
1
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Abstract—In ultrawideband (UWB) wireless propagation chan-
nels, each multipath component (MPC) can exhibit delay dis-
persion or, equivalently, frequency dependence; even more, this
dispersion can be different for different MPCs. While this effect
is understood to have important implications for UWB system
design, extraction of the frequency-dependence parameters from
measurements has been lacking. This paper will provide both
the theoretical tools for the parameter extraction, and provide
experimental results of such parameters in UWB indoor channels.
We first develop a method that extracts a single MPC. Based on
the image principle, the method identifies locations and intensity
of radio sources including both original and image sources (cor-
responding to MPCs) by a distributed antenna array. We show
that the method provides spatial resolution better than 0.5 m and
is robust against possible measurement errors. Having applied
the method to the measured channels in indoor line-of-sight
scenarios, we track the detected image sources over (partially
overlapping) frequency subbands to obtain frequency dependent
properties of their intensity and location. The variation of the
source intensity over the frequency was found to be significant.
Furthermore, the locations of the image sources can vary as the
frequency changes. Comparison of the results with models that
do not describe varying per-path frequency dependence revealed
noticeable difference in the shape of the CIRs, and as a result,
in the delay spread and the number of significant delay bins for
Rake reception.

Index Terms—Ultrawideband, frequency dependence, channel
model.

I. INTRODUCTION

Since the release of radio frequency spectrum between 3.1
and 10.6 GHz for commercial use by the Federal Commu-

nications Commission in 2002, ultrawideband (UWB) radio

has been of interests in scientific research as well as industrial

product development. The initial idea for UWB communica-

tions was an impulse radio that occupies the entire available

bandwidth by transmission of short pulses [1], though later

commercial systems suggest use of subbands with a width

between 500 MHz and 1.5 GHz (see, e.g., [2]). With its

restricted effective isotropic radiated power, UWB radio is

considered a strong physical layer candidate for short-range
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communications; due to the high range resolution associated

with large bandwidth, it is also a leading contender for

precision localization and radar.
Irrespective of the application or implementation, the very

large bandwidth of UWB radio makes understanding of radio

channel properties challenging, yet vital [3]. UWB channels

have some special properties, in particular a preponderance

of sparse realizations, and a frequency dependence of the

multipath components. It is this latter property that will be

at the center of this work. In conventional wideband channels,

the frequency dependence of the transfer function is caused

by the interference of multipath components (MPCs), which

can be constructive or destructive at different frequencies.

However, each MPC, and consequently the average squared

mangitude of the transfer function, does not show a frequency

dependence – a fact closely related to the famous wide-

sense stationary uncorrelated scattering condition [4]. In UWB

channels, the transfer function of each separate MPC shows

frequency dependence, caused by the fact that fundamental

propagation processes such as reflection and diffraction are

frequency dependent when considered over very large band-

widths. Consequently, the equivalent baseband representation

of a bandpass impulse response for UWB radio channels h(τ)
is [3]

h(τ) =
L∑

l=1

αlχl(τ − τl) (1)

where L is the number of MPCs in a UWB radio channel,

αl and τl are complex amplitude and delay time of the l-th
MPC, and χl(τ) denotes a complex-valued distortion function

of the l-th MPC due to the frequency selectivity of the

fundamental propagation processes.1 The complex amplitude

represents average attenuation and phase rotation over the

bandwidth during radio wave propagation and interaction

with the environment, while the distortion function shows

the frequency dependent effects within the bandwidths. The

magnitude and phase of the distortion function are defined

with respect to the complex amplitude. Transforming (1) into

the frequency domain using the inverse Fourier transform, the

transfer function H(f) yields

H(f) =
L∑

l=1

αlξl(f) (2)

1In a traditional UWB baseband representation, all signals would be real,
so that no phase term would be necessary.
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where f is a radio frequency, ξl(f) = exp (−j2πfτl) when

χ(τ) = δ(τ) in (1). The goal of this paper is to provide ξl(f),
equivalent to χl(τ), based on indoor UWB radio channel

measurements.

Analysis of frequency dependence of MPCs and resulting

average channel parameters is limited to only a handful of

works [5]–[8]; Qiu [5], [6] provided a mathematical model of

the frequency dependence for various propagation mechanisms

such as reflections and diffractions; Poon and Ho [7] reported

multipath cluster characteristics for various frequencies based

on radio channel measurements. Haneda et al. [8] analyzed

the properties of MPCs for different frequencies, revealing

that different scattering mechanisms were observed in the

lowest and highest frequency bands. Several papers [9]–[11]

reported the frequency dependence models of average transfer

functions by E{|H(f)|} ∝ f−κ, where κ denotes a frequency

decay factor. In addition, a number of papers in cellular

communications have compared propagation characteristics

like pathloss and shadowing in different frequency bands,

e.g., [12]–[17], mostly adopting a similar model of aver-

age frequency decay, with κ ∼ 1. None of these works,

however, provides a concrete, experimentally based model

of the frequency dependence of MPCs, i.e., ξl(τ) in (1)

that can be integrated into UWB radio channel models such

as [10], [11], [18], [19]. It is particularly noteworthy that the

models [10], [11], [18] introduce the frequency dependent

effects of pathloss assuming that all MPCs undergo the same

frequency dependence. In contrast, a more accurate model re-

quires to analyze the path-wise frequency dependence model;

such an analysis will be presented in the current paper.

Analysis of MPC-wise frequency dependence is a challeng-

ing problem because it requires detection of ”single” MPCs,

which requires in turn high spatial and temporal resolutions

to resolve dense multipaths in indoor environments. To this

end, we propose a novel path identification method. The

method constructs an image source distribution on a map of

the measurement environment using distributed antenna arrays.

Detected MPCs are tracked over overlapping subbands so that

smoothly varying path properties in the angular, delay, and

power domains are immediately visible. From these data, a

path-wise model of the frequency dependence is established.

We then apply this method to a set of indoor measurements.

We find there that the averaged channel transfer function,

E{|H(f)|}, shows (in our measurements) a frequency depen-

dence of magnitude close to the well-known free-space law.

More interestingly, our results reveal the existence of the path-

wise frequency dependence, ξl(f) that differs significantly

between paths. When considering resulting channel models,

we find that applying a path-wise frequency dependence can

lead to a noticeable difference of the shape of the channel

impulse response (CIR), such that the power of the MPCs

were spread over wider delay range. The difference resulted

in larger delay spreads and a larger number of significant delay

bins.

The remainder of the paper is organized as follows: Sec-

tion II introduces the MPC detection method that utilizes

a room-wide distributed array to focus image sources; it

also analyzes accuracy and robustness of the method against

possible measurement errors. Section III describes results of

applying the proposed method to measured channel data.

Section IV extends the method to different frequency bands in

order to obtain the frequency dependent properties of MPCs.

Having characterized them and established a model, Section V

concludes the paper.

II. IMAGE SOURCE DISTRIBUTION MAP

Analysis of the path-wise frequency dependence effects

requires high spatial and temporal resolution, enough to detect

single MPCs. Otherwise the true frequency dependence of a

path is corrupted by multipath interference and hence cannot

be modeled accurately. To this end, the present paper proposes

a novel approach of path detection using a distributed array.

Concretely, locations and intensity of radio wave sources are

estimated on a map by the image method [20] explained as

follows.

A. Problem Formulation

The image method projects an actual fixed source of radio

signals onto virtual ones at mirror positions with respect to

surfaces causing specular reflections as shown in Fig. 1. The

goal of the method is to localize the actual (primary) and

virtual (secondary) sources and to estimate their intensity.

A set of distributed antennas positioned at (xn, yn, zn) and

making field observation is used to obtain the spatial focusing

of the sources, where 1 ≤ n ≤ N is an index of the antenna

location. Suppose a channel transfer function composing M
frequency bins is available at each antenna location, a model

of a channel transfer function matrix can be formed for the

observed fields by N antennas by

H =

⎛
⎜⎝

H1,1 · · · H1,M

...
. . .

...

HN,1 · · · HN,M

⎞
⎟⎠ ∈ C

N×M , (3)

where Hn,m corresponds to the transfer function measured at

the n-th antenna location for the m-th frequency bin, 1 ≤
m ≤M . The intensity, I , of a source at a location (xs, ys, zs)
is obtained by spatial focusing as

I(xs, ys, zs) =

∣∣∣∣vec(W )Hvec(Hn)

NM

∣∣∣∣
2

, (4)

where vec(·) denotes matrix vectorization, (·)H is the Her-

mitian transpose of a matrix, and W ∈ C
N×M , is a weight

matrix whose entries are given by

Wn,m = 4πτfm exp {−j2πfmτn} (5)

τ =
√

(xs − xn)2 + (ys − yn)2 + (zs − zn)2/c,(6)

where c denotes the velocity of light, fm is the frequency

corresponding to the m-th frequency bin, and (xn, yn, zn) is

a Cartesian coordinate of the n-th antenna element relative

to the origin. The weight matrix compensates for the phase

and attenuation during the free space propagation between the

array and the focused point by assuming that a source radiates

radio waves isotropically, leading to a spherical wavefront

of the propagating field. The intensity includes the average
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Fig. 1. Relationship between an actual source of radio signals and images.

gain of the radio source and field observation antennas. By

definition of the channel transfer function, transmit power fed

to the radio source antenna is normalized to 0 dB.
It is possible to draw the image source distribution map by

obtaining the intensity values in various locations. Since we

use the image method, the source distribution map mainly con-

tains sources corresponding to specular reflections originated

from large smooth surfaces such as metal walls, ceiling, floor,

and tables. Other secondary sources, such as diffraction and

diffuse scattering, are less likely to be detected by the image

method because the image source location varies depending on

locations of the field observations by the distributed antennas.

B. Robustness Analysis
1) Spatial Resolution of the Map: Resolution of the image

source distribution map is a crucial property for detecting a

single path and hence for the accuracy of characterizing the

frequency dependence. In order to show that the proposed

method achieves sufficiently high resolution for our purpose,

a computer simulation was performed. An empty room with

9 × 7m2 area was assumed. For the sake of simplicity, the

room is defined only on the horizontal plane. There were 168
virtual antenna sub-arrays observing fields from sources in the

room. They were distributed on a square grid of 0.5× 0.5 m2

as shown in Fig. 3(a). Each antenna sub-array is composed of

5 × 5 antenna elements on an x-y grid, with 25 mm spacing

between antennas. Each antenna element is supposed to have

an isotropic pattern on the x-y plane and no mutual coupling

between antenna elements is considered. Spatial resolution of

the map was evaluated for an artificial channel that contains

the following MPCs:

1) Path #1 is a direct path between the distributed antennas

and a radio source at (x, y) = (0, 0) m,

2) Path #2 is a direct path between the distributed antennas

and a radio source at (x, y) = (4.2, 3.2) m,

3) Path #3 is a second order reflection on walls A and C

in Fig. 2(a) along propagation from a radio source at

(x, y) = (0, 0) m to the distributed antennas, and

4) Path #4 is a second order reflection on walls C and D

in Fig. 2(a) along propagation from a radio source at

(x, y) = (0, 0) m to the distributed antennas.

A transfer function matrix, H , between the radio sources and

the distributed antennas was calculated by a free space pathloss

with phase rotation. The radio sources have the same transmit

power. A reflection on a smooth perfect electric conductor

is assumed when the path involves reflections. The center

frequency of the radio signal is 3.35 GHz with 0.5 GHz

bandwidth. The average signal-to-noise ratio over the room

was set to 10 dB for the coherent sum of the four paths.

Figure 2(a) shows the map focusing the four sources. In

the map, room walls are indicated by black straight lines.

The map shows that the sources corresponding to the second

order reflections appear at image locations with respect to the

mirror walls. The map furthermore demonstrates that all the

sources were identified as peaks and separated due to the high

focusing gain in the spatial and delay domains. The dynamic

range of the spectrum is determined as 40 dB according to the

difference between the peak levels and the noise floor. Given

a peak intensity level Ipeak, we define a width that gives the

intensity above (Ipeak−3) dB relative to the peak as the spatial

resolution for x and y directions, respectively. The spatial

resolution is defined to be a square root of those for the x and

y directions, and is 0.12, 0.06, 0.50, and 0.42 m for sources

#1 to #4. The values confirmed the high-resolution property

of the spatial focusing. It is interesting to note that the method

could focus sources inside the antenna array distributed over

the room. Furthermore, the focusing capability is better for

the near sources than far sources because of the faster phase

variation of the MPCs over the distributed antennas. When

two sources are separated by more than the spatial resolution,

it is possible to estimate the intensity and the phase of the

sources accurately. On the other hand, when sources are

located closer than the spatial resolution, the estimation of

the source intensity and the phase is subject to interference

between the sources. According to the computer simulation,

the phase was more affected by the interference than the

intensity.

Apart from the image sources, there are also noticeable

artifacts at (4,−14) and (8,−14) m around the source #3.

They are −14 and −23 dB lower than the image source #3, and

may appear as spurious sources that cannot be distinguished

from true images when the channel is unknown, i.e., in

experimental scenarios. An artifact was also observed for

the image source #4, though the level is much lower than

those of #3. The artifacts are attributed to grating lobes of

the distributed antenna array. Separations of two neighboring

antenna sub-arrays were 0.5 m, and were much larger than

half the wavelength of the frequency of interests. Seen from

the image source #3, the grid of antenna arrays each having

a square 5 × 5 antennas on the x-y plane equipped with

small arrays is lined up along the y axis and hence the field

distribution along the x axis was densely sampled inside the

arrays and not sampled between the sub-arrays (see Fig. 3(a)).

The gaps between the sub-arrays along the x axis are the

main culprits for creating high grating lobes associated with

the image source #3. On the other hand, in case of the image

source #4, the field was more evenly sampled along an aperture

creating the broadside to the image source, hence the grating

lobe is less significant.

2) Sensitivity of the Map: It is important to know the sen-

sitivity of the map against possible measurement errors. The
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Fig. 2. Image source distribution map for synthetic channels; the sources #3 and #4 correspond to a mirrored image of #1 due to reflections on walls A and
C, and walls C and D, respectively (a) without errors, (b) with a random delay, and (c) with a constant delay.

measurement errors would include imperfections in the timing

estimation such as jitter in the local oscillator. Furthermore,

group delay of antennas adds delays in the channel since our

imaging method does not de-embed antenna phase effects

properly. In this analysis, tolerance of the spatial focusing

against these errors was evaluated by adding 1) a Gaussian

distributed random delay with the standard deviation of 70 ps

and 2) a constant delay of 2 ns in (6). The random and constant

delay correspond to the effects of the jitter [21] and antenna

group delay. The map, under the presence of the random and

constant delays, are shown in Figs. 2(b) and 2(c). The effect

of the random delay was noticeable in reduced peak levels

of the sources as apparent in Fig. 2(b), hence the random

delay must be well below 70 ps in order to draw the map

accurately. Figure 2(c) revealed two noticeable differences

due to the constant delay compared to the one without the

errors: first, the focused locations moved closer to the room

for the image sources #3 and #4. The displacement of the

focused point was 0.6 m, which corresponds to the free space

propagation distance of an EM-wave in vacuum for 2 ns. The

displacement of the focused point was also observed at the

source #1 but was less significant because of the near field

focusing. Another difference is the de-focusing of the sources,

which is particularly significant for the near-field sources to

the array. The peak level of the source at #2 decreased by more

than 20 dB compared to the one without the error, indicating

that the energy corresponds to the source is scattered around

like a diffuse source. The reduction of the peak intensity level

was also found in other peaks in the range of 5 to 10 dB,

and as a result, the spatial resolution also deteriorates. These

observations indicate that the measurement errors are more

detrimental in near sources than in far ones, and hence need

to be minimized; 2 ns error is tolerable for focusing far sources

but is critical for near ones.

III. EXPERIMENTAL CONSTRUCTION OF THE MAP

In this section, we construct a source distribution map based

on measured channels. This serves on one hand to further

verify the methodology of Sec. II, and moreover to provide

the properties of the detected image sources.

A. UWB Propagation Measurements
The UWB propagation measurement in the present report

was performed in an office room. The size of the room

is the same as the environment considered in the computer

simulations in the previous section, namely 7 by 9 m. There

were several desks, chairs, television displays, and metal-

furnished shelves. Walls are made of metal with a smooth

surface, but in a number of locations posters with metallic

frames are hung from the ceiling. The ceiling was composed

of plasterboards. The floor plan of the room is depicted in

Fig. 3(a). A radio source was fixed at one corner of the room

as shown in Fig. 3(b), while field observation antennas could

be positioned at almost any place in the room with a precision

of 1 mm using a large spatial scanner. The location of the field

observation antenna can be categorized as follows: a small

5 × 5 array was formed in the horizontal plane, which is

simply referred to as a ”small array” in later descriptions;

while the small array measurement was performed in 168
positions in the room to create a large array. Distances between

adjacent small arrays were 0.5 m, and inter-element spacing

in the small array was 25 mm, which corresponds to half the

wavelength at 6 GHz. The radio source and the field observa-

tion antennas were UWB monopole antennas showing omni-

directional radiation patterns on the horizontal plane [22], and

were located at 1.3 m height above the floor that were defined

as z = 0. A vector network analyzer (VNA) was used to

measure channel transfer functions between the radio source

and each field-observing antenna. The VNA allows precise

measurements of radio channels with 0.33 fs of the jitter at

3 GHz radio frequency according to the frequency stability.

Furthermore, the phase noise of the VNA is typically −60 dBc

at 1 kHz offset, revealing stability of the phase noise during

measuring a single channel.2 The combined group delay of

the antennas on the source and field observation sides was

about 0.6 ns. They are much smaller than the tested values

in the robustness analysis, and therefore, the accuracy of the

map was ensured. Details of measurement specifications are

summarized in Table I. The unambiguous maximum detectable

2We referred to the specification of the Agilent E8363B PNA Network
Analyzer that was used in the measurement.
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Fig. 3. UWB propagation measurement in an indoor office room: (a) a floor
plan and (b) a photo of a corner of the room where the radio source antenna
is located.

delay time was 200 ns, which amounts to an unambiguous

range of approximately 60 meters. There was no moving object

during the measurements so that stationarity of the spatio-

temporal channel characteristics was ensured. The over-the-

air back-to-back measurement allows calibrating the delay

and attenuation of the radio frequency measurement system.

System calibration data were derived by removing the free-

space pathloss, 4πτcf
c exp (−j2πτcf), from the back-to-back

channels for each measured frequency, where τc = 3.3 ns

corresponds to the over-the-air propagation distance of 1 m

in the measurement. Transfer functions measured in multipath

scenarios were then divided by the system calibration data to

compensate for the effects of radio frequency cables, connec-

tors, and group delays of antennas. Since the back-to-back

measurement was performed with transmit and receive anten-

nas at the same height, and because of the omni-directionality

of the antennas on the horizontal plane, the group delay of

the antennas was compensated well for azimuth angles at

0◦ elevation angle. The quality of group delay calibration is

poorer in higher and lower elevation angles, and hence, the

image source distribution is derived only on the plane with

the elevation angle at 0◦.

B. Constructed Map

The image source distribution for the measured indoor room

is shown in Fig. 4. The map shows the image source intensity

TABLE I
SPECIFICATIONS OF THE UWB PROPAGATION MEASUREMENT.

Bandwidth 3.1 – 10.6 GHz

Measurement
equipment

VNA, room-wide spatial scanner,
low-noise amplifier (30 dB)

Transmitted power −17 dBm (continuous wave)

Measured area 5.1× 7.6m2

VNA and cable calibration
Over-the-air back-to-back
with 1 m separation between the
transmit and receive antennas

at height z = 0, which is the same as those of radio source

and distributed antennas of the measurement. Only the first

500 MHz band of the measurement was used to draw the

map, that is, 3.1 to 3.6 GHz. The result in Fig. 4(a) revealed

clear image sources concentrated mostly at the corner of mirror

walls because the original radio source was placed very close

to one of the corners of the room. Looking closer at the image

sources near several mirror corners in Fig. 4(a) indicated as S1

and S2, we find that the image source is composed of several

peaks that correspond to the reflections from each mirror

wall. Figure 4(b), for example, illustrates the map around the

original radio source and the corner of the room. There are

clear peaks of the spectrum indicated as ”A” to ”D” on the

map. Their locations correspond to the original source location

as well as its versions mirrored on walls A and B. The same

sets of sources were also found at the corner S2 as shown in

Fig. 4(c). Table II summarizes the power level of each image

and its propagation mechanisms. The strongest image in the

source group S1 was ”A” naturally because it is the original

source, while the other mirrored sources exhibit a power level

almost as strong as the original source. This can be explained

by a strong reflection on walls composed of a smooth thick

metal. Comparing the level of images ”B” and ”C”, it can

be observed that the reflection loss on wall B was as small

as 1.6 dB. Furthermore, the loss due to reflections on walls

A and B was 2.2 dB according to the peak level difference

between image ”A” and ”C”. It is also remarkable to see

the far sources at S2 having the same range of power levels

even though they experience more reflections. This is partly

because of the free space pathloss compensation in deriving

the map, c.f., (5). The image sources have a reduced dynamic

range – the further the image sources are away from the

original source, the less is the dynamic range of the signal

over the noise and hence the noise is more pronounced after

the pathloss compensation. Due to the high reflectivity of the

walls, not only single reflections (and the associated image

sources), but also multiple reflections can be observed. The

grating lobes confirmed in the computer simulation of Sec. II

are also visible on the map. Since our map is drawn on a

basis of the image method, it is possible to distinguish artifacts

from actual image sources by examining their locations; a

source is most likely an artifact when it appears in a non-

mirrored position of the original source. Still there are weak

responses stretching in the far regions most likely attributed

to propagation mechanisms that cannot be focused by the

image method, such as diffraction and scattering. They are
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Fig. 4. Image source distribution on a map from the measured environment: (a) an overall map and (b) enlarged maps for the source groups S1, and (c) S2.

TABLE II
LIST OF IMAGE SOURCES SHOWN ON THE ENLARGED MAPS IN

FIG. 4.

Source Level Reflection(s) along the path
A −1.4 dB No reflection (LOS)
B −2.0 dB Wall A
C −3.6 dB Walls A, B
D −3.1 dB Wall B
E −7.2 dB Walls B, C
F −2.1 dB Wall C
G −5.3 dB Walls A, B, C
H −2.9 dB Walls A, C

typically 15 to 25 dB below the peaks, and reveal relatively flat

spectrum similar to the distributed diffuse scattering reported

in many papers, e.g., [23]. An important observation regarding

these diffuse responses is that their relative strength increases

as the field observation antenna goes further away from the

original source. In the area close to the original source, the

power difference between image sources versus the diffuse

spectrum or the noise is more than 30 dB, while it reduces to

less than 10 dB at the furthest area from the original source.

Furthermore, the diffuse radiation reveals almost white angular

characteristics in the azimuthal plane.

The absence of image sources or diffuse components near

the original source is consistent with a finding that a power

delay profile of UWB channel has a ”silent” period immedi-

ately after the line-of-sight and before the first reflected MPCs

arrive. A typical example of the power delay profile having

the silent period can be found in, for example, Fig. 4 of [24],

where UWB channel sounding in an industrial environment is

reported. On the other hand, the long tails of the power delay

profile clearly corresponds to the flat and diffused distribution

of the image sources at the far area of the map. It is harder

to find distinctive peaks in the far area of the map, which

corresponds to less spikes of the power delay profile for long

delays.

C. Detection of Sources

In order to facilitate further analyses of the image sources

on the map, they were detected using the estimate-and-subtract

method. The method works in the same manner as the CLEAN
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Fig. 5. Flow chart of a search-and-subtract MPC detection method.

algorithm [25], [26]. The procedure is summarized as follows:

1) Initialization: Set a peak index to l = 1, thereby the raw

channel transfer function matrix is denoted as H(1).

2) Source detection: Find the location on the map that

provides the strongest intensity of the image source by

(x(l)
s , y(l)s , z(l)s ) = argmax

x,y,z
I(x, y, z), (7)

and then the peak level

a(l) =
vec(W (x

(l)
s , y

(l)
s , z

(l)
s ))Hvec(H(l))

NM
. (8)

A combined coarse and fine grid search is performed to

find peaks.

3) Iteration decision: If the peak intensity I(l) = |a(l)|2 is

below 10 dB compared to that of the strongest image

source, terminate the source detection; otherwise go to

4).

4) Source subtraction: Subtract the detected peak from the

channel transfer function matrix by

H(l+1) = H(l) − a(l)W (x(l)
s , y(l)s , z(l)s ), (9)

and return to 2). l← l + 1.

Figure 5 illustrates the procedure as a flow chart. The image

source detection was performed only on a two-dimensional

plane at z = 0 in order to avoid the ceiling-floor ambiguity in

source location estimation along the z direction. Furthermore,

it is assumed that dominant sources are located on the z = 0
plane because the gain of the antennas is maximum in that

plane.
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The detected sources are plotted in Fig. 6(a). The detected

peaks revealed that most sources were concentrated around

the mirrored locations of the original source. Furthermore,

artifacts that were found in the original map were not detected

as an image source, indicating the efficiency of the detect-

and-subtract method to suppress artifacts. Closely investigated,

it was found that the sources include weak ones subject to

scattering during propagation on top of strong ones attributed

to specular reflections. Figure 6(b) shows an enlarged map

of for the source group S3 defined in Fig. 6(a). The figure

shows several weak sources having intensity levels less than

−5 dB around sources with stronger intensities close to 0 dB.

The strong sources are located near the mirrored corner, and

sources further away from the corner suffer from larger losses

due to local scattering. Frequency dependence of the sources

marked as ”I” to ”L” in Fig. 6(b) is discussed in IV-C. Finally,

the map of the residual components after the sources were

subtracted from the original map is shown in Fig. 6(c). The

residual map shows that there was no significant identifiable

source left.

IV. FREQUENCY DEPENDENCE OF MPCS

Having established the image source detection method, this

section finally presents the modeling of the frequency depen-

dence of MPCs by analyzing the variation of the image source

properties over different frequencies. After describing the

tracking method of image sources over the frequency, a simple

model of frequency dependence in MPCs is derived. Note

that in the following we use source and MPC interchangeably,

since each detected source corresponds to a particular MPC

that has undergone a defined set of reflection processes.

A. Tracking the Image Sources over Frequency Subbands

The basic idea behind the estimation of frequency depen-

dence of MPC properties is that we construct the image

source distribution map for different frequency subbands that

are partly overlapping with each other. Since it is expected

that the source locations do not change much over partly

overlapping subbands, the location estimates of image sources

at the previous band were used as initial location estimates

for a fine local search at the present subband. Each subband

consists of 0.5 GHz and the center frequencies of the subbands

varied from 3.35 to 5.35 GHz with 50 MHz steps. The subband

with the lowest center frequency corresponds to the results

shown in Section III.

B. Variation of MPC parameters over Frequency

Figure 7 shows the variation of the x and y coordinates as

well as their intensity of various sources over the subbands. In

deriving the source intensity, gains of the radio source antenna

and the field observation antennas were compensated across

the frequency subbands. Figure 7(a) shows the properties of

four sources around the original source indicated as S1 in

Fig. 4(b). The locations of the sources were stable and the

intensity revealed only minor fluctuation within the subbands,

implying proper separation of the sources.3 If the separation

is not large enough, fast fading attributed to unresolved multi-

paths appears in the intensity that hinders us from estimating

the frequency dependence accurately. The proper separation

of the sources in Fig. 7(a) therefore guarantees the accurate

estimation of the frequency dependent image source intensity.

As mentioned above, the free space pathloss was compensated

during the derivation of the source intensity. Frequency depen-

dent losses of the energy absorption by atmospheric molecules

are on the order of 8.0× 10−3 dB/km and hence the effect is

negligibly small.

Figure 7(b) illustrates source properties of four paths ob-

served at the location S3 in Fig. 4(a). The figure shows

more fluctuation of the source locations and intensity than

those observed in Fig. 7(a), possibly due to local scattering

processes that the image sources experience. The image source

location may be displaced up to ±1 m as seen in sources

”L” and ”K”. The intensity of the image sources illustrate

disparate tendencies; for example, the sources ”I” and ”J”

reveal frequency-flat characteristics, while the source ”K” was

weaker at the higher frequency by about 10 dB compared to

the lower frequency. The curve of the source ”L” demonstrates

intensity increased by 5 dB at higher frequencies, though

a source showing such increasing intensity is rather rare

(compare, though, the effect of negative κ described in [24]).

Fig. 7(c) shows estimation results of two image sources

crossing their y locations in the middle of the band. While

we conjecture that this is an artifact, the origin of the effect

is because two image sources are located so close to each

other and furthermore the two sources have almost identical

intensities. The image source tracking regards a weaker source

of the previous subband as consistent with the stronger source

of the present subband, and vice versa, leading to a swapping

of two sources as seen in the sudden exchange of y locations.

Also in this case the minor fluctuation of the source intensity

over the subbands confirms that the detected sources are free

from residual multipath interference. It is clear that the high

spatial and temporal resolution of the distributed antenna array

is a prerequisite to analyze the frequency dependence of the

extremely dense MPCs of the measurement environment. It

would not be possible to obtain the same result by a compact

antenna array.

C. Modeling the Frequency Dependency of Image Sources

The evident frequency dependence in locations and inten-

sities of the sources needs to be considered in UWB channel

models. Models of the image source locations and intensity

variation across the frequency are defined as

x = x0 +mx(f − fc)/f0 (10)

y = y0 +my(f − fc)/f0 (11)

I = I0 (f/f0)
−2mI (12)

3Note that variations of the channel transfer function over a small frequency
range are caused by residual interference of MPCs, while variations over large
frequency ranges, typically > 500 MHz, are attributable to the frequency
dependence of the propagation processes of a single MPC.
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Fig. 6. (a) Detected image sources from the original map in Fig. 4(a), (b) an enlarged map of the source group S3 in Fig. 6(a), and (c) the residual map
after subtracting the image sources from the original map.
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Fig. 7. Variation of the properties of a portion of sources in groups (a) S1, (b) S3, and (c) S2. The source groups and path indices are defined in Figs. 4
and 6. The group S1 includes the original source ”A”.
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Fig. 8. Model parameters that characterize frequency dependence of the source intensity: (a) the source dislocation rate |m|, (b) decay constant in the source
intensity mI, and (c) standard deviation of the residual fading.

where x0, y0 [m] are source locations at the center frequency

of a central subband, i.e., fc = 4.35 GHz, mx and my are

source dislocation rates on the x and y coordinates, I0 is

source intensity at f0 = 1 GHz, f is the centre frequency of

subbands, mI indicates the frequency dependence of the power

loss including reflection, scattering, and local shadowing;

mx,my, and mI are random variables for image sources. It

is worth mentioning again that mI does not include the free

space pathloss because that was compensated when the map

was derived. Furthermore, fluctuation of the source intensity

around the fitted mean curve, (12), is also derived as a measure

of the significance of residual fading. For the source ”B” in

Fig. 7(a) representing the first order reflection, mI was close

to 0 and the residual fading was less than 1 dB. Finally, the

source dislocation model on the z-axis was not derived because

the sources were detected only on the horizontal plane that

encloses the original source and the field observing antennas.

The source dislocation rate was modeled by their magnitude

|m| =
√
m2

x +m2
y and directions φm = arg(mx + jmy).

Plotted against a distance between the original and the image

sources di, it was found from Fig. 8(a) that a MPC traveled

longer distance shows larger magnitude of the dislocation. The
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TABLE III
SUMMARY OF STOCHASTIC MODEL PARAMETERS FOR THE FREQUENCY DEPENDENCE OF MPCS DERIVED IN IV-C.

THE VALID RADIO FREQUENCY RANGE OF THE MODEL PARAMETERS IS FROM 3.35 TO 5.35 GHZ.

Parameter Symbol Unit Distribution Reference
Variation of source dislocation rate σm dB Log-normal, μ = −0.2, σ = 3.1 (13)
Source dislocation direction φm rad Uniform over [0 2π) (15)
Frequency decay constant mI n/a Normal, μ = −1.2, σ = 1.4 (14)

finding is sensible since such a MPC is likely to undergo more

local scattering. Having made a linear regression, the variation

of the magnitude around the fitted line, σm, was modeled well

by a log-normal distribution according to the Kolmogorov-

Smirnov (KS) test at the 5 % significance level. The log-

normal distribution is useful when modeling a standard de-

viation of variables taking only positive values. The mean and

the standard deviation of the distribution were μ = −0.2 and

σ = 3.1 dB. The complete model of the source dislocation

rate yields

|m| = 1.2× 10−2di · 10σm/10, (13)

where σm ∼ N (−0.2, 3.1). The model implies that a MPC

in a power delay profile may possibly move from one delay

bin to the next as the frequency changes particularly in long

delayed ranges. The source dislocation direction, φm was

found uniformly distributed over [0, 2π).
The frequency decay constant in source intensity, mI did

not depend on the distance between the original and image

sources. A probability density function (PDF) of the frequency

decay constant is shown in Fig. 8(b). The KS-test revealed that

the PDF can be characterized by the normal distribution with

mean μ = −1.2 and standard deviation σ = 1.4. The residual

fading was not significant as shown from Fig. 8(c) where the

standard deviation was less than 4 dB in most MPCs. Obtained

channel model parameters are summarized in Table III.

D. Considerations of the Residual Components

It is clear from the residual map in Fig.6(c) that the detected

image sources do not cover all the sources distributed on the

map. The frequency dependence of the residual component

was analyzed qualitatively. Figure 9 shows the comparison of

the power of measured transfer functions and that estimated

as the image sources. The estimated sources comprised about

50 % of the total power on average over the frequency band.

The frequency dependence of the residual components does

not differ from that of estimated image sources or measured

transfer functions significantly because the estimated source

power is below the measured power always at an almost

constant level over the frequency. The result leads to a

great simplification of the frequency dependence model of

radio channels. The frequency dependence of the residual

components can be treated similarly as the image sources

modeled previously. The residual components would include

image sources at z �= 0 as well as the noise-like diffused

components at z = 0 shown in Fig.6(c). The composition of

the residual components is, however, not relevant to the present

analysis of the frequency dependence. Finally, it is important

to note that even though the mean, i.e., the source-averaged
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frequency dependence behaves like that of the measured

transfer functions, the source-wise frequency dependence may

show different trends.

E. Example Use of the Frequency Dependence Model

The MPC-wise frequency dependence term in (2) is ex-

pressed as

ξl(f) = exp {−j2πf(τl +Δτ(f))}
(

f

f0

)−(1+mI)

(14)

where τl is obtained from an available channel model, for

example, the IEEE802.15.4a channel model [19]. Furthermore,

Δτ(f) =
|m| sinφm

c
· f − fc

f0
(15)

where |m| is given in (13) and φm is a random phase uni-

formly distributed over [0 2π) denoting the source dislocation
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direction. It can be assumed in (13) that di ≈ τlc holds when

a distance between two terminals is short, which is reasonable

in UWB radio communications. The model parameters are

derived in IV-C and summarized in Table III. It must be noted

that the valid radio frequency range of the model is from 3.35
to 5.35 GHz.

The effects of the frequency dependence on a CIR were

analyzed. The frequency dependent path model was integrated

into discrete MPCs obtained from the IEEE802.15.4a channel

model for an office LOS scenario. Ten realizations of the CIR

affected by the frequency dependence were derived from a

single CIR output of the IEEE802.15.4a channel model. A

band limitation of 0.5 GHz was applied to derive continuous

CIRs. Figure 10 compares CIRs with 1) frequency dependence

model of average transfer functions with the decay factor,

κ = 1.2 [18], 2) MPC-wise frequency dependence model

developed in the current paper, and 3) without the frequency

dependence model. The figure revealed that the MPC-wise

frequency dependence causes noticeable difference in the

shape of the CIR compared to the frequency dependence

of transfer functions. The peak locations of the CIRs are

different after the MPC-wise frequency dependent effects were

included. As described in (13), MPCs with larger delay suffers

from more variation of the delay over the frequency, and

hence the signal power is more spread over the frequency

for larger propagation delays. It is also important to note that

the CIR with the frequency dependence of transfer functions

was almost overlapping with that without the frequency de-

pendence in Fig. 10. In other words, the difference between

no-frequency-dependence and average-frequency-dependence

is less than between average-frequency-dependence and MPC-

wise frequency dependence. Implications of the MPC-wise

frequency dependence on the delay spread, the number of

delay bins useful for the selective Rake reception [27], and

the energy collected by 5-finger Rake reception were analyzed

as shown in Fig. 11. The threshold level in deriving the delay

spread and finding the number of significant delay bins for

the selective Rake reception was −20 and −10 dB relative

to the strongest path power. Out of 100 channel realizations

from the IEEE802.15.4a channel model, the comparison was

made for every third channel index for better readability of the

figure. The plots with the MPC-wise frequency dependence are

shown with the mean and the standard deviation among the 10
realizations denoted by circle dots and error bars, respectively.

The results in Fig. 11 showed apparent fluctuations of the

evaluated metrics due to the MPC-wise frequency dependence;

the delay spread varies from 80 to 180 %, the number of

significant delay bins fluctuated between 70 and 280 %, and

the energy collected by the 5-finger selective Rake reception

revealed maximum ±10 % variation of the collected energy

compared to the values with the frequency dependence model

of transfer functions. The varying delay spread implies a need

of extra buffers to cope with the intersymbol interference

compared to a case without the frequency dependence. On the

other hand, the fluctuation of the number of significant delay

bins means stronger variations in the performance of Rake

reception with a finite number of fingers. It can be generally

observed that the Rake reception becomes more inefficient

since the frequency dependence spreads multipath power over

a wider delay range, [28].

V. CONCLUDING REMARKS

This paper provided a detailed evaluation method and

models for the frequency dependence of MPC properties in

ultrawideband radio propagation channels. In order to achieve

accurate modeling of the frequency dependence, we developed

the image source distribution map. Having validated the high

spatial resolution and robustness against possible measurement

errors by computer simulations, the map was experimentally

constructed based on indoor radio channel measurements

employing distributed antennas. Furthermore, the maps were

derived for different frequency bands; the bands are partly

overlapping so that image sources on the maps could be

tracked over the subbands in order to see their frequency

dependent behavior.

The variation of the source intensity over the frequency was

found to be significant; some of them decrease and others have

flat and even increasing characteristics, and hence a statistical

path-wise frequency-dependent magnitude model is necessary.

The total (path-summed) channel transfer function revealed

the frequency dependence of magnitude close to the well-

known free-space law; however, the frequency-dependence

of each coefficient has to be established. It was also found

that the locations of the image sources can vary as the

frequency changes, which means that an MPC in a power delay

profile may possibly move from one delay bin to the next as

the frequency changes. The trend was pronounced in paths

having long delays. Inclusion of the frequency dependent path

model into the IEEE802.15.4a channel model output revealed

noticeable difference in the shape of the CIRs, and as a result,

in the delay spread and the number of significant delay bins.

The frequency dependence in general randomizes the radio

channels, and therefore taking it into account is crucial in a

UWB radio system design particularly for combating inter-

symbol interference and for collecting energy by the Rake

reception.
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