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Abstract—This paper reports frequency-dependent ultra-
wideband (UWB) channel characteristics. Measurements were
performed in 103 receiver locations of six different office environ-
ments. From the measured data, the effect of frequency on the
pathloss properties of a UWB signal is analyzed. After analyzing
the pathloss behavior to propagation environments, the pathloss
exponent variation models are developed in various environments
as a function of frequency. Based on these models, pathloss
prediction is performed, and the accuracy of the prediction is
compared with those of existing pathloss models. In addition, the
frequency-dependent UWB channel correlation characteristics
are investigated. For the frequency correlation statistics of the
UWB channel, double-slope models representing correlation co-
efficients are established with and without line-of-sight (LOS)
paths. Using these correlation models, a channel gain estimation
algorithm is proposed. The performance of the proposed estima-
tion algorithm is evaluated with estimation parameters, and it
is confirmed that the proposed estimation algorithm has better
performance than the conventional algorithm using a linear inter-
polation algorithm.

Index Terms—Channel estimation, empirical channel modeling,
frequency-dependent channel, ultrawideband (UWB).

I. INTRODUCTION

OR short-range high-data-rate wireless communication,

ultrawideband (UWB) communication systems have
strong advantages such as low complexity, low cost, resistance
to severe multipath fading, and fine time resolution. Since the
Federal Communication Commission announced the regulation
of UWB transmission, development of commercial UWB sys-
tems has been very active [1]. From a low-data-rate system,
such as a localization sensor network, to a high-speed service,
such as multiband orthogonal frequency-division multiplexing
(MB-OFDM), the UWB technique can be adopted for various
wireless systems. To develop efficient UWB systems, research
should deal with the propagation properties of UWB signals
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and the issues associated with the large bandwidth involved in
UWRB systems. Furthermore, the underlying interference prob-
lem caused by the large bandwidth must be resolved for UWB
systems to coexist with other existing communication systems.
With regard to channel models for UWB systems, the litera-
ture has reported diverse properties of UWB systems [2]-[7].
However, channel characterization in the frequency domain
is insufficient, although the wide frequency band is the most
distinguishable feature of UWB systems [8]-[10].

In this paper, we empirically investigated the frequency-
dependent characteristics of the UWB channel. By performing
frequency-dependent channel characterization, diverse UWB
communications on various frequency bands can effectively be
designed [11], [12]. The frequency-dependent UWB channel
characteristics are analyzed in two distinct viewpoints: 1) the
effect of frequency on the pathloss properties and 2) the channel
gain correlation properties in the frequency domain. The office
environment is selected for channel characterization since the
office is one of the most probable environments in which multi-
ple wireless devices transmit high-speed data signals. To inves-
tigate the effect of the wide frequency band of UWB systems,
we measured the channel transfer functions at 5.8 GHz with a
1.6-GHz bandwidth for 103 receiver locations in six different
office environments using the frequency sweep method. For the
first part of the analysis, the pathloss properties are analyzed by
considering the propagation environments and the existence of
a line-of-sight (LOS) path. The proposed log—distance pathloss
model parameters are the most fundamental characteristics
in the development of the link budget and service coverage
of UWB communications. By analyzing the variation of the
pathloss exponent with frequency, a suitable pathloss exponent
variation model for UWB systems for operating bandwidths
of more than 500 MHz is proposed. The pathloss exponent
for a subband whose bandwidth is 500 MHz increases with
frequency as a linear function of frequency. Then, using this
pathloss exponent function, the performance of the pathloss for-
mula is improved. In the latter part of the analysis, correlation
properties of the UWB channel in the frequency domain are
analyzed. Although some works have dealt with the correlation
property of the UWB pulse [13], [14], frequency-dependent
correlation properties have not been investigated in detail. The
frequency correlation statistics of the UWB channel are charac-
terized with correlation coefficients as a function of frequency
separation. They are expressed as double-slope linear models
with a 30-MHz breakpoint for the existence of an LOS path.
Using these correlation models, the channel gain estimation
algorithm is proposed. In this algorithm, the unknown channel
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Fig. 1. Block diagram of the measurement system.

gains of intervening frequencies are estimated from known
channel gains of neighboring reference frequencies using the
correlation model. The performance of the proposed estimation
algorithm is evaluated with the estimation parameters, number
of reference frequencies, and interval between reference fre-
quencies and compared with that of the conventional algorithm
that uses a linear interpolation scheme.

This paper is organized as follows: Section II presents
the channel measurement system and measurement scenario.
Section III provides the effect of frequency on the pathloss
properties, and Section IV shows the correlation properties of
the channel gain in the frequency domain. Finally, the conclu-
sion follows in Section V.

II. MEASUREMENT METHODOLOGY
A. Measurement System

Among the UWB channel measurement methods, we se-
lected the frequency-domain channel sounding method for
channel characterization [8], [15]. With this measurement tech-
nique, wide frequency bands are swept to measure channel
frequency responses at discrete frequencies using a vector net-
work analyzer (VNA). The VNA (Agilent 8719ES) transmits
801 discrete tones uniformly spaced from 5 to 6.6 GHz with a
frequency interval of 2 MHz, and it takes 400 ms for one sweep-
ing. This frequency interval allows us to measure multipaths
with a maximum excess delay of 500 ns, and the bandwidth
of 1.6 GHz gives a time resolution of less than 0.01 ns. The
measurement system is described in Fig. 1. A pathloss of up
to 110 dB can be measured by properly adjusting the transmit
power using a power amplifier (PA), a low-noise amplifier
(LNA), and a step attenuator (Atten.). The transmitting and
receiving antennas are omnidirectional with a gain of 2.1 dBi,
and they are mounted on the 1.6-m-high tripods. All measured
data are calibrated by measured data in an anechoic chamber.

Fig. 2 shows frequency dependences of components of
the measurement system, which are measured in a chamber.
Measured channel data are compensated using these results,
including the antenna effects in postprocessing [16].

B. Measurement Scenario

Frequency sweep measurements are carried out in six dif-
ferent office environments of three buildings in Seoul National
University, Seoul, Korea. The locations of the transmitting and
the receiving antennas are illustrated in Figs. 3 and 4, along
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Fig. 2. Frequency dependences of components of the measurement system.

with the floor plan and the wall-type description. The location
of the transmitting antenna is denoted Tx, whereas that of the
receiving antenna is denoted Rx.

Environment 1 is an office on the fifth floor of a ferroconcrete
building whose windows face a hill. Environments 2 and 3
are located on the second and fourth floors, respectively, of
another type of ferroconcrete building whose windows face a
neighboring building with metal exterior walls. Environments 1
and 2 have metal walls in the middle to divide a large office
room into two small rooms, whereas the last environment
consists of adjacent small office rooms and a corridor.

Environments 4 and 5 are located on the same floor with
Environment 1, but they are distinctly different environments.
Environment 4 consists of small rooms along a corridor with
dead ends, a large lecture room, and stairs. Environment 5
is composed of two big lecture rooms and corridors.
Environment 6 is the first floor of the third type of ferroconcrete
building whose interior walls are made of bricks. In this envi-
ronment, both ends of the corridor are blocked by glass doors.
To keep the quasi-statistic channel assumption, all environ-
ments are kept stationary, and people are not allowed to move
around during measurements. Out of 103 receiver locations,
49 locations have LOS paths to transmitter, and the remaining
54 locations do not. The 103 receiver locations are categorized
into 12 groups according to measurement environments and
the existence of a LOS path. Grouping results are summarized
in Table I. At each receiver location, the receiver was moved
around to nine local positions to obtain a local average, and
100 frequency responses were collected at each local position.

As a result, 900 frequency responses are taken at each
receiver location. As the time interval between two consecutive
responses is 1 s, 100 frequency responses were taken for 140 s
at each local position.

III. FREQUENCY-DEPENDENT PATHLOSS
PROPERTY OF THE UWB SIGNAL

A. Empirical Parameters of Pathloss Model

To develop efficient UWB systems, the pathloss properties
must first be evaluated for the analysis of the link budget and
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(a) Environment 1. (b) Environment 2. (c) Environment 3.

Floor plans and receiver locations in office environments 1-3.
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Fig. 4. Floor plans and receiver locations in office environments 4-6.
(a) Environment 4. (b) Environment 5. (¢) Environment 6.

possible interference prevention. For characterization of the
frequency-independent UWB pathloss model, we start with the
conventional log—distance pathloss formula, i.e.,

PL(d) = PL(do) + 10 - n - log(d/do) + S )
where PL(d) is the pathloss at the reference distance do (which

is 1 m in this paper), d is the separation between the trans-
mitter and the receiver, n is the pathloss exponent, and S is a
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TABLE 1
TWELVE RECEIVER GROUPS ACCORDING TO THE PROPAGATION
ENVIRONMENT AND THE EXISTENCE OF A LOS PATH

E. Group # Mﬁ’; gd) Group # Mﬁigd)
1 LOS 1 16 14.1 NLOS 1 8 15.7
2 LOS2 4 9.1 NLOS 2 6 11.0
3 LOS3 1 6.2 NLOS 3 11 15.2
4 LOS 4 11 22.0 NLOS 4 9 18.6
5 LOSS 8 15.0 NLOS 5§ 12 17.3
6 LOS6 9 12.6 NLOS 6 8 9.2
TABLE 1I
EMPIRICAL PATHLOSS PARAMETERS OF THE RECEIVERS
PL(dy) " oy

[dB] [dB]

LOS1 35.596 1.58 1.025

LOS2 37913 1.47 1.029

LOS 4 41.729 1.27 1.647

LOSS 40.592 1.45 1.878

LOS 6 42.502 1.98 1.645

NLOS 1 38.521 2.13 2.640

NLOS 2 41.593 2.28 4.541

NLOS 3 43.786 2.85 4.423

NLOS 4 45.529 1.85 3.673

NLOS 5 46.504 2.83 3.838

NLOS 6 47.493 3.11 2.130

zero-mean Gaussian distributed random variable (in decibels)
with a standard deviation o (also in decibels) [17].

PL(d), PL(dp), and o, in (1) are averaged over a 1.6-GHz
bandwidth, and n is computed using the minimum mean square
error algorithm. Parameters for each receiver group are sum-
marized in Table II. For LOS groups, the pathloss exponents
are found to be smaller than 2, which corresponds to the free-
space loss. In LOS 4, because of the waveguide effect caused
by the metal wall on one side of the aisle and the brick walls on
the other side of the aisle, the pathloss exponent is the smallest.
For non-LOS (NLOS) locations, the pathloss exponent is about
2 for groups of NLOS 1, 2, and 4 and about three for groups
of NLOS 3, 5, and 6. In the former groups, the diffracted
signals around the corner of the open doors or aisles, even for a
LOS path, are blocked, and multireflected signals arrive at the
receiver, whereas only the transmitted signals through the walls
contribute to the receiver in the latter NLOS groups.

The difference in the pathloss exponents between NLOS
locations implies that the received signal strength can be in-
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creased by the existence of a diffraction path and a multiple
reflection path. The shadowing factor is between 1 and 2 dB
when an LOS path is guaranteed, whereas it rises to a value
between 2 and 4.5 dB when an LOS path is obstructed.

B. Effect of Frequency on the Pathloss Exponent

The classical radio theory states that the pathloss is a function
of wavelength [17]. The frequency-dependent pathloss property
has been discussed in many literatures [3], [10]-[12], although
there is a contradiction as well [18]. For existing communica-
tions using a narrow frequency bandwidth compared with the
UWB, (1) is enough to show the pathloss property. However, for
the UWB, a wider frequency bandwidth should be considered
in the pathloss model. In this paper, the frequency-dependent
pathloss is expressed using the following modified expression
of (1):

PL(d, f) = PL(do) + 10 - n(f) -log(d/do) + S.  (2)

For UWB systems, in particular, the MB-OFDM scheme
proposes that the assigned frequency bands should be divided
into subbands having bandwidths of 528 MHz [19]. To design
an efficient MB-OFDM system, the effect of frequency to
different frequency band UWB signals should be characterized.
For that purpose, we propose a practical pathloss exponent
formula to express the loss as a function of frequency. The
pathloss exponent variation with frequency is characterized by
taking the average of the pathloss exponent over the 500-MHz
overlapped window bandwidth whose center frequency is incre-
mented from 5.25 to 6.35 GHz in steps of 100 MHz, as shown in
Fig. 5. In this paper, the pathloss exponent averaged over each
subband is denoted ns; at the kth subband, £ =1,2,...,12.
The variation of nsy is expressed as a function of the center
frequency of each subband. The measured ns’s are illustrated
in Fig. 6.

As shown in Fig. 6, nsy, increases with the center frequency
of the subband and can be regressed as the linear function
to receiver groups. A pathloss exponent variation model as a
function of frequency is obtained for each receiver group, i.e.,

ns(fe) =ax fe+0b 3)

where f. is the center frequency of the subband (in gigahertz).

The statistical representatives of nsy’s and linear regres-
sion coefficients a and b of (3) for all receiver groups are
shown in Table III. The median value of ns; in each receiver
group is almost the same as n, which is the pathloss expo-
nent of (1), and the difference between the maximum and
minimum values of nsy is almost the same as the increasing
coefficient a. Moreover, the normalized slope a/n, which is
defined as the ratio of parameter a to n of (1), is analyzed. This
normalized slope is about 0.2 with the LOS path and about 1.5
without the LOS path, except LOS2 and NLOS3 groups, whose
a/n value is greater than 0.5. In these groups, reflected signals
from the different wall material of the neighboring building for
LOS2 and multireflected signals from walls of diverse materials
for NLOS3 enhance the frequency selectivity. Using these
statistical values, the parameters of (3) can be computed from

Authorized licensed use limited to: Seoul National University. Downloaded on August 18, 2009 at 21:14 from IEEE Xplore. Restrictions apply.



3106

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 7, SEPTEMBER 2009

Sub-band #1 Sub-band #2 Sub-band #11 Sub-band #12
178256H i {=5.35GHz 18200HZ: . iiivninsiod 1:=6.35GHz
% NN
: : (34 L L K R )
= e
: : B, 8 -~
50 5.1 55 56 6.0 6.1 65 66 (e
fe——— s00MHz ——»| f¢——— s00MHz ——| [GHz]
Fig. 5. Twelve subbands with bandwidths of 500 MHz.
' ' ' ' ' T o ns, (LOST)
22 T nsff) (LOS1)
ns(fi=0.54f1.14 P i m ns, (LOS)
(LOS B) I
2r R 4 | — —nsif) (LOSZ)
‘g o v ns, (LOSY)
g 18- 8 ns(i) (LOS4)
o 4 ns, (LOSE)
S 15F 1 | — — nsff) (LOSE)
= @ ns, (LOSE)
14r 1 ns(f) (LOSE)
v
124 — " ns(f=0.19f+0.23 .
" (L0S 4
I”J 1 1 1 1 1
525 5.45 565 585 6.05 6.25
Frequency [GHz]
(@)
4— . . . T T
o ns, (NLOS1)
ns(f=1.6076.40 0 ns() (NLOS1)
ast I, MNLOSH T O 1] m ns (NLOSZ)
) s g | | = —nslp (LOS)
3 ___rz.::-';_.v || o nemwosy
s S B R ns(f) (NLOS3)
ot v ng, (NLOS4)
2 _ ns(f) (NLOS4)
& 4 ns, (NLOSE)
— — ns(f) (NLOSS)
b & ng, (NLOSE)
------- ns(f) (NLOSE)
5% 545 565 565 505 525
Fregquency [GHz]
(b)
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n of (1). From the value of the normalized slope, parameter a is
computed from n and the normalized slope. Then, parameter b
is determined from ns(F.) = n, where F, is the center fre-
quency of the overall frequency band. In this paper, F. is
5.8 GHz. From these parameters, the pathloss exponent vari-
ation model can be expressed as

LOS locations : ns(f.) = 0.2n x f.+ (1 —0.2F.) (4)
where the factor 0.2 is for LOS locations and substituted as
0.2 for NLOS locations. Exceptionally, 0.2 is changed to 0.5
in LOS2 and NLOS3 groups.

C. Performance of the Pathloss Exponent Variation Model

Using this pathloss exponent variation model, more accurate
pathloss predictions can be performed to the frequency range
of UWB communication to be developed. In this section, the
accuracy of the pathloss formula based on the pathloss exponent
variation model is compared with those of existing pathloss
formulas.

As for existing pathloss formulas, the general pathloss ex-
ponent model given in (1) and the well-known frequency-
dependent pathloss formula [20] are denoted PL; and PLo,
respectively, whereas the pathloss formula using the proposed
pathloss exponent variation model in (2) is denoted PL3. Thus

PL, : PLo(d, f) = 32.44 + 201og, furs + 2010g1o diam
PL3 : PL3(d, f) =PL(do) + 10 - ns(f) - log(d). (3)

A graphical explanation of PL;’s and their pathloss pre-
diction error is depicted in Fig. 7. In (6), PL(d, f) means
the measured pathloss value (in decibels) as a function of
frequency f and the separation between Tx and Rx, i.e., d. The
pathloss prediction error ¢;(f) between PL; (i = 1, 2, and 3)
and PL(d, f) is defined as follows:

ei(d, f)=[PL;(d, f)—PL(d, f)| [indB] (i=1,2, and 3).

(6)

In each receiver location, the pathloss prediction error e;( f)
is averaged over the 1.6-GHz frequency range, i.e., Ef[e;(f)]’s.
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TABLE III
REPRESENTATIVE VALUES OF nsj; AND THEIR LINEAR
REGRESSION MODEL PARAMETERS

Group n MED(ns,) Ans, a b a / n
LOS1 1.58 1.62 0.32 0.35 | 047 0.222
LOS2 1.47 1.32 0.64 0.64 | 232 0.435
LOS 4 1.27 1.34 0.27 0.19 0.23 0.150
LOS 5 1.45 1.40 0.31 0.24 0.03 0.166
LOS 6 1.98 2.00 0.62 0.54 | -1.14 0.273
15(35%6 ; ; ; ; - | 0203
NLOS 1 2.13 2.18 0.42 0.33 0.30 0.155
NLOS 2 2.28 2.07 0.39 041 -0.27 0.180
NLOS 3 2.85 2.85 1.58 1.60 | -6.40 0.561
NLOS 4 1.85 1.86 0.23 0.21 0.63 0.114
NLOS 5 2.83 2.70 0.47 0.38 0.57 0.134
NLOS 6 3.11 3.13 0.64 0.50 0.20 0.161
oass | - - - N I

MED(ns;): Median value of 12 nsy's,

V”Sk : Maximum value of nsy -Minimum value of nsy,
n: pathloss exponent of (1)

These results are grouped according to the existence of a
LOS path and summarized in Table IV. Whether an LOS path is
guaranteed or not, the pathloss prediction based on the pathloss
exponent variation model shows the best performance. Once
the pathloss exponent variation model is applied to the pathloss
prediction, the prediction error is reduced, as compared to PL,
i.e., 22% in LOS locations and 15% in NLOS locations, respec-
tively. In comparison to PLo, the prediction error is reduced
by more than 55% as the proposed pathloss exponent variation
model is applied.

IV. CORRELATION ANALYSIS OF THE
FREQUENCY CHANNEL GAINS

For characterization of the frequency-dependent properties,
the discrete frequency response of the UWB radio channel i ( f)
is expressed as

801
h(f) = a(fi)e??TRa(f — fi) @)
k=1

where a(f;) and 6(f;) are the amplitude and phase of the
channel gain, respectively, at frequency fx, with d(-) as the
Dirac delta function. The index k indicates the sequence num-
ber of the discrete frequencies, whose interval is 2 MHz. In this
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experiment, f; is 5.0 GHz, and fgg; is 6.6 GHz. Since the phase
6(fx) in this experiment is modeled as a uniformly distributed
random variable between 0 and 27, the channel gain a(fy) in
the voltage scale is statistically characterized.

A. Frequency Correlation Properties of the
Measured Channel Gains

Since the UWB system operates in an extremely wide band-
width compared with conventional wireless systems, it is im-
perative to understand the frequency correlation characteristics
of UWB channels. However, the frequency correlation property
of the UWB channel gain has not been investigated so far. Once
the correlation model is established, the coherence bandwidth
values are analyzed, and the channel gain of the intervening
frequency can be estimated from neighboring known chan-
nel gains. For characterization of the frequency correlation
properties, the correlation coefficient is used to represent the
correlation level of the received signal amplitudes between
frequency tones and is represented as [21]

Co(f. f+ Af)
VO, NVCa(F +AF F+AS)

pa(Af) = ®)

where C,(f1, f2) = E[{a(f1) — ma(f1)Ha(f2) — ma(f2)}],

a(f1) is the amplitude of the channel gain at frequency tone
f1, and m(f1) is the mean of a(f1).

The correlation coefficients for the LOS and NLOS locations
are shown in Fig. 8. The correlation coefficients are well fitted
to the double-slope linear regression models, with the logarithm
of the frequency separation as follows:

Pa,LOS (Af) = —0.224 ln(Af) + 0.843 )]
pa,NLOS(Af) = —0.196 hl(Af) + 0.657. (10)

For frequency separations below 30 MHz, the correlation
coefficients for the LOS locations are larger than those for the
NLOS locations. However, as the frequency separation gets
larger, the correlation coefficients of the LOS locations dras-
tically decrease and become almost the same as the coefficients
of the NLOS locations beyond the frequency separation of
30 MHz. For frequency separations of 30 MHz or more, the
correlation coefficients converge to 0.05 in both cases.

B. Channel Gain Estimation and Estimation Error

With these correlation properties, the unknown channel re-
sponses at intervening frequencies can be estimated from the
known channel responses of neighboring frequencies. For the
estimation, we defined a measured channel gain set A, which
is composed of the measured channel gain at each frequency
in a single frequency response. As the measured bandwidth is
1.6 GHz and the separation between adjacent frequencies is
2 MHz, the number of elements is 801. Estimation sets ;17;,
based on the linear interpolation scheme, and five estimation
sets A;’s (j =2,3,...,6), based on the correlation model, are
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Pathloss [dB]
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5.8 6 6.2 6.4 6.6

Frequency [GHz]

Fig. 7. Graphical representation of PL;’s (¢ = 1, 2, and 3) and their prediction errors at Rx 40 of NLOS.

TABLE IV
PATHLOSS PREDICTION ERRORS OF THREE PATHLOSS FORMULAS
DEPENDING ON THE EXISTENCE OF AN LOS PATH

[dB] Etle,] Egle:] Egles]
Mean 2.064 6.362 1.610
LOS
Std. 1.15 2.84 1.06
Mean 4.057 5.284 3.448
NLOS
Std. 2.04 2.15 1.85
0.8 T T
—&—L0S
07+ —*— NLOS i
— — LOS regression
-------- NLOS regression
0B B
05t B
— \ Da(Af)=-D.224ln(&f)+G.843
< o4t (LOS, Af) _
D.W
03 B
02F il
01F 2, 4 4
pa(f_\.f)—-D.198In(f_\f)+D.B 7
10’ 10’ 10° 10’
Af [MHz]
Fig. 8. Correlation coefficients and their linear regression models for the LOS

and NLOS locations.

constructed. In all six estimation sets, the reference channel
gains are selected for every 10 MHz from set A. Thus

Measured gain set :

A= {a(f1),---,a(fx),---,a(fs01)}

Estimated gain set using linear interpolation :

A\; = {dL(fl), .- 'ﬂdL(fk)v .- '7aL(f801)}

Estimated gain set using correlation models :
Aj = {dj(f1)7 cee 7aj(fk)7 cee 7afj(f801)} (] = 2737 v 76)

Y

In the first estimation set AVL, the channel gain element
ar(fx) is estimated using the linear interpolation algorithm
[22]. The weighting factor for each channel gain at the refer-
ence frequency is the frequency separation between the target
frequency fy and the reference frequencies fr; and fg(it1)-
ar,(fx) is computed as

a(fr), fork=5n+1
oy (n=0,...,160)
a =
w0 Al e(ri) +ASa(fren ) otherwise
Afi+Afiva ’
(12)

In (12), fr; is the closest reference frequency among ref-
erence frequencies smaller than fi, and Af; is the frequency
separation between fi, and fg;. Similarly, fr(;41) is the closest
among bigger reference frequencies, and Af; 1 is equal to
(fr(i+1) — fr)- In estimated gain sets using correlation models,
the channel gains are estimated using the correlation coefficient
as follows:

a(fr), fork=5n+1
(n=0,...,160)
i
a;(fr) = q 2o pa(Afialfri)
= otherwise

J
3 palAf)
i=1
forj=2,3,...,6
where p,(Afi) = pa,Los(or NLOs) (Afi). (13)

In these sets, the weighting factors for the channel gains at
neighboring reference frequencies are correlation coefficients
from (9) in LOS and (10) in NLOS. The index of estimation set
7 refers to the number of reference channel gains used for the
estimation. For example, when j is equal to 3, the channel gain
is calculated from the channel gains at three closest reference
frequencies. A graphical explanation for the selected estimation
sets ;12 and ;4\; is illustrated in Fig. 9. In each estimation
gain set, the estimation error e; is defined as the frequency
averaged ratio of the absolute value of the difference between
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a(fz)
—_——— —_ a(fR(H]))
Prediction - =
Error
AN
fri A, Afiq frivy  °
(a)
—— — - Ia Dfi+
ra(Dig) — D) = =~ o
a(fy) NG = T o) > @) )
(frin) Prediction =Y SR
Error

la(f;)

AN

ik 10MHz—— fo €— Df—> f,

Dfeer Tagry) < 10MHz— fageg 2

Df : frequency separation between f, and i-th reference frequency, fg;
ra(Df) : correlation coefficient of frequency separation Df;

(b)

Fig. 9. Graphical expression of the selected channel gain estimation sets ;l\z and ;1\;. (a) Channel gain estimation in the estimation set ;XVL (b) Channel gain

estimation in the estimation set Ay4.

TABLE V
AVERAGE OF THE ESTIMATION ERROR VALUE DEPENDING ON THE EXISTENCE OF LOS WHEN A fr IS 10 MHz
e €, € €, €;s €

results 0.111 0.054 0.064 0.071 0.078 0.085
LOS

ratio 1 0.482 0.574 0.639 0.704 0.759

results 0.182 0.113 0.127 0.138 0.147 0.155
NLOS

ratio 1 0.623 0.696 0.757 0.810 0.854

(ratio)= ej /e (j=Lor2,3,.,6)

the measured channel gain and the estimated channel gain to
the measured channel gain, i.e.,

o = b, [ ) et

o(f) (j=Lor2,3,...,6).

(14)

In (14), to eliminate the effect of the Tx—Rx separation, the
absolute difference of the channel gain element is divided by
the measured channel gain element. The estimation errors of
receiver locations are grouped according to the existence of a
LOS path and summarized in Table V. The ratio in Table V
is the relative performance of the estimation using correla-
tion models compared to that using the linear interpolation
algorithm.

In both the LOS and NLOS locations, es is the smallest. In
particular, with a LOS path, the estimation error of the linear
interpolation estimation is reduced by about 50% when the
channel gains are estimated from channel gains at two closest
reference frequencies. As channel gains are more correlated in
LOS locations, the estimation algorithm using correlation mod-
els has better performance when the LOS path is guaranteed.
In addition, it is found that the estimation using correlation
models has the best performance when j is equal to 2. Although
more channel gain information is added with increasing j, the

1.4 T T T T T T T

Ratio

—aLOS B,
—5—LOS By
—&— 05 e A
---@-- NLOS By
---m-- NLOS By
---e-- NLOS gy

1 1 1 1 1 1
32 40 A0 B4 80 100
Af, [MHz]

Fig. 10.  Variation of the ratio between ey, and e;’s (j = 2, 4, and 6) with an
interval between reference frequencies.

estimation error increases rather than decreases because the
correlation coefficients between the target channel gain and
the added channel gains are too small to make the estimation
accurate.
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TABLE VI

AVERAGE OF THE ESTIMATION ERROR VALUE DEPENDING ON THE EXISTENCE OF LOS
Ay 8 10 20 40 64 100

e, 0091 | 0111 | 0170 | 0250 | 0207 | 0370

LOS e, 0041 | 0054 | 0117 | 0208 | 0270 | 0326
Ratio 045 0.48 0.69 0.83 0.91 0.88

e, 0143 | 0182 | 0281 0411 0.431 0.487

NLOS | e, 0083 | 0113 | 0225 | 0394 | 0418 | 0526
Ratio 0.58 0.62 0.73 0.88 0.97 1.02

So far, the interval between reference frequencies is fixed to
10 MHz. However, the performance of the estimation algorithm
is changed due to the variation of the interval between reference
frequencies A fr. In Fig. 10, the variation of the ratio between
erande;’s (j = 2,4, 6) to A fg is illustrated, whereas absolute
values of ey, and ey are summarized in Table VI. As shown in
Fig. 10, the relative accuracy of the estimation using correlation
models decreases as Afg increases. For example, the ratio
between e, and ey, which is about 0.5 with a 10-MHz A fg,
becomes about 0.9 when Afg is bigger than 50 MHz. This
is because the estimation using the correlation model becomes
ineffective as the correlation coefficient becomes smaller with
increasing A fg.

In Table VI, it is found that to guarantee the estimation error
lower than 20%, A fr is set to 25 MHz with the LOS path and
to 12 MHz without the LOS path when the linear interpolation
algorithm is applied. Once the correlation model is applied to
the estimation, however, A fr’s can be expanded as 36 MHz for
LOS and 18 MHz for NLOS, which means that the number of
reference frequencies in the given frequency band is reduced as
the correlation model is used in the frequency-domain channel
gain estimation.

V. CONCLUSION

For efficient UWB systems engineering, we have proposed
a frequency-dependent empirical UWB channel model for
office environments. The measurements were performed at
103 receiver locations of six receiver groups using the fre-
quency sweep method. From the results, the pathloss exponent
variation with frequency was modeled as a linear function of
frequency, and the difference between the maximum and mini-
mum values of the pathloss exponent for a 500-MHz frequency
band was proportional to the pathloss exponent value of the
overall frequency band. Using this pathloss exponent variation
model, pathloss prediction can more accurately be performed
than is possible using existing pathloss formulas. For character-
ization of the UWB correlation property, the correlation coeffi-
cient was represented as a linear regression model with a double
slope that depends on the existence of an LOS path. Using this
correlation coefficient modeling, the unknown channel gains
of intervening frequencies are estimated from known channel
information of reference frequencies. Through the performance

variation analysis of the number of the reference frequency and
the interval between the reference frequency, it is confirmed
that estimation using the correlation property from known
channel gain information of two closest frequencies has the
best estimation accuracy as it decreases the estimation error by
about 50% with the LOS path and by 40% without the LOS path
when the interval between the reference frequency is 10 MHz.
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