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On Fading Margin in Ultrawideband Communications Over Multipath Channels

Enrique René Bastidas-Puga, Fernando Ramirez-Mireles, and David Mufoz-Rodriguez

Abstract—This work studies ultra wideband (UWB) communi-
cations over multipath residential indoor channels. We study the
relationship between the fading margin and the transmitter—re-
ceiver separation distance for both the line of sight and the no line
of sight scenarios. Impairments such as small scale fading as well
as large scale fading are considered. Some implications of the re-
sults for UWB indoor network design are discussed.

Index Terms—BER, multipath, PPM, UWB.

1. INTRODUCTION

ULTIPATH fading resistance and high data rate trans-

mission capacity [1]-[3] make ultra wideband (UWB)
technology an excellent option for wireless communications in
home applications [4] such as wireless TV, or in local area net-
works to provide access to internet services and to enable mul-
timedia applications [5].

The UWB signals receive their name due to their very wide
bandwidth. A signal is defined to be UWB when its bandwidth,
measured at the —10 dB points, is greater than 0.2 times its
central frequency, or when it is greater than 500 MHz [6].

The literature shows several UWB performance analyses for
multipath indoor channels in commercial office buildings [2],
[71-[9]. The work in [2] and [7] analyze M-ary pulse position
modulation (PPM) communications with ideal and low com-
plexity Rake receivers, respectively. The work in [9] uses binary
PPM data to compare ideal versus reduced complexity Rake re-
ceivers, with a statistical multipath channel model from an office
building and using a semi-analytical evaluation of bit error rate
(BER) similar to the calculation done in [8].

The fading margin (FM) in wireless communications is the
average increase in required signal power to provide the same
average error probability on fading versus non fading channels
[10]. The reduced FM properties in UWB communications over
multipath channels have been studied before [2], [8]. In this
work we are interested in how this fading margin FM (d) de-
pends on the transmitter—receiver separation distance d [11].
In particular, we analyze the dependence of the received signal
variance on the link length. In the analysis we consider the ef-
fects of both small scale and large scale fading. We make calcu-
lations for both the line-of-sight (LOS) and the no-line-of-sight
(NLS) scenarios.
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Based on the fading margin results, we provide some guide-
lines useful for UWB indoor network design.

II. SYSTEM MODEL

This analysis uses binary PPM, with a channel model suitable
for indoor residential environments [12], as well as a stochastic
path loss model designed from the same measurement experi-
ment [13]. The system model is explained in more detail in [14].

A. Signal Description

The PPM signal s(t) is the received signal representing a bit.
In the absence of noise s(t) can be written as follows [1], [8]
N.-1
s(t)= Y wi(t—kTy—8), b=0,1 (1)
k=0
where 6 is the shift due to data modulation, k& indexes each
transmitted pulse, T’ is the allowable time window for each
pulse to be transmitted, and N represents the number of pulses
transmitted per bit b.

Let w,(t) be the received UWB “pulse” under multipath con-
ditions with duration T in the order of 100’s of ns, and let w(t)
be the received UWB pulse under free space propagation con-
ditions with duration 7, in the order of a few ns; hence w;(¢)
is a spreaded version of w(t) with T > T,,. In (1) the s(t) is
composed of Ny UWB pulses w,(t), with Ty > Ts + 6.

Notice that the multipath profiles are assumed to have a fixed
length T, long enough to contain the majority of the energy.
Also notice that the frame time 7' is chosen to be longer than
the duration of the MP profile 7; hence both inter-pulse and
inter-symbol can be neglected.

With a proper Rake receiver configuration [2], [3], the pulse
replicas arriving in the receiver with delays larger than the UWB
pulse width T}, can be resolved and their energy can be com-
bined to increase the total received energy. Hence, UWB sys-
tems are resistant to the deleterious effects of fading caused by
dense multipath.

The frequency spectrum of s(¢) is

N:—1
S(w)=Walw) Y eI+ p=01 ()
k=0
where
Wi(w) = W(w)H (w) 3)

is the received pulse frequency spectrum, W (w) is the Fourier

transform of w(¢), and H (w) is the Fourier transform of the im-

pulse response of the slowly varying indoor multipath channel.
The energy of s(¢) is given by E; = N F,,, where
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is the energy of w;s(¢). Both s(¢) and ws(t) have normalized
correlation given by

y(r) = / %Z_T)dt: /%jf—ﬂdt
L

17 :
E % / |W5(w)|2eJWwa7 TE [_T’lU?Tw]

since pulses are non overlapping.

B. Channel Frequency Response

In our analysis we use an auto-regressive (AR) statistical
channel model [12] obtained by using frequency domain data
measured in a propagation experiment in residential envi-
ronments (over 23 residential homes with different structure,
material, age, and clutter) [13]. The AR model accounts for
the small scale fading impairments introduced by the multipath
environment. The channel frequency response H (w) is centered
around 5 GHz, and corresponds to the output sequence of an
infinite impulse response (IIR) filter. The input to the IIR filter,
the initial conditions, and coefficients are all random.

In this analysis we also use the path loss (PL) model for large
scale fading impairments developed in [13] with the same ex-
perimental data used for the AR model. The PL is a lognormal
shadow fading model. For more details about the channel model
please see the Appendix.

C. Distance-Dependence

Clearly, the channel response varies as a function of d, e.g.,
in the AR model the variance of the filter excitation, and the ini-
tial conditions are distance-dependant. Obviously, the PL model
is distance-dependant. The PL produces frequency-independent
variations, and the frequency-dependant variations are given by
H(w). The reader can easily find expressions for E,,(d) and
v(8, d) as a function of d.

III. PERFORMANCE ANALYSIS

In this analysis we consider a Rake receiver perfectly syn-
chronized and matched to the information signal. The received
signal contains additive white Gaussian Noise (AWGN) with
two-sided power spectral density (PSD) N, /2.

A. Conditioned BER

Let’s assume, for the time being, that d and the channel con-
ditions are kept fixed. Using standard communications theory
[15], we can calculate the bit error probability for equally likely
bits. When a bit 0 is transmitted, the error probability is

P.d) = Q (\/SNRyu=o(d)) @
where [14]

Nsz(d) (1 — %{7(57 d)})

SNRp=o(d) = No
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is the distance-dependant bit signal-to-noise ratio (SNR), Q(-)
is the Gaussian tail integral, and R{-} is the real-part operator.
For equally likely bits, the total BER is given by P, in (4).

B. Averaged BER

Equation (4) gives the BER conditioned on a particular
channel realization. To average the BER considering the
random channel effects (with a fixed d), we use the same
semi-analytical approach described in [8] to get

Pavg (SNRavg<d)) = E[Pe]

:%icz(m) )

where P,z (SNRavg(d)) is the distance-dependant averaged
bit error probability, SNR..¢(d) is the average receiver SNR,
E[-] is the mean estimator with respect to the random multipath
channel, SNR;(d) is the SNR at the receiver calculated for each
realization, and M is the number of channel realizations.

C. FM, SNR and BER

In this work we analyze FM(d) as a function of d, while the
BER is maintained fixed. For this purpose, we first study how
the bit error rate BER(d) changes as we vary d, while the SNR
is maintained fixed (i.e., as d is varied, we increase or decrease
the transmitted signal energy to maintain the same average SNR
in the receiver). We then use these constant SNR curves to cal-
culate FM(d).

IV. SIMULATION AND NUMERICAL RESULTS

In this work the basic pulse w;(t) is the second derivative of
a Gaussian pulse [1], [8] multiplied by a complex exponential
at 5 GHz, giving a frequency spectrum

W(w) = %ﬁr [to(w — wo)]? - e (Rl (6
where w = 27 f, f is the frequency in Hz, wy = 27 fo, fo =
5 GHz, and ¢y = 0.5 x 1079 sec.. (resulting in T,, ~ 4 ns).
We use orthogonal PPM with 69 = 0 and 6; = 4 ns, and Ty >
200 ns.

The H(w) and W(w) are obtained for f =
3.75,...,6.25 GHz in 3.125 MHz steps (a total of 801
points). The H(w) and PL are obtained for each channel
realization using Monte Carlo simulation. The method used
for channel model generation is explained in references [12]
and [13]. The method used to generate channel realizations
according to the model is explained more in depth in the
appendix. (For a full description of the computer generation
methods see [14]).

From W (w) in (6) and every pair H(w)(d), PL(d) we cal-
culate one SNR(d) value and a corresponding P.(d) in (4). For
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Fig. 1. Received energy variance VAR[E,(d)] vs. distance d.
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Fig. 2. The BER(d) vs. distance for LOS case.
every d, the channel effects are averaged over 500 000 channel

realizations.!
Fig. 1 shows the variance estimator [16]

1 M | M 2
VAR [E.(d)] & S| Eeild) - i > E.i(d)
=1 =1

of the received energy E;(d) plotted against d.

Figs. 2 and 3 show BER(d) in (5) vs. d for SNR = 10,
15, 18, 21, 24, and 27 dB, for the LOS and NLS cases, respec-
tively. From the constant-SNR curves in Figs. 2 and 3 we can
calculate the values of FM(d) for a fixed value of BER. Re-
call that FM(d) = SNR(d) — SNRawan, where SNR(d) and
SNRawanN are the SNR values to achieve the desired BER in
the multipath and AWGN channels, respectively.

As an example, remember that for an AWGN channel with or-
thogonal signals, we can get BER = 10~¢ with SNR A wgn ~
13.5 dB, and BER = 10~2 with SNRaway ~ 6.5 dB [15].
Tables I and IT show the fading margin results for the LOS case,

Tn our simulation we normalized each received pulse energy in such a way

that the average received energy correspond to the value predicted by the PL for
that particular d.
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Fig. 3. The BER(d) vs. distance for NLS case.
TABLE 1
FADING MARGIN EXAMPLE FOR LOS CASE IN FIG. 2 WITH BER 103
dm) | SNR(d) @B) | SNRawgn @B) | FM(d) @B)
1 ~ 10 6.5 ~ 3.5
10 15 6.5 8.5
20 ~ 18 6.5 ~11.5
TABLE 1II
FADING MARGIN EXAMPLE FOR LOS CASE IN FIG. 2 WITH BER 10—°
d m) | SNR(d) @B) | SNRawan @B) | FM(d) @B)
1 18 13.5 4.5
5 21 13.5 7.5
10 24 13.5 10.5
20 27 13.5 13.5
TABLE III
FADING MARGIN EXAMPLE FOR NLS CASE IN FIG. 3 WiTH BER 103
d m) | SNR(d) @B) | SNRawgn (@B) | FM(d) (dB)
1 15 6.5 8.5
2 18 6.5 11.5
3 21 6.5 14.5
4 24 6.5 17.5
5 27 6.5 20.5
TABLE IV
FADING MARGIN EXAMPLE FOR NLS CASE IN FIG. 3 WiTH BER 10—°
d m) | SNR(d) @B) | SNRawgn @B) | FM(d) @B)
1 24 13.5 11.5
2 ~ 27 13.5 ~ 14.5

and Tables III and IV show the fading margin results for the
NLOS case.

V. DISCUSSION AND CONCLUSIONS

Fig. 1 shows VAR[E,(d)] against d. As
VARJ[E,(d)] increases as d increases.

The explanation to this phenomenon is that signals traveling
longer distances experience more fading effects than those trav-
eling shorter distances.

In general, signals traveling longer distances have a lower
mean received energy because they are attenuated within

expected,
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traveling distance. They also exhibit higher received energy
variance because the density of the multipath increases with
time (i.e., multipath replicas received earlier come back after
several bounces as new, more attenuated, and further delayed
reflections).

Actually, the parameters of the channel model have higher
variances for higher distances; thus, as the distance increases,
the received energy variation increases too. As mentioned
before, the two sources of distance-dependence variations are
the small scale statistics (more specifically, the variance of the
filter excitation and the initial conditions in the AR channel
model); and the shadow fading effects (considered in the log-
normal random variable of the PL. model). Currently [17] the
PL model used for wireless personal area networks incorporate
a “deterministic” PL model. Hence, we can expect this late
model to be optimistic since shadowing effects in the PL are
not taken into account.

Figs. 2 and 3 show BER(d) vs. d for different SNR for both
LOS and NLS cases. The performance of the system suffers
degradation for larger d even for fixed average SNR (this fixed
average SNR being a form of average power control in the trans-
mitter). For example, Fig. 2 shows that an average SNR fixed to
18 dB can result in BER values in the rage 10~ to above 10~%
depending on the distance. From these results we can conclude
that the power control mechanisms based on signal quality (e.g.
power control based on either “instantaneous” or average car-
rier-to-interference ratios) are in general less effective than the
criteria based on frequency of errors (e.g., power control based
on BER or packet error rate).

As expected, we can see that the LOS case can achieve lower
values in both BER and FM than the NLS case for a similar
distance. Clearly, the NLS case exhibits a high FM increase as
a function of distance. The results in Fig. 2 suggest that low
power uncoded UWB systems can operate in a range of about
10 m under LOS conditions. Also, the results in Fig. 3 suggest
that low power coded UWB systems could operate in a range of
about 5 meters under NLOS conditions.

These results correspond to the performance of a UWB
system, analyzed over a realistic, multipath residential channel.
In our results we included impairments such as small scale
fading produced by the multipath environment, as well as large
scale fading with the PL model.

APPENDIX
CHANNEL DESCRIPTION

A. Channel Frequency Response

The channel frequency response H(w), w = 2 f, used in
(3) corresponds to the output sequence of an infinite impulse
response (IIR) filter

H(fL d) =nN; — a[l]H(f,L-_l, d) — a[2]H(fi_27 d) (7)

The H(f;,d) is the frequency response at the frequency
sample points f; = fo + (¢ — 1) fs, where f is the initial fre-
quency sample point, f; is the frequency sampling separation,
and¢ = 1,2,..., N,

The n; is the white noise input sequence. This noise input se-
quence has complex elements with real and imaginary parts that
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are independent and normally-distributed with zero mean and
standard deviation o, and a[1] and a[2] are the filter coefficients.

The output sequence of the filter gives the frequency response
of the model H(f;,d). This IIR filter is fully characterized by
five parameters

* The standard deviation o of the white noise sequence n;.

* The model coefficients a[1], and a[2], which are complex

numbers.

e The IIR filter initial conditions given by wg, and wq,

which are also complex numbers.

In order to obtain the channel frequency response H ( f;, d) for
a given d, we first obtain the standard deviation ¢ of the white
noise sequence n;, then n; is generated according to the value of
o just obtained. Secondly, the filter coefficients a[1], and a[2] are
generated. In the third step the filter initial conditions wy, and
wy are generated for the given d. Finally, the channel frequency
response H (f;, d) is obtained as the output sequence of the IIR
filter with input sequence n;, filter coefficients a[1], and a[2],
and initial conditions wg, and w1 .

Here we just give a brief description of the parameters. For a
full description of the distribution of the parameters needed to
simulate the channel frequency response we refer the reader to
[12] and [14].

The standard deviation of the input noise sequence n; has
lognormal distribution with mean and standard deviation (STD)
given by

MEAN [201og 10 (o(d))]; g = — 10.81log 10(d) — 77.2

STD [2010g 10 (o(d))]},05 = 3.7
MEAN [201og 10 (o(d))]xn1.s = — 20.11og 10(d) — 78.5
STD [2010og 10 (o(d))] s =4-5.

For the LOS case the coefficients magnitudes are estimated
according to

la[1]]Los = —0.9235W + 0.3836N + 1.7869  (8)

and for the NLS case the coefficients magnitudes are estimated
according to

la[1]|xps = —0.863W + 0.501N + 1.5369 ©9)

where W has the Weibull probability distribution [18], defined
by

B—1
rowy=2 (K) ()’
n

with nr,0s = 15.191, Pros = 1.312; and nNLs = 8.104 with
ﬁNLS = 1.442.

The N in (8) and (9) is a zero-mean normal random variable
with standard deviation o105 = 0.0202, on,s = 0.0234.

The distribution of the angle values Za[1]pos is Weibull, in
the range of (1.95, 2.97) radians with parameters n = 0.3773
and § = 16.5023; while the distribution of Za[l]xrg is also
Weibull, in the range of (1.24, 2.85) radians with parameters
n = 0.001 and 8 = 7.8896.

Once |a[1]| and Za[1] are obtained we can use linear relation-
ships to estimate |a[2]| and Za[2]

|a2]|p0s = 0.1993 + 0.3908 |a[1]]; o
|a[2]|xrs = — 0.1345 + 0.5678 |a[1] |1
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and

Za[2]Los = —6.4422 + 2.0505[&[1][{)5
Za[2]NLs = —6.5595 + 2.10221a[1]NL5.

Instead of using the parameter values for 1 and § described
before (values originally proposed in [12]), we propose alterna-
tive values (new values proposed in [14]) and use them with all
previous equations

nrLos =0.18 and fros = 2.2 for use with (8)
nxLs = 0.25 and Bnrs = 2 for use with (10)
nros = 2.4 and Bros = 31 to obtain Za[l]Los
nNLs = 2.4 and Onps = 10 to obtain Za[l]Nrs.

Besides these new parameters, we propose to modify (9) to

la[1]|x s = —0.863W 4 0.501N 4 1.7869.  (10)

The relationship for magnitudes and phases of the initial con-
ditions for the LOS and NLS cases are

lwi|ros =0.89|wolros (11)
b1r0s =0.9888¢or0s5 + 2.26 + vros (12)
|wi|nrs =0.93wo|nLs (13)

pinLs =0.9827¢onrs +2.01 +vnrs (14)

where ¢; for 2 = 0, 1 is the phase of w;, vyog represents a
variation to the linear relationship between both initial condi-
tion phases (¢oros and ¢110s) in the LOS case, while vpos
represents the same variation in the NLS case.

The magnitudes have lognormal distribution with means and
standard deviation of their logarithm value equal to

E[201ogyg [wo(d)[] o5 = —16-3logo(d) —47.9  (15)
STD [201og; 4 |wo(d)|];0g = 5.6 (16)
E[20logg |wo(d)|] y g = — 36.5logo(d) —45.9 (17)
STD [201og; |wo(d)|] g = 7.8 (18)

uniformly distributed within
N(0.0142,0.294)% and

¢oros and ¢onLs are
the interval (—m, 7). vpos ~
UNLS ™~ N(00594704277)

B. Path Loss Model

The work in [13] describes a PL model derived from the
same experiments used for the AR channel modeling we just
described.

The PL in dB as a function of the separation distance d in
meters between transmitter and receiver is given by

PL(d) = PLo 4 10alogyo(d) + S (19)

where PLg is the PL in dB at the reference distance of 1 m, «
is the PL exponent, and S is the lognormal shadow fading in

2X ~ N(m, std) means X is a random variable normally distributed with
mean m and standard deviation std.
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TABLE V
PL PARAMETER VALUES. THE N(MEAN, STD) DENOTES THE
GAUSSIAN DISTRIBUTION

PLo(dB) « Os
LOS| 47 ~N(1.7,03) | ~N(L6,05)
NLS | 51 | ~N(35,0.97) | ~ N(2.7,0.98)

dB with standard deviation . Table V shows the parameters
needed to calculate the PL in (19).
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