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Abstract—In this paper, we analyze the performance of
transmitted-reference (TR) impulse radio (IR) system with mul-
tiple pulse types, using the autocorrelation receiver (AcR) instead
of Rake receiver. We obtain the exact expression of symbol
error probability (SEP) without considering of the inter-frame
interference (IFI) and multiple access interference (MAI). Then
we discuss the capability of multi-pulse TR-IR system against
the IFI. By observing the result of simulation, we find that the
multi-pulse TR-IR system can achieve better BEP performance
than the conventional single pulse system in the IFI environment.

Index Terms—multiple pulse types, autocorrelation receiver
(AcR), transmitted-reference (TR).

I. INTRODUCTION

Since the Federal Communications Commission (FCC) allo-
cated the bandwidth from 3.1 GHz to 10.6 GHz to ultra-wide
band (UWB) communication in 2002, the UWB technology
has attracted great attentions in the world due to its great
potentials of variety applications such as short-range high-
speed wireless transmission and precise location. Commonly,
impulse radio (IR) systems, which transmit a train of extremely
short pulses, are employed to implement UWB systems [1],
[2]. In an IR system, each symbol is transmitted in a number
Nf of pulses, and usually there are two cases to carry the users
information: stored-reference (SR) system and transmitted-
reference (TR) system. Stored-reference (SR) system is in-
troduced in [3]. In our paper we focus on the transmitted-
reference (TR) system.

The study of the transmitted-reference (TR) system was
started more than 50 years ago [4], [5]. The transmission of
a reference and data signal pair was separated either in time
[5], or in frequency [6]. In other words, out of the Nf pulses
transmitted per information symbol, half of them are used as
reference pulses, whereas the rest half are used as data pulses.
Like the differential systems, the information is carried by the
relative polarity of the reference and the data pulses. So there
is no need to estimate the channel because the reference and
the data pulses experience the same channel, assuming the
time spacing be less than the coherence time. In this case we
can simply use an autocorrelation receiver (AcR) instead of
Rake receiver.

In the conventional impulse radio (IR) system, a single type
of UWB pulse is transmitted in all frames of all users [1].

While recently in [7], an impulse radio system with multiple
pulse types was proposed and the performance analysis of
stored-reference (SR) system was given in [8]. The advantages
of multiple pulse types over the conventionally single pulse
case are attractive. By using the multiple pulse types, the
multiple access interference (MAI) and inter-frame interfer-
ence (IFI) can be dramatically suppressed [8]. But the author
only gave the performance analysis of SR system. So in our
paper, we analyze the performance of the transmitted-reference
impulse radio (TR-IR) system employing different types of
orthogonal pulses. As the conventional receiver of transmitted-
reference signaling [9], the autocorrelation receiver (AcR) is
employed.

The rest of the paper is organized as follows. In Section II,
we introduce the model of the transmitted-reference impulse
radio (TR-IR) system with multiple pulse types. In Section
III, we analyze the symbol error probability (SEP) of the
system, by neglecting the multiple access interference (MAI)
and inter-frame interference (IFI). In Section IV, we discuss a
more complicated situation with the existence of IFI. Finally,
in Section V, we conclude the paper.

II. MULTI-PULSE TR-IR SYSTEM MODEL

The transmitted signal from the k-th user in a multi-pulse
TR-IR system can be generally expressed as [8]

s(k)(t) =
1√
Nf

∞∑
i=−∞

Np−1∑
n=0

s
(k)
i,n(t) (1)

where Nf is the number of pulses transmitted per information
symbol, Np is the number of different pulse types, and s

(k)
i,n(t)

which represents the UWB pulses of type n transmitted for
the i-th information symbol of user k is given as

s
(k)
i,n(t) =

(i+1)(Nf /2Np)−1∑
j=iNf /(2Np)

{
g(k)

n (t) + b
(k)
�2Npj/Nf�g

(k)
n (t − T (k)

n )
}

(2)
where b

(k)
�2Npj/Nf� carries the information of the user. Note

that we assume that the number of pulses per symbol Nf to
be an even multiple of Np for simplicity of notation. And T

(k)
n

represents the interval between the two pulses in a pair of type
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n for user k. g
(k)
n (t) is given as

g(k)
n (t) = d

(k)
2jNp+np(k)

n (t− (2jNp + n)Tf − c
(k)
2jNp+nTc) (3)

where d
(k)
j represents the polarity code, which eliminates

the discrete line of power spectrum density (PSD) [10] and
provides robustness against multiple access interference (MAI)
[11]. The time-hopping (TH) code for user k is denoted by
c
(k)
j , taking the values in the set {0, 1, ..., Nc −1}. Here Nc is

the number of chips per frame. p
(k)
n (t) is the n-th type pulse

of the k-th user, and all types of the pulses have the same
pulse energy Ep. For the convenience of notation, the pulses

are normalized so that
∫ Tc

0

∣∣∣p(k)
n (t)

∣∣∣2 = 1. Tf and Tc represent
the frame interval and chip interval respectively.

The channel is modeled as

h(t) =
L∑

l=1

αlδ(t − τl) (4)

where αl and τl denote the attenuation and delay of l-th path
respectively, and L is the number of multipath components.
So the received signal can be written as

r(t) =
∫ +∞

−∞
h(τ)s(t − τ)dτ + n(t) (5)

where n(t) is zero-mean, white Gaussian noise with two-sided
power spectral density N0/2. From here on, we drop the user
index k for notational convenience.

III. SEP ANALYSIS OF ACR FOR MULTI-PULSE
TR-IR SYSTEM

In this section, we assume the channel is slow-fading and
there is no inter-frame interference (IFI) existing. While in
section IV, we will discuss the situation with IFI.

In TR signaling, the autocorrelation receiver (AcR) is
widely employed because it is simple-implemented and can
exploit the diversity inherent in the multipath channel [12].
So we can still use the AcR in the multi-pulse types situation
after some modification. First we rewrite the received signal

r(t) =
Np∑
n=1

h(t) ∗ sn(t) + n(t) =
Np∑
n=1

rn(t) (6)

where ∗ denotes the convolution calculation. Note that for
simplicity of analysis, the noise n(t) is already divided into
Np noises which contained by each rn(t). The autocorrelation
receiver is shown in Fig. 1, the received signal first passes a
bandpass zonal filter (BPZF) with bandwidth W and center
frequency fc to eliminate the out-of-band noise. No distortion
or overlap caused by filtering is considered. The switch is
connected to every branch continuously for the interval of one
frame Tf . So in each branch, the pulses are in the same type.
Every branch consists of an autocorrelation receiver which
generates Nf/2Np correlated values, and the delay Tn in
each branch are different from the others. By combining Np

branches, we form a decision statistic Zi for detection of the
transmitted data symbol. In the analysis of each branch, we use
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Fig. 1. AcR for Multi-pulse TR-IR signaling

the method proposed in [12]. Without loss of generality, we
analyze the first branch for instance and the rest of branches
share the same processing. The decision values generated by
first branch can be expressed as

Zi,1 =
(Nf /2Np)−1∑

j=0

∫ jNpTf +T1+T

jNpTf +T1

r̃1(t)r̃1(t − T1)dt (7)

where r̃1(t) and ñ(t) are the received signal and noise at the
output of the BPZF respectively. Using the (2) and (3), we
can rewrite equation (7)

Zi,1 =
(Nf /2Np)−1∑

j=0

∫ T

0

(wj(t) + η1,j(t))(diwj(t) + η2,j(t))dt

(8)
where wj(t)

∆= �
g1(t + j2NpTf + iNfTf ), η1,j(t)

∆= ñ(t +
j2NpTf +iNfTf ) and η2,j(t)

∆= ñ(t+j2NpTf +iNfTf +T1),
by denoting �

g1(t) = g1(t) ∗ h(t) ∗ hZF (t), and hZF (t) is the
impulse response of the BPZF. After some manipulation, Zi,1

can be expressed as

Zi,1 =
(Nf /2Np)−1∑

j=0

∫ T

0
{diw

2
j (t) + wj(t)η2,j(t)

+diwj(t)η1,j(t) + η1,j(t)η2,j(t)}dt
(9)

By applying the sampling theorem proposed in [5], Zi,1 can
be rewritten as follows

Zi,1 =
(Nf /2Np)−1∑

j=0

Ui,j (10)

Ui,j =
2WT∑
k=1

diw
2
j,k + wj,kη2,j , k

+diwj,kη1,j,k + η1,j,kη2,j,k
(11)

where 1/W is the sampling interval, wj,k, η1,j,k and η2,j,k

are the k-th sample of wj(t), η1,j(t) and η2,j(t) in (9)
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Fig. 2. The SEP of the AcR in i.i.d. Nakagami-m fading channels with
m = 2.0

respectively. Conditioned on di, (11) can be expressed as

Ui,j|di=+1 =
2WT∑
k=1

[(wj,k + β1,j,k)2 − β2
2,j,k] (12)

Ui,j|di=−1 =
2WT∑
k=1

[−(wj,k − β2,j,k)2 + β2
1,j,k] (13)

where β1,j,k = (η2,j,k + η1,j,k)/2 and β2,j,k = (η2,j,k−
η1,j,k)/2. Note that β1,j,k and β2,j,k are independent Gaussian
random variables. Then, we define X1 and Y1 as

X1 =
1

2σ2

(Nf /2Np)−1∑
j=0

2WT∑
k=1

(wj,k + β1,j,k)2 (14)

Y1 =
1

2σ2

(Nf /2Np)−1∑
j=0

2WT∑
k=1

β2
2,j,k (15)

where σ2 is the variance of β1,j,k. The probability density
functions (pdfs) of X1 and Y1 conditioned on γ are given by

fX1|γ (x1) = Iq−1(2
√

2x1γ) exp{−(x1 + 2γ)}(x1

2γ
)(q−1)/2

(16)

fY1|γ (y1) =
yq−1
1

(q − 1)!
exp{−y1} (17)

where Iq−1(·) denotes the (q − 1)-th order Bessel function
of the first kind, and γ which represents the output SNR
per symbol, is defined as γ = Nf Ep

2N0Np

∑WT
l=1 α2

l . Note that
fX1|γ (x1) and fY1|γ (y1) are the pdfs of the noncentral and
central chi-squared random variables with 2q degrees of free-
dom respectively with q = Nf WT

2Np
. In fact, such analysis of

conventional TR-IR AcR was given in [12].
Now, we can form the decision statistic by combing all the

Np branches together, Zi =
∑Np

n=1 Zi,n. So we can define X
and Y as

X =
∑Np

n=1
Xn, Y =

∑Np

n=1
Yn (18)
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Fig. 3. The orthogonal pulses generated by the eigenvalue decomposition
algorithm

Because X1,X2, ...,XNp
are independent chi-squared random

variables, so X is a chi-squared random variable with 2Npq
degrees of freedom. Obviously, Y is also a chi-squared random
variable with 2Npq degrees of freedom.

We find that the expression of SEP of multi-pulse system
is the same as the conventional system [12]. And it is easy to
understand this result according to the neglecting of MAI and
IFI. So the SEP of AcR of the multi-pulse TR-IR system can
be expressed as

Pe =
1
2q

q−1∑
i=0


E[(γ)2 exp(−γ)]

i!

q−1∑
j=i

1
2j

(j + q − 1)!
(j − i)!(q + i − 1)!




(19)
Note that here q = Nf WT

2 and γ = Nf Ep

2N0

∑WT
l=1 α2

l .
Fig. 2 shows the SEP performance of the AcR. Here we

set the channel model as Nakagami-m fading channel with
L = 40, m = 2.0. The number of frames per symbol Nf = 16,
and WT is chosen as 5, 10 respectively.

IV. MULTI-PULSE TR-IR SYSTEM WITH IFI

In this section, we extend our discussion to a more compli-
cated situation with considering of the inter-frame interference
(IFI). In this case, the transmitted reference signal used as
a correlator template is noisy and interfered, so it is very
difficult to calculate the pdf of the inter-frame interference
(IFI) and the exact expression of BEP. But it is easy to accept
the fact that multi-pulse type TR system should have better
capability against IFI compared with single pulse type system,
because the transmitted pulses are orthogonal between every
two adjacent frames. And the result of simulation, in which we
compare the BEP performance between single pulse type and
double pulse types proves this point. The orthogonal pulses
are generated by the algorithm proposed in [13]. The pulses
and their cross-correlation function are shown in Fig. 3 and
Fig. 4 respectively.
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Fig. 4. The cross-correlation function of the transmitted pulse types
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Fig. 5. BEP performance of the single pulse and double pulse TR-IR systems
using AcR

Fig. 5 shows the BEP performance of AcR for single pulse
type and double pulse types. All the channels are restricted
to i.i.d. Nakagami-m fading channels with L = 40, m = 2.0.
We can observe the effects of double pulse types on reducing
IFI compared with single pulse type.

V. CONCLUSION

In this paper, we analyzed the performance of a TR-IR
system using autocorrelation receiver. When neglecting the
inter-frame interference (IFI) and multiple access interference
(MAI), we obtained the exact expression of SEP, which is
the same as the conventional TR-IR system employing single
pulse type. While in the IFI environment, we found the
performance of multi-pulse type system is better than the
conventional system after the BEP simulation. If without con-
sidering of the complexity of receivers, more improvements
can be achieved by increasing the number of the pulse types.
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