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Abstract— This paper presents a novel parametric Ultra-
wideband (UWB) channel model to characterize frequency de-
pendency of small scale fading. The model is based on elec-
tromagnetic diffraction mechanism, which is a major factor of
frequency dependent fading in UWB systems, geometric theory
of diffraction, and scattering center analysis. The statistical
distribution of model parameters can be easily estimated for any
site specific measurements. The Intel channel measurements [14]
are used to demonstrate the effectiveness and robustness of the
novel model.

Index Terms— Ultra-Wideband, Channel Model, Frequency
Dependency, Geometrical Theory of Diffraction (GTD), Turin
Model

I. I NTRODUCTION

ULTRA-Wideband (UWB) technology is rapidly shaping
up as a potential solution to a variety of short-range

problems, such as accurate ranging and positioning as well as
indoor wireless networks [1-3]. However, ultra-wideband na-
ture of UWB signal brings new challenges both in the analysis
and practice of reliable systems. One of the key challenges is
to build reliable UWB channel models for helping to predict
system performance as well as optimize the physical layer
design. Because of ultra-wideband nature of UWB signal,
the UWB channel is regarded as frequency selective. Most
proposed models [4-10] are simply a extensions of wideband
impulse response model [11], a stationary linear filter [12-13].
However, based on the measurements from various working
environments [14], UWB channel has a distinct characteristic:
the physical environment has a much more significant impact
on the time dispersive nature of the channel than in distance.
Unfortunately, traditional statistical simulation models can not
be easily changed for different environments and often require
further measurements; moreover, reconstruction results show
that traditional channel models produce large error (more than
15%) at each frequency point as signal bandwidth increases to
6 GHz. Originating from UWB radar scattering analysis, we
believe that such large errors are caused because frequency
dependency is not included in traditional models [15-16].
Frequency dependency is a site-specific information resulting
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from electromagnetic diffraction mechanism and causing the
field strength to vary with the frequency in each ray. In the
UWB large scale fading model, the frequency dependency
has been identified for path loss calculation. However, for
small scale fading, diffraction mechanism still needs to be
considered for causing frequency dependency effect in order
to obtain more accurate models.

In this paper, focusing on small-scale fading, a parametric
UWB channel model, incorporating frequency dependency
of each ray, is proposed. Both traditional Turin [12-13] and
novel UWB channel models are thoroughly described. We also
employ efficient subspace-based methods [17] to reconstruct
the channel from practical measurements. Compared with
traditional models, the proposed model gives much better
fit to measured data. This model, originating from GTD
based scattering analysis, is also more suitable for estimating
frequency dependence coefficients.

II. UWB T RADITIONAL SMALL SCALE CHANNEL MODEL

The time-invariant impulse response of a UWB multipath
fading channel can be written as:

h(t) =
L∑

`=1

a`δ(t− τ`)ejθ` (1)

wheret is the observation time,L is the number of multipath
components,{a`, τ`, θ`} are the random amplitude, arrival-
time, and phase sequence of each path respectively andδ is
the Dirac delta function. Furthermore, all unknown parameters,
{a`, τ`, θ`}, can be estimated using an efficient closed-form
solution if we consider the problem in the frequency domain.
Let H(w) denote the Fourier transform ofh(t):

H(w) =
L∑

`=1

a`e
−jwτ` . (2)

Now, the unknown time delays appear as complex frequencies
while propagation coefficients appear as unknown weights.
Therefore, by considering the frequency domain representation
of UWB channel, we have converted the problem of estimat-
ing the unknown channel parameters into classical harmonic
retrieval problem, which is commonly encountered in spectral
estimation.

Model (1) and (2) are known as the Turin model [12-
13], which is widely adopted for UWB channel modelling.



Then, the modelling of the UWB wireless channel reduces to
find statistical distribution for each parameter, which greatly
depends on physical environment. A large number of mea-
surement campaigns and channel modelling efforts have been
carried out to characterize the UWB channel; and many kinds
of parameter distribution with different values have been
proposed until now. Among these models, the well-known
Saleh-Valenzuela (S-V) indoor channel model [18] has been
modified and adopted by IEEE 802.15.3a standard [14]. In
the S-V model, multipath components arrive at the receiver in
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.

However, the distinct disadvantage of this type of models
is that they are not easy to change for different environments
in which various kinds of UWB devices will be operating,
as no environmental specific parameters are incorporated.
Further measurements are also required to obtain accurate
parameter distributions. Moreover, reconstruction results show
that traditional channel models produce larger error (15% 1)
as signal bandwidth increases to 6GHz.

III. PROPOSEDULTRA-WIDEBAND CHANNEL MODEL

WITH FREQUENCYDEPENDENCE

Our aim is to develop a novel UWB channel model to
categorize real environments into several classes and extract
the relevant parameters in direct comparison with measured
data. Originating from radar scattering analysis, we build a
new model by incorporating frequency dependency of the
individual rays as an input. Frequency-dependency, arising
from electromagnetic diffraction mechanism, causes the field
strength to vary with the frequency in each ray [15-16]. For
narrowband signals, the frequency-dependent features of each
individual ray path are small and become negligible. However,
when it comes to broadband systems, especially UWB, the fre-
quency dependent feature should be considered. Unfortunately,
none of rays in Turin’s model has frequency dependence. The
physics of frequency dependence and Geometric Theory of
Diffraction (GTD) based UWB channel model are introduced
below.

A. Physical Mechanism of Channel Modelling

In this section, we introduce one of the mechanism causing
the frequency dependency of the individual path by investigat-
ing the electromagnetic wave propagation. Now, to character-
ize the radio propagation, we consider a general environment
of multiple reflections, transmissions, and diffractions (Fig.
1). Here we assume that all scatters are located in a circle,
or close to the scattering origin. Let the incident field on an
object, located onr, is due to a plan wave transmitting in the
+z direction, where+z denotes an unit vector with respect

1In reconstruction stage, both original and reconstructed channel impulse
responses are normalized for comparison. 15% errors means that there are
0.15 units difference at each frequency point.

to the origin. The field strength at locationr can be described
by

Fig. 1. Physical mechanism of radio propagation

E(r) = E0e
−jkz·r (3)

wherek = 2π/λ, or k = w/c, is the wavenumber,j =
√
−1,

λ is the wavelength,c is the speed of wave propagation andE0

is the field strength at the origin. From the geometrical theory
of diffraction [19], when the wavelength is small compared
with the object, the backscattered field at a pointy appears like
a set of discrete scattering centers and can be approximated
by

E(k, y) ≈ E0

|y|
ejky

M∑
m=1

φm,ke−j2kz·rm (4)

whererm is the location of themth scattering center, andφm,k

is a frequency dependent factor determined by the scattering
mechanism. Here the approximation|y− z · rm| = y is made
by assuming farfield backscatter.

From radar scattering analysis [15-16], among three typical
propagation mechanisms: line of sight (LOS), reflection, and
diffraction, only diffraction causes the strength to be frequency
dependent. Moreover, the GTD predicts the scattering follows
(jk)α frequency dependency, whereα is an integer multiple of
1/2. Hence, the field strength for wavenumberk is represented
by the following model:

E(k) =
M∑

m=1

Am(j
k

k0
)αme−j2k|rm|. (5)

Here,k0 is the lowest wavenumber; the frequency dependence
factorαm is determined by the geometric configurations of the
objects as listed in Table 1. Note that|rm| = z · rm, which
gives the range of all scatters with respect to a zero-phase
reference.

The model parameters{Am, αm, rm} characterize theM
individual scattering centers. Especially, in [20], the frequency
dependence factor in (5) is used for channel modelling. There-
fore, by tracing the frequency dependence of each ray, we can
get more insights into the propagation features of a specific
channel.

B. GTD-based Modified UWB channel model

Now, to better characterize the ray path, we propose a modi-
fied model to incorporate the frequency dependency described
above. As wavenumberk = w/c, the modified model has



Physical Mechanism Frequency Dependence
Factorα

Line of Sight 0
Reflection 0

Diffraction from smooth or flat surface 0
Diffraction by edge -0.5

Diffraction by Corner or tip -1
Diffraction by Axial Cylinder Face +0.5

Diffraction by Broadside of a Cylinder +1

TABLE I

PHYSICAL MECHANISM VERSUSFREQUENCYDEPENDENCEwα [19]

frequency dependence factor(w/w0)α, wherew0 is the lowest
angular frequency. Note here(w/w0)α, instead ofwα, is used
to account for frequency dependence effect. This is because
according to practical measurements, frequency dependency
just has a little impact on channel impulse response. Moreover,
the frequency dependence coefficientsα for each ray, rely on
ray path physical mechanisms like diffraction, reflection, and
LOS, and geometric configurations.

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

H(w) =
L∑

`=1

a`

( w

w0

)α`e−jwτ` (6)

whereL versions of the transmitted signal are assumed to be
received,{a`, τ`} are still the random amplitude and the time
delay of each ray. Frequency dependence(w/w0)α of common
value have been listed in Table 1. Note that for narrowband
systems, the frequency dependency can be neglected, asw is
close tow0, thus the frequency dependence factor is always
equal to 1.

For a given environment, a set of channel sounding measure-
ments can be used with any efficient subspace-based method
to estimate parameters{a`, α`, τ`}. In this paper, we use Intel
measurements [14] to resolve these parameters as an example.
The reconstruction results show that our GTD based modified
model gives good results for channel reconstruction, with error
of less than 10%.

IV. EXAMPLE : CHANNEL RECONSTRUCTION AND

COMPARISON

A. Methodology

In this section, we use well studied high-resolution harmonic
retrieval methods to obtain estimation for the unknown param-
eters of both UWB channel models: (i) Turin and (ii) GTD
based modified models. In the following, we will adopt the
subspace-based approach [17] to estimate the Turin and GTD
based modified models, and show that it is possible to obtain
high-resolution estimates of all the relevant parameters. The
algorithms are described in Appendix .

Intel research measurementsH(w) from 2-8 GHz in resi-
dential environments will be used as channel impulse response
in frequency domain [14]. The measurements are taken with
1601 samples for frequency between 2 and 8 GHz, with a

frequency spacing of 3.75MHz. Processing has already been
performed on this data to isolate channel response from any
other component in the system, such as gain stages, cabling,
antennas, etc.

B. Channel Reconstruction Results

The channel reconstruction is performed on6 GHz band-
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
could give good fit for both low and high frequency parts.
It is concluded that novel model could give faster and more
accurate fit for high frequency UWB systems.

Fig. 2. 6 GHz UWB channel reconstruction results from Turin Model

Fig. 3. 6 GHz UWB channel reconstruction results from GTD based channel
model

In order to make the comparison more clear, the difference
between reconstructed and original channel impulse response



at each frequency point is shown in Figure 4 for comparison
of these two models in townhouse environment. Note that
according to above algorithms, we have 354 multipaths for
Turin model and GTD based model. From the reconstruction
results, it can be seen that the novel UWB channel model with
frequency dependence provides much more accurate fit (with
error less than10% for 6GHz bandwidth). The traditional
Turin model could give good fit to narrowband (with error
of 0.8e−13% for 750MHz bandwidth); but, when it comes
to super wideband, there are significant error (for example,
more than16% for 6GHz bandwidth) between reconstructed
and original channel impulse response. This results prove that
frequency dependence needs to be considered for large band-
width. Furthermore, considering office environments, quite
similar results are shown when more number of multipaths
are considered; in our cases, we have 535 multipaths.

Furthermore, from the reconstruction results, we observed
that most paths undertake line-of-sight or reflection, which is
frequency independent (α = 0), or one time diffraction (α =
−1/2). This result is very reasonable in indoor environment.

Fig. 4. UWB channel reconstruction error comparison via increasing
bandwidth

V. CONCLUSION

A new theoretical framework for UWB channel modelling is
established based on physical mechanism of wave propagation
at different frequencies. A novel GTD based modified UWB
channel model is proposed. Due to the improved frequency
dependency of the model, it provides better fit to site specific
data compared with traditional models.
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APPENDIX

Subspace-based Method
From the set of samplesH(q) (Intel’s measurements),

the channel impulse response in frequency domain can be
expressed as:

H(q) = H(w0 + q ∗ ws) (7)

wherews = B/Q − 1, q = 0, 1, ..., Q − 1, w0 is the lowest
frequency in the whole bandwidth,ws is the frequency spacing
of each sampling.Q is the total sampling points. While in our
channel reconstruction example,w0 = 2 GHz, ws = 3.75
MHz, andQ = 1601.

A. Channel Reconstruction by Turin Model

From Turin model, the samples ofH(q) can be expressed
as a sum of complex exponential.

H(q) =
L∑

`=1

a`e
−j(w0+qws)τ` + N(q) =

L∑
`=1

ã`e
−jqwsτ`+N(q).

(8)



Note that White Gaussian Noise (N(q)) is considered here
for channel reconstruction. Then, the sub-space techniques
could be employed to estimate unknown parameters, time
delay τ` and path amplitudea`. Applying such techniques
to UWB systems would be possible and efficient by avoiding
explicit computation of the covariance matrix. The algorithm
is summarized as follows.

1. Given the set of coefficientsH(q), construct a Hankel
data matrixHs of sizeP ∗ V , whereP, V > L,

Hs =


Hs(0) Hs(1) ... Hs(V − 1)
Hs(1) Hs(2) ... Hs(V )

...
Hs(P − 1) Hs(P ) ... Hs(P + V − 2)

 .

(9)
2. Compute the singular value decomposition ofHs

Hs = Us ∧s V H
s + Un ∧n V H

n (10)

where the columns ofUs andVs areL principle left and right
singular vectors ofHs respectively. AndUs, ∧s andVs are

Us =


1 1 1 1 1
z1 z2 z3 ... zL

...

zP−1
1 zP−1

2 zP−1
3 ... zP−1

L

 (11)

∧s = diag(ã1ã2ã3...ãL) (12)

Vs =


1 1 1 1 1
z1 z2 z3 ... zL

...

zV −1
1 zV −1

2 zV −1
3 ... zV −1

L

 . (13)

3. Estimate the signal polesz` = e−jwsτ` by computing the
eigenvalues of a matrixZ

Z = U+
s Us (14)

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 fromL roots ofH(z)
which are closest to the unit circle.

4. Find the coefficients̃al from the Vandermonde system,
that is

Hs(q) =
L∑

`=1

ã`e
−jqwsτ` + N(q) (15)

by fitting theL exponentialse−jwsτl to the data set.

B. Channel Reconstruction by Modified Channel Model

In the modified UWB channel model with frequency depen-
dence, the same set of samples can be expressed as:

H(q) =
L∑

`=1

a`(
w0 + qws

w0
)α`e−jqwsτ` + N(q). (16)

As shown in Section III.A,α` is an integer multiple of 1/2.
Therefore (16) can be written as:

H(q) =
L∑

`=1

(R−1)/2∑
r=−(R−1)/2

C`,r(
w0 + qws

w0
)−r/2e−jqwsτ`+N(q).

(17)
Here, R is an even integer. Obviously, we can use modified
subspace-based method to estimate unknown parameters. The
algorithm is concluded as follows:

1. Given the set of coefficientsH(q), construct a Hankel
data matrixHs of sizeP ∗Q, whereP, V > L, same as (9).

2. Compute the singular value decomposition ofHs

Hs = Us ∧s V H
s + Un ∧n V H

n (18)

where the columns ofUs and Vs are RL principle left and
right singular vectors ofHs respectively.

3. Estimate the signal polesz` = e−jwsτ` by computing the
eigenvalues of a matrixZ, defined as

Z = U+
s Us. (19)

While in the noiseless case, we can findRL signal poles,
each of multiplicityL; in the presence of noise it is desirable
to estimate the time delays fromL roots of H(z) which are
closest to the unit circle.

4. Solve the coefficients,a` andR (or α`), by solving the
system of least-square equation, that is

H(q) =
L∑

l=1

(R−1)/2∑
r=−(R−1)/2

Cl,r(
wl + qws

wl
)−r/2e−jqwsτl +N(q)

(20)
by fitting theL exponentialse−jwsτl to the data set.




