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Abstract—In this paper, we derive a closed-form expression for
channel-averaged signal-to-interference-plus-noise ratio (SINR)
for ultra-wideband (UWB) Rake receiving system in an indoor multiuser communication scenario, given that the interference level is
fluctuating due to asynchronous transmissions among users. The
indoor wireless channel model adopted here is a standard one, recently released by IEEE 802.15 study group 3a [1]. We propose a
theoretical framework to derive the channel-averaged SINR considering the lognormal channel gain distribution and the double
independent Poisson arrival distribution of cluster and ray, and
show that our analysis is well coincident with the simulation results. With this framework, we demonstrate that our analysis can
be applied to theoretically determine the optimum integration interval for a UWB transmitted reference system, even in a multiuser
scenario.
Index Terms—Channel-averaged signal-to-interference-plusnoise ratio (SINR), double Poisson process, lognormal distribution,
Rake receiver, transmitted reference (TR) system, ultra-wideband
(UWB).

I. INTRODUCTION
LTRA-WIDEBAND (UWB) technology has been proposed as a promising alternative for indoor wireless communication systems to support short-range high-data rate transmissions. The carrierless transmitted signal is composed of a
sequence of low-duty-cycle subnanosecond pulses. The high
ratio of the transmitted signal bandwidth to the information rate
provides UWB system with multiple-access capability. In [2]
and [3], the authors proposed time-hopping (TH) impulse radio
as the multiple-access scheme and analyzed the performance of
a TH pulse position modulation (TH-PPM) UWB system based
on the Gaussian approximation of multiple-access interference
(MAI). In TH-UWB system, each symbol period is divided into
a number of frames and only one pulse is transmitted in each
frame. The position of the pulse within each frame is determined
by a user-specific pseudorandom sequence to avoid catastrophic
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collision among different users. In [4], the authors derived an exact BER expression using the characteristic function method and
evaluated the accuracy of Gaussian approximation used in [2]
and [3]. However, all these papers examined only the system
performance based on additive white Gaussian noise (AWGN)
channel.
The bandwidth occupancy of UWB signal from near dc to a
few gigahertz leads to fine multipath resolvability, which significantly reduces fading effects in indoor environments [5]. In [6],
the authors provided experimental results for the performance of
UWB Rake receiver in a dense multipath environment. To precisely analyze the performance of a UWB system, great efforts
have been made on developing an appropriate channel model
to capture the characteristics of UWB signal. Recently, IEEE
802.15 study group 3a has accepted the indoor wireless channel
model developed at Intel for high-data rate UWB systems [1], in
which the clustering of path arrivals was reported. Specifically,
the multipath components arrive according to a double Poisson
process and the fading coefficient of each multipath component
has an independent lognormal distribution rather than Rayleigh
distribution. Furthermore, the double-exponential model was
found to be better fit for the power decay profile. Based
on this channel model, [7]–[9] presented signal-to-noise ratio
(SNR) and bit-error-rate (BER) performance for different types
of Rake receivers. However, they only considered single-user
transmission. Besides, the results are given in a semianalytical
way.
Due to the large number of multipath components, Rake receiver may not be suitable for collecting enough signal energy with only moderate receiver complexity [5]. Moreover,
the imperfect channel estimation may affect the system performance severely. Alternatively, the authors in [10] proposed
UWB transmitted reference (UWB-TR) system, in which the receiver correlates the received data signal with the unmodulated
reference signal and integrates over a certain time interval to
collect enough signal energy. UWB-TR signaling accomplishes
channel estimation and collects the desired signal energy in
such a simple way at the expense of increased noise power, due
to noise-times-noise operation. In [11], the authors found the
optimum integration interval by maximizing the average output SNR for a single-user UWB-TR system. [12] and [13] also
used the optimized integration interval when analyzing UWBTR sytem performance. However, in all these papers, the optimum integration interval is determined through simulations for
a single-user link, given a certain input SNR. The optimized
integration interval may not be optimum for higher (lower)
input SNR values, since we have more (less) reliable multipath components that can be included for detecting the data
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bit. Similarly, the optimum integration interval determined for a
single-user link may no longer be optimum as far as the MAI is
concerned.
In this paper, we begin with analyzing the performance of
Rake receiving system, such as partial Rake (p-Rake), in terms
of channel-averaged output SINR in typical indoor multiuser
environments. To this end, we propose a theoretical framework to derive a closed-form expression for channel-averaged
output SINR based on the IEEE 802.15.3a channel model
and show that our analysis is well coincident with the simulation results. Based on this framework, we can compare
the performance of UWB Rake receiving system in different
types of indoor wireless channels, using the channel-averaged
SINR as a performance measure. We further attempt to derive a closed-form expression for BER based on our model.
However, to the best of the authors’ efforts, we find that
without much affecting the essence of the channel characteristics, the derivation of a closed-form BER expression is
unwieldy.
Another application of the theoretical framework, developed
in this paper, is to determine the optimum integration interval
for a single-user UWB-TR system by maximizing the channelaveraged output SNR. We compare the analytical optimum integration interval with the one determined by minimizing average
BER obtained through simulation, and show that there is little
difference between them for low and medium SNRs. We also
demonstrate that, depending upon the input SNR, the optimum
integration interval will be different and there exists a lower
bound on the integration interval, corresponding to extremely
low input SNR. Our results reveal that, using the lower bound
as the integration interval for all input SNRs will cause some
performance degradation, especially for high input SNR. Finally, we extend the analysis to the multiuser scenario and show
that as far as the MAI is concerned, the optimum integration
interval will decrease as the number of users increases. We also
find that in the multiuser scenario, using the lower bound as
the integration interval is a good choice to somehow reduce
the receiver complexity without causing too much performance
loss.
The rest of the paper is organized as follows. Section II describes the signaling format for a TH-pulse position modulation
(PPM) UWB system along with the channel model. Section III
specifies the receiver structure and mathematical model used
to analyze the channel-averaged output SINR for a p-Rake receiver. Section IV gives the signal model for UWB-TR system
and elaborates how to use our theoretical framework to determine the optimum integration interval. Numerical and simulation results are presented in Section V and concluding remarks
are given in Section VI.
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from νth user is expressed by [3]
s(ν ) (t) =

+∞ 




(ν )
(ν )
Ew wtr t − jTf − cj Tc − δ bj /N s 

j =−∞

(1)
where wtr (t) is a unit-energy transmitted pulse and Ew is the
transmitted pulse energy. δ represents the time shift associated
(ν )
with BPPM, and bj /N s  ∈ {0, 1} is the user-specific data sequence (x denotes the integer part of x). Tf is the frame time
in which only one pulse is transmitted and Ns denotes the num(ν )
ber of frames per symbol. cj is the TH value for the jth frame
of νth user and Tc is the chip duration.
The discrete-time impulse response of the UWB channel
model can be written as [1]
h(t) =

L 
K


αk ,l δ(t − Tl − τk ,l )

(2)

l=0 k =0

where αk ,l is the gain coefficient of kth ray in lth cluster and τk ,l
is the arrival time of kth ray relative to lth cluster’s arrival time
Tl . The intercluster and interray arrival times are independently
exponentially distributed αk ,l = pk ,l βk ,l where pk ,l equiprobably takes on the values of ±1 accounting for the random pulse
inversion that occurs due to reflections and βk ,l is a lognormal random variable, denoted by 20 log10 (βk ,l ) ∝ N (µk ,l , σ 2 ).
The power profile is double exponentially decaying, given by
E{βk2,l } = Ω0 exp(−Tl /Γ) exp(−τk ,l /γ) (E denotes the expectation), where Ω0 is the mean power of the first ray of the
first cluster, Γ and γ represent the power decay factors of the
cluster and ray, respectively.
The signal received by the desired first user within onesymbol duration can be written as (assuming symbol ‘0’ was
transmitted by the first user)
r(t) =

N
s −1 
j =0

×



Nu 
+∞

 
(1)
Ew g (1) t − jTf − cj Tc +



ν =2 j =−∞
(ν )

(ν )

(ν )

Ew g (ν ) t − jTf − cj Tc − δdj /N s  − τ0


(3)

where g (ν ) (t) = wrec (t) ⊗ h(ν ) (t), ν = 1, 2, . . . , Nu and Nu is
the total number of users. wrec (t) represents the received pulse,
which is usually the time derivative of the transmitted pulse.
h(ν ) (t) denotes the channel-impulse response for νth user and
is considered to be time-invariant within one symbol duration
(ν )
(⊗ denotes convolution). τ0 represents the νth user’s reference
delay relative to the first user caused by asynchronous transmis(1)
sion. Without loss of generality, we assume τ0 = 0. n(t) is
AWGN with two-sided power spectral density of No /2.
III. RAKE PERFORMANCE ANALYSIS

II. SIGNAL AND CHANNEL MODELS
We consider TH-binary PPM (BPPM) as the signaling format. The transmissions from different users are assumed to be
asynchronous. Each user is assigned a random TH pattern to
avoid catastrophic collision with others. The TH-BPPM signal

To analyze the performance of a practical Rake receiving
system, we usually need to make the assumption that the multipath components are isolated and resolvable at the receiver.
Based on this assumption, we consider an equivalent discretetime channel model for (2). Specifically, the whole arrival time
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axis is divided into time bins of ∆τ , which is at least equal to
the pulsewidth [6, eq. (5)]. In any given time bin, one or more
multipath components (MPCs) can arrive because of cluster
overlapping, or no arrival at all. The channel gain coefficients
of all the arrived MPCs within that time bin are added together
to yield a combined channel coefficient. Based on this model,
the νth user’s equivalent discrete-time channel impulse response
can be written as
 (ν )
Ai δ(t − τi )
(4)
h(ν ) (t) =

tively, can be evaluated in a similar way as [3], denoted by

i

ξ = Ew Ns R(0)

j =0

τ i +j T f

(5)
where v(t) = wrec (t) − wrec (t − δ) is the template signal. Given
perfect channel estimation, the decision statistic after maximalratio combining (MRC) of the first Lp fingers is expressed by
Z=

Lp



(1)

Ew Ai Zi

(6)

i=1
(1)

where Ai represents the channel coefficient of ith time bin of
the first user and is assumed to be known at the receiver. To
avoid interframe interference (IFI), we assume [3, eq. (57)]
Tf
(7)
2
where Nh Tc corresponds to the maximum TH shift, Tm is the
channel delay spread, and Tw is the pulsewidth. Based on (7),
the instantaneous output SINR conditioned on all the channel
coefficients of all users can be formulated as


ξ2
(8)
SINR {A(ν ) } =
N u
(ν ) 2
2 + E 2 N T −1
σrec
w s f
ν =2 Geﬀ
Nh T c + T m + T w + δ ≤

(ν )

(ν ) 2

2
where A(ν ) = {Ai }, and the quantities ξ, σrec
, and Geff ,
which represent desired signal, filtered noise, and MAI, respec-

(1) 2

Ai

(9)

i=1
2
= No Ew Ns R(0)
σrec

Lp


(1) 2

Ai

(10)

i=1
(ν ) 2

Geff

=

Lp


N


(1)

(1)

) (ν )
Ai Ak A(ν
n Am Q[(i − k − n + m)∆τ ]

i, k =1 n , m =1

(ν )

where τi = (i − 1)∆τ is the ith time bin and Ai represents the
sum of the channel coefficients of all MPCs arrived in ith time
(ν )
bin. In general, the channel coefficients {Ai } are correlated
for the earlier ∆τ (or Tc )-spaced multipath channel model [14],
but with ∆τ  delay spread they can be well approximated to
be uncorrelated. Compared with (2), this discrete-time channel
model does not account for pulse distortion due to partial pulse
overlapping, which is very usual when using a large pulsewidth
(e.g., 0.7 ns in [12]). However, when considering very small
pulsewidth (e.g., 0.167 ns in [1]), the probability of pulse distortion will be greatly reduced. With this small pulsewidth, the
equivalent sampling frequency for the discrete-time channel impulse response will be about 6 GHz and (4) will be a good approximation to (2) in terms of preserving most of the channel
characteristics.
Based on this discrete-time channel model, a tapped-delayline Rake receiver structure can be adopted to collect the signal
energy in each time bin. For the first user, assuming perfect
timing synchronization, the output of the ith Rake finger can be
written as
N
s −1  τ i +(j +1)T f


(1)
r(t)v t − jTf − cj Tc − τi dt
Zi =

Lp


(11)
where the conditional expectation on MAI does not
depend on TH sequences as long as (7) is valid, R(·) represents the correlation function between the received pulse wrec (t)
and template signal v(t). N is the total number of time bins
to be considered for each channel realization and Q(·) is de +∞
fined as the autocorrelation function of R(·), i.e., Q(x) = −∞
R(τ )R(τ + x)dτ .
To find the channel-averaged SINR, which is defined by
∆

SINR = SINR({A(ν ) })
=

|E A (1) {ξ}|2


N u
(ν ) 2
2 + E 2 N T −1
(1)
E A (1) σrec
w s f
ν =2 E A (ν ) Geff |A

,

(12)
we need to take another expectation with respect to the channel realization. Here, the first-order approximation1 is made
to the desired signal ξ as its mean E A (1) {ξ}, while the MAI
is accounted for in terms of the second-order moment due to
time asynchronism, given the channel coefficients of the desired
first user that are being estimated. Considering the interference
(ν ) 2

part (i.e., MAI), we need to evaluate E A (ν ) {Geff |A(1) }. For a
 (ν ) (ν )
(ν )
specific channel realization, we have An = q pn ,q βn ,q and
 (ν ) (ν )
(ν )
(ν )
(ν )
Am = u pm ,u βm ,u , where (pn ,q , pm ,u ) equiprobably take
(ν )
(ν )
on the values of ±1 and (βn ,q , βm ,u ) represent the qth and the
uth MPCs arrived in the nth and the mth time bins, respectively. Note that there is some difference between the definition
(ν )
for the subscripts of βn ,q and that of βk ,l in (2), because the former accounts for any possible overlapping among MPCs based
on our discrete-time channel model. Due to the independency
(ν )
between different MPCs and the fact that E{pn ,q } = 0 and
(ν ) 2

E{pn ,q } = 1, we have
 
  (ν ) 2
(ν ) 2

=
E
A
E βn ,q ,

n


E

) (ν )
A(ν
n Am

=

n=m

q



 0,

n = m.
(13)

1 The first-order SINR approximation is validated through the BER simulations in Fig. 7, where the two methods have been compared in determining the
optimum integration interval for TR systems.
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Using this result, the conditional expectation of (11) will have
nonzero components only when n = m. Furthermore, due to
zero-crossing property of R(·) and the limited supporting range
of Q(·), we have Q(±∆τ )  Q(0) and Q[(i − k)∆τ ] = 0
when |i − k| ≥ 2. Consequently, only the terms corresponding
to i = k and n = m will be left, resulting in
Lp
N




(ν ) 2
(1) 2
)2
.
Ai
E A(ν
E A (ν ) Geff |A(1) = Q(0)
n
i=1

n =1

(14)
Substituting (14) into (12), the channel-averaged SINR can be
formulated as

L p
(1) 2
Ew Ns R2 (0) i=1
E Ai
SINR =
.

 u N
(ν ) 2
No R(0) + Ew Q(0)Tf−1 N
E
A
n
n =1
ν =2
(15)
The computation of (15) requires the evaluation of average
path energy. Recalling our discrete-time channel model, there
could be MPC arrival or not in any given time bin. In the following, when we mention a cluster arrival in any given time bin, we
refer to the arrival of the first ray component within this cluster.
Accordingly, a ray arrival is always referring to the arrival of a
ray component other than the first one within each cluster.
With the very small ∆τ in our assumption, it is well known
that Poisson arrival process can be approximated by binomial
distribution.2 Specifically, there could be one or no cluster arrival
∆
in ∆τ with the probabilities given by Pc = Λ∆τ and 1 − Pc ,
respectively. In addition, given a cluster arrival in a certain time
bin, there could be one or no ray arrival in any following time
∆
bin with the probabilities given by Pr = λ∆τ and 1 − Pr , respectively (Λ and λ are defined as the cluster and ray arrival
rates, respectively). The probability that there are more than one
cluster arrival in any time bin is zero. Similarly, within the same
cluster, the probability that there are more than one ray arrival
in any time bin is also zero. Based on this assumption, there are
only a finite number of arrival patterns in each time bin and the
average path energy can be evaluated in a unified way no matter
which channel model has been chosen, i.e., line-of-sight (LOS)
or nonline-of-sight (NLOS).
In the evaluation of average path energy, we find the following
lemma useful.
Lemma: The probability that qth (q = 1, 2, . . . , n) time bin
has a MPC (either ray or cluster) contribution to nth (n ≥ 2)
(n )
time bin τn , denoted by Pq can be calculated in three cases

q=1

 Pr ,
(n )
(16)
P q = Pc · Pr ,
2≤q ≤n−1


q = n.
Pc ,
Proof of Lemma: See Appendix A.
2 As for the cluster (first ray) arrival with significant path gain, the binomial
approximation here seems to be sufficiently accurate, while it tends to be less
accurate for the following ray arrival (with less significant path gain, especially
for the CM1 channel model) because of much higher arrival rate [1].
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It is very interesting to observe that, the probability that qth
(q = 1, 2, . . . , n − 1) time bin has a ray contribution to nth time
bin can be simply calculated as the joint probability that a cluster
arrives at qth time bin and this cluster results in a ray at nth time
bin.
Using this lemma and enumerating all possible arrival patterns in nth time bin, the average path energy can be evaluated
in Appendix B as

(ν ) 2
= Ω0
E A1



∆τ ρ2 (1 − ρn −2 )
n∆τ
(ν ) 2
= Ω0 Pc Pr exp −
+
E An
γ
Γ
1−ρ


(n − 1)∆τ
+ Ω0 Pc exp −
Γ


(n − 1)∆τ
(17)
+ Ω0 Pr exp −
γ
∆τ
where n ≥ 2 and ρ = exp ( ∆τ
γ − Γ ). Note that the userspecific superscript ν has been omitted in the final expression for
notational simplicity. It should be pointed out that by defining

∆
(ν )2
Ēc = E{ N
}, we can now theoretically set
n =1 An

Ω0 =

1 ∆
1
=
Ē0 Ēc |Ω0 =1

(18)

so as to make Ēc = 1 (normalized), instead of normaliz
ing the total channel energy, which is defined as E{ Ll=1
K
(ν ) 2
k =1 |αk ,l | }, for each realization as in [1]. By selecting the
normalizing Ω0 = Ē0−1 for each user and substituting (17) into
(15), the channel-averaged output SINR is derived as
SINR =

Ew Ns R(0)2 Ω0
N0 R(0) + Ew Q(0)Tf−1 (Nu − 1)





L ∆τ
− exp − pΓ
exp − ∆τ
Γ


× 1 + Pc
1 − exp − ∆τ
Γ




L ∆τ
 
exp − ∆τ
− exp − pγ
ρ2 exp ∆τ
γ
Γ


+ Pr
+ Pc Pr
∆τ
1−ρ
1− exp − γ





(L p +1)∆τ
exp − 2∆τ
−
exp
−
γ
γ


×
∆τ
1 − exp − γ




(L +1)∆τ
exp − 2∆τ
− ρL p −1 exp − p γ
γ
 . (19)


−
1 − exp − ∆τ
Γ

Note that the total channel energy is normalized to one for
each user and the long-term lognormal shadowing has not been
considered here, but it can easily be generalized to include it.
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IV. INTEGRATION INTERVAL OPTIMIZATION
FOR UWB-TR SYSTEM
A direct application of the theoretical framework developed
here is to determine the optimum integration interval for a UWBTR system, so as to maximize average output SINR. This issue
has been addressed by several previous papers [11]–[13]. However, all these papers only considered optimizing the integration
interval in a single-user UWB-TR system. Besides, the optimum integration interval is found by simulation. In this section,
we directly apply our theoretical framework, which will enable
us to optimize the integration interval analytically, even in a
multiuser scenario.
The transmitted signal from the νth user using biphase modulation is expressed by [12]
+∞ 
 


(ν )
(ν )
(ν )
Ew dj wtr t − jTf − cj Tc − τ0
s(ν ) (t) =
j =−∞



(ν )

(ν )

(ν )

+ bj /N s  wtr t − jTf − cj Tc − Td

(ν )

− τ0


(20)

where the two transmitted pulses correspond to the reference and
(ν )
data pulses, respectively. Td is the user-specific delay between
the reference and data pulses in each frame and is assumed
to be larger than multipath delay spread Tm , so as to avoid
the interference between the reference and data waveforms. In
addition, the frame time Tf is assumed to be at least equal to
(ν )
(ν )
Nh Tc + Tm + Tw + Td to ensure that there is no IFI. Note
(ν )
that the maximum TH shift Nh Tc has been set accordingly,
(ν )
in order to keep the frame time Tf fixed for all users [12]. dj
is a pseudorandom sequence to randomize the polarities of the
transmitted pulses. All other parameters have been defined in
Section II. To detect one of the νth user’s transmitted symbols, a
simple correlation receiver can be used to correlate the received
(ν )
signal with the one received Td seconds earlier and obtain the
decision statistic by summing over Ns frames, i.e.,
(ν )
(ν )
(ν )
N
s −1  j T f +c
T c +τ 0 +T d +T corr
j

(ν ) 
(ν )
Z =
r(t)r t − Td dt
(ν )
j T f +c j T c

j =0

where g (1) (t) has been defined before and n(t) is AWGN with
two-sided power spectral density of No /2. Using the correlation
receiver mentioned earlier, the channel-averaged output SNR
can be derived in Appendix III-A as a function of the integration
interval via Lp
Ns Ew2 G2 (Lp )
(23)
SNR(Lp ) =
No Ew G(Lp ) + No2 W Lp Tw /2
∆ L p
(1) 2
where G(Lp ) = i=1
E{Ai } can be evaluated using (17),
and W represents one-sided receiver bandwidth. As shown in
Appendix C.1, the two terms in the denominator represent noisetimes-signal and noise-times-noise terms, respectively. By substituting (17) into (23), we can theoretically determine the optimum integration interval via numerical search, given by
Lopt
p = argmax{SNR(Lp )}

which is a function of channel parameters, transmitted pulse
energy, noise power spectral density, receiver bandwidth, and
pulsewidth.
With noise only present, time bandwidth product given by
W Tcorr = W Lp Tw largely affects the optimum integration interval (as long as the input SNR is high), because due to the
multipath resolvability condition, most of the signal energy is
captured as W Tcorr reaches the number of multipath L present
in the channel. Increasing W Tcorr beyond this point will only
accumulate more noise energy in the receiver as seen in the denominator of (23) and [15, eq. (12)]. However, as the input SNR
decreases, the optimum integration interval via Lp decreases,
(ν )
because the channel gain coefficients Ai in (4) could be zero
if there is no arrival in the ith time bin, in which case noise
energy is only accumulated.
B. Multiuser UWB-TR System
In the multiuser scenario, the received signal by the desired
first user can be written as
N
s −1 

(1) 
(1)
(1) 
r(t) =
Ew dj g (1) t − jTf − cj Tc − τ0
j =0


(1)
(1)
(1)
(1) 
+bj /N s  g (1) t − jTf − cj Tc − Td − τ0
+ n(t)

(ν )
(ν )
+τ 0 +T d

(21)
where Tcorr is assumed to be an integer multiple of the
pulsewidth, denoted by Lp Tw . In order to clearly see the difference between single-user and multiuser UWB-TR systems when
optimizing the integration interval, we separate our analysis into
two cases.
A. Single User UWB-TR System
In a single-user UWB-TR system, the received signal in one
symbol duration is written as
r(t) =

N
s −1

(1)  (1) 

Ew d j

g

(1)

(1) 

t − jTf − cj Tc − τ0

j =0


(1)
(1)
(1)
(1) 
+ bj /N s  g (1) t − jTf − cj Tc − Td − τ0
+ n(t)
(22)

(24)

Lp

+

Nu 
+∞ 


(ν ) 
(ν )
(ν ) 
Ew dj g (ν ) t − jTf − cj Tc − τ0
ν =2 j =−∞


(ν )
(ν )
(ν )
(ν ) 
+bj /N s  g (ν ) t − jTf − cj Tc − Td − τ0
. (25)
Besides AWGN as in single-user scenario, we have the MAI
coming from other users, as long as their signals overlap with
the first user’s data or reference signals. Similar to the singleuser case, the interference can be classified into three different
types, such as MAI-times-signal, MAI-times-noise, and MAItimes-MAI.
(ν )
(ν )
As mentioned earlier, Td and Nh are intentionally set to
different values for different users. For instance, we may choose
(ν )

Td

(ν )

= Tm + (ν − 1)Tw and Nh

(N u )

= Nh

− (ν − 1)
(26)
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TABLE I
AVERAGE TOTAL CHANNEL ENERGY Ē 0 IN (18)

where we use the pulsewidth Tw = Tc . The main purpose for
(ν )
choosing different Td for different users is to misalign any
other interferer’s reference and data signals, so as to effectively
reduce the MAI-times-MAI term. Specifically, the MAI-timesMAI can be further classified as two components. One is the total
interference resulting from the correlation of the reference and
data signals of the same interferer, termed it as self-MAI-timesMAI; the other is the total inteference resulting from the correlation of the reference and data signals of different interferers,
termed it as cross-MAI-times-MAI. With the aforementioned
signaling format, the contribution from self-MAI-times-MAI
will be relatively small compared to cross-MAI-times-MAI, especially when the number of users is large. Consequently, we
ignore the self-MAI-times-MAI term in the analysis for average
output SINR, which will be validated by simulation.
Based on the earlier approximation, the channel-averaged
output SINR is evaluated in Appendix III-B:

2 2
SINR(Lp ) = Ns Ew G (Lp ) No Ew G(Lp )

Fig. 1. Average output SINR versus number of Rake fingers for TH-BPPM
UWB system, in CM1 and CM2 when E b /N o = 20 dB.

+ No2 W Lp Tw /2 + 4(Nu −1)Ew2 Q(0)Tf−1 G(Lp )
+ 2(Nu − 1)Ew No Lp Tw Tf−1 + 4(Nu − 1)
  Tw  Tw
−2
Rw2 (x) dx dy
× (Nu − 2)Tf


Tw



0

T w −y

+
0

−T w

−y

Rw2 (x) dx dy

+ Q(0)(Lp − 2)Tw

−1
(25)

where Rw (·) is defined as the autocorrelation function of the
received pulse. Again, the optimum integration interval can be
determined by (24) except using (27) as the objective function
to be maximized. When both noise and MAI are present, and
the MAI becomes dominant (i.e., when the input SNR is high),
the MAI gets accumulated as Tcorr (or Lp ) increases as seen
in the denominator of (27), which largely affects the optimum
integration interval in the region of W Tcorr ≤ L, unlike the case
of only noise (i.e., a single user case) [15].
V. RESULTS
To first validate the theoretical framework developed in
Section III, we choose N = 200 for CM1, CM2 and N = 400
for CM3, CM4 because the channel models CM1, CM2 and
CM3, CM4 adopted in [1] have similar channel delay spreads,
respectively. Note that ∆τ is chosen to be 0.167 ns as sug-

Fig. 2. Average output SINR versus number of Rake fingers for TH-BPPM
UWB system, in CM3 and CM4 when E b /N o = 20 dB.

gested in [1], which is equal to the chip duration. With the longterm lognormal shadowing ignored, Ē0 in (18) is calculated for
the channel models CM1, CM2, CM3, and CM4, as shown in
Table I, where the total channel energy was also calculated using
∆
sufficiently large N , i.e., Nsuff =10(Γ + γ)/∆τ  as suggested
in [1]. It is seen that we can capture most of the signal energy
when N = 200 for CM1, CM2 and N = 400 for CM3, CM4.
Next, we consider the Rake receiving system where Nu =
20 users experience the same channel condition and the received pulse is the second-order derivative Gaussian pulse with
pulsewidth slightly less than ∆τ to accomodate the time shift
δ associated with BPPM. Also, the transmitted energy is normalized to Ew = 1. The frame time Tf is 1060 chips, which is
around 180 ns and the pulse repetition is chosen as Ns = 1 without lost of generality. Figs. 1 and 2 show the average output SINR
versus number of Rake fingers for the channel models CM1,
CM2 and CM3, CM4, respectively, when Eb /No = 20 dB. We

2028

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 55, NO. 10, OCTOBER 2007

Fig. 3. Average output SNR versus integration interval for UWB-TR system,
in CM1 and CM2 when E b /N o = 20 dB.

Fig. 5. Optimum integration interval versus E b /N o for UWB-TR system, in
4 different types of channel models CM1–CM4.

Fig. 4. Average output SNR versus integration interval for UWB-TR system,
in CM3 and CM4 when E b /N o = 20 dB.

CM1 and CM2 converge to the same value, while the average
output SNRs in CM3 and CM4 converge to another value. This
can be explained from (23) that as Lp increases and finally approaches N , G(Lp ) → 1 and the convergence point, which the
average output SNR will reach depends on the choice of N .
Fig. 5 shows how the optimum integration interval depends
upon input SNR for CM1–CM4. It is observed that when the
input SNR increases, the optimum integration interval also increases. We can also find that, when the input SNR is very small,
there exists a lower bound on the optimum integration interval
for each type of channel model, which is found to be approximately 4.7, 13.0, 18.0, and 35.7 ns for CM1–CM4, respectively.
This is an important system design parameter in the sense that
in order to ensure a maximum average output SNR, the integration interval should be at least equal to this value. It should
also be pointed out that the integration interval determined by
maximizing average output SNR may not be optimum in terms
of minimizing average BER. To check the goodness of the optimized integration time, Fig. 5 also includes the integration
intervals corresponding to minimum average BER for each input SNR. It is obvious that the two criterions yield similar results
for low and medium SNRs, while exhibiting some differences
for high SNR.
Fig. 6 show the average BER performance for a single-user
UWB-TR system for CM2 and CM4, respectively. Here, we
compare the performance of the scheme that adaptively chooses
the optimum integration interval depending on input SNR, with
the one using the lower bound for all input SNR values. As a
reference, we also include the curve corresponding to minimum
average BER. It is easy to find that the adaptive scheme achieves
almost the same performance as the one minimizing average
BER. Moreover, it outperforms the one using the lower bound
as the input SNR increases.
Fig. 7 provides the validation for the approximation made
in (28) (i.e., ignoring the self-MAI-times-MAI term) when
analyzing the channel-averaged output SINR for the multiuser

observe that our analysis matches well to the simulation results.
The little discrepancies occurring for the small number of Rake
fingers are mainly due to the 0.167 ns time bin, which is not
small enough to well approximate the Poisson process by the
binomial distribution. As observed in our simulations, in fact
the discrepancies become less when smaller ∆τ is adopted.
For the UWB-TR system, we choose the pulsewidth equal to
the chip duration as we are using antipodal modulation and the
frame time is chosen to be 1000 chips, which is around 167 ns.
All other simulation parameters remain the same as in Rake
receiving system. Figs. 3 and 4 show the average output SNR
versus integration interval for a single-user UWB-TR system,
from which we can see, for each type of channel model, there
exists an optimum integration interval that maximizes the average output SNR. Specifically, in Figs. 3 and 4, Lopt
p (Tw ) are
found to be 9.5, 17.5, 23.0, and 42.9 ns for CM1 to CM4, respectively. It is also to be noted that the average output SNRs in
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Fig. 6. BER performance versus E b /N o with adaptively selected integration
intervals for UWB-TR system, in CM2 and CM4.
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Fig. 8. Optimum integration interval versus E b /N o for UWB-TR system, in
CM1 and CM3 under the multiuser scenario.

system. Especially, when the number of users is large, the optimum integration interval approaches the lower bound that has
been observed in the single-user system for very low input SNR.
This result, combined with Fig. 6, suggests that in the dense
multiuser UWB-TR system, a good choice for the integration
interval is to simply use the lower bound, which somehow reduces receiver complexity (shorter and fixed integration time)
without causing too much performance loss.
VI. CONCLUSION

Fig. 7. Average output SINR versus number of users for UWB-TR system,
with different E b /N o in CM1.

UWB-TR system. As an example, the average output SINR for
CM1 is presented for different input SNR values. Note that we
have used the integration interval equal to channel delay spread
Tm , which corresponds to the worst case for our approximation.
In fact, as the integration interval decreases, the approximation
becomes more accurate. As we can see, the approximation approaches the simulation results as the number of users increases
and the discrepancies become smaller as the input SNR decreases. Even for the high SNR (e.g., 20 dB), which seems to be
an operating SNR range with TR systems, our approximation is
still within acceptable range from the simulation results.
Fig. 8 shows the theoretical optimum integration interval for
the multiuser UWB-TR system for CM1 and CM3. It is found
that, as far as the MAI is concerned, the optimum integration
interval will be decreased compared to a single-user UWB-TR

We have derived a theoretical closed-form expression for the
channel-averaged output SINR under IEEE 802.15.3a channel
model, assuming the Rake receivers in a multiuser scenario. The
theoretical framework developed here can be used to evaluate the
channel-averaged output SINR as a useful performance measure
for the UWB Rake receiving system under different types of
indoor wireless channel models. This framework also enables
us to theoretically determine the optimum integration interval,
which yields the maximum average output SNR for a singleuser UWB-TR system. We investigated the BER performance,
using the optimum integration interval and observed that using
the lower bound as the integration interval for all input SNRs
causes some performance loss. We extended the analysis to the
multiuser UWB-TR system and demonstrated that the optimum
integration interval is different from that for the single-user
system. We also found that, in the multiuser scenario, using
the lower bound as the integration interval is a good choice,
especially in the dense multiuser system.
APPENDIX I
PROOF OF LEMMA
Case 1: for q = 1, we always have the first cluster (l = 0)
arrived in the first time bin. The probability that this cluster has

2030

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 55, NO. 10, OCTOBER 2007

(ν )

Fig. 9.

tributed by qth time bin, along with pn ,q equiprobably taking on
the value of ±1. We can see that in Fig. 9, the first and third time
bins have ray contributions to nth time bin and nth time bin has
a cluster contribution to itself. Recall that, in the discrete-time
(ν )
channel model of (4), the combined channel coefficient An denotes the sum of the channel coefficients of all the MPCs in nth
time bin and this accounts for any possible cluster overlapping,
which is an important channel characteristic of IEEE 802.15.3a
channel model, especially for the NLOS channel models CM2,
CM3, and CM4. Consequently, by defining

if the qth time bin has a MPC contribution
 1,
to the nth time bin
Un(ν,q) =

0,
otherwise
(31)
(ν )
the combined channel coefficient An can be written as

One possible channel realization for the nth time bin.

a ray contribution to nth time bin is calculated to be
(n )

P1

=

n −1


P r[τk , 0 = (n − 1)∆τ ]

k =1

=

n −1



Pr

n−2



k−1

k =1

Prk −1 (1 − Pr )n −k −1 = Pr .

(28)

Case 2: for 2 ≤ q ≤ n − 1, the probability that qth time bin
has a ray contribution to nth time bin can be derived in a similar
way as
Pq(n )

=

=

q −1


Pr[Tl = (q − 1)∆τ ]

n −q


l=1

k =1

q −1


n −q


Pr[Tl = (q − 1)∆τ ]

l=1

Pr[τk , l = (n − q)∆τ ]

Pr

k =1

n−q−1



q −1


n


) (ν )
(ν )
p(ν
n ,q βn ,q Un ,q .

(32)

q =1
(ν ) 2

When taking the expectation for An , we can use the similar
relation as given in (13) and all the crossterms will disappear,
leading to
n
 
 ) 2 (ν ) 2 (ν ) 2 

)2
=
E p(ν
E A(ν
n
n ,q βn ,q Un ,q

(n ≥ 2)

q =1

=

k−1

n



 

2
2
E βn(ν,q) Un(ν,q) Un(ν,q) = 1 Pr Un(ν,q) = 1

q =1

× Prk −1 (1 − Pr )n −q −k
= Pr

)
A(ν
n =

=

n




2 
E βn(ν,q) Pr Un(ν,q) = 1

(33)

q =1

Pr[Tl = (q − 1)∆τ ]

(ν )

(n )

is equivalent to the
Case 3: for q = n, the probability
probability of a cluster arrival, which is Pc .

where the probability of having Un ,q = 1 is simply Pq , which
is given by the lemma in (16). Furthermore, according to the
IEEE 802.15.3a channel model [1], we have





(q − 1)∆τ
(n − q)∆τ
2
E βn(ν,q) = Ω0 exp −
exp −
Γ
γ
(34)
Substituting (16) and (34) into (33), then combining with (30),
we will finally obtain (17).

APPENDIX II

APPENDIX III

l=1

= Pr

q −1

l=1


Pc

q−2
l−1



Pcl−1 (1 − Pc )q −l−1

= Pc Pr .

(29)
(n )
Pq

EVALUATION OF AVERAGE PATH ENERGY
Consider the first cluster in the first time bin (τ1 = 0) that
occurs with probability one, then we have

(ν ) 2
= Ω0 .
(30)
E A1
For the time bins other than the first one, due to our mathematical modeling, the (n − 1) preceding time bins may contribute
ray components to nth time bin. In addition, nth time bin may
have a cluster contribution to itself.
Fig. 9 illustrates one possible channel realization for nth time
(ν )
bin, in which βn ,q represents the MPC in nth time bin con-

A. Average SNR for Single-User UWB-TR System
The decision statistic of a single-user UWB-TR system, defined by (20), can be rewritten as
Z (1) = ξ + n1 + n2

(35)

where the three terms of right-hand side represent desired signal,
noise-times-signal, noise-times-noise, respectively. The desired
signal energy is easily evaluated as
|E{ξ}|2 = Ns2 Ew2 G2 (Lp ).

(36)

It is easy to show that n1 and n2 are zero-mean and independent of each other. Furthermore, the variance of n1 is easily
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evaluated to be
σn2 1 = Ns Ew No G(Lp ).

(37)

As for the noise-times-noise term, the autocorrelation function
rn (τ ) for the front-end filtered noise can be expressed as
rn (τ ) = No W sinc(2W τ ).

(38)

According to [16], the variance for the noise-times-noise term
can be calculated as
 T corr
(Tcorr − τ )rn2 (τ ) dτ.
(39)
σn2 2 = 2Ns
0

Substituting (38) into (39), we obtain
 T corr
σn2 2 = 2Ns No2 W 2
(Tcorr − τ ) sinc2 (2W τ ) dτ
0



= Ns No2 W Tcorr
+

1
2W Tcorr



2W T corr

0
2W T corr

sinc2 (t) dt


t sinc2 (t) dt .

(40)

0

Using the sine integral and cosine integral special functions, the
first and second terms inside brackets of (40) can be evaluated
∆
as (x = 2W Tcorr )
 x
1
1
(41)
sinc2 (t) dt = − x sinc2 (x) + si(2πx)
2
π
0

1 x
1
[ln(πx) + C − ci(2πx)]
(42)
t sinc2 (t) dt =
x 0
2π 2 x
∞
where the special functions are defined by si(y) = − y sint t dt
 ∞ cos t
and ci(y) = − y t dt, and C is Euler’s constant. Typically,
W Tcorr (i.e., the number of MPCs being captured) is very large
for UWB channels in which case (41) can be well approxiamted
to 1/2 while (42) is relatively ignored, resulting in
1
Ns No2 W Tcorr .
(43)
2
Combining (36), (37) and (43), we will finally derive (23).
σn2 2 ≈

B. Average SINR for Multiuser UWB-TR System
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Note that (47) has ignored the self-MAI-times-MAI term. Finally, combining (36), (37), (43) and (45)–(47), the channelaveraged SINR in (27) follows.
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The decision statistic can now be rewritten as
Z (1) = ξ + n1 + n2 + n3 + n4 + n5

(44)

where the three extra terms of right-hand side represent MAItimes-signal, MAI-times-noise and MAI-times-MAI, respectively. We refer to the [12, eq. (21)], by applying our framework,
and will easily derive
σn2 3 = 4(Nu − 1)Ns Ew2 Q(0)Tf−1 G(Lp )

(45)

σn2 4 = 2(Nu − 1)Ns Ew No Rw (0)Lp Tw Tf−1
(46)
  Tw  Tw
Rw2 (x) dx dy
σn2 5 ≈ 4(Nu − 1)(Nu − 2)Ns Tf−2


T w T w −y

+
0

−T w

0

−y


Rw2 (x) dx dy + Q(0)(Lp − 2)Tw . (47)
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