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Frequency Dependence of Fading Statistics for Ultrawideband Systems
Wasim Q. Malik, Member, IEEE, David J. Edwards, and Christopher J. Stevens

Abstract— The variation of channel fading and dispersion
statistics between the ultrawideband (UWB) channel subbands
is characterized experimentally. Within the FCC-allocated UWB
frequency range (3.1–10.6 GHz), the multipath characteristics
in various subbands are found to be highly dissimilar. It is
demonstrated that the higher subbands suffer greater attenua-
tion, and the rms delay spread varies significantly with the center
frequency. The impact of this variation on multiband-OFDM
UWB system performance is evaluated, and a large performance
variation across the band is reported.

Index Terms— Channel characterization, frequency-selective,
multiband OFDM (MB-OFDM), ultrawideband (UWB).

I. INTRODUCTION

ULTRAWIDEBAND (UWB) technology is a key con-
tender for a range of wireless applications such as

multimedia communications, sensor localization, radars and
imaging systems [1]. The design of a reliable UWB com-
munications system depends on the accurate characterization
of the propagation channel, which determines the limits on
the achievable throughput and coverage range. Several UWB
propagation studies have been reported recently (see [2] for
a good overview). These studies, however, treat the entire
frequency band as a whole, providing little insight into the
frequency-dependent effects at the subband level. The consid-
eration can be significant, as the operating frequency influ-
ences transmission through objects, diffraction and scattering
[3], [4]. System components such as antennas, amplifiers, and
filters also contribute to the link frequency selectivity [5]. At
the receiver, these effects jointly influence the multipath pro-
file, and in turn the channel fading statistics such as pathloss
and delay spread, creating the possibility of some performance
variation between subbands. Increasing interest in multiband
UWB technologies, such as multiband orthogonal frequency
division multiplexing (MB-OFDM), soft-spectrum adaptation,
and orthogonal pulse waveform design, further presents the
need for frequency-dependent propagation analysis. This in-
formation can be used to adapt a system to the environment
for optimal performance by pre- or post-compensation using
flexible spectral control techniques such as cognitive radio.

Based on this motivation, this work evaluates the de-
pendence of the channel statistics on the operating center
frequency within the UWB band. The measured UWB signal
spectrum is partitioned into a number of subbands, and the
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corresponding pathloss variation and dispersion is character-
ized statistically. The impact of frequency-dependent channel
statistics on system design and performance is illustrated
with MB-OFDM system simulation results obtained using
measured channel responses. The scope of this letter is re-
stricted to highlighting the impact of a shortcoming in existing
approaches to UWB channel characterization and system mod-
eling. Detailed subband-level channel characterization based
on extensive measurement campaigns is therefore left as a
future exercise. The next section describes the procedure for
conducting the channel measurements used in this work.

II. EXPERIMENTAL CONFIGURATION

Coherent channel sounding was performed using a vector
network analyzer (VNA) in an indoor office environment.
The FCC-approved 7.5 GHz wide frequency range between
fl = 3.1 GHz and fh = 10.6 GHz was sounded at nf = 1601
discrete, uniformly-spaced frequency points, with frequency
resolution Δf = (fh − fl)/(nf − 1) ≈ 4.7 MHz. The
equipment, including the VNA, cables, connectors and a low-
noise amplifier, was calibrated to remove frequency-dependent
attenuation and phase distortion prior to the measurement.
Discone antennas, with omni-directional radiation patterns,
were used at both ends (for details on the construction of
the antennas, see [5]). The antennas were vertically polarized
and positioned at a height of 1.5 m above the ground.

The propagation environment consisted of a 6 m × 6 m
room with block walls, glass windows and several metal-
lic objects of various sizes, providing a rich scattering en-
vironment. Line-of-sight (LOS) and obstructed-line-of-sight
(OLOS) scenarios were measured within the room; the block-
age for the latter was created by placing a large, grounded
aluminum sheet in the direct propagation path. The receiving
antenna was mounted on a computer-controlled positioning
arm and translated on a horizontal grid over 1 m2 to measure
the local variation. The transmitting antenna was fixed at
a location 4.5 m away from the center of the grid. The
channel measurement was conducted at 100 positions along
each dimension of the receiving grid, with individual positions
Δx = 0.01 m apart in each direction, yielding nx = 10 000
channel responses for each propagation scenario.

III. CHANNEL DATA ANALYSIS

The complex channel transfer function (CTF) measured at
the xth receiver location can be expressed mathematically as

Hx(f) =
nf∑
k=1

Ax,ke
jψx,kδ(f − kΔf), fl ≤ f ≤ fh,

where Ax,k and ψx,k are the magnitude and phase responses
at the kth frequency component.
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The complex impulse response (CIR) of the channel is
obtained from Hx(f) using the inverse discrete Fourier trans-
form. Based on the measurement dynamic range and inspec-
tion of the received signals, the noise threshold is set at 25 dB
below the strongest multipath component (MPC) in order to
remove the noise and residual signal from further processing.
The resulting CIR, after the removal of the propagation delay,
is given by

hx(τ) =
N−1∑
n=0

ax,ne
jφx,nδ(τ − nΔτ),

where ax,n and φx,n are the magnitude and phase responses
in the nth time-bin, τ represents the time delay with respect
to the direct path, Δτ = (fh − fl)−1 is the time-resolution,
N = τmax/Δτ is the number of discrete time-bins in the CIR,
and τmax is the maximum excess delay defined in Sec. IV. To
extract the multipath gain and delay parameters characterized
in the subsequent analysis, the resolvable MPCs are identified
from the instantaneous power delay profile (PDP),

px(τ) = |hx(τ)|2 =
N−1∑
n=0

a2
x,nδ(τ − nΔτ),

through local maxima detection.
For the investigation of frequency-dependent small-scale

fade variation, the UWB spectrum is divided into subbands
b = {1, ..., 5}, each 1.5 GHz wide. The subbands, each of
length (nf − 1)/5 now, are zero-padded to restore the length
for fair comparison. If fb,l and fb,h refer to the low- and high-
frequency boundaries of subband b, its transfer function is

Hx,b(f) =
{
Hx(f), if fb,l ≤ f ≤ fb,h
0, otherwise.

Note that the discrete representation of Hx,b(f) now also
contains nf points and Δτ is maintained. The subband CIR,

hx,b(τ) =
N−1∑
n=0

αx,b,ne
jφx,b,nδ(τ − nΔτ), (1)

is calculated using the Fourier relation, where αx,b,n and
φx,b,n are the magnitude and phase responses at the respective
frequency components in the bth subband.

As a representative example, Fig. 1 shows the subband CIRs
for the measured LOS channel at one location. The CIRs are
remarkably dissimilar, as evident from inspection, in terms of
the multipath amplitudes and delays, establishing the strong
dependence of the channel response on the frequency subband.
It also illustrates that not all MPCs contain the full frequency
content, a situation that can affect UWB link performance
significantly. With this preliminary evidence, the next section
quantifies the dependence of the channel response on the
center frequency in terms of the fading statistics.

IV. CHANNEL STATISTICS

For each measurement point, the subband fading statistics
are derived using the absolute noise level of the corresponding
full-band CIR as the threshold. The characterization of the
subband pathloss, delay spread and multipath, using their first
order statistics, is undertaken in this section.
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Fig. 1. The complex impulse responses of (CIRs) for the LOS UWB channel
subbands obtained from a single measured full-band channel transfer function.
The time delay is with reference to the first arrival in the full-band CIR, and
the powers are normalized to the full-band CIR’s peak power.

A. Pathloss Variation

The pathloss determines the mean received power and thus
affects the link budget and link quality. Accurate pathloss char-
acterization is especially important for power-limited UWB
systems that typically operate at low SNR. The pathloss depen-
dence on frequency f arises primarily from the antenna power
density and gain variation with f [5]. Additionally, frequency-
selective physical propagation phenomena such as diffrac-
tion, scattering and material properties can cause frequency-
dependent pathloss [2], [6]. In a frequency-selective channel,
pathloss can be expressed using the general form

PL[dB](f, d) = PL[dB](f0, d0) + 10n log10

(
d

d0

)

+ 10m log10

(
f

f0

)

where d0 and f0 represent the reference distance and fre-
quency, while n and m denote the distance- and frequency-
dependent pathloss exponents, respectively. The above relation
indicates that the subbands within the UWB frequency range
will experience dissimilar pathloss if m �= 0. In a given
environment, m = 2 + σm for omni-directional antennas,
where σm is a random variable representing a small offset
and spread in m due to propagation effects [6].

To investigate the frequency-dependent pathloss further, the
wideband energy of subband b at location x can be found as

Px,b =
∫ fb,h

fb,l

|Hx(f)|2df =
∫ ∞

−∞
|Hx,b(f)|2df.

The signal energy calculation is actually performed in time
domain after thresholding in order to reduce the effect of noise.
Using the Parseval relation, the subband energy, Px,b, can be
evaluated from the subband PDP, px,b(τ), by the integration of
the multipath energy over the time-dispersed received symbol
duration, τmax. Assuming an optimal receiver, such as an Lb–
finger maximal-ratio combining rake, and using our discrete
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treatment from (1), we can write

Px,b =
τs∑
τ=0

px,b(τ) =
Lb∑
l=1

px,b(l),

where Lb is the number of MPCs in b, and px,b(l) represents
the energy in the lth MPC. The energy in each subband is
normalized with respect to the full-band energy, Px, at that
location, to obtain a reference pathloss figure, so that the
normalized subband energy, representing the subband pathloss,
becomes P ′

x,b = Px,b/Px, where Px =
∑L

l=1 px(l).
Statistical analysis is performed next to obtain the distribu-

tion of P ′
x,b in LOS and OLOS scenarios. From a comparison

of the cumulative distribution functions (CDFs) in Fig. 2, a dif-
ference of up to 10 dB is observed between the mean pathloss
of the highest and lowest subbands, increasing monotonically
with frequency. Table I shows that the pathloss standard devi-
ation also increases in the higher bands. The mean pathloss of
the mid-band range is about 14 dB higher than the full-band
pathloss. This observation indicates the inaccuracy introduced
by approximating the pathloss of the whole band with that
of the center frequency, fc, as assumed in simple channel
models. It emphasizes that the individual pathloss of each
subband must be taken into account during system design.
This characterization thus quantifies the observations of Fig. 1,
where a large power variation for the dominant MPCs across
the subbands is clearly noticeable.

B. Time Dispersion

The time dispersion of a channel can be characterized in
terms of the delay spread, which depends on the location and
composition of scatterers and the overall geometry of the prop-
agation environment. It provides information about the extent
of frequency-selective fading, and limits the highest achievable
data-rate. The delay parameters are extracted directly from the
PDP. We will analyze three of the delay parameters for each
subband, namely the mean excess delay, rms delay spread, and
maximum excess delay [7]. The mean excess delay is defined
as the first central moment of the PDP, i.e.,

τm =
N−1∑
n=0

α2
nτn

(
N−1∑
n=0

α2
n

)−1

,

where τn denotes the delay of the nth MPC. The rms delay
spread is the second central moment of the PDP given by

τrms =
√
τ̄2 − τ2

m.

The maximum excess delay, τmax, is the delay of the last
resolved MPC above the noise threshold, i.e.,

τmax = sup
n
{τn}.

From Fig. 3, there is a variation of 3-4 ns in τrms between
the subbands, while the full-band τrms is consistently larger
than the subband τrms. Table I shows that the subband τm
varies on average by 3-5 ns. The difference in the subband
τmax is 20-25 ns. In the lowest subband, τmax is 10-15 ns
smaller than that in the full-band, and the remaining subbands
follow. The smaller delay spread observed in the higher
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Fig. 2. Cumulative distribution functions (CDFs) of subband pathloss
normalized to the full-band pathloss in (a) LOS and (b) OLOS channels.

subbands is due to greater attenuation, causing the MPCs to
rapidly fall below the PDP threshold. From our measurements,
the variation of these statistics with the center frequency does
not, however, appear to be monotonic. Some of the OLOS
PDPs in the highest subband carry no signal energy, indicated
by a finite probability of the event τmax = 0 in Table I. From
this analysis, we find that the full-band UWB channel cannot
be treated homogeneously for dispersion characterization.

C. Number of Multipath Components

Multipath resolution is an important factor in the small-scale
fading behavior of a channel, as the high multipath resolution
of wideband systems leads to reduced fade depths. The system
bandwidth directly affects the time resolution and thus the
number, L, of individually resolved MPCs. It is important,
therefore, to reiterate that in our analysis, the subbands have
equal bandwidth and differ only in their center frequencies.
Table I lists the first order statistics of the number of MPCs,
Lb, for each subband, and also of L for the full band. The
latter is almost five times greater, on average, due to the
five-fold bandwidth of the full-band channel. The subbands,
however, have progressively decreasing Lb with frequency,
due to dropping power levels and frequency-selective fading as
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TABLE I

THE MEAN FADING AND DISPERSION STATISTICS FOR MEASURED UWB CHANNELS, WITH THE STANDARD DEVIATION SHOWN IN PARENTHESES

Band, GHz
Normalized Pathloss, dB Rms Delay Spread, ns Mean Excess Delay, ns Max. Excess Delay, ns Num. of MPCs

LOS OLOS LOS OLOS LOS OLOS LOS OLOS LOS OLOS

3.1-10.6 0 (0) 0 (0) 7.8 (0.9) 7.7 (1.2) 8.2 (0.9) 10.0 (1.7) 50.6 (6.7) 50.9 (8.2) 90.1 (11.8) 89.8 (16.7)

3.1-4.6 7.2 (0.6) 7.7 (0.8) 7.0 (1.0) 6.6 (1.3) 8.3 (1.0) 8.7 (1.7) 37.8 (5.8) 35.8 (7.0) 30.1 (4.9) 26.7 (6.4)

4.6-6.1 11.5 (0.9) 11.8 (1.1) 6.4 (1.0) 5.9 (1.4) 8.4 (1.2) 9.3 (1.7) 29.4 (6.3) 28.7 (7.6) 20.7 (4.3) 18.8 (5.6)

6.1-7.6 14.7 (1.2) 14.2 (1.4) 4.0 (0.8) 3.8 (1.2) 7.8 (0.7) 5.5 (2.5) 19.5 (4.7) 17.4 (7.1) 12.1 (3.1) 11.8 (4.2)

7.6-9.1 15.9 (1.4) 16.0 (1.6) 3.9 (1.0) 3.4 (1.4) 6.9 (0.9) 3.6 (2.2) 16.9 (4.2) 13.1 (6.2) 9.6 (3.0) 8.3 (4.2)

9.1-10.6 17.2 (1.2) 19.3 (2.8) 4.8 (1.0) 3.5 (1.6) 5.5 (1.2) 3.7 (2.4) 16.2 (5.1) 11.4 (6.9) 8.6 (3.1) 6.5 (4.5)
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Fig. 3. Cumulative distribution functions (CDFs) of the rms delay spread in
the subbands in (a) LOS and (b) OLOS channels.

suggested earlier by Fig. 1. The range of Lb across the UWB
band indicates that the lowest subband receives 20 additional
components as compared to the highest subband. In this
measurement dataset, the OLOS channel experiences a slightly
smaller L than the LOS channel because of the blockage of the
signal cluster within a small angular spread of the direct path,
while the specular components are unaffected. The standard
deviation of L for OLOS is, however, higher because of greater
distribution of energy among the MPCs and the consequently
larger variation in their gains and detectability.

V. IMPACT ON SYSTEM PERFORMANCE

A single-band pulsed UWB architecture, such as the im-
pulse radio [8], uses carefully constructed signal waveforms
and correlation receivers. It can be shown that power and
pathloss variation with frequency can lead to spectral distor-
tion and thus a modification of the waveform shape during
transmission, degrading the correlation receiver output [6].
Furthermore, the dissimilar spectra of the MPCs result in in-
dividual waveform distortion for each, lowering its correlation
with the template waveform at the receiver in an unpredictable
manner in the absence of suitable channel compensation on a
per-path basis [4]. In addition, the higher pathloss observed in
the higher frequency regions of the signal spectrum reduces
the effective operating bandwidth for the UWB system, which
can thus reduce its frequency diversity, increase the outage
probability, and lower the achievable capacity. Similarly, the
variation of delay spread with frequency can affect the bit
error rate (BER) and achievable capacity within the subbands
due to the varying levels of inter-symbol interference (ISI).

We now evaluate the bit-error rates (BERs) obtained in
the individual UWB subbands with Monte-Carlo simulations
of an MB-OFDM system using the measured short-range
LOS channels. We consider a 53.3 Mbps implementation
based on the specification in [9], and therefore redefine our
subbands to be 528 MHz wide, with the subband spectra
extracted once again from our measured full-band channel
data. The system includes a 1/3-rate convolutional encoder
and Viterbi decoder for forward error correction, and a per-
tone zero-forcing equalizer. Digital baseband data modulation
is performed using quadrature phase shift keying (QPSK), and
OFDM is implemented using the fast Fourier transform (FFT)
with 128 subcarriers spaced 4.125 MHz apart. A zero-pad
(ZP) sequence of 32 samples and 60.6 ns duration is appended
to each OFDM symbol in order to capture the multipath and
mitigate the ISI. In contrast with [9], subband switching within
the bandgroups is disabled so that the individual subband
performances can be compared.

Fig. 4 shows the BER as a function of the transmit signal
bit energy to noise ratio when the transmission is in the
specified subband. For presentation clarity, we show only a
representative subset of the available 14 subbands. Despite the
fact that the ZP duration is longer than the typical maximum
excess delay spread in the propagation scenario considered,
the BER is found to vary considerably between the subbands.
From the figure, the difference in the requiredEb/N0 at a BER
of 10−3 for subbands 3 and 14 is 7 dB, and increases further
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Fig. 4. Some representative bit-error rate (BER) curves for the multiband-
OFDM subbands using measured channels.

when a lower value of the BER is considered. The curves for
the other subbands shown in the figure lie in between. Thus
a performance difference of up to three orders of magnitude
between the subbands is in evidence.

From our results, although in general the BER tends to
increase in the higher subbands, the center frequency does
not appear to completely dictate the BER behavior. At first
glance, the Eb/N0 difference may simplistically appear to be
dependent on the pathloss variation between the subbands (see
Table I). Detailed analysis, however, shows that the BER is
not strictly monotonic with respect to the center frequency,
similar to the delay spread, suggesting that the monotonically
increasing frequency-dependent pathloss does not completely
account for this variation. The MB-OFDM performance can
thus be conjectured to be a joint function of the pathloss,
multipath, noise, and interference effects.

VI. CONCLUSION

The characterization of the indoor UWB propagation chan-
nel in this letter has shown that the fading statistics are
nonuniform over the channel bandwidth. Strong dependence
of the pathloss and delay spread on the center frequency has
been reported. It has been shown that the higher frequency
components suffer greater attenuation, with up to 10 dB
of pathloss difference between the extreme subbands. The
delay spread analysis shows that the subbands experience

varying levels of dispersion. The number and gains of the
resolved MPCs also vary between the subbands, suggesting
that some of the MPCs span only a certain portion of the
signal bandwidth. Furthermore, our error-rate simulations of
multiband UWB systems using measured channels have shown
that the subband Eb/N0 can vary by up to 7 dB. In view
of these findings, it can be concluded that the conventional
spectrally unified description of UWB channel fading statistics
can be misleading, and subband-level channel modeling and
system analysis is vital for robust design.

The results also suggest the possibility of a certain perfor-
mance improvement achievable by using only a subset of the
available subbands in a closed-loop scheme. In contrast with
the current MB-OFDM implementation [9] that operates only

over the first bandgroup comprising the first three subbands, a
subband-selection scheme based on subband channel fading
characteristics is likely to provide improved performance.
Suggested future work can therefore consider adaptive UWB
transmission schemes catering to subband-specific channel
characteristics.
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