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Abstract

This paper presents a tutorial overview of ultra-
wideband (UWB) propagation models. The chan-
nels models IEEE 802.15.3a y IEEE 802.15.4a are
revised and examined. Subsequently, the UWB

channel in the frequency domain is analyzed.

Results of the amplitude statistics in this domain
and of the correlation coefficient between sub-

carriers in a MB-OFDM UWB system are obtained.

In addition, the UWB channel energy in function
of the bandwidth is analyzed from a measure-
ment campaign indoor of the channel impulse
response and a theoretic model for the fade
depth and fading margin of the channel ener-
gy is proposed in accordance to the parameters
of the IEEE 802.15.4a UWB channel model. This
investigation is based on a measurement cam-
paign carried out in a typical laboratory environ-
ment in the 3.1-10.6 GHz band in accordance to
the UWB frequency range. The model considers
line-of-sight (LOS) and non-line-of-sight (NLOS)
conditions. This model is very useful to determi-
ne the optimal operation bandwidth with a desi-
red quality of service in wireless systems.

Keywords: UBW,OFDM, lognormal, Nakagami-m
fading, fade depth, fading margin.

1.Introduction

Ultra wideband (UWB) transmission systems are
characterized with either a fractional bandwidth
of more that 20 %, or a large absolute bandwidth
(> 500 MHz) and for a very low power spectral
density (—41.25dBm/MHz, equivalent to 75nW/
MHz) [1].For this reason, UWB systems are emer-
ging as the best solution for high speed short
range indoor wireless communication and sen-
sor networks, with applications in home networ-
king, high-quality multimedia content delivery,
radars systems of high accuracy, etc. UWB has
many attractive properties, including low in-
terference to and from other wireless systems,
easier wall and floor penetration, and inherent

security due to its low probability interception/
detection (LPI/D). Two of the most promising
applications of UWB are High Data Rate Wire-
less Personal Area Network (HDR-WPAN), and
sensor networks, where the good ranging and
geo-location capabilities of UWB are particularly
useful and of interest for military applications [2].
Three types of UWB systems are defined by the
Federal Communications Commission in United
States: imaging systems, communication, mea-
surement,and vehicular radar Systems. Currently
the United States permits operation of UWB de-
vices. In Europe a standardization mandate was
forwarded to CEN/CENELEC/ETSI for harmonized
standards covering UWB equipment [3], and re-
gulatory efforts are studied by Japan [2].In order
to deploy UWB systems which carry out all those
potentials, we need to analyze UWB propagation
and the channel properties arising from this pro-
pagation. Given the large bandwidth (7.5 GHz)
authorized for UWB, the conventional channel
models developed for narrowband transmis-
sions are inadequate in UWB [2].This paper is or-
ganized as follows: Section 2 describes the statis-
tical characterization of the channel models IEEE
802.15.3a and IEEE 802.15.4a. In section 3, we
present the results and simulations for the UWB
channel IEEE 802.15.3a in the frequency domain.
Section 4 investigates analytical results of the
channel energy as a function of the bandwidth
for the IEEE 802.15.4a model. Furthermore we
analyze measurements for an UWB indoor chan-
nel,and finally section 5 concludes this paper.

2.UWB statistical channel model

The 802.15.3a TG has proposed a channel model
for HDR-WPAN applications [4] and the 802.15.4a
TG a channel model for evaluation of the IEEE
802.15.4a standard [5]. This model can be used
inindoor and outdoor environments with longer
operating range (i.e, >10 m in indoor and up to
few hundred meters for outdoor environments)
and lower data rate transmission (between
1 kb/s and several Mb/s).
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The multipath
arrival times
are ran-dom
process based
on the Poisson
distribution.
The small
scale ampli-
tude follows a
lognormal or
Nakagami-m
distribution.

2.1 IEEE 802.15.3a channel model

The IEEE 802.15.3a UWB-OFDM channel for UWB
communications systems defines a modified
Saleh-Valenzuela (SV) [6] model to describe the
arrival time of clusters (multipath components,
MPC, which arrive from a same scatter) and MPC
at the receiver after multipath propagation. To
characterize the UWB channel for HDR-WPAN
applications, three indoor channel models were
evaluated by the 802.15.3a TG [4]: the Rayleigh
tap delay line model, the SV [6] and the 4-K [7].

The SV and 4-K models use a Poisson distribu-
tion in order to model the arrival time of MPC.
Nevertheless, the SV model is unique in its
approach of modeling the arrival time in cluster
as well as MPC within a cluster.The SV model de-
fines that the multipath arrival times are random
process based in Poisson distributions. Therefo-
re the interarrival time of MPC is exponentially
distributed, and defines also four parameters to
describe the channel: The cluster arrival rate (1),
the path arrival rate (1) within a cluster, the clus-
ter decay time constant (7), and the path time
constant ().

The principle of a SV channel is shown in the Fig.
1. In this model, the small scale amplitude fading
statistics follow a Rayleigh distribution and the
power is defined by the cluster and ray decay
factors. However, measurements in UWB chan-
nels indicated that the small scale amplitude
statistics follow a lognormal or Nakagami-m dis-
tribution and the power of the clusters and ray
decays over time; this was modeled as an expo-
nentially decaying power profile with increasing
delay from the first path. Based on these results,
the SV model was modified for |IEEE TG3a, defi-
ning the channel impulse response (CIR), deno-
ted by A(z), as [4]

h(T) = iiéﬁk.zem'5(f—z _Tk,l)

1=1 k=1

(M

where [ represents the cluster index and & the
MPCindex within a /th cluster; L_and L _are the
number of clusters and MPC, respectively; 7, is
the arrival time of the /th cluster;and 7, , is the
arrival time of the kth component inside the /th
cluster. g”[ is the amplitude of the /th cIuster,ﬁkJ is
the amplitude of the kth path inside the /th clus-
ter,and ¢, , is the phase of the path. The mean

power of the kth path is given by
Q,, = E[|§lﬂk,l|z:| =Q, exp(fT,/?])exp(ka_,/}/)
(2)

where Qis the mean power of the first path insi-
de the first cluster. The amplitudes of the contri-
butions |¢3, | are mutually independent random
variables (RVs) and their phases 0, are uniformly
distributed from 0 to 2z. The module of the am-
plitude of the paths follows a lognormal distri-
bution, given by

|&.8,,| =104 5 2010g(£8,,) ~ N (14,,,07 +07 )

3)

where n, and n, are independent normal RV with
zero mean and standard deviations ¢, and o,
given by n,~ N(0, ¢,) and n,~ N(0, ¢,) and co-
rrespond to the fading on each cluster and path
respectively; and N(a, b) represents a Gaussian
distribution with mean a and standard deviation
b. The mean for the lognormal distribution of
|&B, | can be obtained from (2) and (3) as

10In(Q, )-107; /7 —10z,, /7 (o7 +07)In(10)
In(10) 20 |

My =

(4)

The distribution of the cluster arrival time and
ray arrival time is exponential whose probability
density function (PDF) is given by

P (T[T )= Aexp[-A(T,~7,.,)]. 1 >0,

Tci ) = iexp[—ﬁ.(‘rh_, _T(H).z)} k>0
(5)

P (Tk.l

More details of the model parameters can be
found in [4].

IEEE 802.15.4a channel model

This model was developed by the IEEE 802.15.4a
standardization group for UWB systems ranging
with low rates transmission [5]. The CIR is mode-
led for the IEEE 802.15.4a by a generalized SV
model, where the number of clusters L_is a Pois-
son distributed RV; the mean number of clusters
L., is a parameter of the model and its PDF is
given by [5]

755

P (TN (Lli)' exp(—L_c), L, >0,

]

(6)

Just like in the IEEE 802.15.3a channel model,
the interarrival times of the cluster in the IEEE
802.15.4a channel are Poisson processes given
by (5). Due to the discrepancy in the fitting for
the indoor residential, and indoor and outdoor
office environments [5], the 802.15.4a TG pro-
poses to model ray arrival times with mixtures of
two Poisson processes as follows

D, (Tk,, |T(k_|)<, ) = pA, exp[—ﬂ,] (Tk.l Y )}
+(1-8) 4, e:xp[—/l2 (Tk,l = )}, k>0,
(7)
where f is the mixture probability, 2, and 4, are
the ray arrival rates. The power delay profile

(PDP) is exponentially distributed within each
cluster and is given by
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(8)

where Q/ is the integrated mean energy of the
Ith cluster, and 7, is the intra-cluster decay time
constant.

The mean energy &, of the /th cluster follows an
exponential decay,and in agreement [5]

1010g(Ql ) o 1010g [exp(_%j} + Mclus'/er s

)

where T is the arrival time of the cluster given
by (5). M. is a RV Gaussian distributed with
standard deviation g, .The cluster decay rates
7, depend linearly on the arrival time of the clus-
terand is expressed as y, = kT, + y,,where kand
7, are parameters of the model. The small scale
fading for the multipath gain magnitude «,, is
modeled as a Nakagami-m distribution and is
given by [8]

e ex
Qk‘l k.l p

2 m
P, (o, )=——= -—oa,, |, m=0.5,
) )

Q Sl

(10)

where m is the fading parameter of the kth path,
I'() is the gamma function, and @, is average
power of the kth path given by (8). The m para-
meter is modeled as a lognormal distributed RV,
whose logarithm has a mean g and standard
deviation ¢, given by [5]

/’lm (T) = mO _km (T);
(amn

where m,, k, ,m,, k,.are parameters of the mo-
del.

Frequency Domain Channel Response

The study of the UWB channel in the frequency
can be of great interest to analyze the perfor-
mance of the MB-OFDM UWB system concerning
to the channel estimation, and bit and symbol
error analysis. Moreover, an accurate model in
frequency of the UWB channel is required to
design adaptive modulation techniques which
increase the channel capacity. In the frequency
domain we obtain a Nakagami-m approximate
distribution of subcarriers envelope for the IEEE
802.15.3a UWB model.The correlation coefficient
between a couple of subcarriers amplitudes is
calculated analytically. Hence, we will calculate
the Fourier transform (FT) of the CIR given by (1).
We will show that if the amplitude | 5, | of each
UWB channel contribution is modeled as a log-
normal RV and the number of MPC is high, the
magnitude of the ith subcarrier can be approxi-
mated by a Nakagami-m RV. The FT of the CIR
and denoted by H(j) is expressed as

H(f)= Iz:if/ﬁk/ exp[—j(27rf(T, +Tk‘1)_¢k,l)j|'

I=1 k=1
(12)
Average power and fading parameter

The average power of the ith subcarrier in the
frequency domain is obtained as

. B\ el T
o, -5 50, - ST {1.2]]
1=0 k=0 1=0 k=0 nov

(13)

The fading parameter miq of the ith subcarrier
can be calculated as

8 _ =0 k=0
My L,—1L,-1 L—1L-1L-1L-1 ’
2
Azzgkl—‘r anle
1=0 k=0 1=0 k=0 n=0 m=0
(14)

with 4 =exp(40;,)-2 and o, the standard de-
viation of the lognormal fading, in nepers units,

given by
o, = _lnélOO) Jol+a?,

(15)

where ¢ and ¢ _are the standard deviations in
dB units of clusters and rays, respectively. Fig.2
shows the comparison of the amplitude |H(f, )|
cumulative distribution function (CDF) between
simulated data and the Nakagami-m approxima-
tion, where Q, and m_ are calculated from (13)
and (14). 8 clusters and 12 rays by cluster were
assumed in simulations. The rest of parameters
used in Fig.2 were:s, =0 =3.4dB,n =24,y = 12
and Q, = I.From Fig. 2, it can be observed that
the Nakagami-m approximation and simulation
curves are very similar and these results show
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B Figure 1. Principle of the Saleh-Valenzuela channel model
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Simulation

Rayleigh: 8 Clusters, 12 rays
Nakagami-m: 7 Clusters, 9 rays
Nakagami-m: 4 Clusters, 6 rays
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B Figure 2. Cumulative distribution function of the normalized channel frequency
amplitude, in logarithmic units, for several UWB channels

that for a UWB channel with Nakagami-m fading
and independents MPC: a) the magnitude of the
channel response frequency at each frequency
bin is approximately Nakagami-m distributed
with parameters defined by (13) and (14);and b)
If the MPC number is higher that 96 (number of
rays multiplied by number of clusters) then the
relative error in the m,, is less than 0.1% with res-
pecttom, =1.Note that |H(f)| becomes Rayleigh
for a sufficiently high number of MPC (typical
environment in UWB channels). For instance, if
the MPC number is higher than 63 contributions
then the difference of the CDF for 10 between
the simulated distribution and the Rayleigh dis-
tribution is less than 2 dB.

Correlation coefficient
The correlation coefficient, p,, between the ith
and the jth subcarriers is defined as
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B Figure 3. Correlation coefficient as a function of the subcarrier order with
respect to the first subcarrier position

2] 2
cov(a,. ,aj)

i \/var(af)var(af)

(16)

where var (*) is the variance of the RV given by
[8] as

2

2j|:Qeq.
m

eq

Var(af>:var[|H(fl.)

(17)

From (13), (14) and (17), it can be easily obtained
a closed form expression of the correlation co-
efficient in the UWB channel in the frequency
domain as

L L L L L I
A0+ DD, Q, cosB"

(18)
where

B]’f;ﬂm = ZT_”((I; T T )_(Tn * Toun ))(1 _])
Fig. 3 shows the correlation coefficient as a
function of the UWB channel delay spread, z,_,
for four channel scenarios of the channel mo-
del of the IEEE 802.15.3a: CM1(z, =5.28 ns)
CM2(z, =8.03 ns), CM3(z, =14.25 ns), and
CM4(r =25 ns). From this figure, we can ob-
serve a high dependence of the correlation co-
efficient between a couple of subcarriers on the
delay spread. The parameters used in the simu-
lations are given by [5].

4.The Energy in UWB Channel

In this section the fade depth and the fading
margin for the IEEE 802.4a channel model are
analyzed. We investigate analytically the relation
between the fade depth, and the fading margin
with channel bandwidth (7.5 GHz). To the au-
thor’s knowledge these results are novel in the
literature of UWB energy modeling especially
using the IEEE 802.15.4a model.

4.1.Energy Measurements

Indoor wideband channel measurements were
carried out at the high frequency communica-
tions laboratory of the Telecommunications
School at the Polytechnic University of Valencia.
The complex channel transfer function, denoted
by, H(f) was measured in the frequency domain
using a vector network analyser (VNA).

Biconical omnidirectional wideband antennas
with flat frequency response, at the transmitter
and the receiver, very low attenuation cables and
a wideband low noise amplifier at the receiver
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complete the measuring equipment. The trans-
mitting and the receiving antennas were placed
at a height of 1.5 m above the ground.The recei-
ving antenna was set up over a precise linear po-
sitioning robotic system emulating a 4x4 element
squared grid with 4.38 cm inter-element separa-
tion (wavelength at 6.85 GHz) to allow sufficient
decorrelation. For each position of the squared
grid,300 complex channel transfer functions were
measured over a bandwidth of 7.5 GHz (SPAN in
the VNA) with 6.85 GHz as a central frequency (f),
in order to cover all the UWB frequency range 3.1
GHz - 10.6 GHz). Each complex channel transfer
function was measured with a frequency resolu-
tion of 375 kHz (20,001 spectrum samples). A to-
tal of six locations were measured in line-of-sight
(LOS) condition and four locations in non-line-of-
sight (NLOS), where the receiving antenna was
placed in an adjacent room.

The maximum distance between the transmitter
and the receiver positions was 5 m and 12 m in
LOS and NLOS conditions, respectively.For each lo-
cation of the squared grid, the individual channel
transfer functions were normalised with respect
to the mean channel energy in order to eliminate
the path-loss, since the large-scale propagation
effect is not of interest here. The measurements
were carried out at nights, in absence of people,
guaranteeing stationary channel conditions.

The measured complex channel transferfunction,
H(f),with bandwidth of 7.5 GHzand f, = 6.85 GHz,
is partitioned in N, subbands of bandwidth Af
centred at/. The channel energy ¢, , of each sub-
bands H,(f) withb = 1, 2,..., N, can be calculated
by the squared integration of the frequency do-
main coefficients of H,(f), i.e. ey = J'/f|Hb (f)|2 df,
where f,=f-Af72 and f,=f +Af/2.

The fade depth, F,is a measure of the variation in
the channel energy about its local mean due to
small-scale fading. It can be evaluated in terms of
standard deviation, g, of the channel energy ex-
pressed in logarithmical units, dB. We can define
F'to span the so range of E, variations, denoted
by F_, thereby the number of standard devia-
tions considered in the variation of the channel
energy is 5. Then, the fade depth associated to a
channel bandwidth 4f can be derived from the
measurements. Fig. 4 and Fig 5 show the fade
depth averaged across the channel ensemble,
F,, expressed as a function of 4fin LOS and
NLOS condition. From the measured data, £,
in LOS conditions is found to be about 15.4 dB
for a bandwidth channel of 6 MHz, decreasing
to about 2 dB for a bandwidth channel of 1 GHz
and 1 dB for a bandwidth channel of 7.5 GHz.In
NLOS conditions, ', is approximately 14 dB for
a bandwidth channel of 6 MHz, decreasing to
around 3 dB for a bandwidth channel of 1 GHz
and 1.5 dB for a bandwidth channel of 7.5 GHz.

4.2.Energy Analysis
In the channel model proposed by the 802.15.4a
TG, the amplitude o, , = |{f, | of each MPC fo-

llows a Nakagami-m distribution [5], the CIR /()
is given by (1) and its Fourier transform by (12).

The UWB channel energy in watts inside the
bandwidth Af(HZ)=f,-f, is calculated as

ey (W)= [ (1) af.

(19)

where |H(f)| is the magnitude of the ith bin in
frequency. After some mathematical operations,
the energy of the UWB channel is given by

L L &bk a,a,,
oy (W=l 2222 2 e
A(sin[27rf2 ((T,+rk_,)—<T +TW)>+(¢H gom”)}

(20)

The mean energy of the channel can be calcu-

lated as
oy, b
E[gM (W)] = M;;E[af,] = M;;Qk,l 5

(21

where kal is the average power of each UWB
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channel contribution. Now, we investigate the
variation of the channel energy with bandwidth,
evaluating the fade depth and fading margin.

4.2.1.Fade Depth

Statistically the fade depth is related with stan-
dard deviation, g, of the channel energy expres-
sed in logarithmic units, @(dBW)=I()log[8Af(W)].
If we assume that the energy given by (20) is
approximated by a gamma distribution, the va-
riance and the standard deviation of the energy
@(dBW) are given by

var, (dB) = {ml(?o)} y/'(ml,q); o, (dB)= lnl((l)O) 1[n//'(m‘,q) !

(22)

where
62

v'(a) =5 {n[r(a)]

is the trigamma function [9, (6.4.1)]. In order to
evaluation the fade depth, a range of systems

Fade depth (dB)

--=-- Analytical model
Simulation

10 10 10° 10 10
Bandwidth (Hz)

B Figure 6. Fade depth of the UWB Channel IEEE 802.15.4a
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“==%=== M, 1% Approx. 4
M,,: 1% Simulation

---e--- M,y 10% Approx.
M, 10% Simulation |

10

‘
10 10 10° 10 10
Bandwidth (Hz)

B Figure 7. Fading margin of the UWB Channel IEEE 802.15.4a

performance levels is defined as s = {1, 2, 3}.
The fade depth, F_, is calculated analytically as

10s W’(meq) )

 ln (1 0)
(23)

To evaluate (23) we need to obtain the fading
parameter m,, given by

i (E[gAf])z ,
el (el )

(24)
resulting
1, L
(vE5a.)
i =1 k=1
my, = i 1 () 1 dede e & Q.0
A 2 L 1 I:]m
) Z‘;mk‘] = E%”Z‘:mi‘,[@*%)*(ﬂ” nﬂ /
(25)
where

Dl]f;m =sin’ {”[(Tl T T ) - (Tn T )] Af}

Fig.6 shows that the analytical approximation of
the fade depth in a UWB channel IEEE 802.15.4a
given by (23) and the comparison with the si-
mulation curves. It can be observed that the si-
mulation curves and the approximation results
are very similar, which is in agreement with our
assumption that the channel energy follows a
gamma distribution.These curves also show that
for channels whose bandwidths (4f) between
100 kHz and 1 MHz, their fade depth is approxi-
mately constant, and falls linearly with Af" from
3 MHz to 30 MHz, approximately. Fm curves
appear to converge asymptotically to 2 dB from
approximately 1.5 GHz.The cluster number is gi-
ven by (7) and 30 rays by cluster were used in the
simulations. The rest of parameters correspond
to an indoor residential environment [5].

4.2.2.Fading Margin

The mean energy, fade depth and fading margin
are channel parameters used in wireless system
design.The fade depth determines the required
fade margin and link budget for acceptably low
system outage probability [10]. The fading mar-
gin, M, can be expressed as

M, (dB)=E[D(BW)]-Pp(dBW)
(26)

where @(dBW) is the channel energy in dBW,
and <15p(dB W) is the energy not exceeded with
a probability P (%). The mean of the channel
energy, can be calculated as

10

E[dD(dBW)] :mn//(mgq)—wlog[gzq ]

27)
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