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Abstract—This paper presents a novel parametric Ultra- from electromagnetic diffraction mechanism and causing the
wideband (UWB) channel model to characterize frequency de- field strength to vary with the frequency in each ray. In the
pendency of small scale fading. The model is based on eIec-UWB large scale fading model, the frequency dependency
tromagnetic diffraction mechanism, which is a major factor of h b identified f h ' lculati H f
frequency dependent fading in UWB systems, geometric theory as been | em! e 9r pa.t 0ss ca C,u atlon. owever, tor
of diffraction, and scattering center analysis. The statistical Small scale fading, diffraction mechanism still needs to be
distribution of model parameters can be easily estimated for any considered for causing frequency dependency effect in order
site specific measurements. The Intel channel measurements [14lio obtain more accurate models.
are used to demonstrate the effectiveness and robustness of the In this paper, focusing on small-scale fading, a parametric

novel model. : .
Index Terms— Ultra-Wideband, Channel Model, Frequency UWB channel model, incorporating frequency dependency

Dependency, Geometrical Theory of Diffraction (GTD), Turin Of each ray, is proposed. Both traditional Turin [12-13] and
Model novel UWB channel models are thoroughly described. We also
employ efficient subspace-based methods [17] to reconstruct
. INTRODUCTION the channel from practical measurements. Compared with
LTRA-Wideband (UWB) technology is rapidly shaping1;f.r"’l(j't'()r'aI models, the prpposed modtlal-gw-es much better
. . . it to measured data. This model, originating from GTD
up as a potential solution to a variety of short-rangg . o . o
: o ased scattering analysis, is also more suitable for estimating
problems, such as accurate ranging and positioning as wellfraes uency dependence coefficients
indoor wireless networks [1-3]. However, ultra-wideband na- q y dep '
ture of UWB signal brings new challenges both in the analysi$. UWB TRADITIONAL SMALL SCALE CHANNEL MODEL
and practice of reliable systems. One of the key challenges isthe time-invariant impulse response of a UWB multipath
to build reliable UWB channel models for helping to predicfading channel can be written as:
system performance as well as optimize the physical layer
design. Because of ultra-wideband nature of UWB signal, L 0,
the UWB channel is regarded as frequency selective. Most h(t) = Z‘Ws(f —T)e 1)
proposed models [4-10] are simply a extensions of wideband . .[:1 . _ _
impulse response model [11], a stationary linear filter [12-13)heret is the observation time, is the number of multipath
However, based on the measurements from various workig@mponentsf{a,, 7;,0,} are the random amplitude, arrival-
environments [14], UWB channel has a distinct characteristigme, and phase sequence of each path respectively and
the physical environment has a much more significant impdbe Dirac delta function. Furthermore, all unknown parameters,
on the time dispersive nature of the channel than in distandes, 7¢, 0}, can be estimated using an efficient closed-form
Unfortunately, traditional statistical simulation models can ngplution if we consider the problem in the frequency domain.
be easily changed for different environments and often requiset H (w) denote the Fourier transform éfz):
further measurements; moreover, reconstruction results show I
that traditional channel models prc_)duce large error (more than H(w) = Zaée—jwn. @)
15%) at each frequency point as signal bandwidth increases to Pt

Hz. Originating from UWB radar ring analysis, w . .
6 G Originating from U adar scattering analysis, Rlow, the unknown time delays appear as complex frequencies
believe that such large errors are caused because frequenﬁ}fe propagation coefficients appear as unknown weights
dependency is not included in traditional models [15-16 L . S
Fr: uenc 3(/je endency is a site-specific information [resultinherefore’ by considering the frequency domain representation

q y dep Y P 09 UWB channel, we have converted the problem of estimat-
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Then, the modelling of the UWB wireless channel reduces to the origin. The field strength at locatiencan be described

find statistical distribution for each parameter, which greatlyy

depends on physical environment. A large number of mea-

surement campaigns and channel modelling efforts have b

carried out to characterize the UWB channel; and many kin

of parameter distribution with different values have bee

proposed until now. Among these models, the well-know

Saleh-Valenzuela (S-V) indoor channel model [18] has be

modified and adopted by IEEE 802.15.3a standard [14].

the S-V model, multipath components arrive at the receiver ...

groups (clusters). Both cluster arrivals and subsequent arrivals

within each cluster are Poisson distributed. The amplitude

of each ray are assumed to have independent log-normal

distribution. o . - E(E) — Eoe—jkz'r (3)
However, the distinct disadvantage of this type of models

is that they are not easy to change for different environmenerek = 2/, or k = w/c, is the wavenumber; = v/—1,

in which various kinds of UWB devices will be operating/ is the wavelengtty; is the speed of wave propagation afigl

as no environmental specific parameters are incorporatisdthe field strength at the origin. From the geometrical theory

Further measurements are also required to obtain accuritdliffraction [19], when the wavelength is small compared

parameter distributions. Moreover, reconstruction results sh#th the object, the backscattered field at a pgimppears like

that traditional channel models produce larger erigi( 1) @ set of discrete scattering centers and can be approximated

Backscatter
rm
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v

Fig. 1. Physical mechanism of radio propagation

as signal bandwidth increases to 6GHz. by
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Our aim is to develop a novel UWB channel model t@uherer,, is the location of thenth scattering center, ant,, x
categorize real environments into several classes and extigc4 frequency dependent factor determined by the scattering
the relevant parameters in direct comparison with measurg@@chanism. Here the approximatipn—z - rp,| = y is made
data. Originating from radar scattering analysis, we build |8 assuming farfield backscatter.
new model by incorporating frequency dependency of the From radar scattering analysis [15-16], among three typical
individual rays as an input. Frequency-dependency, arisigbpagation mechanisms: line of sight (LOS), reflection, and
from electromagnetic diffraction mechanism, causes the fiedgraction, only diffraction causes the strength to be frequency
strength to vary with the frequency in each ray [15-16]. F@jependent. Moreover, the GTD predicts the scattering follows
narrowband signals, the frequency-dependent features of e%a frequency dependency, whetds an integer multiple of

individual ray path are small and become negligible. However/2, Hence, the field strength for wavenumiaeis represented
when it comes to broadband systems, especially UWB, the ftg; the following model:

guency dependent feature should be considered. Unfortunately,

none of rays in Turin’s model has frequency dependence. The M k ,
i : E(k) =) Am(j-)me 7] (5)
physics of frequency dependence and Geometric Theory of m Jk:o ‘
Diffraction (GTD) based UWB channel model are introduced m=1
below. Here, k is the lowest wavenumber; the frequency dependence
factora,,, is determined by the geometric configurations of the

A. Physical Mechanism of Channel Modelling objects as listed in Table 1. Note that,| = z - ry,, which

In this section, we introduce one of the mechanism causifityf©> the range of all scatters with respect t0 a zero-phase

Sference.
The model parameter§A,,, o, rm} characterize thel/
inidual scattering centers. Especially, in [20], the frequency

the frequency dependency of the individual path by investigai
ing the electromagnetic wave propagation. Now, to character

ize the radio propagation, we consider a general environmé d factor in (5) i d for ch | modelling. Th

of multiple reflections, transmissions, and diffractions (Fi ‘ependence fac orin (5) is used for channel modelling. There-
1). Here we assume that all scatters are located in a cir fre, by ”"%‘C”?g the_frequency depenfjence of each ray, we can
or close to the scattering origin. Let the incident field on agﬁt more insights into the propagation features of a specific
object, located onm, is due to a plan wave transmitting in the® annel.

+z direction, where+z denotes an unit vector with respecB. GTD-based Modified UWB channel model

1 . - _ Now, to better characterize the ray path, we propose a modi-
In reconstruction stage, both original and reconstructed channel impu

e - .
responses are normalized for comparison. 15% errors means that thereﬁgrg model to incorporate the frequency dept_andency described
0.15 units difference at each frequency point. above. As wavenumbet = w/¢, the modified model has



Physical Mechanism Frequency Dependence

Factora frequency spacing of 3.75MHz. Processing has already been

Line of Sight 0 performed on this data to isolate channel response from any

Reflection 0 other component in the system, such as gain stages, cabling,
Diffraction from smooth or flat surface 0 antennas. etc
Diffraction by edge -0.5 ' )

Diffraction by Corner or tip -1 B. Channel Reconstruction Results
Diffraction by Axial Cylinder Face +0.5 . .
Diffraction by Broadside of a Cylindet 1 The channel reconstruction is performed ©@GHz band-
TABLE | width and compared with original channel frequency impulse

response, as shown in Figure 2-3. According to figures, it is
shown that the traditional Turin model produces larger de-
viation between reconstructed and original impulse response.
Moreover, in Figure 3 , we see that the GTD modified model
frequency dependence factar/w,)®, whereuwy is the lowest could give good fit for both low and high frequency parts.
angular frequency. Note hete /w)®, instead ofw?®, is used It is concluded that novel model could give faster and more
to account for frequency dependence effect. This is beca@sgurate fit for high frequency UWB systems.
according to practical measurements, frequency dependencv
jUSt has a ||tt|e impact on channel impulse response_ Moreov . 2-8GHz U\.NB System IChanneI Reclonstruction Il?esults by Tflrin Model
the frequency dependence coefficientéor each ray, rely on '
ray path physical mechanisms like diffraction, reflection, ar
LOS, and geometric configurations.

Therefore, we write the impulse response of the modifie
multipath fading channel in the frequency domain as:

PHYSICAL MECHANISM VERSUSFREQUENCY DEPENDENCEw® [19]

=== Original Channel Impulse Response
Channel Reconstruction from Turin Model

L
w Qp g
H(w) = ag(—) eIV 6
(w) = ae() (6)
=1
where L versions of the transmitted signal are assumed to
received,{as, 7o} are still the random amplitude and the time
delay of each ray. Frequency dependeficéw,)* of common
value have been listed in Table 1. Note that for narrowbai i ; ; : : ;
systems, the frequency dependency can be neglectad,igs 2 3 4 5 B 7 8
. frequency (Hz) 109
close towy, thus the frequency dependence factor is alwa, _ *
equal to 1. _ . .
. . . Fig. 2. 6 GHz UWB channel reconstruction results from Turin Model
For a given environment, a set of channel sounding measure-
ments can be used with any efficient subspace-based method
to estimate parametel{&g, ey, Tf}' In this paper, we use Intel 2-8GHz UWE Systermn Channel Reconstruction Results by GTD based UWB Channel Madel
measurements [14] to resolve these parameters as an exan 5 ; — ' :
Th t ti It h that GTD b d difi ; === 0riginal Channel Impulse Response
€ reC(:)nS ruction results show at our .ase mo m Channel Reconstruction from Modified Model
model gives good results for channel reconstruction, with err ; ; g 5 :
Of IeSS than 10%. ol s .............. ......... ............

Magnitude Response (dB)

IV. EXAMPLE: CHANNEL RECONSTRUCTION AND
COMPARISON

A. Methodology o)

In this section, we use well studied high-resolution harmon
retrieval methods to obtain estimation for the unknown parar
eters of both UWB channel models: (i) Turin and (i) GTC 0

Magnitude Response (dB)

] LR i

based modified models. In the following, we will adopt th B D T SR e UL L —_—
subspace-based approach [17] to estimate the Turin and G . : : :

based modified models, and show that it is possible to obt: 5 3 4 5 5 7 B
high-resolution estimates of all the relevant parameters. T frequency (Hz) x10°

algorithms are described in Appendix . _ _

Intel research measuremertﬂﬂw) from 2-8 GHz in resi- ||~:nlgdg| 6 GHz UWB channel reconstruction results from GTD based channel
dential environments will be used as channel impulse response
in frequency domain [14]. The measurements are taken within order to make the comparison more clear, the difference

1601 samples for frequency between 2 and 8 GHz, withb&tween reconstructed and original channel impulse response



at each frequency point is shown in Figure 4 for comparis@f z. Irahhauten, H. Nikookar, and G. J. M. Janssen, “An Overview of

Of these two models In townhouse envuﬁonment' Note that Ultra Wide Band Indoor Channel Measurements and MOdellﬂf]EE
Microwve and Wireless Componnets Lettersl. 14, no. 8, 2004.
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Turin model and GTD based model. From the reconstruction Radio ChannelsEEE VTS 51st Vehicular Technology Conferenas.

results, it can be seen that the novel UWB channel model with 3. Pp- 2487-2491, Spring 2000.
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band Systems and Technolpgy. 75-79, May. 2002.
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Error between reconstructed and original channel impulse response

APPENDIX
Fig. 4. UWB channel reconstruction error comparison via increasing Subspace-based Method

bandwidth From the set of sampledi(q) (Intel's measurements),
the channel impulse response in frequency domain can be
V. CONCLUSION expressed as:
A new theoretical framework for UWB channel modelling is H(q) = H(wg + ¢ * ws) @)

established based on physical mechanism of wave propaga tews = B/Q — 1,4 = 0,1,..,Q — 1, wy is the lowest

at different frequencies. A novel GTD based modified UW requency in the whole bandwidths, is the frequency spacing

channel model is proposeq. Dug to the |mp.roved' frequentgyeach sampling@ is the total sampling points. While in our
dependency of the model, it provides better fit to site SPeCillt. - nnel reconstruction exampley, — 2 GHz, w, — 3.75
data compared with traditional models. MHz, andQ = 1601.

A. Channel Reconstruction by Turin Model
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[3] M. Ho, L. Taylor, and G. R. Aiello, “UWB technology for wireless H () = Zafe Jlwotawa)me 4 N(q) = Zage JT £ N (q).
video networking,”International Conference on Consumer Electronics /=1 /=1
Los Angeles, CA, pp. 18-19, June 2001. (8)
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Note that White Gaussian NoiséV(q)) is considered here B. Channel Reconstruction by Modified Channel Model

for channel reconstruction. Then, the sub-space techniqueg, the modified UWB channel model with frequency depen-

could be employed to estimate unknown parameters, tif§gnce, the same set of samples can be expressed as:
delay r, and path amplitude:,. Applying such techniques

to UWB systems would be possible and efficient by avoiding I
explicit computation of the covariance matrix. The algorithm H(q) = Zae(wo + qus ) e=dTwsTe 4 N (g). (16)
is summarized as follows. wo

1. Given the set of coefficient®(¢), construct a Hankel
data matrixH, of size P« V, whereP,V > L,

=1

As shown in Section lll.Agy is an integer multiple of 1/2.
Therefore (16) can be written as:

H,(0)  H,(1) .. Hy(V-1) L (R-1)/2

— wo + qws —7/2 —jquwsT,

ho_ | HO HE@ . HW) L H@=YD Y G )T R TITN (),

£=1r=—(R-1)/2

H (P—-1) HyP) .. H(P+V —2) _ _ _ an
(9) Here, R is an even integer. Obviously, we can use modified
2. Compute the singular value decompositionZhf subspace-based method to estimate unknown parameters. The
algorithm is concluded as follows:
H,=U AN VE +U, N, VE (10) 1. Given the set of coefficient& (¢), construct a Hankel

data matrixH, of size P x Q, where P,V > L, same as (9).
where the columns df, andV, are L principle left and right 2. Compute the singular value decomposition/hf
singular vectors ofi, respectively. AndJ,, A, andV; are

Hy=U A VE + U, A, VE (18)
1 1 1 1 1 where the columns of/; and V; are RL principle left and
2 Z 2 e 2p right singular vecto_rs off; respectively. _
Us = (11) 3. Estimate the signal poles = ¢~9*=™ by computing the
L1 P11 Pl LP-1 eigenvalues of a matri¥, defined as
1 2 3 L
Z=U/T.. (19)
Ns = diag(a162a3...a1) 12 \while in the noiseless case, we can fifL signal poles,
each of multiplicity L; in the presence of noise it is desirable
1 1 L1 1 to estimate the time delays frot roots of H(z) which are
V, = 1 22 23 e AL _ (13) closest to the unit circle.
) 4. Solve the coefficientsy, and R (or «y), by solving the
V-1 V-1 V-1 V-1 i i
Z1 ) 23 e AL system of least-square equation, that is
3. Estimate the signal poleg = e¢~7“s™ by computing the L (R—1)/2
eigenvalues of a matrig H(o) — Wi+ qQWs \—rj2_—jqu.r
@=>_ > Cul o) e +N(q)
=1 r=—(R—1)/2
Z=UT, (14) (20)

by fitting the L exponentialss=7*<™ to the data set.

where (-), () denote the operating of omitting the first and
the last row of(-) respectively; and-)* denotes the pseudo
inverse of(-). Obviously, in the absence of noise, the signal
poles can be perfectly estimated , in the presence of noise it
is possible to estimate the time delays frdnroots of H(z)
which are closest to the unit circle.

4. Find the coefficients; from the Vandermonde system,
that is

L

Ha(g) = > e 77 4 N(q) (15)
=1

by fitting the L exponentialss=7*+™ to the data set.





