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Second-Order Statistics for Indoor Wireless Joint
Fading/Shadowing Channels

Indrakshi Dey and P. Salvo Rossi

Abstract—In this letter, we consider the joint fading and two-
path shadowing (JFTS) channel model, which has been found suit-
able for characterizing indoor large open office environments with
low mobility and stationary users. We derive useful expressions of
fundamental channel statistics such as the number of level cross-
ings in time, frequency, and space as well as average fade duration,
bandwidth, and length for the JFTS faded/shadowed link. We also
compare numerical results and their impact on system design over
a variety of realistic propagation scenarios, which can be modeled
by varying the JFTS parameters.

Index Terms—Average fade duration (AFD), indoor radio
propagation, level-crossing rate (LCR), second-order statistics.

I. INTRODUCTION

AN APPROPRIATE composite fading/shadowing channel
model that characterizes the transition from local small-

scale fading to global shadowing statistics for indoor WLAN
users is proposed in [1]. A joint distribution called the joint fad-
ing and two-path shadowing (JFTS) distribution that combines
Ricean fading and the two-wave with diffused power (TWDP)
shadowing model is shown to fit the measurement data. First-
order statistical characterization of the received signal envelope
over a JFTS faded/shadowed link is presented in [2]. The work in
[3] derives expression for outage probability over a JFTS chan-
nel suffering from self-interference, which revealed that outage
probability over a JFTS channel increases with the correlation
between the desired and interfering signals, a trend opposite to
traditional fading (e.g., Rayleigh, Nakagami) channel models in
an interference-limited environment.

Focusing on second-order statistics, the level-crossing rate
(LCR) determines the expected rate (number of crossings per
second) at which the normalized channel process falls below a
certain threshold, and the average fade duration (AFD) quanti-
fies the amount of time that the received envelope spends under-
neath this threshold level once crossed. Such metrics are crucial
to the design and performance evaluation of techniques such as
multihop communications, diversity combining, etc. [4], [5].

In indoor wireless environments, users generally confine
themselves within small coverage areas due to the incapabil-
ity of most WLAN standards in handling hand-offs. Hence, the
communication link can be considered to be quasi-static, and
in that case, we may also define LCRs in terms of crossings
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per hertz, i.e., level crossings in frequency (LCF) and average
fade bandwidth (AFB). The angular spectrum can be defined
exclusively in terms of shape factors (angular spread, angular
constriction, and direction of maximum fading) and used to do
level crossing analysis on a quasi-static narrowband received
envelope as a function of space [6]. In this case, the level cross-
ings and the average fade component are termed level crossing
in space (LCS) and average fade length (AFL), respectively.

In this letter, we focus on the second-order statistics of the
JFTS distribution, for which we determine the approximate ana-
lytical solutions of its LCR, LCF, and LCS, and AFD, AFB, and
AFL. These parameters also enable us to evaluate the impact
of different propagation scenarios on the design requirements
of different communication techniques (e.g., error-correction
coding, spectral diversity, frequency hopping). For example,
numerical results derived here show that as the user approaches
the coverage boundary, fades on average occur almost five times
more frequently, each lasting for only 3–10 times less than when
the user is at the center of the coverage area of an access point.
This results in wiping out 50% of the transmitted packets and
can only be somewhat salvaged by increasing interleaving fre-
quency by five times on average.

II. JFTS CHANNEL MODEL

The JFTS faded/shadowed signal envelope Z(t) can be mod-
eled as the product of two independent random processes, the
small-scale fading process,X(t), modeled using the Rician dis-
tribution, and the large-scale shadowing process, Y (t), modeled
using the TWDP distribution. The first-order statistics of the
fading process is therefore given by

fX (x) =
x

P1
e−

x 2
2P 1

−K I0

(
x

√
2K
P1

)
(1)

where I0(·) is the zeroth-order modified Bessel function of the
first kind. The parameter K is the Rician K-factor, and P1 is
the mean-squared amplitude of the diffused components. On
the other hand, the probability density function (PDF) of the
shadowing process is
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where Ti = cos((i− 1)π/7). The value of the shadowing pa-
rameter σ is based on the range of the discrete shadowing
values experienced by a user while traveling through different
scattering clusters. The shape parameter Δ of the shadowing dis-
tribution is based on the transition from one scattering cluster to
the next one. The parameterP2 is the mean-squared amplitude of
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the shadowed components, and a1 = 751
17280 , a2 = 3577

17280 , a3 =
49
640 , and a4 = 2989

17280 for i = 1, 2, 3, 4. Combining (1) and (2),
the JFTS faded/shadowed envelope PDF, fZ (z), is given by [1]
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biz e
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where m is the quadrature order (determining ap-
proximation accuracy), Rh = wh

|rh | e
r 2
h (2P1 −1)/(2P1 ) , and

bi = aiI0(1). The multiplier wh denotes the Gauss–
Hermite quadrature weight factors, which is tabu-
lated in [7] and is given by wh = (2m−1m!

√
π)/

(m2 [Hm−1(rh)]2), where Hm−1(·) is the Gauss–Hermite
polynomial with roots rh for h = 1, 2, . . . ,m. For our analysis,
we have chosen m = 20.

III. SECOND-ORDER ENVELOPE STATISTICS

The LCR Nt(Z) for a general time-varying process is
a function of time and can be computed as [8], Nt(Z) =∫ ∞

0 żfZ Ż (z, ż)dż for Z ≥ 0, where fZ Ż (z, ż) is the joint
PDF of Z(t) and Ż(t) = dZ(t)/dt. The AFD can be given
by t̄(Zth) = F (Z th)

Nt (Z th)
, where Zth is the specified threshold, and

FZ (Zth) =
∫ Z th

0 fZ (z)dz and fZ (z) are the corresponding en-
velope cumulative distribution function (CDF) and PDF, re-
spectively. For a composite faded/shadowed signal envelope,
the joint PDF of the signal envelope and its time derivative can
be calculated as [9]
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∫ ∞
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− ẏz

y2

)
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for z ≥ 0,−∞ ≤ ż ≤ ∞. Using (4), we can derive mathe-
matically tractable expressions for LCR and AFD of a JFTS
faded/shadowed envelope.

Assuming a symmetrical power spectral density of X , the
joint PDF fX Ẋ (x, ẋ) of a Rician fading process can be derived
as [10]

fX Ẋ (x, ẋ) = 2A1x e
−x2A 2 −ẋ2A 3 I0(2xA4) (5)

where A1 = e−2K / (P 1 (K + 1 ) )

P
3 / 2
1 (K+1)3 / 2

√
πξω

, A2 = 1/(P1(K + 1)), A3 =

1/(ξ2
ωP1(K + 1)), and A4 =

√
K/(P1(K + 1)). In this case,

ρ(t) = J0(2πfm t) is the correlation function for equal-
amplitude incoming multipath waves with independent phases,
where J0(·) is the zeroth-order Bessel function of the first
kind and fm is the maximum Doppler shift. The correspond-
ing correlation coefficients can be calculated as ρ(0) = 1 and
ρ′′(0) = −2(πfm )2 = −ξ2

ω , where ξω is the corresponding
root-mean-squared (RMS) Doppler spread.

Assuming that the TWDP distributed shadowing process Y
is a sum of two power-symmetrical half-Rician processes [11],
the joint PDF fY Ẏ (Y, Ẏ ) of a TWDP-distributed shadowing

process can be derived as [12]
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and C4i =
√
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P2 (σ (1+ΔTi )+1) . In this case, ψ(t) =, e−2(πςs t)2

is the covariance function for the shadowing process, where
ςs = fs/(

√
2 ln 2) and fs is the 3-dB cutoff frequency. The

corresponding covariance coefficients can be calculated as
ψ(0) = 1 and ψ′′(0) = −2(πςs)2 = −ζ2 .

A. Envelope LCR, LCF, and LCS

By substituting (5) and (6) in (4), the integral solution from
[13, eq. (3.321.3), p. 336] and Laguerre–Gauss quadrature
method, we can obtain the final expression for LCR in JFTS
channels as (see the Appendix)
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for (A3z
2/y4 +B3i) > 0, (A3z

2/y4 + C3i) > 0, where Lξ (·)
is the Laguerre polynomial. Applying duality, ξω → 2πξτ ,
the LCF for frequency selective channels, Nf (Z), can be
written in the form of (7) just by replacing (A1 , A3)
with (A5 , A6), where ξτ is the delay spread and A5 =

e−2K / (P 1 (K + 1 ) )

P
3 / 2
1 (K+1)3 / 2 2π 3 / 2 ξτ

, A6 = 1
(2πξτ )2 P1 (K+1) . Applying duality

ξω → ξκ , LCS Nκ(Z) can be written in the form of (7) just by
replacing (A1 , A3) with (A7 , A8), where ξκ is the wavenum-
ber spread given by ξ2

κ = 2π 2 Λ2

λ2 (1 + γ cos[2(θR − θmax)])
[6], and A7 = λ e−2K / (P 1 (K + 1 ) )

P
3 / 2
1 (K+1)3 / 2 Λπ 3 / 2

√
2+2γ cos[2(θR −θmax)]

A8 =

λ2

(2π 2 Λ2 (1+γ cos[2(θR −θmax)])P1 (K+1) . Here, λ is the wavelength
of carrier frequency, Λ is the angular spread, γ is the reflected
and shadowed multipath angular constriction values, θR is the
azimuthal direction, and θmax is the azimuthal direction of max-
imum composite fading/shadowing.

B. Envelope AFD, AFB, and AFL

In order to compute the average AFD, we first of all need
to derive the CDF of the JFTS envelope process. By definition,
the expression for JFTS CDF can be determined as FZ (z) =∫ z

−∞ fU (u)du, where U is the JFTS distributed received signal
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Fig. 1. Normalized LCR versus envelope threshold level in JFTS
faded/shadowed communication link, where the curves are generated by varying
all the JFTS parameters, K , σ, and Δ simultaneously. Normalized LCR over
Rayleigh channel is also plotted for comparison.

envelope with PDF given by (3). Using the integral solution
from [13] and the Marcum Q-function, we can represent the
expression for the CDF of the JFTS envelope process as

FZ (z)=
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where Q1 is the Marcum Q-function, monotonic and log-
concave in statistical characteristics. Finally, the expression for
AFD in JFTS faded/shadowed communication channels can be
obtained by substituting (7) and (8) in the general expression for
AFD. Similarly, the expression for AFB, f̄(Zth) = F (Z th)

Nf (Z th)
can

be calculated from (8) and (10), while the expression for AFL
κ̄(Zth) = F (Z th)

Nκ (Z th)
can be calculated from (8) and (10).

IV. SIMULATION RESULTS AND DISCUSSION

A. Numerical Analysis

The results in Figs. 1 and 2 are generated by varying the JFTS
parametersK, σ, and Δ simultaneously. The values for each set
of parameters are chosen from the ranges of their numerical
values proposed in [1], depending on the relative position of
the mobile LAN user and the access point. The first curves in
both figures are generated for K = 10 dB, σ = 10.5 dB, and
Δ = 0.75, representing a condition where both the user and the
access point are located in the same room. As the user moves
to a different room separated by one set of wall or partition
from that of the access point (K = 8 dB, σ = 6.5 dB, and Δ =
0.45), the LCR increases along with the AFD as exhibited by
the second curves in Figs. 1 and 2. It should be emphasized that
we assume common path loss for all four scenarios. This means
that all four scenarios experience the same average path loss,
and the difference in LCR and AFD shown on plots is a result
of the different fading and shadowing statistics imposed by the
JFTS model.

The LCR and AFD over a JFTS distributed channel gets
higher than the conventional Rayleigh fading case with isotropic

Fig. 2. Normalized AFD versus envelope threshold level in JFTS
faded/shadowed communication link, where the curves are generated by varying
all the JFTS parameters K , σ, and Δ simultaneously. Normalized AFD over
Rayleigh channel is also plotted for comparison.

TABLE I
SYSTEM SPECIFICATIONS

Transmission rate : 1 data packet every 20 ms
Doppler spread : 10 Hz
Threshold for received signal (Z th) : 10 dB ≈ √

0.1

scattering as soon as the user and the access point are separated
by one set of wall or partition (see Figs. 1 and 2). The only
exception is the LCR exhibited over the signal level range lower
than 0 dB. The reason for this behavior can be that the JFTS
distribution still presents a very small group of specular com-
ponents as long as K 	= 0. Meanwhile, for the Rayleigh fading
case, K = 0 with the absence of any specular component pro-
vides poor performance with lower signal level.

Propagation conditions deteriorate even further, if the user and
the access point are separated by two to three sets of dry-walls
(K = 6.5 dB, σ =−1.5 dB, and Δ = 0.25) and more than three
sets of partitions (K = 5.5 dB, σ = −7.5 dB, and Δ = 0.15).
This happens due to the lack of strong specular components
and the presence of at least two scattering clusters between
the transmitter and the receiver, which jointly deteriorates the
overall system performance.

B. Impact on System Design

1) Level Crossing: We consider a narrowband wireless sys-
tem employing error-correction coding with details in Table I.
Using this system information and (7), we can find out the rate
of information loss over a variety of realistic environments mod-
eled using JFTS parameters. A summary of their corresponding
LCRs and worst-case scenarios in terms of data loss are tabu-
lated in Table II.

2) Fade Duration: We assume the communication scenario
presented in Table III, where a mobile user is walking towards
an access point inside a big office building. Using the system
and link specifications in Table III, we can calculate the AFD
[see (8)] and then use it to calculate the corresponding suitable
interleaving time for different ranges of the JFTS parameters,
which are tabulated in Table IV.
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TABLE II
THEORETICAL LCRS FOR JFTS DISTRIBUTION

JFTS
parameters

LCR
(crossings/sec)

Avg. time per
crossing (ms)

Worst case scenario

Same room 3.65 to 6.32 160 to 280 One packet wiped out in every
eight packets

1 wall partition 7.91 to 12.78 78 to 126 One packet wiped out in every
five packets

2/3 wall
partitions

13.63 to 15.8 63 to 72 One packet wiped out in every
three packets

> 3 wall
partitions

16.27 to 23.4 43 to 61 One packet wiped out in every
two packets

TABLE III
COMMUNICATION SCENARIO

Mobile user velocity (v ) : 1.25 m/s
Carrier Frequency (fc ) : 2.45 GHz
RMS signal-to-noise ratio (SNR) : 10 dB

Threshold SNR with noise variance ν 2
(

v 2

2 ν 2
)

: 3 dB

Threshold for received signal (Z th) :
√

0.6
Channel coherence time : 12.5 ms
Transmission symbol rate : 0.25 Msps

TABLE IV
THEORETICAL AFDS FOR JFTS DISTRIBUTION

JFTS parameters AFD (ms) Interleaving symbols

Same room 80 to 90 64 to 72

1 wall partition 68.7 to 81.2 55 to 65

2/3 wall partitions 38.7 to 61.4 31 to 49

> 3 wall partitions 7.5 to 33.6 6 to 27

V. CONCLUSION

In this letter, we derived new expressions for second-order
statistics such as the LCR, LCF, and LCS as well as AFD, AFB,
and AFL of the JFTS faded/shadowed wireless communication
link. Using these expressions, we plotted numerical results and
investigated their impact on system design over a variety of
propagation scenarios by varying the JFTS parameters. The re-
sults demonstrated that both the LCR and AFD increase with
the number of separations or dry-walls between the access point
and the mobile WLAN user in large open indoor wireless prop-
agation scenarios.

APPENDIX

DERIVATION OF LCR

By substituting (5) and (6) in (4), and then using the integral
solution from [13, eq. (3.462.2), p. 365], we can obtain

∫ ∞
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Using (9) in (4), then putting it back in the general expres-
sion for LCR, and finally using the integral solution from [13,
eq. (3.321.3), p. 336], we can obtain the final expression for
LCR in JFTS faded/shadowed communication links as
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for (A3z
2/y4 +B3i) > 0, (A3z

2/y4 + C3i) > 0. Using
Laguerre–Gauss Quadrature method, we can arrive at an ap-
proximate form of (10) as (7) or, alternatively, can evaluate the
integral in (10) numerically to desired accuracy using MATLAB
and MATHEMATICA. Further normalizing (10) with respect
to fm will make the LCR of a JFTS faded/shadowed envelope
independent of the mobile user’s velocity.
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