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Abstract-The multiple-access Power Spec-
tral Density (PSD) under realistic multipath
channels extracted from experimental mea-
surements, for both time-hopping pulse posi-
tion and direct-sequence antipodal data modu-
lations, is analytically derived and closed form
solutions are given. Using a proper pulse
shape compatible with FCC spectral mask, ex-
amples of PSD’s are given. The magnitude of
PSD fluctuations in realistic environments is
investigated and compared with line of sight
measurements in an anechoic chamber, which
may be used for FCC compliance tests.

I. INTRODUCTION

In this paper, the Power Spectral Density (PSD) of
multiple access digital impulse radio utilizing direct-
sequence or time-hopping spreading technique with
antipodal or pulse position data modulation is inves-
tigated. According to Federal Communication Com-
mission’s Report and Order on Ultra Wide Band-
width (UWB) systems [1], the transmitted power ra-
diated by such devices should be restricted within
spectral masks associated to different UWB applica-
tions. For an indoor wireless multiuser scenario the
aggregate interference should comply with these reg-
ulations in order to limit the spurious emission level
caused by such systems. This motivates investigating
the PSD of multiple access UWB impulse radio under
realistic propagation conditions for system design and
power control issues based on estimated power level
fluctuations in typical UWB applications.
This paper is organized as follows. In Section II,

PSD of a finite power random process is defined. This
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definition is then applied to direct-sequence and time-
hopping multiple-access UWB systems in Sections III
and IV, respectively. A pulse shape designed to meet
FCC spectral mask is given in Section V, which will
be used to investigate the effects of multipath on
UWB PSD in Section VI. Concluding remarks are
followed in Section VII.

II. POWER SPECTRAL DENSITY OF A FINITE
POWER RANDOM SIGNAL

The following approach is taken in computing the
PSD, S(f), of a finite power signal, s(t), throughout
this paper.

S(f) = lim
T→∞

E{|F{s2T (t)}|2}
2T

(1)

where F{s2T (t)} represents the Fourier Transform of
s2T (t) and

s2T (t) = s(t), t ∈ [−T, T ] (2)

and s2T (t) = 0 outside the above interval. This ap-
proach can be used regardless of a stochastic process
being wide sense stationary or not. Albeit, the PSD
of a wide sense stationary process computed using (1)
is equivalent to the Fourier transform of its autocorre-
lation function. The method used in [2, 3] computes
the PSD of a time-hopping system based on com-
puting the autocorrelation function of a single user
scenario under ideal propagation conditions. In this
paper, we derive closed form formulas for both time-
hopping and direct-sequence multiple-access power
spectral densities. The effects of UWB multipath on
the PSD is also investigated.

III. DIRECT-SEQUENCE WITH ANTIPODAL
MODULATION

The wireless multiple access digital impulse radio
signal under multipath propagation conditions uti-
lizing direct-sequence spreading with antipodal data



modulation can be represented as

s(t) =
Nu∑

k=1

Lk−1∑

m=0

gk
mf

k(t− τk
m) (3)

where

fk(t) =
∑

l

ak
l d

k
� l

Ns
�w(t− lTf ) (4)

is the transmitted signal of User k with no asyn-
chronous delay. The mth path’s delay of the kth
user is represented by τk

m = τk
0 + λk

m, where λk
m is

the excess delay of the kth user’s mth path and τk
0 is

his/her corresponding asynchronous delay. The am-
plitude of the mth path of the kth user is denoted
by gk

m. We assume there are Nu active users si-
multaneously present and that User k has a multi-
path channel with Lk taps. Each transmitted data
is repeated Ns times, therefore, the kth user’s data
at the lth frame is shown as d� l

Ns
�, where 	x
 ac-

counts for the greatest integer not greater than x.
The transmitted data dk

i ∈ {+1,−1} and there is
an additional direct-sequence spreading modulation,
ak

l ∈ {+1,−1}, which represents the polarity of user
k’s spreading sequence at the lth frame. The spread-
ing sequences are assumed random. At the beginning
of each frame duration, Tf , one pulse, w(t), is trans-
mitted.
The first step toward PSD computation is to take

the Fourier Transform of s2nTf
(t) using (3).

F{s2nTf
(t)} =

Nu∑

k=1

Lk−1∑

m=0

gk
mF

k
2nTf

(f)e−j2πfτk
m (5)

where F k
2nTf

(f) is the Fourier Transform of fk
2nTf

(t).
But using (4),

F k
2nTf

(f) =
n−1∑

l=−n

ak
l d

k
� l

Ns
�W (f)e−j2πflTf (6)

whereW (f) represents the Fourier Transform of w(t).
Note that the support of w(t) is much less than one
frame duration. Therefore, E{|F{s2nTf

(t)}|2} can be
computed as

E{|F{s2nTf
(t)}|2} =

Nu∑

k=1

Nu∑

k′=1

Lk−1∑

m=0

Lk′
−1∑

m′=0

gk
mg

k′

m′

n−1∑

l=−n

n−1∑

l′=−n

E{X(k, k′,m,m′, l, l′)}|W (f)|2 (7)

where

X(k, k′,m,m′, l, l′) = ak
l a

k′

l′ d
k
� l

Ns
�d

k′

� l′
Ns

�

e−j2πf(l−l′)Tf e−j2πf(τk
m−τk′

m′ ) (8)

Since different users have independent random direct
sequences, ak

l is independent from ak′

l′ for k �= k′, and
even for the same user, ak

l is independent from ak
l′

when l �= l′. From this observation and from the fact
that Pr.{ak

l = +1} = Pr.{ak
l = −1} = 1

2 , we conclude
that E{X(k, k′,m,m′, l, l′)} = 0 when k �= k′ and/or
l �= l′. Hence,

E{|F{s2nTf
(t)}|2} =

Nu∑

k=1

Lk−1∑

m=0

Lk−1∑

m′=0

gk
mg

k
m′

n−1∑

l=−n

E{X(k, k,m,m′, l, l)}|W (f)|2 (9)

where

E{X(k, k,m,m′, l, l)} = e−j2πf(λk
m−λk

m′ ) (10)

since ak
l

2 = dk
� l

Ns
�
2 = 1 and τk

m − τk
m′ = λk

m − λk
m′ .

Hence,

E{|F{s2nTf
(t)}|2} =

Nu∑

k=1

Lk−1∑

m=0

Lk−1∑

m′=0

gk
mg

k
m′

2n|W (f)|2e−j2πf(λk
m−λk

m′ ) (11)

Using (1) with T = nTf , we have

S(f) = lim
n→∞

E{|F{s2nTf
(t)}|2}

2nTf
(12)

or the PSD of multiple access digital impulse ra-
dio utilizing direct-sequence spreading with antipodal
data modulation under multipath propagation condi-
tions is given by

S(f) =
|W (f)|2

Tf

Nu∑

k=1

∣∣∣∣∣∣

Lk−1∑

m=0

gk
me

−j2πfλk
m

∣∣∣∣∣∣

2

(13)

As can be seen, there are no discrete parts present
in the PSD of a direct-sequence signal utilizing an-
tipodal data modulation. As expected, the multiuser
PSD is simply the sum of individual power spec-
tral densities corresponding to different users and
the effect of the kth user’s multipath channel is

demonstrated through
∣∣∣
∑Lk−1

m=0 gk
me

−j2πfλk
m

∣∣∣
2
, which

is the magnitude squared of the channel frequency
response. The PSD is also scaled by 1

Tf
.

IV. TIME-HOPPING WITH PULSE POSITION
MODULATION

The wireless multiple access digital impulse radio
signal under multipath propagation conditions utiliz-
ing time-hopping spreading with pulse position data



modulation can be represented as

r2nNsTf
(t) =

Nu∑

k=1

Lk−1∑

m=0

gk
mS

k
2nNsTf

(t− τk
m) (14)

where

Sk
2nNsTf

(t) =
nNs−1∑

l=−nNs

w(t− lTf − ckl Tc − δdk
� l

Ns
�)

(15)

and dk
i ∈ {0, 1} and δ accounts for the pulse posi-

tion modulation parameter [4, 5]. To avoid multiple-
access collisions, each user is assigned a different
time-hopping code. In (15), ckl represents the time-
hopping code of the kth user in the lth frame. These
codes are assumed random and ckl ∈ {0, 1, 2, ..., Nh −
1}, where NhTc ≤ Tf . Taking the Fourier Transform
of r2nNsTf

(t),

R2nNsTf
(f) =

Nu∑

k=1

Lk−1∑

m=0

gk
m

nNs−1∑

l=−nNs

W (f)

e
−j2πf(lTf+ck

l Tc+δdk

� l
Ns

�
+τk

m)
(16)

Therefore, considering τk
m = λk

m + τk
0 ,

|R2nNsTf
(f)|2 =

Nu∑

k=1

Nu∑
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m=0

Lk′
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k′

m′

e−j2πf(λk
m−λk′

m′ )
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l=−nNs
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|W (f)|2
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e
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� l
Ns

�
−dk′

� l′
Ns

�
)
e−j2πf(τk

0 −τk′
0 ) (17)

It can be shown [6] that when k �= k′,

lim
n→∞

E{|R2nNsTf
(f ; k �= k′)|2}

2nNsTf
= 0 (18)

where |R2nNsTf
(f ; k �= k′)|2 accounts for those terms

of |R2nNsTf
(f)|2 for which k �= k′. Hence,

lim
n→∞

E{|R2nNsTf
(f)|2}

2nNsTf
= lim

n→∞

1
2nNsTf

Nu∑

k=1
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m=0

Lk−1∑
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gk
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k
m′e−j2πf(λk
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m′ )|W (f)|2[(
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l=l′=−nNs
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E{ej2πfck
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Ns

�
−dk

� l′
Ns
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}] (19)

Dividing the case for l �= l′ into two disjoint sub-
sets, namely, l �= l′ and 	 l

Ns

 = 	 l′

Ns

 and the case

where l �= l′ while 	 l
Ns


 �= 	 l′

Ns

, and carrying on

some manipulations [6], the PSD of multiple access
time-hopping digital impulse radio with pulse posi-
tion modulation in the presence of multipath can be
given by

S(f) =
Nu∑

k=1

∣∣∣∣∣∣

Lk−1∑

m=0

gk
me

−j2πfλk
mW (f)

∣∣∣∣∣∣

2

{ 1
Tf

+

(
2sin2(πfδ)
N2

hNsTf

sin2(πfNhTc)
sin2(πfTc)

Ns−1∑

i=1

(Ns − i) cos(2πifTf )) −

(
cos2(πfδ)
N2

hTf

sin2(πfNhTc)
sin2(πfTc)

) + (
1

N2
hT

2
f

∞∑

i=−∞

sin2(πi Tc

Tf
Nh)

sin2(πi Tc

Tf
)

cos2(π
i

Tf
δ)δD(f − i

Tf
))} (20)

where δD(.) is the Dirac Delta function. One should
note that when NhTc = Tf , i.e., when the hopping
range is equal to one frame duration, the discrete
parts of the PSD vanish.

V. A PULSE SHAPE COMPATIBLE WITH F.C.C.
SPECTRAL MASK

A Gaussian pulse can be mathematically repre-
sented as

w(t) =
A√

(2π)σ2
e− t2

2 (21)

By taking the eighth order derivative of (21) and cen-
tering the result at 1 nanosecond, the pulse shape
shown in Fig. 1 is obtained for σ = 81.1 picoseconds.
Fig. 2 illustrates the normalized spectral density of
the pulse shape shown in Fig. 1 along with the FCC
spectral mask. Interested reader may refer to [7] for
further study on the nth-order derivative of Gaussian
pulse shape design based on F.C.C. spectral mask.
Fig. 3 shows a typical UWB channel measurement.

This measurement has been normalized to have a unit
energy. This multipath channel measurement is one
of many taken by Intel Corporation in the frequency
domain between 2 GHz to 8 GHz with 3.75 MHz res-
olution bandwidth. Inverse Fast Fourier Transform
has been applied to this frequency domain measure-
ment to get the time domain representation of Fig. 3.
Throughout the remainder of this paper, we use mul-
tipath channel responses such as in Fig. 3 with an
eighth order derivative of Gaussian pulse shape whose
spectral density is shown Fig. 2.
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Figure 1: An eighth order derivative of Gaussian
pulse shape centered at 1 ns.
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Figure 2: Normalized spectral density of an eighth
order derivative of Gaussian pulse shape along with
normalized FCC spectral mask
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Figure 3: A typical indoor UWB Channel

VI. INVESTIGATING THE EFFECTS OF
MULTIPATH ON UWB PSD

In this section, the PSD fluctuations of single user
and multiuser UWB radio in the presence of multi-
path channels is studied.
Fig. 4 demonstrates the PSD of single user direct-

sequence UWB radio considering only the fist few ar-
riving paths. This PSD has been normalized by the
maxf

|W (f)|2
Tf

. As can be seen, the PSD assuming only
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Figure 4: Single user PSD assuming only the first few
arriving paths

the first arriving path is proportional to the energy
spectral density of the pulse shape used. Considering
the first two arriving paths, the PSD distorts a lit-
tle bit with respect to the energy spectral density of
the pulse shape. Adding the third and fourth paths,
we see the frequency selectivity phenomenon and the
fluctuations range between more than roughly ±5 dB
compared to the no multipath scenario. This suggests
the careful design of UWB systems under realistic
propagation conditions based on PSD fluctuations.
Fig. 5 shows these fluctuations using all the paths of
the received signal. This figure illustrates PSD fluc-
tuations of more than ±10 dB as compared with the
no multipath scenario.
Fig. 6 investigates the PSD of multiuser UWB ra-

dio. Curves for both single user and 10 user scenarios
are given for comparison. Here, all the paths have
been considered for each user’s independent multi-
path channel. As can be observed, the multiple ac-
cess PSD is smoother than that of the single user due
to the aggregation of different users’s PSD’s which
somehow averages out sharp fluctuations. However,
the multiple access PSD is 10 dB stronger than the
single user case. This aggregate PSD should be de-
signed such that it meets the spectral mask require-
ments imposed by regulatory authorities.
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Figure 5: Single user PSD under ideal and realistic
propagation conditions
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Figure 6: Single user and multiuser PSD comparison

VII. CONCLUSION

It is important to know the effects of typical UWB
multipath channels on UWB impulse radio PSD in
order to carefully design such systems based on PSD
fluctuations in a typical propagation environment.
This PSD in the presence of multipath demonstrates
frequency selectivity on the order of more than ±10
dB fluctuations. Although, due to the huge band-
width of UWB systems, these fluctuations are orders
of magnitude smaller than those of traditional narrow
band systems, but one should consider careful design
with adequate fading margin in order to prevent se-
vere performance degradation of such systems in the
presence of multipath.
The PSD of a multiple-access UWB impulse ra-

dio communication system has higher levels propor-
tional to the number of active users communicating at
the same time. This suggests reduction in transmit-
ted power levels based on the total number of active

users such that the aggregate interference is restricted
within specific spectral masks imposed by regulatory
authorities. Although the PSD levels are higher for
multiple-access systems, the PSD fluctuations due to
multipath phenomenon are smoother because of ag-
gregating different users’s PSD’s which somehow av-
erages such fluctuations.
In order to avoid discrete parts in the PSD, one

may use direct-sequence UWB with antipodal data
modulation. The symmetry of this kind of modula-
tion results in disappearing of discrete components
of the PSD. Also, deploying a full hopping-range in a
time-hopping system makes the discrete parts of the
PSD vanish.
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