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Abstract— The received signal strength (RSS) is widely used
in range-based localization because of its practical advantages,
such as low cost and low complexity. For accurate ranging based
on the RSS in indoor environments, well-defined propagation
models (PMs) that consider the distortion of the RSS due
to abrupt obstructions are required. This article proposes an
exponential PM for indoor hallways whose structures can be
modeled as a slab waveguide. This waveguide-shaped structure
has two main power loss mechanisms: wave penetration and
scattering. These loss mechanisms are quantified as exponential
coefficients according to the law of conservation of energy. The
surface-scattering theory and the multimode waveguide concept
are utilized for the quantification of scattering and penetration,
respectively. The proposed model is verified through actual site
measurements using the vector network analyzer (VNA)-based
channel-sounding system at IEEE 802.11ax frequency bands. The
estimated range obtained from the measured data indicates that
the proposed model leads to the ranging estimation performance
that could not be achieved with existing sounding-based indoor
channel models.

Index Terms— Channel sounding, indoor channel, indoor local-
ization, range-based localization, received signal strength indica-
tor (RSSI), slab waveguide, wireless measurements.

I. INTRODUCTION

ANGE-BASED localization has been widely studied

in recent years because it can be utilized in lots of
applications, such as location-based services, target tracking,
monitoring, and rescue [1]. In the range-based localization,
an accurate ranging estimation should be carried out prior to
positioning because the overall performance highly depends on
the ranging accuracy. Range pairs between mobile devices can
be obtained from time-of-arrival, time-difference-of-arrival,
or received signal strength (RSS). The first two methods
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provide high range estimation accuracy [2], but they have time
synchronization issues that require sophisticated hardware [3].
Unlike these methods, RSS-based ranging is more practical
due to its simplicity of implementation. Hence, RSS-based
ranging is known to be suitable for ad hoc wireless net-
works [4] that are used for state-of-the-art technologies, such
as vehicular networks [5], [6] or hyperconnectivity [7].

The accuracy of RSS-based ranging is heavily affected by
the propagation environment. Particularly, in indoor environ-
ments, various factors causing multipath propagation have to
be considered. Thus, propagation models (PMs) considering
those factors [8]-[11] are adopted in the RSS-based ranging
methods, which are empirically defined for the analysis of
communication coverage. The PM is the function of center
frequency f. and propagation distance d. In addition, factors
causing signal distortion can be included in the PM. Based on
PM, the RSS value can be expressed as

P, = PM(fe, d) (1

where P, is the RSS value that depends on the center fre-
quency and propagation distance. The range can be estimated
by obtaining the inverse function of PM. Although existing
models are well-defined, they cause significant ranging errors
because of their stochastic nature. Often, the fingerprinting
method or the ray-tracing simulator [12], [13] can provide rel-
atively accurate RSS values, but they have high computational
complexity and exhibit extremely site-specific results.

In most indoor environments, hallway structures commonly
appear. Lots of multipaths in the hallway often make the
RSS values be unpredictable. Because the indoor hallway
environment is a structure with a uniform cross section, a few
studies have considered it as a slab waveguide [14], [15].
By solving the wave equation for a slab waveguide, a highly
accurate RSS value can be estimated. Unlike fingerprinting or
ray-tracing simulators, this approach is generally applicable
because most hallways have similar structures. In addition,
wave equations can be formulated with simple parameters,
such as the width of the hallway and the permittivity of
the wall. However, the propagation distance cannot be easily
derived from the existing waveguide-based models; therefore,
further consideration is required. First, to derive an accurate
PM in a practical indoor hallway, several factors for propaga-
tion loss must be examined.

1) Medium loss represents the loss of power incurred

during propagation. In most indoor environments,
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the medium loss is negligible because the wave prop-
agates in an air layer where its conductivity is approxi-
mately zero [16].

2) Penetration loss occurs when a wave reflects at a wall
and a portion of the wave flows into the wall medium.
It can be quantified by calculating the reflection coeffi-
cients in a certain guide structure. By addressing multi-
ple deterministic wave paths [17], the total penetration
loss can be estimated.

3) Scattering loss occurs when a rough surface induces
wave scattering. This phenomenon often causes reflec-
tion in unwanted directions. The exponential coefficient
for scattering can be modeled by the surface-scattering
theory [18], [19].

Based on the assumptions about these losses, we propose
a deterministic PM that has a closed-form ranging function
for an indoor hallway. A radio wave in a waveguide struc-
ture usually undergoes exponential decay [16]. Therefore,
the proposed model can be expressed as an exponential
function, and its exponential coefficient quantifies the power
loss. In addition, the exponential attenuation coefficients for
scattering and penetration are calculated. By solving the wave
equations which involve the roughness function, transferred
power in the rough surface waveguide can be approximated.
Besides, deterministic wave paths derive the power loss from
the penetration. Based on the law of conservation of energy,
the attenuation coefficients are calculated by exploiting the
relationship between the guided power and the transferred
power. Finally, the proposed exponential PM has a closed-form
inverse function for the ranging process. To verify the accuracy
of the proposed model, we conduct actual site measurements
using the vector network analyzer (VNA). By considering the
well-known IEEE 802.11ax standard [20], the measurements
are conducted at 2.4- and 5-GHz bands that are widely studied
with the measuring manner [21]-[23]. The ranging process
with the measured data indicates that the proposed PM is
more accurate than existing channel models [8], [9]. Compared
to the Indoor Hotspot models of WINNER II, 3GPP, which
are widely used for indoor communications, mean ranging
errors decrease by about 2 m. This is because the proposed
model considers the degree of the roughness according to the
frequency bands in indoor environments.

The rest of this article is organized as follows. Section II
addresses the overall system model and the propagation mode
in an indoor hallway environment. In Section III, the exponen-
tial PM for a highly accurate RSS ranging is proposed with an
attenuation coefficient estimation. The measurement process
and results are presented in Section IV. Finally, we conclude
this article in Section V.

II. SYSTEM MODEL
A. Hallway Model and Propagation Mode

In a practical ad hoc network scenario with low-cost
devices, the sidewalls are assumed to have more influence on
the wave propagation compared to the ceiling and floor [12].
Therefore, an indoor hallway can be represented as a 2-D
slab waveguide. Fig. 1 presents an indoor hallway structure
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Fig. 1. Slab waveguide modeling for an indoor hallway.

with a width of 2a. The shaded regions specify the sidewalls,
which are assumed to be half-infinite. This presumes that the
effective permittivity is equal to the permittivity of the wall,
€wanl- The unshaded region specifies the air medium with a
permittivity of €.

In a general guiding structure, there are ray paths in which
most of the energy is concentrated. The number of paths
equivalent to the mode number is determined by the geometric
structure and wavelength. Each mode has specific field prop-
erties, such as standing wave pattern, propagation constant,
and group velocities. Counting the number of rays that con-
structively interferes with itself defines the mode number [17].
In Fig. 1, every ray path propagates in the zigzag pattern and
has its definitive incident angle with the far-field assumption
(i.e., source-free assumption). Among them, some paths build
standing wave patterns that are favorable for energy transfer.
Assuming a plane wave, following reflections at B and C,
the wavefront at C overlaps the wavefront at A. The phase
difference between them is ko(AB+BC). When this difference
is a multiple of 27, the energy tends to be concentrated on this
path due to the constructive interference. Then, the condition
for the incidence angles satisfying it is given as follows:

cos(@,) = ’Z—l (0 <0, < %) (2)
a

This may be thought that two parallel plane waves are in
phase. Unless the wavefront of one only after two reflections
is in phase with the other, which has not undergone reflection,
two interfere destructively with each other. It brings about the
same condition with (2). Equation (2) is called the waveguide
condition, where m = 0, 1,..., M is an integer and 4 is the
wavelength of a wave. The hallway described in Fig. 1 has M+
1 rays capable of propagating without destructive interference.
Fig. 2 indicates when there is a certain dominant ray path.
The propagation constants along the waveguide direction
(i.e., the z-axis direction in Fig. 1) are defined as follows:

_27r

Bm =

The phasor notation of the electric field for each mode is
expressed as follows:

Ex(y7 Z)m == ExO(y7 Z)m eXP(‘fﬁ;;zZ) (m = 0» 1’ ey M) (4)

where E,o(y,z), is the standing wave pattern in the
smooth-wall waveguide carried by each mode. Equations (3)
and (4) imply that each mode carries power independently
because each of them has its own group velocity.

sin@,) (m=0,1,..., M). 3)
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Fig. 2. Delivered power in the smooth-wall indoor hallway (length = 10 m,
width = 2 m, and center frequency = 2.4 GHz).
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Fig. 3. Indoor hallway with the rough-surface sidewall.

B. Roughness Model

A wave experiences scattered reflection in a rough-surface
waveguide, which causes a reflection in an unwanted direction.
Power loss inevitably occurs inside the hallway if the sidewalls
cause scattering. The degree of roughness depends on the
wavelength, which is often judged by some criterion, such
as the Rayleigh roughness criterion [24]. The shorter the
wavelength, the more it is susceptible to roughness. Roughness
is mathematically expressed by the spatial distribution function
f(2) [19]. The function f(z) represents the variation from the
perfect-smooth wall and is graphically depicted in Fig. 3. For
simplicity, it is assumed that the hallway is symmetrical. How-
ever, the analysis can be easily extended for unsymmetrical
cases [18]. The autocorrelation function [19], which indicates
the nature of the roughness, is defined as follows:

R(u) = E[f () f(z+u)l. (5)

The Fourier transform of R(u), denoted as ﬁ(y/), is used
to calculate the power loss due to the roughness, as will be
discussed in Section III. Generally, the autocorrelation func-
tion follows an approximate exponential form for simplicity
as follows [19]:

R(u) = o2 exp(—%) (6)

where o2 is E[f(z) f(z)] that indicates the mean square per-
turbation, which quantitatively states roughness. In addition,
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Fig. 4. Two main losses in the guiding structure.

L is the correlation length, which is half of the guide length
in general [18].

III. PM FOR SIGNAL STRENGTH-BASED RANGING
A. Exponential Propagation Function

In an ideal waveguide, the guided energy is almost
completely preserved and transferred. However, several loss
mechanisms should be considered in practical situations.
Fig. 4 presents two main causes of loss: scattering and pen-
etration. Scattering occurs due to roughness, and penetration
stems from the discontinuity of permittivity. Their influences
on the power loss are presented as an exponential function as
follows:

P(z) = Pyexp(—oa,z) exp(—apz)
Pyexp(— (a5 +a,)2)
Py exp(—az) (7

where P(z) is the RSS in the linear scale at distance z, P, is
the guided power, and o, and a, indicate the quantification
of the scattering and penetration losses, respectively. After
receiving the signal with practical devices, range z between
the devices could be estimated with the inverse function of (7)
as follows:

(P,[dB] — P(z)[dB])
434q ‘

The range can also be estimated using the reference distance
as follows:

(®)

z[m] =

_ (Py[dB] — P(2)[dB])
B 4.34a

where Py is the signal strength at the reference distance
z = 1 m. Ultimately, the coefficient & = a; + @, determines
the exponent of power loss, and a, and a, are discussed in
the remainder of this section.

z[m] +1 ©)

B. Surface Scattering Theory

1) Green’s Function: Since f(z) represents the deviation
from the smooth-surface wall, the refractive index of the
hallway n can be described as follows:

n* = éwa + (1 — &) Ula + £(2) — [y]] (10)
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where Ula + f(z) —
follows:

|y]] is the unit step function defined as

>0 an

<0

Considering these representations, the wave equation for mode
m can be written as follows:

VZEX (y, Z)m + kéfwall Ex (y’ Z)m
= kg (ewan — DU[a + f(2) — |yl]

The electric field in the right-hand side of (12) could be
represented as E,o(y, z),, because of the unit step function.
This approximation deals with a waveguide structure as a
volume current source [18]. With the known (i.e., analytically
achievable) spatial field, Green’s function approach [16] can
be used as a general method for solving (12). In radio
propagation, Green’s function represents the field distribution
due to the spatial point source. Therefore, Green’s function
G(x,x',y,y") for (12) is expressed as follows:

Exo(y, Dm- (12)

V2G(y,y,z,7) + kjewar G (v, ¥, 2, 7)

=d(y—y)o(z—2). (13)
The solution for (12) can be written as follows:
o0 o0
Ex (y» Z)m = (fwall - 1)k(%/ / [G (y, y', Z, Z/)
—00 —00
X Exo(y', 2 mU(a+ f(&) — 1Y) ]dy'dz’.  (14)

It is convenient to analyze (14) in the wavenumber (k,, k;)
domain. Taking the Fourier transform of (13) renders the
Fourier transform of Green’s function as follows:

exp(_jkyy,) CXP(—jkzZ')

G (ky, k) =
(k- £ ewanky — k3 — k2

15)

Because of the unit step function U[r] = 0 for the wall
medium, the even integral (14) can be expressed as follows:

Ex (y’ Z)m = 2(€wall - 1)k(%

0 a+f ()
X / dz// Ex(y.2),G(y.y.z.2)dy'. (16)
—00 0

Since the integration from y’ = 0 to y’ = a makes
an imperceptible contribution to the far-field radiation [16],
the integration from y’ = a to y' = a + f(Z’) is the only
concern. This approximation alludes that only fields near the
rough wall have radiation source properties. By a first-order
Taylor expansion, for | f(z')] < a

atf (z)
/ Ew(Y), G,y z.2)dy
~ Ew(a),G(y,a,2,2) f(z) (A7)
SO

E,.(y, Dy = 2Ex0(y)m (ewann —
. / exp(—jpnz)G(y, a,2,2) f()dz. (18)

kg
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The Fourier transform of (18) is expressed as follows:

E: (k.‘” kz)m
2Eo(a),, (ewan — 1)k§ exp(—jkya) F (B + k.)
(ewallk(% - k% - kZZ)

19)

where F (Bm + k;) is the Fourier transform of the wall
deviation f(z).

2) Attenuation Coefficient Estimation: To estimate the spa-
tial field domain power, the inverse Fourier transform of (19)
should be taken as follows:

1 00 oo
Ex(y» Z)m = m/ / E
—o0 J—o0

X exp(jkyy) exp(jk.z)dkydk,. (20)
From (19), (20) gives
2E0(a),
E (y Z)m - ﬁko( Ewall — 1)
—Jjky(y=a) pik:z '+ k.
/ / ¢ ¢ 2(/3 s D gkdk.. (21
Ewallko — ky — kz) °

The semicircular contour integral in the complex k, domain
could be used for the integral about &, in (21), which gives

E(a
Ex(y, Z)m = - x;; )m ké(ewall - 1)
5 /00 F(Bn + k,)eiki=—apiks) s )
—o0 p(k;) )

where p(k,) is equal to (€wanks — k% — kzz)o.s_

The transformation to the polar coordinate system, which
are 7 = rcos(d) and y — a = rsin(f), and the method of
steepest descent [25] make (22) be

J E (a)m (fwall l)k(%

(477,' A /Gwankor) ’
X F(,b’m — V€wanko cos(@)) exp[j(”/4_mk°’)] .

E ( 6)’11 -

(23)

Equation (23) indicates the spatial magnitude of each mode.
The radiated power carried by each propagation mode is
calculated by taking the ensemble average of the magnitude,
which is provided as follows:

E[|E«(r,0)I},] = E (@), (€war — 1)?

T k%
X ‘/0 Zﬂm I:lF(ﬂm A/ fwallkO COS(H))|2:| do. (24)

The ensemble average E[|1?(1//)|2] is equal to 2L§(y/). This
assumption is hold when L is much longer than the wave-
length [17], which can be hold in the hallway structure.
Using (6), ﬁ(y/) is calculated as follows:

202L
1+ L2 ()

Equation (25) indicates that the radiation is proportional to
the mean perturbation. E [|F(f,, — \/€waitko cos(0))|?] in (24)

R(y) = (25)
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can be approximated by the Taylor series at & = 0 for the
integration

E[IF (B — v/ewanko cos(@)) ]
40‘2L2ﬁ 40'2924 /fwallk0L4\/;
,BmLZ N EvarkoL? + 1 2(,BmL2 v EwankoL? + 1)2
+40264«/6wallk0L4ﬁ(ﬂmL2 + 5. /€wankoL* + 1)
24’(ﬁmL2 A EwalIkOL2 + 1)3 .
Because each mode has different group velocities, each mode
is assumed to carry the power independently. Therefore,

the mode number M has not influence on the radiation, and
the total radiated power P, is expressed as follows:

(26)

M

P, = ) E[IE.(r,0)];,]. 27)
m=0

The attenuation coefficient due to surface scattering a; is

defined by the law of conservation of energy, which is a very

usual manner

P, = P2t (28)
where P, is the power initially guided as
JE 0 - [™
wall [ €0
Py=— = Z/ E}(y)mdy. (29)
Ho m=0 " —®
Finally, a; is calculated as follows:
P./2L
as = . (30)
Py

C. Attenuation Coefficient for Penetration

Reflection and penetration occur under discontinuous per-
mittivity. As shown in Fig. 4, penetration into the wall medium
causes a power loss in the waveguide. The amount of energy
remaining after reflection depends on the incident angle and
permittivity. This is quantified by the reflection coefficient,
which is calculated using Snell’s law [16] and boundary
conditions as follows:

c08(0n) — +/€wal COS (arcsin ( —Sinr(f;l) ) )
co8(0n) + /€warl COS (arcSm ( SmE(am“) ) )

Even though the polarization state also influences the reflection
coefficient, only transverse-electric (TE) polarization is under
consideration because vertical antennas are used for actual site
measurements in Section IV. When the normalized power is
excited at the boundary, |I'(,,)|*> remains after one reflection.
As indicated in Section II, each mode has a definitive incident
angle; thus, the power loss can be estimated accurately.
If mode m has the initial power P, the transferred power
P, after a 2L propagation is given as follows:

L'On) =

€1V

Pug = Puo| T (0) 1/ 200! (32)

where [-| is the floor function that provides the greatest
integer, which is less than the input value. Because each mode

5502510

TX Antenna RX Antenna

Data Acquisition Computer

(b)

Fig. 5. Measurement system. (a) System block diagram. (b) Setup in an
indoor hallway.

transfers the power independently, the total transferred power
could be simply defined as follows:

M
Pr= " PyolT (@) P/ =), (33)

m=0

If the initial power P, in (25) is assumed to be equally
distributed for each mode, every P, has the same value

€wall €0 2
Py, E.(y)nd
0= 2(M+1)\/uoz/ Oy

The coefficient ., can be calculated by the law of conservation
of energy, such as oy

(34)

Pr/Q,L ZM7 moll—*(gm)|2LL/atan(t9 )J/2L
=Tp T Jor [ -(35)
§ e [ R udy
The attenuation coefficient & = a; + a, varies according

to the geometric and wave properties. The proposed expo-
nential model is verified through actual site measurements in
Section I'V.

IV. VALIDATION WITH EXPERIMENTS
A. Measurement System

The signal strength was measured in several indoor hallways
using the channel-sounding system depicted in Fig. 5. A vector
network analyzer (VNA, Anritsu MS4644A) was used for
the signal generation and spectrum analysis. This equipment
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Measurement sites. (a) Hallway 1. (b) Hallway 2. (c) Hallway 3.

Fig. 7.

is able to transmit and receive the wideband signal, which
is divided into lots of narrowband tones. Vertical antennas
at the transceiver have a 5-dBi gain. The transmitted and
received signals are amplified at the power amplifier (PA)
and the low-noise amplifier (LNA), respectively. Fig. 6 gives
their gains, which are 25 and 20 dB, and shows that the
amplifiers have little frequency selectivity. The VNA oper-
ates by sweeping the bandwidth and stores the narrow-
band responses sequentially. The acquired data are conveyed
through a general-purpose interface bus (GPIB) cable.

B. Measurement Scenario

1) Measurement Sites: The measurements were conducted
at three hallways of the Institute of New Media and Com-
munications (INMC) building of the Seoul National Univer-
sity, as shown in Fig. 7. In indoor building environments,
most hallways have structures similar to these experimental
environments. Their geometric properties that determine the
wave properties are provided in Table I. The hallways have
enough lengths to address the statistical term in (24). Despite
the presence of windows or doors, which must be considered

TABLE I

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

GEOMETRIC PROPERTIES OF HALLWAYS

Property Hallway 1 Hallway 2 Hallway 3
2a 22 m 2m 1.8 m
2L 9m 9m 8 m
o 0.08 m 0.1 m 0.06 m
6.283 (2.4 GHz) 6.283 (2.4 GHz) 6.283 (2.4 GHz)
Cwall 6.105 (5 GHz) 6.105 (5 GHz) 6.105 (5 GHz)
M 36 (2.4 GHz) 32 (2.4 GHz) 29 (2.4 GHz)
74 (5 GHz) 67 (5 GHz) 61 (5 GHz)
0.2306 (2.4 GHz) | 0.3622 (2.4 GHz) | 0.1303 (2.4 GHz)
o 0.4727 (5 GHz) 0.7395 (5 GHz) 0.2655 (5 GHz)
0.1429 (2.4 GHz) | 0.1387 (2.4 GHz) | 0.1259 (2.4 GHz)
o 0.1439 (5 GHz) 0.1341 (5 GHz) 0.1232 (5 GHz)
0.3735 (2.4 GHz) | 0.5009 (2.4 GHz) | 0.2562 (2.4 GHz)
“ 0.6166 (5 GHz) 0.8736 (5 GHz) 0.3887 (5 GHz)

in terms of the roughness in each hallway, their dielectric
polarizations are neglected because of their relatively small
portions. Because the sidewalls in the INMC building are
made up of the same concrete-based material that is used
in most indoor office buildings, every hallway is assumed to
have the same dielectric constant value, which is precisely
measured [26]. Two frequency bands that are widely utilized
for indoor applications of radio communications are under
consideration. The penetration loss has little to do with the
frequency band due to the consistency of the dielectric con-
stant. However, the scattering loss is highly influenced by the
short wavelength, which causes a frequency dependence of a.
In each hallway, data for the ranging process are collected
with the measurement system given above.

2) Sounding Specifications: The measurements focus on the
IEEE 802.11ax standard [20], which is known as WiFi 6.
Hence, the VNA sweeps 2.4-2.48- and 5.17-5.33-GHz bands
with 78.125-kHz narrowband tones, which is equal to the
subcarrier spacing of WiFi 6. In each hallway, experiments are
conducted for each of the two frequency bands. Fig. 8 presents
how the transceiver was geometrically addressed. The position
of the receiver gradually gets farther from the position of the
transmitter radiating 0-dBm power at 1-m intervals. To capture
the effect of small-scale fading, each measurement point was
divided into eight grids with 1/2 spacing. The VNA sweeps
ten times at one point to obtain ergodicity. At each small grid,
all single-tone and short-time data are averaged to suppress the
randomness of the measured data, which is conducted based on
the maximum likelihood sample estimation with the Gaussian
noise assumed. This process is illustrated in Fig. 9. At each
measurement point, variations due to small-scale fading are
mitigated by averaging all the measured values in small grids.

C. Measurement and Modeling Results

In the performance evaluation, few existing PMs [8], [9] are
considered for comparison. They follow the path loss formula,
which is widely utilized for RSS ranging because it is easily
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inversed about the propagation distance:
PL(f.,d)[dB] = A + 10nlog,y(d) + B(f.) + X.

Here, PL indicates the power loss in the dB scale after range
d propagation. In addition, A and B are offsets due to the
near-field radiation and center frequency f.. Moreover, X is
the shadow fading modeled as a random distribution, and n
is the path loss exponent that determines the accuracy of the
model in performing ranging. Generally, the values of A, B,
and n and the statistical characteristics of X are defined with
actual site measurements. Our proposed model was compared
to the Indoor Hotspot models of WINNER II [8], 3GPP [9],
and the free space model that does not consider propagation
environments.

Figs. 10, 11, and 12 represent the measurement and model-
ing results of hallways 1, 2, and 3. The red points indicate
the measured values in small grids. The averaged data in
small grids are utilized for the ranging process at each large
grid. Because existing PMs do not consider the roughness
of materials, their slopes (i.e., the degree of power loss) are
hardly influenced by the frequency and measurement site. For
example, existing models have the same slope in hallways
1 and 3 even though hallway 3 has a much smoother wall
that is closer to the ideal waveguide. Unlike these existing
models, the proposed PM sufficiently captures the smoothness

(36)
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Fig. 10. Measurement and modeling results in Hallway 1. (a) 2.4-2.48-GHz
band. (b) 5.17-5.33-GHz band.
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Fig. 11. Measurement and modeling results in Hallway 2. (a) 2.4-2.48-GHz
band. (b) 5.17-5.33-GHz band.

of the sidewall in hallway 3. Moreover, in hallway 2, which has
the roughest wall in the INMC building, the measured signal
strength decreases rapidly at the 5-GHz band. The proposed
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Fig. 12. Measurement and modeling results in Hallway 3. (a) 2.4-2.48-GHz
band. (b) 5.17-5.33-GHz band.

model solely follows this tendency, which indicates that the
proposed model is more appropriate in rough-wall environ-
ments. The measurement results imply that the attenuation
difference according to the frequency bands increases with the
roughness of the wall. While conventional models cannot cap-
ture this difference sufficiently, the proposed model recognizes
the difference. The ranging process with the measured data and
its results are presented in the remainder of this section.

D. Ranging Results

In every hallway, the measured signal strength of the first
large grid (i.e., 1-m transceiver separation) is used for the
reference signal strength Py. Because far-field radiation is
assumed with the reference distance manner, existing models
conduct ranging processes only with the parameter n. At each
large grid, ranging errors of considered models are compared
with each other.

Fig. 13 represents the ranging results in hallway 1. At both
bands, the proposed model exhibits submeter-ranging errors.
Even though existing models have reasonable performances,
which is 2-3-m average ranging error, they are vulnerable to
rough-wall environments. This weakness becomes prominent
in high-frequency and far-propagation situations by causing
an over-5-m ranging error, which is found by the result at
the 5-GHz band. Conversely, the proposed model provides
centimeter-scale ranging errors in the same situations. The
ranging results in hallway 2 are also shown in Fig. 14.
Similar to hallway 1, the proposed model presents a sufficient
performance. It shows a 0.5423-m average ranging error at the
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2.4-GHz band and 0.7021 m at the 5-GHz band. Because hall-
way 2 has the roughest wall in the INMC building, the ranging
performances with existing models are highly degraded at the
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Fig. 15. Ranging errors with considered models in Hallway 3. (a) 2.4-2.48-
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TABLE I
MEAN RANGING ERRORS WITH PMS IN EACH HALLWAY

WINNER II 3GPP Free space | Proposed

Hallway 1
3.009 m 2.804 m 3.161 m 0.440 m

(2.4 GHz)

Hallway 1
1.952 m 2.799 m 1434 m 0.438 m

(5 GHz)

Hallway 2
2.025 m 1.621 m 2316 m 0.542 m

(2.4 GHz)

Hallway 2
2.820 m 4475 m 1.856 m 0.702 m

(5 GHz)

Hallway 3
2951 m 2.822 m 3.048 m 1.003 m

(2.4 GHz)

Hallway 3
1.626 m 1.247 m 1.900 m 1.387 m

(5 GHz)
Mean value 2397 m 2.628 m 2.286 m 0.752 m

5-GHz band compared to the 2.4-GHz band. However, the pro-
posed model achieves the submeter-ranging performances
regardless of the frequency band. Finally, Fig. 15 provides
the ranging results in hallway 3. Here, the proposed model
gives a 1.003-m average ranging error at the 2.4-GHz band
and 1.387 m at the 5-GHz band. Compared to other hallways,
performance degradation occurs in Hallway 3 even though the
ranging performance is better than the existing models. These

5502510

results indicate that the proposed model is more effective in
waveguide-shaped structures that have an adequate L value.

Mean ranging errors in each hallway and their total aver-
age values are given in Table II. Three existing models
have 2.397-, 2.626-, and 2.286-m ranging errors, respectively,
whereas the proposed model has a 0.752-m ranging error.
At the 5-GHz band, the free space model often shows better
performance than the other empirical models because the free
space model having the highest path loss exponent follows a
rapid power decrease in rough-wall environments. However,
at the 2.4-GHz band, which can be considered as relatively
smooth-wall environments, empirical models show satisfactory
performance. The proposed model considering the roughness
of the propagation environment has submeter-ranging perfor-
mance regardless of the frequency band.

V. CONCLUSION

In this article, we proposed an effective PM for RSS-based
ranging in indoor hallways. The indoor hallway environment
was modeled with a slab waveguide based on the waveguide
theory. The proposed model took into account the roughness of
practical indoor structures, which has not been considered in
the existing channel models. Moreover, in comparison with
an ideal waveguide that completely retains guided power,
power leakage occurs in practical indoor hallways. Thus,
the proposed model considers this phenomenon by designing
parameters for the penetration loss. Because the proposed
model has a form that can be easily inversed about the
propagation distance, signal strength-based ranging can be
conducted efficiently. Finally, the effectiveness of the proposed
model was validated through actual site experiments at the
two frequency bands that are most discussed for indoor appli-
cations in wireless communication areas. To collect various
signal strength data according to the propagation distance,
the channel-sounding system based on the VNA was config-
ured. The proposed model exhibited submeter-ranging perfor-
mances, which is better than those of conventional channel
models commonly used for RSS-based ranging.
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