS was within the range of 1.3 meters. In [13], a new indoor fingerprint
recognition system based on deep learning using CSI is introduced called deep learning for indoor
fingerprinting (DeepFi). This method based on three hypotheses of CSI, the DeepFi system architecture
includes an off-line training phase and an online localization phase. In the living room environment,
the mean error is 0.9245 m. In the laboratory environment, the mean error distance is 1.8081 m. In paper
[14], Chapre et al. proposed a novel Wi-Fi fingerprint recognition system CSI-MIMO, which uses a
multiple-input-multiple-output (MIMO) system to utilize frequency diversity and spatial diversity.
The system combines the spatial attributes of CSI to improve the FIFS system. The CSI-MIMO system
uses the amplitude difference and the phase difference matrix of adjacent subcarriers as the unique
fingerprints of the sample points to achieve more accurate positioning than FIFS. The paper [15]
presents a deep learning-based method for indoor positioning by utilizing transmission channel
quality metrics, including RSSI and CSI.



Appl. Sci. 2020, 10, 3687 30f 20

However, most of the current algorithms are range-free-based using RSI and CSI. These
positioning methods are currently based on the similarity of the indoor environment during the
positioning and training phases. These positioning methods do not consider the factors that change
the indoor environment during the positioning phase, that is, the difference between the indoor
environment during the positioning phase and the environment when the database is established.
For example, a fingerprint database was established in an unmanned indoor environment, but location
matching was performed when the number of people in the room increased. In the case of a large
difference in indoor environment between the positioning and training phases, if fingerprint matching
is still performed in the traditional way, the positioning error will inevitably increase, and the accuracy
rate will also be greatly reduced.

Based on the reasons above, we propose the indoor ranging algorithm based on RSSI and CSI
that are simultaneously processed by the extended Kalman filter (EKF) to address the complex indoor
situation. In this paper, we analyze the different characteristics of RSSI and CSI and propose a novel
indoor ranging algorithm. We use two different granularities of RSSI and CSI to realize regional
ranging and precise positioning respectively and make the best use of the advantages of different
granularity information as much as possible. EKF [16] is used to filter nonlinear attenuation ranging
model based on RSSI and CSI. The proposed algorithm breaks the limitations of traditional RSSI or
CSl-based fingerprint positioning and can be applied to online positioning in any indoor environment.

The main contributions of this paper are:

1. A cross-layer approach including MAC layer and physical layer that enable fine-grained indoor
ranging in WLANSs. Our proposed method includes two parts, RSSI-based ranging model and
CSl-based ranging model.

2. Indoor ranging research based on RSSI and CSI in the environment of high-load Access Point
(AP). This paper demonstrates the feasibility of this method in a high-load AP environment.

3. The method we propose is also the first one that uses extend Kalman filtering to combine
RSSI-based signal attenuation model and CSI-based ranging model to perform distance estimation.

4. The experimental evaluation in two representative indoor environments to confirm the feasibility
of our design and its effect on the ranging results. The experimental results show that the proposed
algorithm outperforms existing algorithms.

The rest of this paper is organized as follows: Section 2 gives a preliminary of the basics of RSSI,
CSI and EKEF. In Section 3, the proposed method is described in detail; We use extended Kalman
filter to estimate the distance through the nonlinear relationship between CSI, RSSI and distance.
The experimental experiment and result are detailed in Section 4. Finally, conclusions and the future
research are presented in Section 5.

2. Related Work
2.1. Characteristics of RSSI and CSI

The low-dimensional RSS information makes it possible to perform the regional level of indoor
positioning. RSSI, as an easy to get a signal feature, is often used in an indoor positioning system.
RSSI belongs to the Medium Access Control (MAC) layer and comes from each packet. Unlike RSS
information, CSI information [17-20] considers the signal transmission between different subchannels
and different antennas. In addition, its dimension and complexity provide information much richer
than the RSS information.

This unique physical feature meets the following requirements:

(1) It has excellent resistance to interference in the 2.4 GHz band signal and has less fluctuation in a
stable environment. It can also reflect the changes in the environment.

(2)  The use of OFDM technology to distinguish signals of different paths as finely as possible.



Appl. Sci. 2020, 10, 3687 4 0f 20

CSl is a fine-grained attribute value of the physical layer that describes the amplitude and phase
of the frequency domain corresponding to each subcarrier. The CSI can reflect the attenuation of the
wireless signal as it travels between the transmitter and receiver. Table 1 demonstrates the differences

between RSSI and CSI.

Table 1. The differences between Received Signal Strength Indicator (RSSI) and Channel State

Information (CSI).
Category RSSI CSI
Time resolution Packet Multipath signal cluster
Frequency resolution None Subcarrier
Stability Low High
Dimension One dimension High dimension
Universality All Wi-Fi devices Some Wi-Fi devices

In this paper, the RSSI value and CSI value were collected at fixed positions of 1 m, 4 m and 7 m
in the same indoor environment, and the results of their multipath effects were compared. Figure 2
compares the stability between the sampled RSSI value and the amplitude of the CSI sampled on

channel 2.
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Figure 2. Comparison of the stability between the sampled RSSI value and the amplitude of the CSI

sampled on channel 2.

Although the CSI value collected on a certain channel will change, compared with the collected
RSSI value, the CSI value collected less varies in time and remains stable.

2.2. RSSI-Based Signal Attenuation Model for Indoor Ranging

Ranging information between two points is calculated using the received signal strength
information. In free space, RSSI is inversely proportional to the square of the distance d between
the receiving point and the transmitting point. Their relationship [21-24] can be expressed using the

famous Friis formula:
_ PGiGA? )

Pr(d)*m
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In Equation (1), P;(d) is the received power, and its unit is watts. P; is the transmit power in
watts. Gt is the transmit antenna gain. G, is the gain of the receiving antenna. A is the wavelength of
the transmitted signal; its unit is meter. L is a loss parameter which is irrelevant to the propagation
environment. The system loss parameters represent the total loss of the actual system hardware.
It includes transmission lines, filters, and antennas.

In general, L is greater than one. However, if we assume that the system hardware has no loss,
we can let L = 1. From Equation (1), we can observe that the attenuation of the received power is
exponential with the distance. So, the free-space path loss can be directly derived from Equation (1)
without any system loss.

P GiG,A\2
PL Bl =10log(—=) = -1 —_— 2
F (4) [4B) = 10log( 1)) = ~10l0g( (70 @
We can ignore the antenna gain and let G; = G, = 1. In a free-space model, the average

received signal is in a logarithmic relationship with the distance d between the transmitter and
receiver in all environments. Basically, a more general path loss model can be constructed using
the environment-dependent signal attenuation factor to change the free-space path loss model.
The mathematical expression of the signal attenuation log model is as follows:

RSSI = A —10n log(di) + Xo, 3)
0

where, RSSI indicates the received signal strength indication value in dBm. A is the signal strength at
1m from the source. d represents the distance between the transmitting node and the receiving node
in meters. dy is the unit distance and usually takes 1 m. X, is a Gaussian random number taking
a mean of 0 and its standard deviation range between 4 and 10. When the 7 value is smaller, the signal
attenuation in the transmission process is smaller, and the signal can spread farther away. The range is
generally between 2 and 4.

2.3. CSI-Based Signal Attenuation Model for Indoor Ranging

OFDM systems can modulate signals into multiple subcarriers and transmit them simultaneously
in 802.11 a/g/n networks [25-27]. The CSI information obtained from the physical layer can reflect the
channel quality between the transmitter and receiver. The CSI describes that signals are affected by
multiple paths during propagation. Therefore, the channel can be estimated by CSI [28] analyzing the
channel characteristics of the communication link. Table 2 shows the available information about CSI.

Table 2. Channel state information.

Data Information Properties
Bfee-count Number of Bfee count beamforming sent to user space by drive record
Nrx Number of Nrx receiving antennas (Intel5300 network card is usually 3)
Nitx Number of Ntx transmit antennas
rssi-a, rssi-b, rssi-c Received signal strength of each receiving antenna
rate Rate the transmission rate of each packet
noise noise
CSI CSI data itself is a three-dimensional arrays of Nrx * Ntx * 30

In an OFDM system, the received signal in the indoor environment can be expressed by
Equation (4):

Y=HX+N 4)

where Y is the received signal vector. H is the channel matrix. X is the transmitted signal vector. H is

the channel matrix, and N is the additive Gaussian white noise.
The estimated CSI of all subcarriers is:
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where H represents the channel frequency response (CFR) in the frequency domain. A set of CSI values
can be obtained from the received packets, which can be expressed by Equation (6):

H = [Hl/HZ/ H3/"'/ Hk/"'/ H}’l]/ (6)

where Hy, is the k-th subcarrier of CSIL.

By modifying the wireless network card, CFR samples with 30 subcarriers (n = 30) can be
obtained by the Wi-Fi devices. Each group of CSI includes the amplitude and phase of subcarriers,
as shown in Equation (7):

Hy = || Hl o/ 1% ™

where ||Hy || represents the amplitude. /Hj represents the phase of k-th subcarriers.

An Intel 5300 wireless network card operating in a 20 MHz high-throughput mode (HT mode)
under a MIMO system has p transmitting antennas and g receiving antennas. CSI can be expressed as
a matrix of pxg dimension, as follows:

hi hn -0 Iy
hay hyp - hy

H(fx) = : s : ®)
R

where Hj; is a complex number, which contains the amplitude and phase of the subcarrier on
each antenna.

Figures 3 and 4 show the amplitude—frequency response and phase—frequency response of CFR
under three receiving antennas. Analysis of Figure 4 shows that the phase information measured at
the receiver is chaotic and we can not use it directly.

Antenna a
Antenna b
==%-— Antenna c

Amplitude value

0 5 10 15 20 25 30
Subcarrier index(d=1m)

Figure 3. The amplitude frequency response of channel frequency response (CFR) under three

receiving antennas.
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Currently, WLAN protocols, especially 802.11n, use OFDM and MIMO as their standard
technologies. The MIMO technology enables the diversity transmission and reception of signals.
These two technologies play an important role in the formation of CSI data. FILA [8] utilizes effective
CSI to propose an indoor ranging algorithm. The CSI-based ranging formula is as follows:

1
Cslyy = g L4 x Al ©

where CSI, ¢ represents the effective CSI. K is the number of subcarriers. f. represents the calculated
center frequency, and ||A||x represents the amplitude of the filtered CSI on the kth subcarrier.
The propagation distance between the transmitter and receiver can be represented by effective CSI
as follows:

1 [ c
47 <fc X |CSIeff|

" (10)

d= )20]

where d represents the distance between the transmitter and the receiver, c is the radio velocity, f is
the central frequency of CSI, n is the path loss attenuation factor, and ¢ is the environmental factor.
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Figure 4. The phase frequency response of CFR under three receiving antennas.

The basic process is to collect the original CSI (CFR form existence) value of the ranging node
at each reference node. According to the characteristics of the signal attenuation model, the specific
relationship between CSI value and distance is obtained, and the mathematical model of CSI value
and distance is established. Since CSI ranging is easily affected by the indoor environment, the indoor
attenuation model based on the original CSI can not meet the requirements of the target object for
ranging accuracy. At the same time, the mathematical model of CSI value and distance is not a linear
equation. The function relationship between CSI and d can be obtained from Equation (11).

CSypf = = | (11)

JTC (4md)r”
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2.4. The Extended Kalman Filtering Algorithm

The Kalman Filter (KF) is an optimal sequential state estimation algorithm for a linear state-space
model in terms of the mean squared estimation error. When the state-space model is nonlinear, the KF
is no longer applicable and nonlinear filters, especially the Extended Kalman Filter (EKF) [14-16],
become necessary. For the EKF, the nonlinear Gaussian state-space model is linearized around the
current best estimates of states and the KF algorithm is applied to the linearized models. The EKF
algorithm is divided into two parts: time and observation updates. In the time update, the state
estimation is predicted by the system model; for the observation update, the predicted state estimate is
corrected using the observation based on the observation model. This corrected state estimation is
called the filtered state estimate and it is then used for the next time update.

The nonlinear state-space model can be described as:

fIX(k=1)]+GV(k), V(k) ~ N(0,Qx)

(12)
h[X (k)] + W(k), W(k) ~ N(0, Ri)

——

N

==
1

Here, k =1,2,--- and X(k) and Z(k) are N and L dimensional random vectors called the state
and the observation at k. V (k) and W(k) are independent zero-mean white Gaussian noises which
covariance matrices are Q(k) and R(k), respectively. These noises are also assumed as independent
from X(0). G is the noise input matrix.

The predicted state estimate and the covariance matrix are:

X(klk—1) = f[X(k-1)] (13)
P(klk—1) = A(k—1)P(k — 1]k — 1)A(k —1)T + GQGT. (14)

The filtered state estimate and the covariance matrix are:

P(klk—1)H(K)T

KK = Hoopaik =D HE) ™ + RO (15)
X(k) = X(k|k — 1) + K(k)[Z (k) — h[X (k|k — 1)]] (16)
P(K) = [1 — K(OHE) Pk~ 1) )

Among them, A(k — 1) and H(k) are Jacobian matrices of non-linear systems, which are derived
from partial derivatives of f[X(k — 1)] and h[X(k)], respectively.

3. Indoor Localization Architecture and Methodology

In view of the disadvantages of traditional indoor positioning methods based on RSSI information
or CSI information alone, we propose a novel positioning algorithm based on RSSI and CSI to make
up for their shortcomings. This section focuses on the realization of the indoor ranging model. First,
the structure of the model is introduced in its entirety. Then, the filtering fusion process of the extended
Kalman filter is described in detail.

3.1. Indoor Localization Architecture

The basic flow of the algorithm starts from sending a ping command to the IP address of the AP
at the receiving end to collect data packets. After collecting the data packets, the algorithm imports
the data into MATLAB for processing and obtains the original RSSI value and original CSI value on
each antenna of the MIMO system. The original RSSI value is averaged and the obtained CSI matrix is
averaged with weights to obtain the effective CSI value. After that, the EKF is used to fuse the nonlinear
RSSI ranging model and the nonlinear CSI ranging model to obtain the distance between the receiver
and the transmitter. When using RSSI and CSI values to measure the access point or mobile terminal,
the ranging model Equations (3) and (11) are usually used. The unknown parameters in the formula
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usually need to be trained to obtain. For different environments, the parameters will be different.
In order to eliminate the influence of parameter changes on the ranking results, the propagation model
formula is linearized. The architecture of the ranging algorithm is shown in Figure 5.

[ Collected CSI H Effective CSI }TJ%[ CSI Ranging model ]

y N

u -
\ / Distance
—r— | estimation I

h ' h 4
[ Collected RSS }::>[ Mean RSS| }J]:r[ RSSI Ranging model ] | Position |
estimation

Figure 5. Indoor localization architecture.

3.2. The Extended Kalman Filtering Algorithm Model

This paper uses the EKF filtering [29,30] function to filter the obtained RSSI average value and
effective CSI value, and then combines the distance-related mathematical ranging model to reduce the
impact of noise on the system and improve the ranging accuracy. The observation equation comes
from the RSSI-based ranging model and effective CSI-based ranging model, which is shown as follows.

_Rsslantenngl - 100110g10 (dlst(Xk, Xrgfl ) /do) i

RSSIantenna, — 1001 logro(dist(X, XrefL)/dO)
h[X(k)} = CSIeffantennul - J%\/(AlndiSt(X(Z)’X(Vef])))n

(18)

c i
CSI‘fffantennuL e \/(47Tdi5t(X(k)fX(refL)))n

where d is the distance between the transmitter and receiver in indoor environments. RSS Litenna;
and CSI, FF antennay represent the RSSI value and the effective CSI at a distance dy = 1 m from the
receiver reference point, respectively. L = p * g, where p and q represent the number of antennas
at the transmitting node and the receiving node respectively. c is the radio velocity, f. is the central
frequency of CSI. n is the path loss attenuation factor, and ¢ is the environmental factor, and dist(m) is
the Euclidean distance function.

We can calculate the Jacobian matrix of the observation function:

r 10 1
dlst(Xk/Xrefl )

_ '10
diSt(Xk/XrefL )
H(k) = 19)

— 2T (47edist (X, X refy))) 2!

_—72”;’2\/5 (ardist(X gy, X(ref,))) 277

The covariance matrix of the observation noise is:
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Re=1. . . : (20)
The Ry value is affected by the indoor environment. When the indoor environment is more
complicated, the value is larger. Since the system model is linear, A(k) = I and G = I

4. Experimental Environment and Results
4.1. Experimental Environment

This experiment was conducted at the corridor on the 3rd floor of the IT-1 building and the hall on
the 2nd floor of the IT-1 building at Kyungpook National University (KNU) as shown in Figures 6 and 7.
Figure 8 shows the schematic diagram of the experimental environment of the IT-1 building, which
is a 2.5 m by 10 m corridor environment. Figure 9 shows the schematic diagram of the experimental
environment of the IT-2 building, which is an 8 m by 10 m hall environment. In the collection of
sample data, there are 10 reference points between AP and reference point (RP), each of which collects
1000 samples, and the interval between each reference point is 1 m.

Figure 7. Indoor experiment environment at the 2rd floor of IT-2 building.
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Figure 8. Schematic diagram of the indoor experiment environment at the 3rd floor of IT-1 building.
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Figure 9. Schematic diagram of indoor experiment environment at the 2rd floor of IT-2 building.

In this paper, we use a laptop with a modified wireless network card and CSI tools [31,32] to
obtain CSI data. The equipment required was: (1) a laptop with Intel 5300 for which the Ubuntu 14.04
operating system is installed with the customized kernel and wireless card drivers; (2) wireless AP
based on 802.11n. We connect to the laptop through the Wi-Fi hotspot provided by the wireless AP.
Since the 5GHz wireless signal has a strong ability to penetrate the wall, 5GHz was selected as the
experimental frequency band. Currently, the commercial wireless network card supporting the IEEE
802.11n standard can provide the amplitude and phase difference information of different subcarriers
in the form of the CSI matrix. The OFDM system of the IEEE 802.11n standard contains 56 subcarriers.

In this paper, the modified device can extract 30 subcarriers. Therefore, CSI is a numerical matrix
of 3 x 3 x 30. Figure 3 shows that the antenna ¢ did not work as expected. Thus, we usea 2 x 3 x 30
CSI numerical matrix for ranging. The collected CSI subcarrier information is an imaginary number
that contains the amplitude and phase values of the subcarriers between different channels. Analysis
of Figure 4 shows that the phase information measured at the receiving end is chaotic. There is no way
to use it directly.

4.2. Experimental Results

4.2.1. Data Collection and Processing of RSSI and CSI

The data collection and processing module include the collection and processing of RSSI and CSL
In this paper, the transmitter AP was IPtime N3004 which had three transmitting antennas. In this
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paper, the transmit frequency of IPtime N3004 is 5 GHz. The receiver was a Dell Inspiron n4010 laptop.
Each pair of transmitting and receiving antennas can obtain the RSSI value and CSI of 30 subcarriers.
For each packet, the RSSI value on different antennas and CSI data matrix of 270-dimension can
be obtained. The third antenna did not work normally and therefore we chose 180 (2 x 3 x 30)
dimensional CSI data matrix for experiments. Figure 10 shows the changes in the RSSI values obtained
on different antennas in two different indoor environments. Figure 11 shows the variation of the
subcarrier values of CSI on antenna 2 in two different indoor environments.

According to Equation (9), we process the acquired subcarriers to obtain an effective CSI value,
as shown in the Figure 12.

RSSI value acquired at 1m from AP

RSSI value obtained on antenna a
RSS| value obtained on antenna b

RSSI value obtained on antenna c
™ = K = X

RSSI value[dB]

Number of received packets(IT-1 Building)
RSSI value acquired at 1m from AP

RSSI value obtained on antenna a
RSSI value obtained on antenna b
RSSI value obtained on antenna c

RSSI value[dB]
)
o

Number of received packets(IT-2 Building)

Figure 10. RSSI values obtained on different antennas in different indoor environments.
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8

—_
[}

-
o

(=]

Number of received packets(IT-1 Building)

40 CSl subcarriers % antenna,2 acquired at 1m from AP
r Tolok % * Z’:

Amplitude

0 10 20 30 40 50 60 70 80
Number of received packets(IT-2 Building)

Figure 11. CSI subcarrier values obtained on antenna 2 in different indoor environments.
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Figure 12. CSI effective values obtained on antenna 2 in different indoor environments.

4.2.2. Three-Dimensional Diagram of Nonlinear Ranging Model

The experiment was conducted in IT-1 building and IT-2 building of Kyungpook National
University. Select the area covered by the Wi-Fi signal, select 10 test points in this area, and evenly
distribute each test point for 100 times and 10 tests. Every reference point can get a total of 100,000 data
values. We obtained the RSSI value and CSI value through MATLAB extraction and analysis. In the
actual signal propagation environment, the RSSI value is susceptible to environmental influences. If the
measured RSSI value is simply converted into a distance, the ranging error becomes larger. Therefore,
when measuring distance, we should pre-process the RSSI value. We use the measured RSSI value
multiple times to perform arithmetic average to improve the accuracy of the RSSI value. While CSI is
relatively stable, we obtain the effective value of the CSI value by weighting the subcarriers.

The acquisition process of the ranging model can be divided into three stages; First, the RSSI and
CSI of the transmitted signal of the transmitting node are obtained. Next, the receiving node uses the
strength value of the received signal and the effective value of CSI to calculate the propagation loss
of the ranging model and the parameters related to the indoor environment. Finally, the receiving
node uses theoretical or empirical models to convert the signal propagation loss into the distance.
The empirical model is a model formed by setting multiple reference points in the actual environment,
and then measuring the relationship between signal strength and distance while at the same time
combined with a mathematical fitting algorithm. The theoretical model selected in this paper is shown
in Equations (3) and (11). Figure 13 shows the 3D graph of RSSI signal attenuation with distance in
IT-1 building. Figure 14 shows the 3D graph of CSI effective value attenuation with distance in I'T-1
building.

In practical applications, the complex and changeable indoor environment can cause multipath
noise in RSSI and CSI measurements. It is assumed that this noise is additive white noise, which
conforms to the Gaussian distribution. We need to choose the most suitable filter to eliminate the
influence of noise on RSSI and CSI values, and obtain accurate distance measurement results.
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Figure 13. 3D graph of RSSI signal attenuation with distance in IT-1 building.
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Figure 14. 3D graph of CSI effective value attenuation with distance in IT-1 building.

4.2 3. Distance Estimation Based on Extended Kalman Filtering

EKF has important theoretical significance and broad application prospects for the state estimation
of nonlinear systems. Using the Extended Kalman Filter (EKF) method, a linearized standard Kalman
filter model of the system can be established. The EKF algorithm has a simple structure and a certain
accuracy, so it is widely used.

At each reference point, the EKF is used to filter the obtained RSSI value and CSI effective value.
The processing procedure (the reference point distance is 1 meter) is shown in Figure 15. Figure 15
shows the comparison of the distance value and the real value after the extended Kalman filter.
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1m)& Measured RSSI value
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Figure 15. The accuracy of distance estimation (the proposed algorithm).

To analyze the improvement of the distance estimation accuracy of the proposed method more
intuitively and clearly, we compare the obtained estimated distance with the real distance. Figure 16
shows the accuracy of the proposed algorithm for distance estimation. We used the proposed algorithm
to filter all reference points within 10m in two indoor environments. We use MATLAB to plot the
estimated distance error. Figure 17 shows a comparison of estimated distance error values between
1 mand 10 m.

2 T T T
k3 Y Estimated distance value
18- = == EKF filtering process
’ —+— True distance value(d=1m)

-
o

14

1.2

Estimated distance value

0.4 Il 1 Il 1
0 50 100 150 200

Number of samples(IT-1 Building)

Figure 16. The comparison of the distance value and the real value after the extended Kalman
filter (EKF).
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Figure 17. The comparison of the estimated distance error value between 1 m and 10 m.
4.2.4. Performance Evaluation

We evaluate the performance of our proposed ranging method under the two representative
indoor environments. Figure 18 presents the Cumulative Distribution Function (CDF) of distance
errors with the four ranging methods in the corridor experiment. In the IT-1 building experiment,
the mean distance error is about 1.049 m and a standard deviation of 0.623 m for our proposed ranging
method. In Figure 19, we plot the CDF of distance errors with the four ranging methods in the IT-2
building of KNU. In this propagation environment, our proposed method can achieve a 1.5 m distance
error for over 70% of the reference points. The algorithm we proposed can obtain the best ranging
results, and is the most accurate of the four ranging methods.

0.7

06

05F

04r

Cumulative probability distribution

01r —%— Filtered RSSI-based ranging method -
g —+&— RSSI-based ranging method
0 = S L 1 L L 1
0 0.5 1 1.5 2 25 3 3.5 4

Distance error (m)

Figure 18. CDF of distance errors with the four ranging algorithms in IT-1 building.
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Figure 19. Cumulative Distribution Function (CDF) of distance errors with the four ranging algorithms
in IT-2 building.

Figures 18 and 19 shows our proposed ranging method outperforms the existing ranging methods
in both scenarios. The RSSI-based ranging method and the CSI-based ranging methods do not perform
as well as our RSSI and CSI-based scheme. In the IT-1 building environment, the RSSI-based ranging
method only manages to achieve 25% of the points that have an error under 1.5 m. The filtered
RSSI-based ranging method only manages to achieve 36% of the points that have an error under 1.5 m.
This is in contrast to that of the CSI-based ranging method which achieves 67% of the points that have
an error under 1.5 m. These same methods achieved 30%, 37% and 60% of the points that have an error
under 1.5 m in IT-2 building environment respectively.

We evaluate the performance of the proposed ranging algorithm based on RSSI and CSI using
EKF through the statistical results of two indoor environments. Tables 3 and 4 list the average and
standard deviation of the ranging error, respectively. Unlike FILA, the proposed algorithm utilizes
RSSI and various CSI subcarriers acquired on each antenna. The algorithm can achieve higher accuracy.
Two ranging methods using CSI (i.e., the proposed method and FILA) are superior to the two ranging
methods based on RSSL

Table 3. Comparison of four indoor ranging algorithms (IT-1 building).

Indoor Ranging Algorithm Mean Ranging Error  Standard Deviation
RSSI-based algorithm 2.041m 1.214 m
Filtered RSSI-based algorithm 1.696 m 0.908 m
CSl-based algorithm (FILA) 1.381 m 0.577 m
RSSI and CSI-based algorithm (Proposed algorithm) 1.049 m 0.623 m

Table 4. Comparison of four indoor ranging algorithms (IT-2 building).

Indoor Ranging Algorithm Mean Ranging Error  Standard Deviation
RSSI-based algorithm 1.798 m 1279 m
Filtered RSSI-based algorithm 1.669 m 1.243 m
CSI-based algorithm (FILA) 1.395m 0972 m

RSSI and CSI-based algorithm (Proposed algorithm) 1.103 m 0.612 m
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Different from the RSSI, the filtered RSSI and the CSI-based ranging methods, our RSSI and
CSI-based ranging method using EKF suppresses rich multipath effects in an indoor environment.
It also achieves significantly higher accuracy. This result indicates that our proposed method is able to
effectively estimate and compensate for the ranging result.

5. Conclusions and Future Work

The main contributions of this article are as follows: First, a novel ranging scheme based on CSI
and RSSI using EKF is proposed. Second, an indoor ranging algorithm based on RSSI and CSI in the
environment of high-load AP is proposed, which solves the ranging accuracy problem under high
load AP. This paper demonstrates the feasibility of this method in a high-load AP environment and
proves the accuracy of the algorithm through related experiments. We also compared it with several
other related algorithms. Third, we use the DELL Inspiron n4010 laptop and commercial 802.11n
wireless network card driver to build the experimental environment. Compared with existing other
ranging methods, the proposed method does not require additional equipment and can be applied
to a wider range of indoor situations. The experimental results show that the proposed ranging
method effectively improves the accuracy of the indoor environment. Of course, the current system
is still insufficient and we need to continue improving it in our future work. We could consider the
participation of multiple APs in the experiment. Additionally, as the indoor environments are complex
and vary with time due to people, we will analyze impacts brought about by these factors.
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