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A Packet-Level Model for UWB Channel with
People Shadowing Process Based on
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Abstract—Ultra-wideband (UWB) wireless communication
technologies have been proposed to support high data rate
multimedia services in office or residential environments. Due
to the low transmission power of UWB, the shadowing effect
by moving people can considerably reduce the received signal
quality and thus significantly degrade the quality of service (QoS)
of on-going transmissions. An open issue is to build a simple
model which captures the temporal variation of UWB channels
and the packet error rate (PER) due to the people shadowing
effect (PSE), which will be a useful tool for upper layer protocol
performance analysis and simulation. This paper presents an
analytical study of the PSE and the temporal variation of
UWB channels induced by the motion of a person. First, we
derive the angular power spectral density (APSD) of the indoor
UWB channel impulse response (CIR), and the PSE in terms of
signal power attenuation. Second, based on a two-dimensional
random walk mobility model, the PER variation due to people
shadowing is modeled as a finite-state Markov chain (FSMC).
The investigation of APSD provides important insights on the
spatial propagation characteristics of UWB signals. The proposed
packet-level channel model can be conveniently incorporated into
analytical frameworks and simulation tools for evaluating upper-
layer protocols of UWB networks.

Index Terms—Channel model, UWB, angular power spectral
density, shadowing effect.

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) is an appealing technol-
ogy for short-range, high data-rate wireless communica-

tions [1]. It is well suited for wireless personal area networks
(WPANs) in office or residential buildings to support multi-
media services. In such intensive multipath propagation envi-
ronments, the range and robustness of UWB communications
depend on efficient energy collection from significant paths.
However, people moving in the proximity of the transceivers
may frequently penetrate and shadow the significant paths,
like the line-of-sight (LOS). Measurements of the signal
propagation of a fixed UWB link in [2]–[6] have revealed that
the people shadowing effect (PSE) can induce the attenuation
on the received signal power by up to 8 dB if both transceivers
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employ omni antennas or 15 dB with directional antennas.
Furthermore, the random motion of people can cause signif-
icant fluctuations of the received signal-to-noise ratio (SNR)
and even totally interrupt the data transfer. Therefore, the PSE
and UWB channel fading should be considered properly in the
design and evaluation of UWB systems and network protocols.
For example, the channel estimation techniques depend on the
temporal correlations of the channel impulse response (CIR).
The channel fading can increase considerably the packet loss
rate and queuing/transmission delay, which eventually affect
the user’s perceived quality of service (QoS).

In the literature, the impact of moving people on a fixed
UWB link has been measured extensively. Reference [2]
and [3] illustrated the received power attenuation by one or
several persons in a corridor or a square conference room,
respectively. In [4] and [5], the PSE was measured when a
person moved along a line perpendicular to the LOS and fully
or partially blocked the LOS. In [6], Ghaddar et. al. conducted
the continuous wave measurements with the presence of an
obstacle (a person or a metallic cylinder) moving parallel to or
perpendicularly crossing the LOS. These measurements have
revealed the following key observations. First, the shadowing
effect (power attenuation) depends on the position of the
obstacle, especially its angular location and distance from
the antennas. Second, if the persons are moving outside
the proximity of UWB transceivers (i.e., not obstructing the
significant paths), the CIR and the received power do not have
substantial variation.

Although substantial modeling efforts have been done
for the large- and small-scale fading of the indoor UWB
channels [7] (and the references therein), the PSE has not
been investigated or modeled theoretically. In addition, the
physical layer channel models are too complex to be used
for network protocol analysis and simulations, which makes
the optimization of upper-layer protocols considering realistic
propagation environments virtually impossible and hampers
the research in this promising area. In [8], simulations were
used to estimate the angular power spectral density (APSD) to
describe the shadowing process and develop a simple channel
model (assuming a person moving along a straight line). In
this paper, we obtain the APSD analytically, so we can build
a general packet-level model for UWB channel with people
shadowing process.

The main contributions of this paper are two-fold. First, we
derive the APSD of the UWB CIR in closed-form and then
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obtain the approximation of the shadowing effect analytically.
Second, based on the two-dimensional random walk mobility
model, we build a packet-level channel model using a finite
state Markov chain (FSMC) for the time-varying shadowed
channel. The proposed model can help to optimize the UWB
system parameters related to temporal fading, such as chan-
nel estimation and power control. Furthermore, the model
directly presents the stochastic process of the PER and hence
the performance (link throughput, delay, etc. ) of WPANs
can be studied analytically considering the realistic channel
characteristics. It also can be easily incorporated into network
simulators like NS-2 or GloMoSim.

The remainder of the paper is organized as follows. In
Section II, the average APSD of UWB channels is de-
rived based on the IEEE 802.15.3a channel model (called
3a model in the following). In Section III, the shadowing
effect of a human body is investigated, and the perfor-
mance of multiband-orthogonal frequency-division multiplex-
ing (MB-OFDM) UWB systems is studied in Section IV. The
continuous-time Markov model for the time-varying UWB
channels is proposed in Section V. Numerical results are given
in Section VI, followed by the concluding remarks and further
research issues in Section VII.

II. THE ANGULAR POWER SPECTRAL DENSITY OF UWB
SIGNALS

Shadowing on a UWB channel occurs when a certain range
of angle-of-arrival (AOA) of the signal is obstructed by an
obstacle. Thus, the remaining received power or the PSE (in
terms of power attenuation) can be estimated based on the
angular distribution of the incident power and the AOAs which
are blocked. The angular power spectral density (APSD) refers
to the power density received at a certain azimuth θ, giving
the distribution of power versus the AOA. In [9] and [10],
the measurements of the spatial propagation of indoor UWB
channels have shown that the AOAs of the incident rays1 are
also clustered (like the time-of-arrival characteristics) and the
arrivals of rays within a cluster have a Laplacian distribution.
However, analytical study of the UWB channel APSD and the
PSE has not been reported in the literature. In this section,
we derive the APSD in closed-form based on the standard 3a
model and develop a simple modified Laplacian distribution
to approximate the APSD. Our analytical results will be
compared with the measurements in [9] and [10].

A. 3a UWB Channel Model

The CIR defined in the 3a model [7] is a stochastic process,
composed of a series of delayed and attenuated multipath
components:

h(t) = X

∞∑
l=0

∞∑
k=1

ak,lδ(t − Tl − tk,l), (1)

where the cluster arrivals and ray arrivals within each cluster
are modeled as Poisson processes with arrival rate of Λ and
λ(λ > Λ), respectively. By definition, the delay of the first

1A ray refers to a single propagation path and corresponds to a multipath
component in the continuous-time CIR in the 3a model.

cluster is T0 = 0 and the arrival time of other clusters,
Tl, has the distribution of Gamma(l, Λ), l = 1, 2, · · · . The
ray arrival time within a cluster, tk,l, has the distribution of
Gamma(k, λ), k = 1, 2, · · · . The total excess delay of the k-
th ray in the l-th cluster is τk,l = Tl + tk,l. X represents the
log-normal attenuation with zero mean and variance of σ2

X .
The multipath gain coefficients ak,l are modeled as:

20log10(|ak,l|) ∼ N(μk,l, σ
2
1 + σ2

2). The average power delay
profile, E[|ak,l|2], exhibits double exponential decay:

Ωk,l = E[|ak,l|2] = Ω0e
−Tl/Γe−tk,l/γ , (2)

where Ω0 is the mean energy of the first path of the first
cluster. The total energy of the multipath components is
normalized such that Σ∞

l=0Σ
∞
k=1|ak,l|2 = 1.

The constant parameters (Λ, λ, Γ, γ, σ1, σ2, and σX ) are
defined in the 3a standard [7] for four propagation scenarios
(CM1∼CM4). The parameters of CM1 are used throughout
this work because it is the scenario with the LOS existing
between the UWB transceivers.

Notice that X in (1) gives a random power attenuation to
each CIR realization. As defined in the 3a model, X represents
the log-normal shadowing for the purpose of comparing the
performance of alternative UWB PHY systems. However, such
definition does not present the realistic shadowing process in
indoor environments, especially the PSE. Our work provides
a suitable way to determine the shadowing term X instead of
using an independent log-normal distributed random variable
and reveals not only the distribution of the power attenuation
but also the higher-order statistics of the channel variation
(like the time-correlation property).

B. AOA Distribution and Power Density of the Rays

The AOA of each ray in the CIR is a random variable,
depending on the propagation environments and the movement
of scatters. The measurements in [9] and [10] have both
demonstrated that the arrival azimuths of the rays are clustered
and the strongest cluster is almost always concentrated in
the LOS direction while the other clusters are uniformly
distributed over [−π, π). The rays of the strongest angular
cluster, arriving at the receiver within a limited angular range
in the LOS direction, have small excess delay and large energy
magnitude due to relatively short propagation paths and less
reflections. On the other hand, the rays of the other small angu-
lar clusters are uniformly distributed over [−π, π). Their large
AOA is related to more reflections and scattering, resulting in
large excess delay and small energy magnitude. Therefore, the
AOA of a ray can be modeled as being uniformly distributed
over a certain angular spread which depends on the excess
delay [11]. The probability density function (PDF) of the
incident angle with respect to the LOS, θ, is:

fθ(x|τ) =
{

τm

2πτ rect
(

τm

2πτ x
)
, 0 < τ ≤ τm, −π ≤ x < π

1
2π , τ > τm, −π ≤ x < π

(3)
where τ is the total delay of the ray, and rect(·) is the
rectangular function. The parameter τm should be chosen such
that the variance of the APSD is consistent with realistic
measurements. From (3), the angular spread of the k-th ray in
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Pk,l = E[Pk,l|τk,l] =

⎧⎪⎪⎨
⎪⎪⎩

E[ |ak,0|2
tk,0

τm

2π ] = τmΩ0
2π

1
tk,0

e−
tk,0

γ , l = 0, 0 < tk,0 ≤ τm

E[ |ak,0|2
2π ] = Ω0

2π e−
tk,0

γ , l = 0, tk,0 > τm

E[ |ak,l|2
2π ] = Ω0

2π e−
Tl
Γ e−

tk,l
γ , l ≥ 1.

(5)

the l-th cluster is [−φk,l/2, φk,l/2], where

φk,l =

⎧⎨
⎩

tk,0
τm

2π, l = 0, 0 ≤ tk,0 ≤ τm

2π, l = 0, tk,0 > τm

2π, l ≥ 1.

(4)

Consequently, the angular power density of the ray can be
obtained as Pk,l = |ak,l|2/φk,l. Because |ak,l|2 is a random
variable with the mean dependent on its total delay given by
(2), the average received power density conditioned on τk,l

can be obtained from (2) and (4) as (5) at the top of the page.
Note that because the AOA of the LOS component has no
excess delay (t1,0 = 0) and no angular spread (φ1,0 = 0), its
energy should be directly added (using a Delta function) to
the power density at azimuth of 0o.

C. The APSD of UWB CIR

APSD is the composite angular power distribution, i.e., the
total energy incident at a certain azimuth θ. Since the UWB
CIR is composed of a series of delayed and attenuated rays
as described in (1), the APSD at θ consists of the energy
contribution from all rays whose AOA spread is larger than
or equal to 2θ (i.e. θ ∈ [−φk,l/2, φk,l/2]). The APSD of a
CIR realization given the cluster delay and ray delay can be
expressed as:

P(θ) =
∑

φk,0≥2|θ|,tk,0≤τm

Pk,0

︸ ︷︷ ︸
A

+
∑

tk,0≥τm

Pk,0

︸ ︷︷ ︸
B

+
∑
l≥1

Pk,l

︸ ︷︷ ︸
C

, (6)

where the summation A is the angular power density of the
rays in the first cluster whose delay is less than τm but angular
spread is larger than 2θ. Summations B and C represent the
power contribution from the other rays in the first cluster
and the rays in the other clusters, respectively, whose angular
spread covers all angles as shown in (4).

From (4), the boundaries of the summation A can be
transformed as |θ|

π τm ≤ tk,0 ≤ τm. Because tk,0 has the
distribution of Gamma(k, λ) as described in Section II-A, we
use the expected value of E[tk,0] = k/λ as the approximation
of tk,0. Then the boundaries of the summation can be obtained
as k0 ≤ k ≤ �τmλ�, where k0 = max{� τmλ

π |θ|	, 2},
because, as mentioned earlier, k = 1 corresponds to the LOS
component and it is excluded from the summation. �·	 and
�·� are the ceiling and floor functions because k is an integer.
From (5) and (6), the average APSD (excluding the LOS
component) with respect to the delay terms can be obtained
by (see Appendix A for derivation)

P(θ) =
Ω0

2π
τmλ

�τmλ�∑
k0

ρk−1

k − 1︸ ︷︷ ︸
Ā

+
Ω0

2π

ρ�τmλ�

1 − ρ︸ ︷︷ ︸
B̄

+
Ω0

2π
(ΓΛ)(γλ)︸ ︷︷ ︸

C̄

,

(7)

where ρ = λγ
1+λγ . The parameters (λ, Λ, γ, Γ) are given

in the 3a standard [7] or can be measured for a specific
indoor environment. Ω0 should be chosen such that the total
power contained in the multipath components is normalized
to one. Because h(t) is a stochastic process, Ω0 is calculated
by considering the average total power of the CIR, as (see
Appendix B for derivation):

Ω0 = 1/[γλ(1 + ΓΛ)]. (8)

From (2), Ω0 is the energy of the 1st ray in the first cluster
(LOS component) and hence should be added to the power
density at 0o. From (7) and (8), the average APSD is:

P (θ) =

{
P(0) + 1

(γλ)(1+ΓΛ) , θ = 0
P(θ), 0 < |θ| ≤ π.

(9)

D. Comparison with Simulation and Measurements

Totally 40 CIR realizations are generated with the 3a CM1
model and the APSD of each CIR is calculated according
to [11]. τm = 14 nsec is chosen such that the standard
deviation of the angular distribution is 31o, which is the
average value of the measurements in [9], [10]. The averaged
APSD is shown in Fig. 1. Using the parameters for CM1 [7]
(λ = 2.5/nsec, Λ = 0.0233/nsec, γ = 4.3 and Γ = 7.1), the
analytical result of APSD from (9) is also shown in the figure.
It can be seen that the analytical estimation is quite accurate.

The measurements in [9] and [10] found that the distribution
of the relative arrival angles of the rays in one cluster was best
fit to the Laplacian density of p(θ) = 1√

2σ
e−

√
2

σ |θ|, where the
standard deviation σ varies from 25o to 37o for various envi-
ronments. Because the shape of the APSD is determined by
the energy distribution of the strongest angular cluster (in the
LOS direction), it should be similar to a Laplacian distribution,
while there is a power floor over all angles contributed from
the other clusters (uniformly distributed from −π to π). This
power floor is expected because when we use omni-directional
antennas in the closed spaces like the indoor environments, we
should be able to received some energy over all the angles.
In (7), terms B̄ and C̄ represent the energy contributed to all
angles. Based on [9], [10], we use the modified Laplacian
distribution of p′(θ) = 1

D

[
1√
2σ

exp(−
√

2
σ |θ|) + B̄ + C̄

]
to

represent the measurement results. D is used to normalize
p′(θ) such that

∫ π

−π p′(θ)dθ = 1. We get:

p′(θ) = ae−
√

2
σ |θ| + b,−π < θ ≤ π (10)

where a = 1
1+2π(B̄+C̄)

1√
2σ

and b = B̄+C̄
1+2π(B̄+C̄)

.
The modified Laplacian distribution with σ = 31o is also

shown in Fig. 1. Constants B̄ and C̄ are calculated from (7)
with the parameters from the 3a CM1 model. Fig. 1 illustrates
that the analytical result is close to the Laplacian distribution,
which shows a good match of the analytical approximation to
the realistic measurements.
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Er(θ1, θ2) = 1 −
∫ θ1

θ2

p′(θ)dθ =

⎧⎪⎪⎨
⎪⎪⎩

1 − aσ√
2
(e−

√
2

σ θ2 − e−
√

2
σ θ1) − b(θ1 − θ2), θ2 ≥ 0

1 − aσ√
2
(2 − e−

√
2

σ θ1 − e
√

2
σ θ2) − b(θ1 − θ2), θ1 ≥ 0, θ2 < 0

1 − aσ√
2
(e

√
2

σ θ1 − e
√

2
σ θ2) − b(θ1 − θ2), θ1 < 0, θ2 < 0

(11)
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Fig. 1. Comparison of analytical and simulation results of APSD.
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Fig. 2. Computation of blocking angular range.

III. PEOPLE SHADOWING EFFECT ON UWB CHANNELS

We investigate the shadowing process of the UWB channel:
a single scatterer, normally a person, is moving around in the
area between UWB transceivers and thus obstructing some
significant paths. The body is modeled as a cylinder with
radius r = 30 cm and obstructs a certain angular range of
AOA, over which range the transmitted power cannot reach
the receiver.

Let the receiver be located at the origin, the transmitter at
the point (D, 0) and the moving person at (x, y), as shown
in Fig. 2. The obstructed angular range is θ1 − θ2, where
θ1 = arctan( y

x) + arcsin( r√
x2+y2

) and θ2 = arctan( y
x ) −

arcsin( r√
x2+y2

). Hence, the remaining power of the CIR can

be estimated using the APSD given in (9) or the modified
Laplacian distribution in (10) for a simpler approximation.
If the latter is used, the remaining received power can be
obtained as (11) at the top of the page, where the total energy
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Fig. 3. Power attenuation when a person moves along a path perpendicular
to LOS.

of the CIR is normalized to unity and θ1, θ2 depend on the
person’s position (x, y). The PSE, in terms of the total power
attenuation (dB), is:

χ(x, y) = 10log10 [Er(x, y)] . (12)

The numerical results of PSE when a person is penetrating
the LOS along a straight line from (50,−150) to (50, 150) (the
unit is cm) is shown in Fig. 3. The measurements of such a
shadowing process are given in [5], where a tank of water was
used to simulate a human body and the total received energy
was recorded when the obstacle was at a series of positions
along the line. It can be seen that the PSE obtained by the
analytical model matches the measurements reasonably well.
It also illustrates that the presence of a moving person in the
proximity of the receive antenna introduces severe attenuation
on the received signal strength.

IV. PER ESTIMATION WITH THE PEOPLE SHADOWING

EFFECT

To facilitate the simulation and analytical study of network
performance, a key issue is to build a packet-level channel
model which indicates the packet-error-rate (PER) directly
according to the temporal variation of the channel. The per-
formance of an MB-OFDM system [12] is investigated in this
section, and the approach can be readily extended to other
UWB PHY alternatives like the direct-sequence (DS)-UWB.
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A. Large-scale Fading

The average SNR 2 when the distance between the UWB
transceivers is D and there is no shadowing is given by the
link budget as [7], [12]:

r(D) = PT − L(D) − N − NF − I, (13)

where PT , L(D), N, NF and I are the transmission power,
path loss, thermal noise per bit, system noise figure and
implementation loss, respectively. Their definitions and values
can be found in [12].

As discussed in Section III, the PSE imposes attenuation on
the total received power which can be regarded as large-scale
fading of the indoor UWB channels (similar to the shadowing
effect for narrow-band channels). the average received SNR
when a person is standing at (x, y) can be obtained by (dB):

r′(D, x, y) = r(D) + χ(x, y), (14)

where χ(x, y) is from (12).

B. PER Estimation

Because of the frequency-selective fading, the instantaneous
SNR and bit-error-rate (BER) of different subcarriers are
random. The PER depends on both the path loss, shadowing
(large-scale fading) and the time and frequency dispersion due
to multipath (small-scale fading). The presence and movement
of the obstacle can also cause the variation of the multipath
profile. However, as shown in the system proposal [12], the
PER performance of MB-OFDM on the random realizations of
the CIRs are consistent and the variations in the performance
are primarily due to the effect of the large-scale fading (the
shadowing). This is because the MB-OFDM system has been
designed to be robust against multipath, frequency-selective
fading by utilizing the interleaving, channel coding, and
frequency/time diversity schemes. Since the PER is mainly
determined by the path loss and shadowing, we estimate the
PER and also, as presented in next section, define the channel
states based on the average SNR.

Here, we use the simulation results of the 90th percentile
PER performance provided in the MB-OFDM proposal [12]
and adopt the numerical method in [13] to obtain the closed-
form approximation. The PER [12] of 110 Mbps MB-OFDM
for 3a CM1 channels is plotted in Fig. 4. The observation
suggests that we can split the PER curve into three segments,
and each segment is fitted with an exponential curve (straight
lines on the semi-log graph). Thus, the PER, ε, can be
expressed as (with payload length of 1024 bytes):

ε(r′) = 10air
′+bi , (15)

where r′ is the average received SNR. The coefficients, ai

and bi, for each segment are obtained separately using linear
regression and are listed in Table I. As shown in Fig. 4, the
fitted curve is very close to the actual PER values.

2Due to the frequency-selective fading, the instantaneous received bit-
energy and SNR of different subcarriers in MB-OFDM systems are random.
The average received SNR, Eb/N0, is defined as the ensemble average of
SNR, which is determined by the transmitted power, path loss, implementation
loss, antenna gain and shadowing.
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Fig. 4. PER for Mode 1 MB-OFDM systems in the CM1 channel environ-
ment (− �−: simulation results[12]; − −: linear regression approximation).

TABLE I
COEFFICIENTS AND SPLITTING POINTS OF CURVE FITTING

Segments SNR range (dB) ai bi

1 0 ∼ 3.56 -0.0378 0.1041
2 3.56 ∼ 4.15 -0.4657 1.6294
3 4.15 ∼ 5.84 -0.9769 3.7547

The link budget analysis reveals the following observations.
If the UWB transceivers are close enough or use low data
rate transmission modes (TMs), the UWB system may have
sufficient link margin to compensate for the additional channel
loss caused by PSE. However, if the distance is large or high
data rate TMs are employed, there is no sufficient link margin
and the link performance will degrade significantly during
people shadowing.

V. MARKOV MODEL FOR UWB CHANNEL WITH PEOPLE

SHADOWING

In this section, we consider that a person randomly en-
ters, moves around and exits the region between the UWB
transceivers. Because the PER is dominated by the large-
scale fading, we build a channel model based on the temporal
fluctuation of the average SNR which is affected by the
stochastic PSE. Then, the PER for each channel state is
calculated given the obstructing positions and the received
SNR.

A. Definition of Channel States

The average received SNR varies within a set range that
depends on the position of the person. Fig. 5 shows the contour
lines of the average received SNR. The x-axis and y-axis
represent the obstructing position. The SNR values on the
N contour lines are denoted as Rn, n = 1, 2, · · · , N and
Rn+1 < Rn. These contour lines divide the whole region into
N + 1 zones. The zone between the two boundary contour
lines of Rn and Rn+1, denoted as Zn, corresponds to the
SNR interval of [Rn+1, Rn), which is defined as the nth
channel state Sn, n = 1, 2, · · · , N −1. The zone encompassed
by the N th contour line, denoted as ZN , corresponds to
the state SN , which has the severest shadowing effect with
the corresponding SNR interval [RN+1, RN ) where RN+1 is
the minimum received SNR. In addition, we define state S0

corresponding to the zone outside the most exterior contour
line, Z0, having the SNR interval [R1, R0) where R0 = r(D)
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Fig. 5. Average received SNR with shadowing effect.

is determined from (13). State S0 represents when there is no
person standing in the vicinity of the system.

Finally, the average PER of channel state Sn can be
obtained as:

ε̄n =
{

ε [r (D)] , n = 0
1

An

∫∫
(x,y)∈Zn

ε [r′ (D, x, y)] dxdy, n = 1, 2, · · · , N
(16)

where the PER ε(·) is given by (15), the SNR r(D) and
r′(D, x, y) are given by (13) and (14), respectively, and An is
the area of the zone Zn. Furthermore, the average throughput
of state Sn can be approximated as:

H̄n = (1 − ε̄n)H, n = 0, 1, · · · , N (17)

where H (Mbps) is the link throughput without packet error
given in the MB-OFDM proposal [12].

Because the channel states correspond to the spatial zones
and the person can only walk into adjacent zones from the
current one, the shadowing process is a birth-death process
with state transitions only to adjacent states. Thus, we con-
struct a packet-level channel model using a first-order FSMC
for the shadowed UWB channels.

B. State Transition Rate

The transition rates between the states are determined by
the area of the zones and the person’s mobility. Here, we
assume a simple random walk model. The channel model can
be extended to consider other mobility models such as those
in [14], [15] for other specific scenarios.

First, the contour line of R1 is the boundary of the shadow-
ing region. An arriving person (entering the boundary) results
in the onset of shadowing and the state transition from S0 to
S1. We assume that the arrival of people is a Poisson process
with the arrival rate λP , which increases with higher density
and activity of the people inside the home or office. When
the person moves out of the boundary, he (or another person)
may re-enter the region later.

Second, because the instantaneous moving speed and di-
rection of the person are varying randomly, the duration of

TABLE II
PARAMETERS OF THE MARKOV MODEL

n 0 1 2 3 4 5
Area An(m2) - 2.978 0.773 0.323 0.172 0.357

λn (/s) 0.200 0.056 0.216 0.516 0.967 -
μn (/s) - 0.112 0.431 1.032 1.934 1.400

pn 0.324 0.578 0.075 0.016 0.004 0.003
PER ε̄n 0.006 0.039 0.128 0.392 0.764 0.987

the person staying inside one zone is a random variable. We
assume that the duration is exponentially distributed and the
average duration is proportional to the area of the zone. Hence,
the average duration of state Sn is t̄n = AnT , where T is the
average duration for which the person stays in a unit area.
T is inversely proportional to the average movement speed.
The departure rate from state Sn is vn = 1/t̄n = 1/(AnT ).
Suppose that the probability of moving to the inner zone (from
Sn to Sn+1) is α, 0 < α < 1. Thus, the transition rates to
the adjacent inner zone are:

λn =
{

λP , n = 0
αvn = α

AnT , n = 1, 2, · · · , N − 1 (18)

and the transition rates to the adjacent exterior zone (from Sn

to Sn−1) are:

μn =
{

(1 − α)vn = 1−α
AnT , n = 1, 2, · · · , N − 1

vn = 1
AnT , n = N.

C. Steady state probability

Denoting pn as the steady-state probability of the channel
state Sn, given the detailed equilibrium equations and the
condition

∑N
n=0 pn = 1, pn can be derived as:

pn =

⎧⎪⎨
⎪⎩

[
1 + λ0

∑N
i=1

1
μi

(
α

1−α

)i−1
]−1

, n = 0

λ0
μn

(
α

1−α

)n−1

p0, n = 1, 2, · · · , N

(19)
where λ0 and μi are given in (18) and (19).

VI. NUMERICAL RESULTS

We evaluate the scenario that stationary UWB transceivers
are deployed with a separation of D = 15.5 m. The data rate
of the MB-OFDM system is 110 Mbps (according to the data
rate versus range requirement of UWB systems). The payload
size of a frame is 1024 bytes. The average received SNR is
r(D) = 6.16 dB from (13) when there is no shadowing. The
Markov model of N = 6 states is used here.

(1) Channel States
The contour lines of the average received SNR are plotted

in Fig. 5. These five contour lines divide the region into six
zones, which correspond to the six channel states as described
in Section V-A. The SNR intervals for state S0 to state S5

are [5.5, 6.16), [5, 5.5), [4.5, 5), [4, 4.5), [3.5, 4) and
[0, 3.5) dB, respectively. The average PER of each state is
obtained from (16) and listed in Table II.

If single frame transmission mode is employed and there
is no packet error, the throughput is H = 83.48 Mbps [12].
According to (17), the average throughput of each channel
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Fig. 6. Average throughput of the channel states.
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Fig. 7. Throughput fluctuation of a MB-OFDM link.

state is plotted in Fig. 6. It can be seen that the PER
increases dramatically as the person gradually obstructs the
main transmission paths, resulting in severely degraded link
performance.

(2) Transition Rate
As an example of the people mobility model, we assume

λP = 0.2 per second, T = 2 s/m2 and α = 1/3. The transi-
tion rate and steady state probabilities of the Markov channel
model are obtained by (18), (19) and (19), respectively, and
are listed in Table II. As expected, increasing λP leads to more
frequent LOS shadowing and higher probability of changing
shadowing states.

Fig. 7 illustrates the fluctuation of the throughput of the
peer-to-peer MB-OFDM system. The channel temporal varia-
tion due to people interrupt is generated by the Markov model
obtained above. Frequent fluctuation of the throughput from
80 Mbps to less than 20 Mbps can be observed, which can
degrade the QoS of the on-going transmissions severely.

VII. CONCLUSIONS

In this paper, we have analyzed the PSE on indoor UWB
channels. The power attenuation has been estimated based
on the APSD and the position of obstruction. Furthermore,
a packet-level channel model has been proposed for the

temporal variation of the UWB channels caused by the random
movement of a person.

The proposed model is of high practical value as an analysis
and simulation tool for UWB systems. Based on the channel
model and the time-coherence property, we can optimize
the channel estimation and power control mechanisms to
improve the transmission efficiency. The model also promotes
the research on the cross-layer designs. For example, the
queuing behavior at link layer and the temporal variation of
the realistic UWB channels can be analyzed and simulated
jointly [16], which is important for improving QoS provision-
ing in WPANs.

APPENDIX A
DERIVATION OF EQ. (7)

From (5), we have:

P(θ) =
�τmλ�∑

k0

E
[
Pk,0

]
+

∞∑
�τmλ�

E
[
Pk,0

]
+

∞∑
l=1

∞∑
k=1

E
[
Pk,l

]

=
τmΩ0

2π

�τmλ�∑
k0

E

[
1

tk,0
e−

tk,0
γ

]
︸ ︷︷ ︸

Ā

+
Ω0

2π

∞∑
�τmλ�

E

[
e−

tk,0
γ

]
︸ ︷︷ ︸

B̄

+
Ω0

2π

∞∑
l=1

∞∑
k=1

E

[
e−

Tl
Γ e−

tk,l
γ

]
︸ ︷︷ ︸

C̄

. (20)

Because tk,0 has the distribution of Gamma(k, λ), the prob-
ability density function is ftk,0(x) = λk

Γ(k)x
k−1e−λx where

Γ(k) = (k − 1)!. The expectation in term Ā in (20) can be
evaluated as:

E

[
1

tk,0
e−

tk,0
γ

]
=

∫ ∞

0

1
x

e−
x
γ

λk

Γ(k)
xk−1e−λxdx

=
λk

Γ(k)

∫ ∞

0

xk−2e−( 1
γ +λ)xdx

=
λk

Γ(k)
(k − 2)!

( 1
γ + λ)k−1

=
λ

k − 1
ρk−1, (21)

where ρ = λγ
1+λγ . Because k0 ≥ 2 in (20), k ≥ 2 and the

convergence of the integral is guaranteed. Then, plug (21) into
(20) and term Ā in (7) is obtained.

Similar to (21), we can obtain

E

[
e−

tk,0
γ

]
=

∫ ∞

0

e−
x
γ

λk

Γ(k)
xk−1e−λxdx

=
(

λγ

1 + λγ

)k

= ρk, (22)

where k ≥ 1. Thus, term B̄ in (20) can be obtained as

B̄ =
Ω0

2π

∞∑
�τmλ�

ρk =
Ω0

2π

ρ�τmλ�

1 − ρ
. (23)

Because the random cluster delay Tl and ray delay tk,l

are independent and have the distribution of Gamma(l, Λ)
and Gamma(k, λ), respectively, using (22), term C̄ in (20) is
derived as:
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C̄ =
Ω0

2π

∞∑
l=1

∞∑
k=1

E
[
e−

Tl
Γ

]
E

[
e−

tk,l
γ

]

=
Ω0

2π

∞∑
l=1

∞∑
k=1

(
ΓΛ

1 + ΓΛ

)l (
λγ

1 + λγ

)k

=
Ω0

2π

∞∑
l=1

(
ΓΛ

1 + ΓΛ

)l ∞∑
k=1

(
λγ

1 + λγ

)k

=
Ω0

2π
(ΓΛ)(γλ). (24)

Combining (21), (23) and (24) gives (7).

APPENDIX B
DERIVATION OF EQ.(8)

The average power of each ray conditioned on the cluster
delay and ray delay is given in (2). The delay for the first
cluster is T0 = 0. Using (22), the expectation of the total
power of the CIR can be evaluated as:

Et = E

[ ∞∑
l=0

∞∑
k=1

E[|ak,l|2]
]

= Ω0

∞∑
l=0

∞∑
k=1

E

[
e−

Tl
Γ e−

tk,l
γ

]

= Ω0

∞∑
l=0

(
ΓΛ

1 + ΓΛ

)l ∞∑
k=1

(
λγ

1 + λγ

)k

= Ω0(1 + ΓΛ)(γλ). (25)

Here, E
[
e−

T0
Γ

]
= 1 =

(
ΓΛ

1+ΓΛ

)0

. To normalize the total
power of the multipath components, set Et = 1 and we obtain
(8).

REFERENCES

[1] W. Zhuang, X. Shen, and Q. Bi, “Ultra-wideband wireless communi-
cations," Proc. Wireless Commun. Mobile Computing (WCMC)/Wiley,
vol. 3, no. 6, pp. 663-685, 2003.

[2] P. Pagani and P. Pajusco, “Characterization and modeling of temporal
variations on an ultrawideband radio link," IEEE Trans. Antennas
Propag., vol. 54, no. 11, pp. 3198-3206, Nov. 2006.

[3] ——, “Experimental assessment of the UWB channel variability in
a dynamic environment," in Proc. IEEE Int. Symp. Personal, Indoor
Mobile Radio Commun., vol. 4, Barcelona, Spain, Sept. 2004, pp. 2973-
2977.

[4] Z. Irahhauten, J. Dacuna, G. J. Janssen, and H. Nikookar, “UWB
channel measurements and results for wireless personal area networks
applications," in Proc. European Conf. Wireless Technology, Paris,
France, Oct. 2005, pp. 189-192.

[5] S. V. Schell, “Analysis of time variance of a UWB propagation channel,"
IEEE P802.15-02/452r0-SG3a, Tech. Rep., Nov. 2002.

[6] M. Ghaddar, L. Talbi, and T. Denidni, “A conducting cylinder for
modeling human body presence in indoor propagation channel," IEEE
Trans. Antennas Propag., vol. 55, no. 11, pp. 3099-3103, 2007.

[7] J. Foerster et al., “Channel modeling sub-committee report final," IEEE
802.15-02/490, Tech. Rep., Feb. 2003.

[8] R. Zhang and L. Cai, “A Markov model for indoor ultra-wideband
channel with people shadowing," ACM/Springer Mobile Networks and
Applications (MONET), special issues on mobility of systems, users,
data and computing, vol. 12, no. 5-6, pp. 438-449, Dec. 2007.

[9] Q. Spence, B. Jeffs, M. Jensen, and A. Swindlehurst, “Modeling the
statistical time and angle of arrival characteristics of an indoor multipath
channel," IEEE J. Select. Areas Commun., vol. 18, no. 3, pp. 347-360,
Mar. 2000.

[10] R. Cramer, R. Scholtz, and M. Win, “Evaluation of an ultra-wide-band
propagation channel," IEEE Trans. Antennas Propag., vol. 50, no. 5, pp.
561-570, May 2002.

[11] A. Molisch, “Time variance for UWB wireless channels," IEEE
P802.15-02/461r0, Tech. Rep., Nov. 2002.

[12] Multi-band OFDM Physical Layer Proposal for IEEE 802.15 Task
Group 3a, IEEE P802.15.3a Working Group,P802.15-03/268r3, Mar.
2004.

[13] G. T. Nguyen, R. H. Katz, B. Noble, and M. Satyanarayanan, “A trace-
based approach for modeling wireless channel behavior," in Proc. 28th
Conf. Winter Simulation, Coronado, CA, USA, 1996, pp. 597-604.

[14] J. Yoon, M. Liu, and B. Noble, “Random waypoint considered harmful,"
in Proc. INFOCOM’03, San Francisco, CA, USA, Apr. 2003.

[15] G. Lin, G. Noubir, and R. Rajamaran, “Mobility models for ad-hoc
network simulation," in Proc. INFOCOM’04, Hong Kong, China, Mar.
2004.

[16] K. Liu, X. Shen, R. Zhang, and L. Cai, “Performance analysis of
distributed reservation protocol for UWB-based WPAN," IEEE Trans.
Veh. Technol., vol. 58, no. 2, pp. 902-913, Feb. 2009.

Ruonan Zhang received the B.S. and M.S. degrees
in electrical engineering from Xi’an Jiaotong Uni-
versity, Shaanxi Province, China, in 2000 and 2003,
respectively. He was with Motorola Inc. and later
with Freescale Semiconductor Inc. in Tianjin, China,
from 2003 to 2006, working on IC architecture
and application design. He is now working toward
the Ph.D. degree at the Department of Electrical
and Computer Engineering, University of Victoria,
British Columbia, Canada. His current research in-
terests include cross-layer design and optimization

for wireless networks and wireless personal area network (WPAN).

Lin Cai (S’00-M’06) received the M.A.Sc. and
Ph.D. degrees (with Outstanding Achievement in
Graduate Studies Award) in electrical and computer
engineering from the University of Waterloo, Water-
loo, Canada, in 2002 and 2005, respectively. Since
July 2005, she has been an Assistant Professor in the
Department of Electrical and Computer Engineering
at the University of Victoria, British Columbia,
Canada. Her research interests span several areas
in wireless communications and networking, with
a focus on network protocol and architecture design

supporting emerging multimedia traffic over wireless, mobile, ad hoc, and
sensor networks. She serves as the Associate Editor for IEEE TRANSAC-
TIONS ON VEHICULAR TECHNOLOGY (2007- ), EURASIP JOURNAL ON

WIRELESS COMMUNICATIONS AND NETWORKING (2006- ), and INTERNA-
TIONAL JOURNAL OF SENSOR NETWORKS (2006- ).

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on February 10, 2010 at 18:12 from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


