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Abstract—This paper deals with the design and simulation
of narrowband indoor propagation channels under line-of-sight
(LOS) and non-LOS (NLOS) propagation conditions. We propose
a reference channel model assuming that the scatterers are uni-
formly distributed in the two-dimensional (2D) horizontal space
of a room. We derive analytical expressions for the probability
density function (PDF) of the angle-of-arrival (AOA), the Doppler
power spectral density (PSD), and the temporal autocorrelation
function (ACF). We derive a sum-of-cisoids (SOC) channel simu-
lator from the reference model. It is shown by numerical results
that the statistical properties of the SOC channel simulator match
very closely with the ones of the reference model. It turns out
that our indoor reference model can be approximated by an
SOC channel simulator with reduced realization expenditure.
The resulting SOC channel simulator allows us to evaluate the
performance of mobile communication systems in indoor envi-
ronments by simulations. It is demonstrated that the generalized
method of equal areas (GMEA) and the basic Riemann sum
method (BRSM) are efficient parameter computation methods
for the design of SOC indoor channel simulators.

I. INTRODUCTION

The growing interest in wireless indoor communication
systems and applications of local area networks has resulted
in many investigations on the characteristics of indoor radio
propagation channels. In the last few years, several empirical
channel models [1]-[4] have been developed based on indoor
channel measurements. The obtained experimental results,
such as the PDF of the AOA and the angular spread, are
important statistical quantities describing the characteristics
of fading channels. However, the empirical models are only
useful and accurate for environments having the same specific
characteristics as those where the measurements were made.
They cannot be applied to other indoor environments without
further modifications.

To cope with the problems faced by empirical models,
several geometrical scattering models have been proposed in
the literature, e.g., the one-ring scattering model [5], [6], the
two-ring scattering model [7], [8], and the elliptical scattering
model [9]. The application of geometrical scattering models
has even been extended to characterize mobile fading channels
for three-dimensional scattering environments [10]. Most of
the aforementioned geometrical models have been widely used
to characterize fading channels for outdoor environments. But
few applications are found for the indoor channel modeling.

A geometrically based statistical channel model has been
proposed in [11] for indoor and outdoor propagation envi-
ronments assuming scatterers are randomly distributed around
the BS within a circle. However, the model proposed in [11]
is only applicable to indoor environments when considering
the distance between the BS and the scatterers follows the ex-
ponential distribution. Such an assumption limits applications
of such a model in the indoor channel modeling.

In this paper, we propose a new geometrical-based channel
model for indoor propagation environments. Our starting point
is a geometrical indoor scattering model, where we assume
that an infinite number of scatterers are uniformly distributed
in the 2D horizontal space of a room. In our channel model,
we will consider the general case, where the base station
(BS) and the mobile station (MS) are arbitrarily located in
the room. Moreover, the LOS component between the BS
and the MS will be taken into consideration, which allows
us to include the NLOS scattering scenarios as a special case.
Analytical expressions are derived for the PDF of the AOA,
the Doppler PSD, and the temporal ACF. Moreover, we will
describe how to derive an SOC channel simulator from the
reference model. To compute the main parameters of the SOC
channel simulator, we apply the GMEA [12] and the BRSM
[13]. The PDF of the envelope and the temporal ACF will be
visualized assuming NLOS and LOS propagation conditions.
It will be shown that the most important statistical properties of
the SOC channel simulator match very closely the ones of the
reference channel model. The excellent fitting demonstrates
that the reference channel model can be approximated by an
SOC channel simulator using a finite number of cisoids. It
also indicates that the GMEA and the BRSM are efficient
parameter computation methods for designing indoor SOC
channel simulators. When comparing the two methods, we
find that the BRSM is better regarding the approximation of
the temporal ACF.

The rest of the paper is organized as follows. Section II
describes the geometrical scattering model for indoor propaga-
tion environments. Section III presents a new indoor reference
channel model and its statistical characterization in form of
the PDF of the AOA, the Doppler PSD, and the temporal
ACFE. Section IV shows how to derive an SOC channel
simulator from the reference model. Numerical results are
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presented in Section V under the assumption of LOS and
NLOS propagation conditions. Finally, our conclusions are
given in Section VI.

II. THE GEOMETRICAL INDOOR SCATTERING MODEL

We consider the geometrical indoor scattering model as
illustrated in Fig. 1. The rectangle in Fig. 1 represents a room
with length A and width B. The BS and the MS are arbitrarily
placed in the horizontal plane of the room. We assume that
the transmitter is the BS and the receiver is the MS. The MS
moves along the x direction.

To guarantee that the derived indoor channel model can
be applied to various indoor propagation scenarios, we first
concentrate on a general geometrical indoor scattering model
by comprehensively considering different possible scenarios.
Therefore, we assume that there are an infinite number of
local scatterers, which are uniformly distributed across the 2D
horizontal plane of the room. It should be mentioned that such
an indoor model acts only as a nonrealizable reference model,
from which we can obtain different channel simulators with
scatterers located in different positions.

III. THE INDOOR REFERENCE CHANNEL MODEL AND ITS
STATISTICAL CHARACTERIZATION

In this section, we first give an introductory description of
the reference channel model. Then, we analyze the PDF of the
AOA and the Doppler PSD for the proposed indoor reference
channel model.

A. Description of the Reference Channel Model

Taking the LOS component between the transmitter and
the receiver into account, we can model the frequency-
nonselective fading channel by a complex process

pp(t) = pu(t) + my (1), (1)

where the process p(t) represents the sum of the diffuse
part and m,(t) denotes the LOS component. Here, the LOS
component can be described by a time-variant deterministic
process in the following form [14]

m,(t) = pej(27rfpt+9p). (2)
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Fig. 1.  Geometrical model for an indoor channel with local scatterers
uniformly distributed within the 2D horizontal plane of the room. (The origin
of the coordinate system is located at the center of the room.)

The quantities p, f,, and 6, in (2) are constant, which denote
the gain, the Doppler frequency, and the phase of the LOS
component, respectively.

The diffuse part u(t) representing the sum of an infinite
number of scattered plane waves is modeled by a complex
Gaussian random process. Usually, we assume that the real
part and the imaginary part of u(t) are zero-mean Gaussian
processes, each having the variance O'Z /2. Tt turns out that the
absolute value of 11,(t), denoted by £(t) = |u,(t)|, follows
the Rice distribution [14]. Under NLOS conditions (p = 0),
the PDF p¢(z) of the envelope reduces to the Rayleigh
distribution. According to the results in [15], the average
power of ju,(t) is time invariant and equal to o7, = o}, 4 p.

B. Derivation of the PDF of the AOA

Suppose that the location of all scatterers is described by
(z, y). The position of the MS is denoted by (a, b). As shown
in Fig. 1, the AOA « can be expressed as

-
acrtany , if x>a,
T —a
o= ﬂ'+acrtany7, if x<aand y>0b, ()

—-b
—7 + acrtan Yy ,

if x<aand y<b.

For convenience of analysis, we shift the origin of the
coordinate system in Fig. 1 to the position where the MS is
placed. The geometrical model in the new coordinate system
is shown in Fig. 2, where we have 2’ = x —a and 3/ = y — b.
In this figure, the location of the BS has been neglected since
it has no influence on the statistical properties of the reference
channel model. Thus, the AOA « in (3) can be rewritten as
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acrtanL- , if x>0,
x’
/
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T

As already mentioned in Section II, the scatterers are uni-
formly distributed within the 2D horizontal plane of the room.
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Fig. 2. Geometrical model for an indoor channel in the shifted coordinate
system (a > 0 and b > 0).



Therefore, the random variable @’ = @ — « is also uniformly
distributed over [-A/2—a, A/2—a], while y’ = y—b follows
the uniform distribution over [—B/2 — b, B/2 —b]. Thus, the
PDF p,/(2’) of @’ and the PDF p,/ (y') of y" are given by

(5a,b)

Assuming that the random variables ' and y’ are inde-
pendent, the joint PDF pgry/(2',y') of ' and y’ can be
expressed as

1

Pary (@ 4) = per () - Py (V) = <5 (6)

The transformation of the Cartesian coordinates (z’,%’) into
polar coordinates (z, ) gives the joint PDF p,o (2, ) of z =

Vx'? + y'? and the AOA « = arg{y’/z’}
z

15

After integrating the joint PDF p,o(z, ) over z, we obtain

the PDF of the AOA o

)

pza(27 Oé) =

2
Zmax

- 2AB’
Here, zma.x describes the distance from the origin to the
boundary of the room, which is a function of A, B, and the
AOA «. Using the geometrical relationships, we derive an
expression for z,,x in form of a piecewise function depending
on the AOA ranges separated by the dashed lines in Fig. 2. For
brevity, we only present here the final expression for the PDF
of the AOA, which can be found at the bottom of this page
[see (9)].

Pa(a) ®)

C. Derivation of the Doppler PSD

According to [15], the Doppler PSD S, , (f) of the
process ji,(t) can be presented as

Supup(f) = Sw(f) + P25(f - fp)>

which is composed of the Doppler PSD S,,,,(f) of u(t) and
a weighted delta function at f = f, contributed by the LOS
component. In the following, we will concentrate on deriving
an analytical expression for the Doppler PSD S, (f), so
that the solution for the PSD S, ., (f) is straightforward by
making use of (10).

(10)

Since the AOA « is a random variable, it turns out that the
corresponding Doppler frequency, defined by

f= f(a) = fmax - COS(O_’), (11)

is also a random variable. Here, fi,.x denotes the maximum
Doppler frequency. According to the fundamental theorem
of transformation of random variables [16, Eq.(5.16)], the
PDF of the Doppler frequencies f, denoted by pf(f), can
be calculated by means of the relation

m

pr(f) =)

v=1

Pa (av>
| %f (a) ‘a:ocv
In (12), m is the number of solutions of the function in (11)

within the interval [—m, 7). If f < |fmax|, we find two real-
valued solutions within the interval, which are known as

(12)

a1 = —ag = arcos(f/ fimax)- (13)

Therefore, we have m = 2 and the PDF in (12) can be

expressed as

pa(al) +pa(042)

V r%lax - f 2

In the reference channel model, we assume that the number
of scatterers is infinite. Therefore, the Doppler PSD S,,,,(f) of
the diffuse part p(¢) is continuous. The average power within
an infinitesimal frequency interval df can be represented by
S,u(f)df. On the other hand, the incoming power between f
and f + df is proportional to ps(f)df. Thus, the following
relation holds

pr(f) = (14)

1 =—p=AICOS(f/ fmax)

Suu(f)df ~ p.f(f)df-

We remind that the total power of the diffuse part p(t) is equal
to o7 Thus, we have 2 S f)df = o”.. After employing
the property [~ pg(f)df =1, it follows

Sun(f) =00 pr(f).

By taking (16) into account and using (9) and (14), we obtain
the final result for the Doppler PSD S,,,,(f) of 1(t), which can
be found at the top of next page [see (17)]. We can observe
from (17) that the Doppler PSD S,,,,(f) tends to infinity at
f = £ fmax. However, to avoid discussing the detail of S, (f)
at f = %+ finax, we follow the traditional notation using |f| <
fmax instead of |f| < fmax, which has been done by other
publications, e.g. [14].

15)

(16)
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Thus, the Doppler PSD S, ., (f) of u,(t) can easily be
derived by substituting (17) into (10). From the S, ., (f), we
can directly obtain the ACF 7, (7) = E{u;(t)u,(t +7)}
by computing the inverse Fourier transform of the Doppler
PSD 5, ,. (f), ie.,

Py, (7) = / Sy () 257 df. (18)

By taking (10) into consideration, we can express the temporal
ACF 1y, ., (7) [see (18)] in terms of the temporal ACF 7,,,,(7)
of pu(t) as follows

Tt (1) = ruu(r) + p2 eI fet (19)

Since no closed-form solution exists for the temporal ACF
Pup(T) = [T S (f) €227 df, this integral has to be solved
numerically.

IV. THE INDOOR SOC CHANNEL SIMULATOR

Due to the infinite realization complexity of the reference
model, this model cannot be used directly in system simu-
lations. For the design and performance evaluation of indoor
radio communication systems, fading channel simulators with
low realization expenditure are desirable, by which the overall
production cost and the simulation time can be reduced
considerably.

In this section, we present a stochastic SOC channel sim-
ulator, which can be obtained from the reference model by
applying the SOC principle [17]. The idea is to model the
diffuse component p(t) of a flat fading channel by a sum of
N cisoids, i.e.,

N
) = 3 el Gninton),
n=1
Here, ¢, fn,and 6,, are called the gain, the Doppler frequency,
and the phase of the nth propagation path, respectively. For a
stochastic channel simulator, it is often assumed that the gains
¢, and the Doppler frequencies f,, are constant, which can
be determined by a parameter computation method in such
a way that the statistical properties of the stochastic channel
simulator are as close as possible to those of the reference
channel model. The phases 6, are independent, identically
distributed random variables, which are uniformly distributed
over (0, 2r]. Thus, we can model the stochastic SOC channel
simulator by a random process of the form

f1o(t) = fat) + my(2),

(20)

2L

where the time-variant deterministic process m,(t) equals the
LOS component in (2). The stochastic process fi,(t) can be
interpreted as a family of sample functions depending on the
phases 6,,. If we fix 6,, e.g., by considering them as the
outcomes of a random generator with a uniform distribution
over (0, 27], then the stochastic channel simulator becomes a
deterministic one, which can be used for system simulations.

A. Parameter Computation Methods

In the following, we apply two parameter computation
methods, namely the GMEA [12] and the BRSM [13], to
compute the SOC parameters c¢,, and f,.

1) The GMEA: According to the GMEA, the gains ¢, are
defined as

o
ik
Due to the relation f,, = fi,ax - COS iy, We can determine the
Doppler frequencies f, by finding the AOAs «,, that satisfy
the following equation

(22)

Cp =

Qn

[ gatarda = 5= ).

0

(23)

where g (@) = [pa(a) + pa(—a)]/2 is the even part of the
PDF p(«) of the AOA. Performing algebraic manipulations
on (9) allows us to present the even part of the PDF pg, () in
the form shown at the top of the next page [see (24)].

2) The BRSM: According to the BRSM, the gains ¢,, and the
Doppler frequencies f,, can be determined by the equations

ga(an)
Cp =0 —_———, (253)
" 25:1 Ja ()
Jn = fmax - cos (an), (25b)

where o, = m(n — 1)/N.
B. Statistical Properties of the SOC Channel Simulator

It is shown in [17] that the PDF pg(z) of the envelope
£ =| 1,(t)]| has the following form

or N
pe(z) = (2m)%z [H J0(27rcnx)]JO(sz:c)JO(prx)xdx,
0

n=1

(26)

which is completely determined by the number of cisoids IV,
the gains c,, and the amplitude p of the LOS component. In
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V. NUMERICAL RESULTS

In this section, we will illustrate the main theoretical results
by evaluating the Doppler PSD, the PDF of the envelope, and
the temporal ACF of the reference model and the simulation
model.

We consider a rectangular room with the length A = 8 m
and the width B = 5m as our indoor environment All theo-
retical results were evaluated by choosing O’u = 0’ +p% =1,
fo = 65Hz, 0, = 0°, and frax = 91Hz. The Rlce factor
cr = p*/o}. was chosen from the set {0,2,4}. The SOC
channel simulator was designed with N = 20 cisoids. Its
main parameters, i.e., the gains c,, and the Doppler frequencies
fn», were determined by applying the GMEA and the BRSM
described in Subsection IV-A.

The theoretical results for the Doppler PSD S,,,,(f) [see
(17)] of the channel’s diffuse component p(t) are presented
in Figs.3 and 4 for different MS locations. With reference to
(10), it becomes obvious that the Doppler PSD S, . (f) of
the process /i, (t) can be obtained from the graph of S, (f)
by adding a discrete Doppler spectral line located at f = f,
with a weighting factor of p?. By comparing the two figures,
we may conclude that the Doppler PSD S,,,,(f) of the diffuse
component is symmetrical if the abscissa of the MS location
equals zero, i.e., a = 0, while it is not the case if the ordinate
of the MS location equals zero. Moreover, it can be seen from
Fig. 3 that if a = 0, the Doppler PSD at | f| close to fiax are
the same for different values of b. This can be explained by
the fact that, at the pole which is close to & fi,.x, the Doppler
PSD depends on the value of a, while it is independent on the
value of b [see (17)].

Figure 5 shows the Doppler PSD S, ,(f) for different values
of the room length A. The curve of the Doppler PSD resembles
a U shape when the length A increases. The theoretical results
illustrated in Figs.3-5 are also verified by simulations. In
simulations, we generated scatterers located randomly in the
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Fig. 3. Doppler PSD S}, (f) of the channel’s diffuse component y.(t) for
the case when the abscissa of the MS location equals zero (A = 8 B = 5,
and a = 0).
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Fig. 4. Doppler PSD S;,,(f) of the channel’s diffuse component 1(t) for
the case when the ordinate of the MS location is zero (A = 8, B = 5, and
b=0).

2D horizontal plane of the room. The horizontal (and vertical)
locations of all scatterers in the shifted coordinate system
have been determined as outcomes of a random generator
with a uniform distribution over [-A/2 — a, A/2 — a] (and
[-B/2 — b, B/2 — b]). By making use of the relations (4)
and (11), we can measure the distribution of the Doppler
frequencies from which we can find the Doppler PSD by
means of (16).

In Fig. 6, we plot the envelope PDF p¢(z) of the reference
channel model by considering different values for the Rice
factor cr. As shown in this figure, under LOS conditions
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Fig. 5. Doppler PSD S}, (f) of the channel’s diffuse component y(t) for
different values of room length A (B =4, a = 3, and b = 2).
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00 4

Envelope level, z

Fig. 6.  Comparison between the theoretical envelope PDF p¢(z) of the
reference channel model and the envelope PDF p;(z) of the SOC channel
simulator designed with the GMEA and the BRSM.

(cr # 0), the PDF of the envelope follows the Rice dis-
tribution, while the envelope PDF reduces to the Rayleigh
distribution for the NLOS case (cg = 0). In Fig.6, we also
present the theoretical envelope PDF pé(z), introduced in (26),
of the SOC channel simulator. Both parameter computation
methods, i.e., the GMEA and the BRSM, have been applied
to determine the gains c¢,, of the SOC channel simulator. It can
be concluded from Fig. 6 that the GMEA and the BRSM are
resulting in an excellent approximation pe(z) ~ pg(2).

In the case when the Doppler PSD S,,,(f) is symmetrical,
we compare the absolute value of the temporal ACF |r,, ,,,(7)]
[see (19)] of the reference channel model with the one of the
SOC channel simulator, denoted by |r;,5,(7)| [see (27)]. For
the sake of clarity, we present the ACF |r; 5, (7)| in Fig.7
by applying the GMEA, while the corresponding ACF results
obtained by using the BRSM are shown in Fig. 8. Assuming
the Doppler PSD S,,,(f) is asymmetrical, a comparison
between |7, ., (7)| and |74, 5,(7)| by applying the GMEA
is illustrated in Fig.9, while we plot the graphs of |rs,,(7)]
in Fig. 10 for the BRSM. As depicted in Figs.7 and 9, when
the GMEA is applied, the graphs of |r; 4, (7)| match perfectly
the ones of [r,, ,, (7)| within the interval [0, N/(8 fmax)]. It
can be seen from Figs. 8 and 10 that the BRSM yields a good
approximation |r 4, (7)., ., (T)| for 7 € [0, N/(4fmax)]-
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Fig. 7. Comparison between the ACF 7,,,,(7) of the reference channel
model and the ACF Tﬂpﬂp(T) of the SOC channel simulator designed with
the GMEA for the case when the Doppler PSD S}, (f) of the channel’s
diffuse component p(t) is symmetrical (a = 0, b = 1).
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Fig. 8. Comparison between the ACF 7, (7) of the reference channel
model and the ACF 7 5, (7) of the SOC channel simulator designed with
the BRSM for the case when the Doppler PSD Sy, (f) of the channel’s
diffuse component pu(t) is symmetrical (a = 0, b = 1).

Thus, we can conclude that the BRSM outperforms the GMEA
in terms of the evaluation of the ACF. We also confirm the
correctness of the theoretical results presented in Figs.7-10
by simulations.

VI. CONCLUSION

In this paper, we have proposed a reference channel model
for indoor propagation scenarios, where the LOS component
has been taken into account. Analytical expressions have been
derived for the PDF of the AOA, the even part of the PDF
of the AOA, the Doppler PSD, and the temporal ACF. The
obtained analytical results are not only important for theo-
retically studying the performance of indoor communication
systems, but also indispensable for deriving efficient channel
simulators.

It has been shown that the Doppler PSD of the diffuse
component is symmetrical if the abscissa of the MS location
equals zero, while it becomes asymmetrical if the ordinate of
the MS location is equal to zero.

We have also shown in this paper how to derive an SOC
channel simulator from a reference channel model. Two pa-
rameter computation methods—the GMEA and the BRSM
have been applied to simulate indoor fading channels. It has
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the BRSM for the case when the Doppler PSD Sy, (f) of the channel’s
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been shown that the PDF of the envelope and the temporal
ACF of the SOC channel simulator match perfectly the ones
of the reference channel model.
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