The demand and growth of short-range wireless
communications has been tremendous in the past
few years for a diverse range of applications.There
is significant interest in ultra wideband (UWB)
as a physical layer technology for both high-datarate (HDR), and low power, low-data-rate (LDR)
short-range communications. The unique qualities
of UWB such as large bandwidth, very low power
spectral density (PSD) and fine time-resolution
provide higher channel capacity, reduced fading
effects and position location capability in a UWB
system. The extremely wide bandwidth of UWB
systems also poses many system design challenges
to achieve low cost and low-complexity UWB devices. The UWB systems have difficulties in using
digital signal processing (DSP) technology, require
high sampling frequencies and also face frequency
dependent signal distortion. The propagation characteristics of UWB signals also require consideration as it differs significantly from traditional
narrowband systems.
In this thesis, the issue of design and performance
evaluation of coherent and non-coherent receivers for detection of impulse radio (IR) UWB
signals is addressed. The coherent RAKE and noncoherent transmitted reference (TR) receiver

structures are investigated for low power and
low-data-rate wireless sensor network applications. First, the performance of coherent RAKE
receivers for a single-user system operating in
non-line-of-sight (NLOS) scenarios in an industrial
environment is evaluated. The results and BER
performance comparison is presented for partial
RAKE (PRake) and selective RAKE (SRake) using
maximal ratio combining (MRC) and equal gain
combining (EGC). Secondly, the recursive structures of conventional TR and averaged TR schemes
are presented to decrease the performance loss
associated with the low-complexity TR scheme
for IR-UWB systems. Further, a doublet-shift TR
(DSTR) signaling and detection scheme is presented for IR-UWB systems. The simulation results
validate that the doublet-shift TR signaling scheme
improves the performance over conventional TR
signaling scheme. Finally, dual-doublet TR (DDTR)
signaling and detection schemes are proposed.The
proposed dual-doublet TR schemes recover 25 to
50% energy/rate loss of conventional TR scheme.
The performance of receiver structures is evaluated in terms of uncoded bit-error-rate (BER) over
the channels measured in a medium-sized industrial environment and standard IEEE 802.15.4a
multipath channels.
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Abstract
The demand and growth of short-range wireless communications has been
tremendous in the past few years for a diverse range of applications. There is
signiﬁcant interest in ultra wideband (UWB) as a physical layer technology
for both high-data-rate (HDR), and low power, low-data-rate (LDR) shortrange communications. The unique qualities of UWB such as large bandwidth,
very low power spectral density (PSD) and ﬁne time-resolution provide higher
channel capacity, reduced fading eﬀects and position location capability in a
UWB system. The extremely wide bandwidth of UWB systems also poses
many system design challenges to achieve low cost and low-complexity UWB
devices. The UWB systems have diﬃculties in using digital signal processing
(DSP) technology, require high sampling frequencies and also face frequency
dependent signal distortion. The propagation characteristics of UWB signals
also require consideration as it diﬀers signiﬁcantly from traditional narrowband systems.
In this thesis, the issue of design and performance evaluation of coherent and non-coherent receivers for detection of impulse radio (IR) UWB signals is addressed. The coherent RAKE and non-coherent transmitted reference (TR) receiver structures are investigated for low power and low-datarate wireless sensor network applications. First, the performance of coherent RAKE receivers for a single-user system operating in non-line-of-sight
(NLOS) scenarios in an industrial environment is evaluated. The results and
performance comparison is presented for partial RAKE (PRake) and selective RAKE (SRake) using maximal ratio combining (MRC) and equal gain
combining (EGC). Secondly, the recursive structures of conventional TR and
averaged TR schemes are presented to decrease the performance loss associated with the low-complexity TR scheme for IR-UWB systems. Further,
a doublet-shift TR (DSTR) signaling and detection scheme is presented for
IR-UWB systems. The simulation results validate that the doublet-shift TR
signaling scheme improves the performance over conventional TR signaling
scheme. Finally, dual-doublet TR (DDTR) signaling and detection schemes
are proposed. The proposed dual-doublet TR schemes recover 25 to 50%
energy/rate loss of conventional TR scheme. The performance of receiver
structures is evaluated in terms of uncoded bit-error-rate (BER) over the
channels measured in a medium-sized industrial environment and standard
IEEE 802.15.4a multipath channels.
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Preface
This licentiate thesis summarizes my work within the ﬁeld of signal processing
and wireless communications. The focus of the work is on sub-optimal coherent and non-coherent receiver design and performance evaluation for impulse
radio (IR) ultra-wideband (UWB) systems. The work has been performed
at the Department of Signal Processing, School of Engineering, at Blekinge
Institute of Technology. The thesis consists of four stand-alone parts:

Part I
Performance Evaluation of RAKE Receiver for IR-UWB Systems using
Multipath Channels for Industrial Environments.
Part II
Recursive Transmitted Reference Receivers for Impulse Radio UWB
Systems.
Part III
A Doublet-Shift Transmitted Reference Scheme for Ultra-Wideband Communication Systems
Part IV
Transmitted Reference Schemes based on Dual-Doublets for Impulse
Radio UWB Systems.
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Introduction

The demand and deployment of wireless mobile communication networks
has increased signiﬁcantly in the past few years. The mobile communication networks are moving from third generation (3G) to Beyond 3G (B3G)
networks to provide higher data-rates, spectral eﬃciency, scalability and improved quality of service [1]. The physical layer (PHY) of evolving future
generation mobile networks is based on orthogonal frequency division multiplexing (OFDM) and multiple-input multiple-output (MIMO) techniques
[1], [2]. OFDM is a modulation scheme that exploits frequency diversity inherent in a wideband channel to achieve robust performance even in severe
multipath fading channel [2]. MIMO technique permits severalfold increase
in achieved data rates and spectral eﬃciency through spatial processing and
the use of multiple transmit and receive antennas [3].
Wireless local area networks (WLANs) based on IEEE 802.11b standard
with data-rate about 11 Mbps have also been deployed widely in recent years
for in-home networking. IEEE 802.11a/g WLANs have increased the datarate up to ﬁve times (about 54 Mbps) in just a few years [3]. Currently,
IEEE 802.11n is developing a standard for next-generation WLANs with datarates over 100 Mbps. The design of physical layer of future high-performance
WLANs is also based on MIMO and OFDM techniques [3].
The short range wireless communication technologies for connectivity in
oﬃce, home and other indoor environments have also shown similar trends
in growth. It is envisioned that wireless personal area networks (WPANs)
based on IEEE 802.15.3 standard will provide high-data-rate communications
over a distance of 10 m to support multimedia applications. Bluetooth (IEEE
802.15.1 standard) is another successful WPAN technology which provides
low-power short-range communications. The ﬂexible connectivity and an environment “without wires” is achieved with Bluetooth, however, it can support only medium data-rate applications (about 1 Mbps) over a distance of
10 m. Zigbee technology and IEEE 802.15.4 is another standard intended to
1
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provide very low-data-rate (20 − 250 Kbps), low power and low cost wireless
networking over longer distances (about 30 m) [4].
Recently, ultra-wideband (UWB) radio has emerged as a particularly appealing transmission technique for applications requiring either high bit rates
over short ranges or low bit rates over medium-to-long ranges [5]. The approach employed by UWB radio devices is based on sharing already occupied
spectrum resources by means of the overlay principle [4]. The UWB technology oﬀers qualities such as wide unlicensed bandwidth, low power spectral
density, high multipath resolution and multiple access capability. These qualities have made UWB an attractive physical layer (PHY) technology for high
data-rate WPANs and low data-rate wireless sensor networks.
In UWB systems conventionally called ‘impulse radio’, the information is
transmitted using a train of short subnanosecond pulses using e.g., pulse position modulation (PPM) or pulse amplitude modulation (PAM). The characteristics of these wide bandwidth signals pose diﬃculties to design lowcomplexity and low-cost UWB systems. The receiver structures require high
sampling frequency and wide input bandwidth analog to digital converters
(ADCs) to process the signal digitally [6]. There are also other issues such as
frequency dependent signal distortion, accurate synchronization and complex
channel estimation [6], [7]. The propagation characteristics of UWB signals
are also diﬀerent from traditional narrowband systems [8].
The sub-optimal receiver structures provide a trade-oﬀ between performance and complexity to achieve the goal of low power and low-cost UWB
system [9], [10]. This thesis addresses the issue of design and performance
evaluation of sub-optimal coherent and non-coherent receivers for low power
and low data-rate wireless sensor network applications. The performance of
coherent RAKE receivers is evaluated using UWB channel measurements performed in an industrial environment. The receiver structures are proposed to
reduce noise, increase energy-eﬃciency and improve data-rate of non-coherent
TR scheme. The low-complexity non-coherent recursive TR, doublet-shift TR
and dual-doublet TR receivers are proposed based on transmitted reference
signaling and detection scheme.
The Introduction aims to brieﬂy discuss the ultra-wideband (UWB) systems and provide an overview of the scope of this thesis. In Section 1, a
general overview of wireless communication system is given. Section 2 provides background and characteristics of UWB system. In section 3, types
and overview of UWB systems is given brieﬂy. The characteristics of UWB
channels and introduction of IR-UWB receivers is given brieﬂy in Section 4
and 5, respectively. Finally, thesis contributions are summarized in Section 6.
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Figure 1: A block diagram representation of a wireless communication system.

1

Wireless Communication System Overview

A simpliﬁed overview and block diagram of a typical wireless communication
system is given in Fig. 1. In the transmitter, the digital source provides binary
information bits to be transmitted. The binary information bits are encoded
to remove the redundancy in the transmitted signal for eﬃcient transmission,
this is also called source coding. Moreover, the reliable transmission over
a noisy wireless channel is achieved by introducing controlled redundancy
in the signal, called channel coding. Further, the bit to symbol mapping
is performed, where each symbol can be regarded as a member of a ﬁnite
alphabet set containing M members. For M > 2, each symbol is made up of
a sequence of two or more bits and is called M −ary symbol. The bit stream is
converted to baseband waveforms using pulse shaping ﬁlter in the next stage.
Finally, the bandpass modulation is used to transmit pulse-like signal on a
particular carrier frequency.
The received signal is demodulated at the receiver by frequency downconversion to extract the baseband signal. After demodulation, an equalizer is
used to mitigate the distortion eﬀects introduced by the channel. Equalization
can be described as a ﬁltering operation to recover the transmitted signal
degraded by the channel. The detection of the recovered signal is performed
in the next stage. The detected symbols are mapped back to bits and decoded
to achieve binary source signal.
The relationship between the received signal and the transmitted signal of
a communication system is typically called the channel [6]. The transmission
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Tx

Multipath
Propagation

Rx

Figure 2: An illustration of multipath propagation over a wireless channel,
where Tx and Rx stand for the transmitter and receiver, respectively.

of a signal over wireless channel results in multipath components (MPCs) that
arrive at the receiver with diﬀerent attenuations and delays after reﬂections
from diﬀerent objects, as also illustrated in Fig. 2. This phenomena is called
multipath propagation and leads to signal distortion and fading. The amplitude variations in the received signal occur due to time-varying nature of the
channel impulse response. The envelope of the channel impulse response is
Rayleigh distributed if the channel impulse response can be modeled as a
zero-mean complex-valued Gaussian process [11]. This happens when there is
no line-of-sight (LOS) component in the received signal; this kind of channel
is called Rayleigh fading channel. However, if a LOS component exists in the
received signal, the channel is called Rician fading channel and its impulse response can be modeled as a non-zero mean complex valued Gaussian process
[11]. The Rician fading is often described in terms of a Rician factor which is
deﬁned as the ratio between the deterministic signal power and the variance
of the multipath [12]. As the dominant path decreases in amplitude, the Rician distribution degenerates to a Rayleigh distribution [12]. The probability
density function (pdf) of Rayleigh and Rician distribution is shown in Fig. 3.
In addition to multipath propagation, there are also other limiting features
in wireless communications such as intersymbol interference (ISI), co-channel
interference and noise. The receiver structures use channel equalization, interference mitigation and noise reduction techniques to recover the original
transmitted signal.
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Figure 3: Probability density function (pdf) of Rayleigh and Rician distribution, where Rician factor = 1 dB.

2

Background and Characteristics of UWB

The early applications of UWB technology were primarily radar related, driven
by the promise of ﬁne-range resolution that comes with large bandwidth [13].
Beginning in the late 1980’s, small companies specializing in UWB started basic research and development on communications and positioning systems [13].
In 1993, Scholtz demonstrated the potential of impulse radio (IR) UWB to
academic community [14] and later, Win and Scholtz published their pioneering work on time-hopping (TH) IR-UWB for multi-user communications
[15], [16], [17]. In April 2002, after extensive commentary from industry, the
Federal Communications Commission (FCC) issued its ﬁrst report and order
on UWB technology, thereby providing regulations to support deployment of
UWB radio systems [13], [18]. The FCC regulations classify UWB applications into several categories with diﬀerent emission regulations in each case
[13].
According to FCC deﬁnition, UWB characterizes transmission systems
with instantaneous spectral occupancy of 500 MHz or a fractional bandwidth
of more than 20% [19]. The fractional bandwidth is deﬁned as
fBW =

fH − fL
,
fc

(1)
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Figure 4: Comparison of the fractional bandwidth of a narrowband and ultra
wideband communication system [6].
where fc = (fH + fL )/2 with fH being the upper frequency of the −10 dB
emission point, and fL the lower frequency of the −10 dB emission point [19],
as shown in Fig. 4. At the physical layer level, UWB communication systems
operate by spreading rather small amounts of average eﬀective isotropic radiated power (EIRP) always less than 0.56 mW across a very wide band of
frequencies relative to its center frequency [4]. The spectral mask assigned
for indoor UWB communication systems is shown in Fig. 5. The power spectrum density limit of UWB systems is −41.3 dBm/MHz within 3.1 GHz to
10.6 GHz range.
The following are some of the characteristics of UWB systems:
• Improved channel capacity. The channel capacity can be improved as
UWB systems occupy a very wide frequency spectrum. The channel
capacity C (in bits per second (bps)) of the band-limited additive white
Gaussian noise (AWGN) channel increases with radio frequency (RF)
bandwidth [13],
Prec
),
(2)
C = BRF log2 (1 +
BRF No
where BRF is the RF bandwidth of the channel and Prec is the received
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Figure 5: FCC allocated spectral mask for indoor ultra wideband communication systems [18].
signal power and No is the noise power spectral density (PSD) in the
RF bandwidth of the radio.
• Reduced fading eﬀects. The use of signals with gigahertz bandwidths also
means that multipath is resolvable down to path diﬀerential delays on
the order of a nanosecond or less, i.e., down to path length diﬀerentials
on the order of a foot or less [17]. This signiﬁcantly reduces fading
eﬀects even in indoor environments [16], [17].
• Rich multipath diversity. A pulse of width Tp at the subnanosecond
scale, occupies UWB with bandwidth B ≈ 1/Tp [19]. Such an ultrashort pulse gives rise to multiple resolvable copies, and thus enables rich
multipath diversity [19].
• High-resolution position location and tracking or radar sensing. The
large signal bandwidth yields a distance resolution between communicating devices or a radar sensing accuracy within a few centimeters [20].
• Extremely low power spectral density (PSD). Average power levels in the
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order of millionths of a Watt (mW) and excessive signal bandwidth yield
power spectral densities in the order of several tens of nW/MHz [20].
The capability to highly resolve multipath combined with the ability to
penetrate through materials makes impulse radio technology viable for highquality, fully mobile short-range indoor radio systems [17]. The applications of
UWB can be broadly divided into two categories depending on the data rates.
The high data-rate (HDR) applications of UWB, according to IEEE 802.15.3a
standardization group, are short-range (about 10 m) wireless personal area
networks (WPANs). Alternatively, UWB radios can trade a reduced information rate for increased link range, potentially combined with accurate location
tracking capabilities, oﬀering an operational mode deﬁned here as low data
rate and location tracking (LDR/LT) [4]. The applications for medium to long
distances (about 100 m) with relatively low data-rates and location tracking
(LDR/LT) capability are identiﬁed by IEEE 802.15.4a standardization group.
These applications include e.g., sensor, positioning and identiﬁcation network
(SPIN), wireless body area network (WBAN) etc. A SPIN is a system characterized by a high density (e.g., hundreds per ﬂoor) of devices (intelligent
sensors or tags) in industrial factories or warehouses transmitting low-rate
data combined with position information (e.g., data rate greater than several
tens of kilobits per second and position accuracy well within 1 m) [4]. There
are also other applications of UWB such as through-wall imaging, medical
imaging, vehicular radar and ground-penetrating radar [18].

3

Types of UWB System

There are two common forms of UWB called multicarrier UWB (MC-UWB)
and impulse radio UWB (IR-UWB). In this thesis, IR-UWB systems are considered, however, an overview of both systems is given brieﬂy in the following
subsections.

3.1

MC-UWB System

The approach using multiple simultaneous carriers for transmission of UWB
signals is called MC-UWB or frequency domain UWB [6]. Orthogonal Frequency Domain Multiplexing (OFDM) is a special case of multicarrier transmission that permits subcarriers to overlap in frequency without mutual interference and hence spectral eﬃciency is increased [6]. The multiband-OFDM
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UWB is one of the proposed physical layer standard for IEEE 802.15.3a
WPANs [6]. The idea of multiband-OFDM UWB is to divide the UWB spectrum into subbands with a minimum subband bandwidth of 500 MHz, and
use multibanding in conjunction with the OFDM modulation. Each OFDM
symbol is transmitted using orthogonal sub-carriers time-interleaved across
subbands using time-frequency codes [21]. This approach not only provides
frequency diversity but also multiple access [21].

3.2

IR-UWB System

Impulse radio UWB communicates with baseband pulses of very short duration, typically on the order of a nanosecond, thereby spreading the energy of
the radio signal very thinly from near dc to a few gigahertz (GHz) [22]. Typically, each symbol consists of multiple frames carrying one pulse per frame.
Multiple pulses are associated with a single symbol to obtain suﬃcient energy
per symbol while maintaining suﬃciently low PSD [6].
Due to baseband (carrier-less) nature of IR-UWB signals, frequency upconversion and down-conversion is not required in the transceiver. This reduces the complexity and power consumption of transceiver and thus makes
IR-UWB suitable for low-complexity and low power wireless sensor network
applications. The pulse shapes, modulation and multiple access schemes of
IR-UWB system are discussed in the following subsections.

3.2.1

UWB Pulse Shape

Generally adopted pulse shapes for UWB communications include the Gaussian pulse, the ﬁrst derivative of Gaussian pulse (Gaussian monocycle) and the
second derivative of the Gaussian pulse (Gaussian doublet) [19]. The second
derivative of a Gaussian function is described by [17],

t 2 −2π( τt )2
m
,
p(t) = 1 − 4π( ) e
τm


(3)

where τm is the shape factor, reducing the value of τm shortens the pulse,
and thus enlarges the bandwidth of the transmitted signal [6]. There are also
other pulse shapes proposed in the literature such as the Laplacian pulse [23]
and Hermite pulses [24].
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Figure 6: Waveforms of the Gaussian pulse, Gaussian monocycle and Gaussian
doublet.
3.2.2

Multiple Access and Modulation

In multiuser IR-UWB systems, multiple access capability is usually enabled
with time-hopping (TH) and direct-sequence (DS) UWB multiple access. The
TH and DS spreading not only provide multiple access but also smooth the
transmit PSD [19]. The commonly used modulations with time-hopping (TH)
scheme are antipodal pulse amplitude modulation (A-PAM), pulse position
modulation (PPM) and on-oﬀ keying (OOK).
For binary antipodal PAM, also called binary phase shift keying (BPSK),
the two possible signals generated by the transmitter are,
s(t)A−P AM =

 
Ep p(t)

− Ep p(t)

if
if

b=0
b=1

(4)

where p(t) is the energy-normalized pulse and Ep is the energy per pulse.
Similarly, the two possible signals generated by the transmitter for binary
orthogonal PPM are,
 
if
b=0
Ep p(t)
s(t)P P M =
(5)
Ep p(t − )
if
b=1
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where  is the time shift introduced by PPM. The transmitted signal for OOK
modulation can be written in a similar manner as,

0
if
b=0

s(t)OOK =
(6)
Ep p(t)
if
b=1
The transmitted reference (TR) is another modulation for IR-UWB which
has been used recently with time-hopping (TH) multiple access scheme [25],
[26]. The signal models for time-hopping (TH), direct-sequence (DS) and
transmitted reference (TR) IR-UWB systems are given as follows.
Time-hopping (TH) IR-UWB Signals:
In TH IR-UWB, each pulse is positioned within each frame duration according to a user-speciﬁc TH sequence [19]. The transmitted TH-A-PAM
signal of kth user can be written as [27],
(k)

sT H−A−P AM (t) =

∞


(k)
(k)
Ep
(1 − 2bj/Nf  )p(t − jTf − cj Tc ).

(7)

j=−∞

In a similar manner, the transmitted TH-PPM signal can be written as [27],
(k)

sT H−P P M (t) =

∞


(k)
(k)
Ep
p(t − jTf − cj Tc − bj/Nf  ),

(8)

j=−∞

where, in (7) and (8), Tf is the frame duration, Tc is hopping width or chip
duration, Nf is the number of pulses representing one binary information
(k)
(k)
symbol bj ∈ {0, 1},  is the PPM shift, and cj is the pseudorandom time(k)

hopping (TH) sequence in the range 0 ≤ cj ≤ Nh , where Nh is the number
of hops. Fig. 7(a) show an example of PPM TH IR-UWB system.
Direct-Sequence (DS) IR-UWB Signals:
In DS UWB impulse radio, each information symbol is direct-sequence
modulated using a spread spectrum pseudo-noise (PN) code speciﬁc to each
user. As these PN codes are orthogonal and known at the transmitter and
the receiver, the multiple-access interference is negligible. The transmitted
DS-UWB modulated signal can be written as [28],
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(k)

sDS−U W B (t) =

Nc
∞



(k)
(k)
Ep
(1 − 2bj )
ci p(t − jTf − iTc ),
j=−∞

(9)

i=0

where Tc is the chip duration, Nc is the number of chips per information bit
(k)
(k)
bj ∈ {0, 1}, Tb = Tf = Nc Tc , ci ∈ {−1, +1} is the spread spectrum code
of user k. Fig. 7(b) show an example of DS IR-UWB system.
Transmitted Reference (TR) IR-UWB Signals:
In transmitted reference (TR) scheme, a reference and a data-modulated
signal separated by a ﬁxed delay is called a TR doublet. Each bit is transmitted over Nf frames with each frame carrying a TR doublet [10], [29].
The transmitted signal for TR TH-UWB system using binary antipodal PAM
modulation can be written as,

(k)

sT H−T R (t)

=

∞ 


(k)
p(t − jTf − cj Tc )
Ep
j=−∞

+ (1 −

(k)
2bj/Nf  )p(t

− jTf −

(k)
cj Tc


− Td ) ,

(10)

where p(t) is the transmitted Gaussian monocycle, Ep is the pulse energy, Tc
is the chip duration, Tf is the frame duration. Fig. 7(c) shows an example
of TR TH IR-UWB system. The ﬁgure explains that each frame contains a
TR doublet consisting of two pulses separated by a ﬁxed delay of duration
Td . Thus, one binary information symbol bj/Nf  ∈ {0, 1} is transmitted by a
stream of 2Nf pulses. The cj ∈ {0, 1, ..., Nc − 1} is a periodic pseudo-random
time-hopping sequence, which is used to time-hop the pairs of reference and
data-modulated pulses in each frame.

4

Characteristics of UWB Channels

Previously, most of the work has been performed in the area of narrowband
channel modeling and characterization, whereas channel modeling for UWB
systems is relatively a new area [8]. In [31], [32] and [33], UWB channel
measurement results are presented and channel models are proposed based on
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b1 = 0

Tf = Nh Tc

b2 = 1



Tc

2Tb

Tb = Nf Tf

0

(a)

Tc

Tp
Tb = Nc Tc

0

(b)

Tf
Td

0

2Tb

Tc

Td

Td

Tb = Nf Tf

Td

2Tb

(c)

Figure 7: (a) PPM TH IR-UWB system for two bits b1 = 0 and b2 = 1, where
Nh = 3, Nf = 4 and  is the PPM shift between two pulse positions. (b) DS
IR-UWB system for two bits b1 = 0 and b2 = 1, where Tc is chip duration
and c = [1, 1, −1, 1, −1, −1]. (c) TR TH IR-UWB system for two bits b1 = 0
and b2 = 1, where Nh = 3, Nf = 2 and Td is the delay between reference and
modulated (shown ﬁlled) pulses.

14

Introduction

the results. The narrowband channel models can not be generalized to UWB
channels due to following important diﬀerences described in [8], [34]:
• Each multipath component of UWB signal can lead to delay dispersion
by itself, due to frequency-selective nature of reﬂection and diﬀraction
coeﬃcients. This eﬀect is especially important for systems with large
relative bandwidth.
• The UWB signals are received with excellent delay resolution. Therefore, it often happens that only a few multipath components make up
one resolvable MPC. That implies that the central limit theorem is not
fulﬁlled anymore, and the amplitude statistics of such a resolvable MPC
are not complex Gaussian anymore. Similarly, there is an appreciable
probability that areas of “no energy” can exist during which no signiﬁcant amount of energy is arriving at the receiver.
• The statistics of arrival times of multipath components strongly vary
with the bandwidth, as well as with the center frequency of the UWB
signal.
• Due to wide frequency band, the propagation signals experience frequency dependent eﬀects. Speciﬁcally, the path loss is described as a
function of frequency as well as of distance when the relative bandwidth
is large.

5

IR-UWB Receivers

The received signal in any communications system is an attenuated, delayed,
and possibly distorted version of the signal that was transmitted plus noise and
(possibly) interference [6]. For IR-UWB systems, coherent and non-coherent
receivers implemented either in digital or analog domain can be used for detection of distorted and noisy received signal. The implementation of all-digital
receiver requires high-sampling frequency ADCs, and its high-data-rate solutions also need large memory and high processing speeds, which makes it
expensive to implement [6]. Alternatively, a fully analog implementation of
IR-UWB receiver can provide a simple and low-cost receiver. The coherent and non-coherent IR-UWB receivers are discussed brieﬂy in the following
subsections.
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Matched filter 1

Received signal
Matched filter 2

Combiner

Recovered signal

¼
Matched filter K

Path searcher

Training/Synchronization sequence

Figure 8: A RAKE receiver with K ﬁngers.

5.1

Coherent Receivers

The coherent receivers correlate the received signal with a locally generated
reference (LGR) template [9]. However, to correlate the received UWB signal
with LGR template, the receiver needs to achieve the pulse-level synchronization with accuracy on the order of tens of picoseconds [35].
The coherent RAKE receivers take advantage of the time-diversity provided by multipath channel. This scheme was invented by Price and Green
[36] in 1958. It consists of a bank of matched ﬁlters (also called ﬁngers) with
each ﬁnger matched to a diﬀerent replica of the same transmitted signal, see
Fig. 8. The outputs of the ﬁngers are appropriately weighted and combined
to reap the beneﬁts of multipath diversity [9]. The coherent RAKE receivers
require accurate synchronization and the knowledge of channel impulse response.
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Filter

dt

Decision

Delay

Figure 9: A non-coherent transmitted reference (TR) receiver structure.

5.2

Non-Coherent Receivers

The non-coherent receivers do not require channel estimation and have lowcomplexity implementation at the expense of performance loss. The suboptimal non-coherent receivers are suitable for low power and low-cost scenarios such as LDR WPANs and wireless sensor networks. Transmitted reference (TR) receiver and energy detector (ED) are two popular non-coherent
detection schemes for IR-UWB signals.
5.2.1

Transmitted Reference Receivers

The non-coherent transmitted reference receiver shown in Fig. 9 is used to
demodulate the signal transmitted using TR modulation. TR receiver delays
the reference signal and correlates it with data-modulated signal in each frame.
The decision statistic is acquired by adding the correlations over Nf frames.
TR receivers exploit multipath diversity inherent in the environment without
the need for stringent acquisition and channel estimation [29].
On the other hand, TR receiver suﬀers a 3 dB penalty because half of the
pulses are unmodulated [6]. In addition, the performance of TR receiver is
also limited by the noise-on-noise term in the correlator due to noisy reference
template [6], [30]. The eﬀect of noise-on-noise term can be reduced partially
by using averaging of the reference pulses before correlation [10], [30].
5.2.2

Energy Detectors (ED)

Energy detector is a non-coherent approach for UWB signal reception, see
Fig. 10, where low complexity receivers can be achieved at the expense of some
performance degradation [37], [38]. On-oﬀ keying (OOK) is one of the most
popular non-coherent modulation options that has been considered for energy
detectors [39]. OOK based implementation of energy detectors is achieved by
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Received signal

Bandpass
filter

Square-law
device

ò

dt

Decision

Figure 10: A non-coherent energy detector (ED) receiver structure.
passing the signal through a square law device followed by an integrator and a
decision mechanism, where the decisions are made by comparing the outputs
of the integrator with a threshold [39]. Pulse position modulation (PPM) can
also be used for non-coherent energy detector (ED) receiver.

6

Contributions of The Thesis

The thesis consists of four stand-alone parts. In Part I, performance of RAKE
receivers is evaluated for low data-rate IR-UWB systems using measured and
simulated multipath channels for industrial environments. In Part II, recursive
schemes of transmitted reference receivers are presented for noise averaging
and BER improvement of IR-UWB systems. Part III presents a doublet-shift
transmitted reference scheme to improve data-rate and BER of IR-UWB communication systems. In Part IV, dual-doublet transmitted reference schemes
to improve data-rate and energy eﬃciency of TR IR-UWB systems are proposed. In the following subsections, a short summary of each part is given.

6.1

Part I: Performance Evaluation of RAKE Receiver
for IR-UWB Systems using Multipath Channels for
Industrial Environments

In this Part, the performance of RAKE receivers is evaluated in terms of
uncoded BER using the measured channel responses in an industrial environment. The standard channel model proposed by IEEE 802.15.4a for
non line-of-sight (NLOS) industrial environments is also used for comparison.
The industrial environment is considered as it is expected that UWB devices
will be deployed in industrial buildings, factories and warehouses for applications such as process control, supervision of storage halls, asset tagging and
management [40]. The multipath environment is dense for such environments
due to large number of metallic reﬂectors in the surroundings. The channel
characteristics also diﬀer from oﬃce and residential environments and need to
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be considered for system design [41]. In the past, performance evaluations for
coherent and non-coherent receivers using UWB channels has been performed
only for oﬃce or residential environments [42], [43], [44], [45], [46]. Moreover,
the realistic channel measurement data has not been used in the previous
performance evaluations of IR-UWB receivers.
The performance evaluation results presented in this Part provide receiver
performance degradation from shorter (2–8 m) to longer (8–16 m) Tx-Rx separations. The BER performance of RAKE receiver types such as selective
RAKE (SRake) and partial RAKE (PRake) is compared. The number of
ﬁngers required for PRake and SRake receiver to achieve a speciﬁc BER is
determined. The comparison between RAKE combining scheme such as maximal ratio combining (MRC) and equal gain combining (EGC) is presented.
It is found that the diﬀerence in the performance of MRC and EGC combining schemes is not that signiﬁcant for SRake, while PRake has a considerably
better performance using MRC. The results show that the performance of receiver depends to a large extent on the underlying channel. It is also observed
that the simulated channels for industrial environments can not be generalized for all such environments as the propagation characteristics can diﬀer
signiﬁcantly from one environment to another.

6.2

Part II: Recursive Transmitted Reference Receivers
for Impulse Radio UWB Systems

In Part II, recursive schemes of the transmitted reference receiver structure
to improve the detection performance of IR-UWB signals are proposed. The
performance of conventional TR scheme suﬀers from the noisy reference template in the correlator. The noise averaging schemes described in the literature
such as presented in [10] have higher implementation complexity. The proposed recursive schemes decrease noise in the reference pulse by recursively
estimating the reference template. The recursive TR (R-TR) structure estimates the reference template for the correlator frame-by-frame recursively
from the previous template and the newly received reference pulse. The recursive ATR (R-ATR) structure estimates the reference template bit-by-bit
recursively from the previous template and the average over reference pulses
within current bit.
The proposed R-TR receiver has low-complexity as it requires relatively
shorter delays for recursive averaging. Moreover, a slightly modiﬁed TR signaling sequence in conjunction with ATR and R-ATR receiver scheme is suggested. The use of slightly modiﬁed TR signaling sequence in conjunction

Introduction

19

with ATR and R-ATR receiver scheme requires shorter delays for averaging.
In the proposed recursive scheme, the complexity of recursion process in RATR scheme can be reduced by repeating the time-hopping sequence after a
bit duration. It has been evaluated by simulations of TR IR-UWB system
that the R-TR and R-ATR receiver schemes outperform the conventional TR
and ATR receiver over slowly-varying channels.

6.3

Part III: A Doublet-Shift Transmitted Reference
Scheme for Ultra-Wideband Communication Systems

In Part III, a low-complexity doublet-shift TR signaling and detection scheme
is presented for IR-UWB systems. The conventional TR scheme has lowcomplexity but its performance degrades due to two drawbacks. It uses a
noisy reference template in the correlator, and the use of reference pulses
decreases the data-rate.
The proposed scheme transmits two TR doublets within a frame duration by using closely-spaced pulses and shifting the positions of the pulses in
the latter doublet. This scheme utilizes the same amount of energy as the
conventional TR scheme. The proposed DSTR signaling scheme also has the
potential to increases the data rate or capacity by using closely-spaced pulses
within a doublet. Moreover, the receiver structure DSTR-I for the proposed
scheme is the same as the conventional TR receiver. However, the improved
DSTR-II structure has higher complexity as it requires an extra delay and
correlation operation to demodulate the pulses within a doublet. The performance evaluation results provide a comparison of the proposed scheme with
conventional TR scheme. The performance improvement of doublet-shift TR
signaling scheme over conventional TR signaling scheme is validated using
simulation results.

6.4

Part IV: Transmitted Reference Schemes based on
Dual-Doublets for Impulse Radio UWB Systems

In this Part, low-complexity dual-doublet TR signaling and detection schemes
(scheme 1 and scheme 2) are presented for IR-UWB systems. The proposed
DDTR (scheme 1) transmits three bits with four pulses using a combination
of the conventional TR and diﬀerential TR schemes. In DDTR (scheme 1),
1.76 dB less energy per bit is utilized and 25% rate loss of conventional TR
scheme is recovered for the same BER. The receiver structure for DDTR
(scheme 1) requires an extra delay and a correlator.
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The proposed DDTR (scheme 2) transmits two bits per symbol by using
two TR doublets in each frame. For the detection of DDTR (scheme 2), each
modulated pulse is correlated with two reference pulses, as opposed to the
conventional TR scheme which correlates each modulated pulse with only one
reference pulse. The proposed DDTR (scheme 2) receiver structure requires
an extra, a correlator and two adders. It has been validated by the simulation
results that the proposed DDTR scheme requires 3 dB less energy per bit and
recovers 50% rate loss of conventional TR scheme, while giving the same BER
performance. It is also observed that the BER performance improvement of
about 2 dB is achieved with proposed scheme if the same energy/rate is used
as the conventional TR scheme.
The proposed DDTR schemes have an advantage over existing energyeﬃcient diﬀerential TR scheme as DDTR schemes do not require a decision
directed approach for averaging of the reference pulses. The DDTR receivers
are extended to ADDTR receivers to perform averaging of the reference pulses
for noise reduction in the template waveform.
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Performance Evaluation of RAKE Receiver for
IR-UWB Systems using Multipath Channels for
Industrial Environments
Muhammad Gufran Khan, Jörgen Nordberg and Ingvar Claesson
Abstract
For UWB communication systems, the industrial environments are
an important scenario. However, due to large number of metallic scatterers in the environment, the multipath oﬀered by UWB channels is
dense and many multipath components have signiﬁcant energy. In this
Part, the performance evaluation of RAKE receivers for a single user
system operating in non-line-of-sight (NLOS) scenarios in industrial environments is presented. The channels used for the evaluation are measured in a medium-sized industrial environment. In addition, the standard IEEE 802.15.4a channel model for NLOS industrial environment is
used for comparison with the results of the measured channels. The performance is compared for partial RAKE (PRake) and selective RAKE
(SRake) in terms of uncoded bit-error-rate (BER) with the assumption
that the channel is known. The eﬀect of diﬀerent number of ﬁngers
on BER of PRake and SRake is studied. Moreover, the performance
of maximal ratio combining (MRC) and equal gain combining (EGC)
is compared for PRake and SRake receiver. The results also provide
BER performance comparison as separation between transmitter and
receiver increases. Finally, based on the simulation results, conclusions
are presented considering the performance and complexity issues.
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The transmission of UWB signal over a wireless channel results in multipath
components (MPCs). Due to wide bandwidth, the MPCs arrive with high
delay resolution and thus receiver (Rx) is able to resolve many MPCs. The
29
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RAKE receiver can be used to receive the MPCs as it exploits the timediversity inherent in multipth and attempts to collect the signal energy coherently from the received signal paths that fall within its span [1]. However,
as the number of resolved MPCs is very high in case of UWB systems, the
combining of hundreds of MPCs using RAKE receivers is not realistic. It
becomes important to use only a subset of the received MPCs using a speciﬁc
selection criteria.
The IEEE 802.15.4a group, which has developed a physical layer standard
for low-data-rate (LDR) systems, has recognized the fact that a considerable
amount of UWB devices will be deployed in industrial buildings, factories
and warehouses [2]. The application set includes e.g., sensor networks for
process control, supervision of storage halls, asset tagging and management.
For such environments like a factory hall with multiple metallic reﬂectors, the
multipath environment is dense and almost all resolvable delay bins contain
signiﬁcant energy [3]. In this case, a RAKE receiver needs to capture a large
number of (on the order of hundred) multipath components to collect a signiﬁcant amount of the received energy [2], [4]. The RAKE receiver design in
this case is a challenging task.
Previously, the performance of coherent RAKE and non-coherent receivers
for UWB systems has been evaluated in the literature, however, most of these
evaluations have been performed using UWB channels for oﬃce or residential
environments [5], [6], [7], [8], [9]. Moreover, as most of the evaluations are
based on simulated channel models employing Rayleigh or Lognormal fading
statistics, it is necessary to evaluate the system performance considering realistic channel characteristics of the environment. Thus, the objective of this Part
of thesis is to investigate and analyze the performance of RAKE receivers in
terms of uncoded BER for industrial environments using the measured channel responses. The standard channel model proposed by IEEE 802.15.4a for
NLOS industrial environments is also used for comparison. The dependence of
achievable BER on the types of RAKE, the number of ﬁngers and the RAKE
combining schemes is evaluated and compared. Further, based on the simulation results, conclusions are drawn considering performance and complexity
issues of RAKE receiver design for these scenarios.
The rest of the Part I is organized as follows: the system model of a typical
UWB system is described in Section 2. Section 3 describes the UWB channels
used for the performance evaluation of the system and Section 4 describes
RAKE receivers. The simulation parameters and results are discussed in
Section 5 and ﬁnally conclusions are presented in Section 6.
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Figure 1: Block diagram of the system model.

2

System Model

Considering a binary antipodal modulation and time-hopping impulse radio
(TH-IR) UWB system as multiple-access scheme, the transmitted signal from
a user in the system can be represented as
s(t) =

∞


Ep
dj bj/Nf  p(t − jTf − cj Tc ),

(1)

j=−∞

where p(t) is the energy-normalized transmitted UWB pulse, Ep is the energy
per pulse, Tf is the frame duration, Tc is the chip duration, Nf is the number of pulses representing one binary information symbol bj/Nf  ∈ {1, −1}
transmitted by the user. Fig. 1 and 2 show the system model and an example
of the transmitted sequence for a single bit, respectively. The pseudorandom
time-hopping (TH) sequences {cj } are assigned to each user that share the
UWB media to avoid catastrophic collisions among the pulses of diﬀerent
users. If the number of chips in a frame is denoted as Nc , then the chip interval is chosen to satisfy Tc ≤ Tf /Nc . This avoids pulses of diﬀerent users from
overlapping. The pseudorandom polarity codes dj ∈ {1, −1} having equal
probability provide robustness against multiple access interference [10]. The
polarity randomization codes also help to get a zero-mean output and shape
the transmit spectrum according to FCC rules [11].
The signal for a user is transmitted through a multipath channel with the
impulse response given by
h(t) =

K−1


αk δ(t − τk ),

(2)

k=0

where αk are the channel tap weights, K is the number of multipath components and τk is the delay associated with kth multipath component. The
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Tf

Tb = Nf Tf

Tc

Figure 2: An example of the transmitted sequence for a single bit, where
number of frames per bit Nf = 4 in this ﬁgure.

details of the channel are described further in the next section. The received
signal can be expressed as

r(t) =

=

∞ K−1



Ep
αk dj bj/Nf  p(t − jTf − cj Tc − τk ) + n(t)



Ep

j=−∞ k=0
∞


dj bj/Nf  g(t − jTf − cj Tc ) + n(t),

(3)

j=−∞

where the noise n(t) is a Gaussian process with zero mean and σn2 = No /2
variance, and g(t) is interpreted as the aggregate channel after convolving
with the transmitted pulse, g(t) = p(t) ∗ h(t), i.e.,

g(t) =

K−1


αk p(t − τk ),

(4)

k=0

The duration of g(t) is deﬁned as Tg = Tp + Tmds , where Tp is the pulse
duration, Tmds is the maximum delay spread of the channel. The interference
between the pulses can be avoided by keeping the delay Tg ≤ Tf .

3

UWB Channels

In the following subsections, the IEEE 802.15.4a channel model and the measured channels in an industrial environment are discussed.
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IEEE 802.15.4a UWB Channel Model

The IEEE 802.15.4a group has proposed a channel model for sensor networks
and similar devices with data rates between 1 kbit/s and several Mbit/s.
The important features of the channel model are discussed in the following
subsections.
3.1.1

Path loss and shadowing

The large-scale channel modeling involves modeling the signal attenuation
with distance and is generally referred to as path loss [12]. The path loss in
a narrowband system is conventionally deﬁned as [13],
P L(d) =

E{PRX (d, fc )}
PT X

(5)

where PT X and PRX are the transmit and receive power, respectively, d is the
distance between transmitter and receiver, fc is the center frequency and the
expectation E{} is taken over an area that is large enough to allow averaging
out of shadowing as well as the small-scale fading. Due to the frequency
dependence of propagation eﬀects in a UWB channel, the wideband path loss
is a function of frequency as well as of distance [13]. It thus makes sense to
deﬁne a frequency-dependent path loss as [13],


f +∆f /2

P L(d, f ) = E{
f −∆f /2

2

|H(f˜, d)| df˜}

(6)

where H(f˜, d) is the transfer function from transmitting antenna connector
to the receiving antenna connector, and ∆f is chosen small enough so that
diﬀraction coeﬃcients, dielectric constants, etc., can be considered constant
within that bandwidth. The total path loss is obtained by integrating over
the whole bandwidth of interest [13].
It is assumed that the path loss as a function of frequency and distance
can be written as a product of the terms [13],
P L(d, f ) = P L(f )P L(d)

(7)

The frequency dependence of the path loss is given as [14],[15],


P L(f ) ∝ f −κ

(8)
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Amplitude

Delay

Figure 3: Multipath components with diﬀerent attenuations and delays.
where κ is the frequency dependence factor. The distance dependence of the
path loss in dB is described by [13],
P L(d) = P Lo + 10n log10

d
do

(9)

where the reference distance do is set to 1 m, P Lo is the path loss at the
reference distance, and n is the path loss exponent. The path loss exponent
depends on the environment and on whether a line-of-sight (LOS) connection
exists between the transmitter and receiver or not [13].
The variation in the received signal power about its mean value is typically
termed “shadowing” [12]. The path loss (averaged over small-scale fading) in
dB can be written as [13],
P L(d) = P Lo + 10n log10

d
+S
do

(10)

where S accounts for shadowing and is a Gaussian distributed random variable
with zero mean and the standard deviation σs .
3.1.2

Power delay proﬁle

Power delay proﬁle (PDP) relates the power of the received signal with the
delay experienced by the multipath component and is deﬁned as the square
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magnitudes of the impulse response of the signal averaged over a local area
as [16],
2
(11)
P DP (τ ) = |h(t; τ )| ,
where |h(t; τ )| is the absolute value of impulse response of the signal, as also
shown in Fig. 3. The impulse response (in complex baseband) is based on the
SV (Saleh-Valenzuela) model which is given in general as [17],
hdiscr (t) =

L−1
 K−1


αk,l exp(jφk,l )δ(t − Tl − τk,l ),

(12)

l=0 k=0

where αk,l is the tap weight of the kth component (path) in the lth cluster,
Tl is the arrival time of the lth cluster and τk,l is the delay of the kth MPC
relative to the lth cluster arrival time Tl , see Fig. 4. The phases φk,l are
uniformly distributed, i.e. for a bandpass system, the phase is taken as a
uniformly random variable in the range from 0 to 2π [13].
The number of clusters L is an important parameter of the model and is
assumed to be Poisson-distributed [13],
pdfL (L) =

(L̄)L exp(−L̄)
L!

(13)

so that the mean L̄ completely characterizes the distribution.
The distribution of cluster arrival times are given by a Poisson process [13],
p(TL |TL−1 ) = Λl exp[−Λl (TL − TL−1 )], l > 0

(14)

where Λl is the cluster arrival rate.
The ray arrival times are modeled with mixtures of two Poisson processes
as follows [13],
p(τk,l |τ(k−1),l ) = βλ1 exp[−λ1 (τk,l − τ(k−1),l )]
+(β − 1)λ2 exp[−λ2 (τk,l − τ(k−1),l )], k > 0

(15)

where β is the mixture probability, while λ1 and λ2 are the ray arrival rates.
The power delay proﬁle (the mean power of diﬀerent paths) is exponential
within each cluster [13],
E{|ak,l |2 } = Ωl

1
γl [(1 − β)λ1 + βλ2 + 1]

exp(−τk,l /γl )

(16)
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Figure 4: Principle of Saleh-Valenzuela model.
where Ωl is the integrated energy of the lth cluster and γl is the intra-cluster
decay time constant.
Further, the mean (over cluster-shadowing) mean (over small-scale fading)
energy (normalized to γl ) of the lth cluster follows in general exponential
decay [13],
10log(Ωl ) = 10log(exp(−Tl /Γ)) + Mcluster

(17)

where Mcluster is normally distributed random variable with standard deviation σcluster around it.
Finally, the cluster decay rates are deﬁned to depend linearly on the arrival
time of the cluster [13],
γl = kγ Tl + γo

(18)

where kγ describes the increase of the decay constant with delay.
In this model, particularly for some NLOS scenarios (oﬃce and industrial),
the shape of the power delay proﬁle (PDP) is deﬁned diﬀerently, i.e. (on a
log-linear scale) [13],
E{|a2k,l |} = (1 − χ exp(−τk,l /γrise )) exp(−τk,l /γ1 )
Ω1
γ1 + γrise
·
,
γ1
γ1 + γrise (1 − χ)

(19)
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where the parameter χ describes the attenuation of the ﬁrst component, the
parameter γrise determines how fast the PDP increases to its local maximum,
and γ1 determines the decay at late times.
3.1.3

Delay dispersion

Delay dispersion is deﬁned to occur when the channel impulse response lasts
for a ﬁnite amount of time or channel is frequency selective [18]. Delay dispersion in multipath channels is characterized by two important parameters,
mean excess delay and root mean square (rms) delay spread [18].
Excess delay is the relative delay of kth received multipath component as
compared to the ﬁrst arriving path, and is denoted as τk [16]. Mean excess
delay is deﬁned as the ﬁrst moment of the PDP given by [16],
τm =

∞
P DP (τ )τ dτ
−∞
∞
P DP (τ )dτ
−∞

(20)

The rms delay spread is deﬁned as the second central moment of the PDP
given by [13],
τrms =

∞
P DP (τ )τ 2 dτ
−∞
∞
P DP (τ )dτ
−∞

−

∞
P DP (τ )τ dτ
−∞
∞
P DP (τ )dτ
−∞

2
(21)

The delay spread depends on the distance, however, this eﬀect is neglected in
the channel model for simplicity [13].
3.1.4

Small scale fading

The rapid ﬂuctuations of the received signal strength over very short travel
distances (of few wavelengths) or short time durations (on the order of seconds) is called small-scale fading [16]. In this model, the distribution of small
scale amplitudes is Nakagami [13],
pdf (x) =

m
m
2
( )m x2m−1 exp(− x2 ),
Γ(m) Ω
Ω

(22)

where m ≥ 1/2 is the Nakagami m−factor, Γ(m) is the gamma function,
and Ω is the mean-square value of the amplitude i.e., mean power. The
m−parameter is modeled as a lognormally distributed random variable, logarithm of which has a mean µm and a standard deviation σm [13]. Both of
these values can have a delay dependence [13],

38

Part I

µm (τ ) = mo − km τ
σm = m
o − 
km τ

(23)
(24)

For the ﬁrst component of each cluster, the Nakagami factor is assumed to be
deterministic and independent of delay [13],
m = m̃o .

(25)

The IEEE 802.15.4a channel model covers diﬀerent oﬃce, residential and
industrial scenarios. The channel model which is used for performance evaluation of RAKE receiver is for NLOS scenarios in industrial environments,
referred to as CM8.

3.2

Measured UWB Channels

The UWB channel measurement campaign had been conducted together with
Lund university in MAX-Lab, Lund, Sweden, a medium-sized industrial environment. The hall has a ﬂoor area of 94 × 70 m and a ceiling height of 10
m. The hall contains many metallic objects, pipes, pumps and cylinders, see
Fig. 5. The measurements were performed in the frequency domain using a
vector network analyzer (VNA) in conjunction with virtual antenna arrays.
The frequency range measured was from 3.1 to 8.0 GHz. 2001 frequency
points were measured, resulting in a delay resolution of 0.2 ns, and a maximum delay of 408 ns corresponding to 122 m path delay. Omnidirectional
conical monopole antenna were used at transmitter and receiver, respectively.
The use of virtual antenna arrays allows to create a virtual MIMO system of
7 × 7 antenna positions. The antenna separation was 50 mm, i.e., more than
half a wavelength at the minimum frequency in order to obtain spatially independent channels. Thus, for each measurement, 49 independent realizations
of the channel were measured over a local area resulting in a total of 49 × 16
independent NLOS channel realizations. A total of sixteen peer-to-peer (P-P)
NLOS positions were measured at four diﬀerent locations with Tx-Rx separations of 2 m, 4 m, 8 m and 16 m at each location. A complete description
of the measurement setup and analysis of the model parameters can be found
in [2].
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Figure 5: An overview of the environment for UWB channel measurements.
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3.2.1

Measured Power Delay Proﬁles

The measured transfer functions were transformed to the delay domain using
inverse Fourier transformation with a hanning window applied. The power
delay proﬁles (PDPs) calculated from the measurements on one antenna pair
of the virtual array are called instantaneous PDPs, where the PDP from the
n-th transmitter to the m-th receiver is deﬁned as [2],
P DP (τ, m, n) = |h(τ, m, n)|2 .

(26)

Average power delay proﬁles (APDPs) were obtained from 49 instantaneous PDPs corresponding to diﬀerent combinations of transmitter and receiver positions on the virtual array for each of the measurement positions.
Thus, APDPs were obtained as [2],

AP DP (τ ) =

N
M
1 
P DP (τ, m, n).
M N m=1 n=1

(27)

The analysis of APDPs for P-P NLOS measurements has shown the following eﬀects [2]:
1. For shorter distances (and a few of longer distance measurements), the
ﬁrst component is the strongest. A similar observation was also made
in the measurement results presented in [3] for industrial environments.
2. The strong ﬁrst component is followed by a minimum in the APDP
indicating that the multipath components arrive in clusters.
3. For many of the measurements at larger distances, the strongest component arrives 10 − 40 ns after the ﬁrst arriving component.
4. For longer distances, APDPs have “soft-onset” shape as also seen in [3].
5. It has been observed that some speciﬁc MPCs carry signiﬁcant power
for larger Tx-Rx separations.
6. It is also observed that nearly all resolvable delay bins contain signiﬁcant
energy
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Figure 6: Average power delay proﬁles of MG1, MG2 and CM8 averaged over
all channel realizations.

3.2.2

Comparison of channel characteristics

The measured channel responses are divided into two groups based on the
Tx-Rx separation. The measurement group 1 (MG1) covers the distances in
the range of 2 to 8 m, while the measurement group 2 (MG2) consists of the
measured channel responses with Tx-Rx separation from 10 to 16 m. The
total number of independent realizations for MG1 and MG2 are 490 and 294,
respectively.
For the performance comparison with the measured channels, 100 realizations of IEEE 802.15.4a channel (CM8) are simulated using the channel model
parameters. A comparison of some characteristics averaged over diﬀerent realizations of the channels is given in Table II. NP10[dB] is the average number
of paths within 10 dB of the strongest path in the channel and NP {85%}
denotes the average number of paths that contain 85 percent of the channel
energy. Moreover, average power delay proﬁles (APDPs) of MG1, MG2 and
CM8 averaged over all channel realizations are shown in Fig. 6.
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4

RAKE Receivers

4.1

Introduction

The amount of multipath energy that can be collected at the receiver and the
receiver complexity are commonly used to determine the performance and
robustness of a wireless communication system [19]. The RAKE receiver is
used in any kind of spread spectrum communication system to accumulate
the energy in the signiﬁcant multipath components [12]. The use of RAKE
receiver is also common in UWB systems to collect the rich multipath diversity
available at the receiver.
A RAKE receiver consists of a bank of correlators, also called ﬁngers, and
each ﬁnger is matched (synchronized) to a particular multipath component to
combine the received multipaths coherently [12]. In order to enable symbolrate sampling in IR-UWB system, the received signal can be correlated with
a symbol-length template signal, and the correlator output can be sampled
once per symbol [20]. The drawback of RAKE receiver in UWB systems is
that the number of multipath components that can be utilized in a typical
RAKE combiner is limited by power consumption issues, design complexity,
and the channel estimation [21]. Secondly, each multipath undergoes a different channel in UWB systems, which causes distortion in the received pulse
shape and makes the use of a single LOS path signal as a suboptimal template
[22].

4.2

RAKE Types

A tapped-delay-line channel with K number of delays provides us with K
replicas of the same transmitted signal at the receiver [12]. Hence, a receiver
that processes the received signal in an optimum manner will achieve the
performance of an equivalent Kth order diversity system [12]. In practice,
only a subset of total resolved multipath components is used in the RAKE
receivers [21]. The RAKE types based on the number of multipath components used are given as follows [21],
• All RAKE (ARake): The RAKE receiver which combines all the K
resolved multipath components is called all RAKE (ARake).
• Selective RAKE (SRake): The SRake receiver searches for the M best
paths out of K resolved MPCs to use them as RAKE ﬁngers.
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vtemp (t − τ1 )
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vtemp (t − τK−1 )

βK−1

Figure 7: A RAKE receiver structure for TH-IR UWB system.
• Partial RAKE (PRake): The PRake receiver uses the M ﬁrst arriving
paths out of K resolvable multipath components.

4.3

RAKE Combining Schemes

The outputs of the correlators (ﬁngers) are passed to the RAKE combiner.
The RAKE receiver can use diﬀerent combining schemes such as maximal
ratio combining (MRC) and equal gain combining (EGC) scheme.
4.3.1

Maximal Ratio Combining (MRC)

If maximal ratio combining (MRC) technique is used, the amplitudes of the
received MPCs are estimated and used as weighing vector in each ﬁnger.
The performance and optimality of the MRC consequently depend upon the
receiver’s knowledge of the channel [22]. Let β = [β0 , β1 , · · · , βK−1 ] be the
RAKE combining weights which are diﬀerent for diﬀerent RAKE types.
• In case of ARake, the combining weights are chosen equal to the fading
coeﬃcients of the channel, α = [α0 , α1 , · · · , αK−1 ], i.e.,
β=α

(28)
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• For SRake, if the set of indices of the M best fading coeﬃcients with
largest amplitude is denoted by S, then the combining weights β are
chosen as follows [23],

β=

αk ,
0,

k∈S
k ∈ S

(29)

• For PRake, using the ﬁrst M multipath components, the weights of
MRC combining are given by [23],

β=

αk ,
0,

k = 0, · · · , M − 1
k = M, · · · , K − 1

(30)

where M ≤ K.
4.3.2

Equal Gain Combining (EGC)

In case of equal gain combining (EGC) scheme, all the tracked MPCs are
weighted with their corresponding signs and combined [5]. Thus, EGC combining scheme only requires the phase of the fading channel [24]. In a carrierless UWB system, determining the phase is even simpler because the phase
is either 0 or π, to account for pulse inversion [25]. In a practical system,
performing EGC will be simpler than MRC but there will be a performance
trade-oﬀ [24].

4.4

Analysis of RAKE Receiver

In this subsection, it is assumed that we have perfect knowledge of the channel and ARake receiver is used to receive the IR-UWB signal discussed in
Section 2. Considering the ith symbol, the output of the kth ﬁnger of the
receiver can be written as

yi,k =

∞
−∞

ri (t)vtemp (t − τk )dt,

(31)

k = 0, 1, · · · , K − 1 for each i
where vtemp (t) is assumed to be the normalized template signal matched to
the whole pulse sequence of one information symbol, i.e.,
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vtemp (t) =

Nf −1
1 
dj p(t − jTf − cj Tc ),
Nf j=0
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(32)

0 ≤ t ≤ Nf T f
and ri (t) is the received signal for ith bit, which is given by
Nf −1


dj bi g(t − jTf − cj Tc ) + n(t),
ri (t) = Ep

(33)

j=0

0 ≤ t ≤ Nf T f
The analysis of RAKE receiver is discussed further based on the assumptions
of resolvable and nonresolvable paths.
4.4.1

Resolvable Paths

It is assumed that all paths are resolvable, that is, the minimum time between
any two paths is larger than the pulse width [12]. Let us deﬁne the crosscorrelation function between g(t) and p(t) as [22],
 ∞
g(t)p(t − τ )dt,
(34)
α(τ ) =
−∞

where α(τ ) = 0 if τ ≤ −Tp or τ ≥ Tg . If there is a perfect match of the
received signal with the reference signal, zero inter-frame and inter-symbol
interference, then the output of kth ﬁnger after summation over Nf frames of
ith symbol can be written in discrete time as

(35)
yi,k = Nf Ep bi αk + ηi,k ,
k = 0, 1, · · · , K − 1 for each i
∞

where the last term ηi,k = −∞ n(t)vtemp (t − τk )dt is the noise at the output
of the correlator which has zero mean and variance σn2 .
All ﬁngers of the RAKE use a delayed version of the template signal
T
vtemp (t), with a delay chosen from the vector τ = [τ0 . · · · , τK−1 ] , to match it
to a speciﬁc multipath component. The outputs of all the ﬁngers (correlators)
for the ith symbol can be written together in vector notation as
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yi =



Nf Ep bi α + η i ,

(36)

T

T

where yi = [yi,0 , · · · , yi,K−1 ] , α = [α0 , · · · , αK−1 ] , and the noise compoT
nent in vector notation is η i = [ηi,0 , · · · , ηi,K−1 ] .
Further, the diversity combining using the weight vector β yields the decision statistic for ith bit as

zi = β T y(i)
=


Nf E p b i

(37)
K−1


βk αk +

K−1


k=0

βk ηi,k ,

(38)

k=0

for ARake receiver with MRC combining, β = α, thus

zi =



Nf Ep bi

K−1


βk2 +

k=0

K−1


βk ηi,k .

(39)

k=0

To determine the bit error probability (BEP) at the output of the RAKE,
the approximate mean and variance of the decision statistic at the output of
RAKE from (39) are evaluated as

E[zi ] =



Nf Ep

K−1


βk2 ,

(40)

l=0

Var(zi ) = σn2

K−1


βk2 .

(41)

k=0

In case of binary antipodal modulation, the approximate expression of BEP

Performance Evaluation of RAKE Receiver for Low Data Rate UWB Systems ...

47

conditioned on a particular channel realization is given by [1], [22],

Pe|(α,τ ) = Q
⎛
⎜
= Q⎜
⎝
⎛
= Q⎝

E[zi |(α, τ )]2
Var(zi |(α, τ ))



2 ⎞
Nf E p
⎟
⎟

K−1
⎠
σn2 k=0 βk2


K−1
k=0

βk2

⎞
K−1
2Nf Ep  2 ⎠
βk ,
No

(42)

k=0

√
here Q(·) is the standard function Q(x) = 1/ 2π
4.4.2

∞ −t2 /2
e
dt
x

[22].

Nonresolvable Paths

Assuming that the two paths may be less than a pulse width apart, the autocorrelation function of the wave is now evident [12]. The output of kth ﬁnger
for ith symbol can be written as

yi,k =




Nf Ep bi αk + Nf Ep bi

K−1


αj R(τj − τk ) + η̃i,k dt,

(43)

j=0,j=k

k = 0, 1, · · · , K − 1 for each i
where R(τ ) is the autocorrelation of the pulse p(t), deﬁned as


∞

R(τ ) =
−∞

p(t)p(t − τ )dt,

(44)

K−1
and η̃i,k is the noise with zero mean and variance σn2 j=0 αj R(τj − τk ) [12].
The outputs of all the ﬁngers can be written together in vector form as
T
yi = [yi,0 , · · · , yi,K−1 ] , then the decision statistic is formed using the diversity combining, i.e.,
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zi = β T y(i)
=

K−1
K−1

 K−1



Nf Ep bi
βk αk + Nf Ep bi
βk αj R(τj − τk )
k=0

+

K−1


k=0 j=0,j=k

βk η̃i,k ,

(45)

k=0

as for ARake receiver with MRC combining, β = α, thus
⎡
⎤
K−1
K−1

 K−1


βk2 +
βk βj R(τj − τk )⎦
zi = Nf Ep bi ⎣
k=0

+

K−1


k=0 j=0,j=k

βk η̃i,k .

(46)

k=0

The approximate mean and variance of the decision statistic at the output of
RAKE are evaluated as [12],
⎡
⎤
K−1
K−1

 K−1


βk2 +
βk βj R(τj − τk )⎦ ,
(47)
E[zi ] = Nf Ep ⎣
k=0

Var(zi ) = σn2

k=0 j=0,j=k
K−1
 K−1


βk βj R(τj − τk ).

(48)

k=0 j=0

The approximate expression of BEP conditioned on a particular channel
realization is given by [12],
⎛

2 ⎞
K−1 K−1
K−1 2
⎜ 2Nf Ep
k=0 βk +
k=0
j=0,j=k βk βj R(τj − τk ) ⎟
⎟,
Pe|(α,τ ) = Q ⎜


K−1
K−1
⎠
⎝
No
β
β
R(τ
−
τ
)
k
j
j
k
k=0
j=0
(49)
K−1 K−1

where k=0
j=0,j=k βk βj R(τj − τk ) represents the additional term due to
path correlations. Because the delays and amplitudes of the RAKE ﬁngers
will be shifted when path correlations are nonzero, the development of (49) is
a simpliﬁed analysis [12].
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Performance Evaluation

In order to compare the performance of RAKE receivers on the NLOS multipath channels described in Section 4, the UWB system is simulated for an
indoor industrial environment. The simulation parameters are as follows:
• The binary antipodal modulation is used employing second derivative
of the Gaussian pulse.
• The pulse duration is kept 1.02 ns and 0.625 ns over measured and
simulated channels, respectively.
• The uncoded data rate of 4 Mbps is achieved with Nf = 10 and Tf = 25 ns.
• A frame time of Tf = 25 ns results in inter-frame interference (IFI) as
it is less than the delay spread introduced by the channels.
 2
• The energy of channel impulse response is normalized as
αl = 1.
• The system is assumed to be synchronized with perfect knowledge of
the channel characteristics.
• For each Eb /No , performance over the channels is evaluated using 490,
294 and 100 channel realizations of MG1, MG2 and CM8, respectively.
• The simulations are performed until 200 bit errors has been detected or
at least 100, 000 bits has been transmitted.
• It should be mentioned that these are uncoded bit-error-rates which can
be improved by using diﬀerent coding techniques.
In Fig. 8, the analytical expression of (40) and (41) are averaged for each
channel over corresponding number of available realizations. The output SNR
(SN Ro ) is shown versus the number of MPCs captured by PRake and SRake
over MG1, MG2 and CM8. The results demonstrate an increase in SN Ro with
the increase in number of ﬁngers. It is observed that the increase in SNR with
the increase in number of captured MPCs is low for PRake as compared to
SRake. Moreover, the dependence of SN Ro over the channel models is also
observed. The gain in SN Ro as the number of ﬁngers increases is much higher
in case of MG1 up to a certain number of ﬁngers. It is noteworthy that this
is particularly depicted by PRake receiver. It is also observed that the SNR
improvement is signiﬁcant by increasing the number of ﬁngers up to 100 for
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Figure 8: Output SNR vs Number of RAKE ﬁngers on MG1, MG2 and CM8
PRake (top) and SRake(bottom).

PRake and 50 for SRake. However, the saturation eﬀects are observed by
any further increase as the rest of the components do not carry signiﬁcant
energy. It can be concluded that any further increase in the number of ﬁngers
increases complexity of the system and does not provide much SNR gain.
This is particularly true for the channels having a shape of the PDP similar
to MG1 and MG2.
Fig. 9 presents the results of PRake receiver with MRC combining using
diﬀerent number of ﬁngers. The results are shown for both measured and
simulated channels. The results demonstrate that the performance of PRake
receiver largely depends on the shape of channel proﬁle. As PRake captures
only the ﬁrst arriving components, the performance severely degrades on CM8
as compared to MG1 and MG2. This is quite intuitive as CM8 has ﬁrst
increasing and then decreasing power delay proﬁle. The power delay proﬁle
of MG2 also has a shape of ﬁrst increasing and then decreasing PDP, see
Fig. 6. However, in contrast to CM8, the PDP of MG2 has a fast increase
to its local maximum and also the decay is fast at late times. In addition,
there are some strong components in the PDP indicating the arrival of MPCs
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Figure 9: Comparison of BER of diﬀerent number of ﬁngers of PRake with
MRC combining on MG1, MG2 and CM8.
in clusters. On the other hand, MG1 has a decreasing PDP with embedded
strong components at shorter delays indicating the onset of clusters of MPCs.
It is shown in Fig. 9 that the BER is very high even with 50 PRake
ﬁngers particularly over CM8. To further improve the BER, PRake need to
use on the order of hundred ﬁngers that increases complexity of the receiver
signiﬁcantly. In the case of MG2, a BER of 10−2 is achieved using M = 50
ﬁngers with Eb /No = 16 dB. However, the results show that by using 30
ﬁngers of the PRake receiver, it is not possible to achieve a BER of 10−2 even
with a further increase in Eb /No of 2 dB.
In Fig. 10, the performance of SRake receiver has been analyzed using
diﬀerent number of ﬁngers with MRC combining. The results demonstrate
a signiﬁcant performance improvement using SRake as compared to PRake.
The results for CM8 indicate that it is possible to achieve a BER of 10−2 with
Eb /No = 16 dB using 30 ﬁngers of the SRake.
The results over channel MG2 show that 30 SRake ﬁngers can provide a
BER of 10−3 with Eb /No = 13.5 dB . It is also observed that the same BER
can be achieved using only 10 ﬁngers of SRake over MG2 with Eb /No = 16.5
dB. Moreover, the performance of SRake is also better over channel MG1, as
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Figure 10: Comparison of BER of diﬀerent number of ﬁngers of SRake with
MRC combining on MG1, MG2 and CM8.
compared to the performance over MG2 and CM8. For MG1, the results of
Fig. 10 demonstrate that a BER of 10−3 is achieved with only 10 ﬁngers of
the SRake with Eb /No = 16 dB. Moreover, the same BER of about 10−3 is
achieved with Eb /No = 12 dB when 30 ﬁngers of the SRake receiver are used.
When compared with PRake receiver, it is observed that SRake can achieve
much better performance. This is particularly true for channels having a shape
of the PDP similar to CM8. In case of MG2, the SRake performance using
only 10 ﬁngers is better than using 50 ﬁngers of PRake. While for MG1,
the results demonstrate that 10 ﬁngers of SRake has almost the same BER
as 50 ﬁngers of the PRake. These results depict a signiﬁcant performance
improvement associated with the SRake that uses only few ﬁngers. However,
it should be mentioned that the complexity of the SRake stems from the fact
that it needs to search for the 10 ﬁngers that carry the maximum energy.
The eﬀect of RAKE combining scheme is analyzed in Fig. 11. The BER
is compared using 30 ﬁngers of both types of RAKE using EGC and MRC
combining schemes. The results show that the performance of MRC combining is better than EGC. It should be noted that, over measured channels
with PRake, there is performance improvement using MRC rather than EGC
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Figure 11: Comparison of EGC and MRC combining using 30 ﬁngers of PRake
(left) and SRake (right) on MG1, MG2 and CM8.
combining. In contrast, the BER using EGC and MRC is almost comparable
in case of SRak. In this case, complexity of the SRake can be reduced using
EGC without a signiﬁcant performance degradation.

6

Conclusions

The performance evaluation of sub-optimal RAKE receivers using measured
and simulated NLOS channels for industrial environments is presented. The
analysis of the results shows that, for measured channels with shorter Tx-Rx
separation (i.e. 2–8 m), a moderate number of ﬁngers of SRake (i.e. about 10
ﬁngers) are required to achieve an acceptable BER. For larger Tx-Rx separation (i.e. 10–16 m), SRake requires 1.5 dB more Eb /No to achieve the same
BER performance. On the other hand, PRake receiver is unable to achieve
the same BER performance even with a large number ﬁngers. For simulated
IEEE 802.15.4a channel, the PRake receiver has very poor performance, while
the SRake receiver provides signiﬁcant improvement in the performance.
The results demonstrate that SRake receivers always outperform the PRake
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receivers using the same number of ﬁngers and the same combining scheme.
It is observed that the performance of the RAKE receivers degrades as the
Tx-Rx distance increases. It can also be concluded that the diﬀerence in the
performance of MRC and EGC combining schemes is not that signiﬁcant for
SRake, while PRake has a considerably better performance using MRC. The
PRake receiver with MRC combining gives acceptable performance if the ﬁrst
arriving multipath components carry signiﬁcant energy which is common in
case of shorter Tx-Rx separations. If the ﬁrst arriving components are not
the strongest, which is typical for larger Tx-Rx separations, only the SRake
receiver with either EGC or MRC combining gives acceptable performance.
Further, the comparison of results demonstrates that the performance of receiver is better over measured channels as compared to the simulated channels.
Hence, the performance of receiver depends to a large extent on the underlying
channel and the shape of the power delay proﬁle. It can be concluded that the
simulated channels for industrial environments can not be generalized for all
such environments as the propagation characteristics can diﬀer signiﬁcantly.
This conclusion also emphasizes the importance of using realistic channels and
accurate characterization of UWB channels for system design and evaluation.
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Recursive Transmitted Reference Receivers for
Impulse Radio UWB Systems
Muhammad Gufran Khan, Jörgen Nordberg and Ingvar Claesson
Abstract
For the detection of impulse radio (IR)ultra-wideband (UWB) signals, RAKE receivers or transmitted reference (TR) autocorrelation
receivers can be used. The complexity of RAKE receiver increases signiﬁcantly when the number of received multipath components is large.
TR scheme is a low-complexity alternative as it does not require channel estimation. However, there is a performance loss associated with
the low-complexity TR scheme. The recursive structures of the conventional TR and averaged TR schemes are presented to improve the detection performance of IR-UWB signals. The performance of proposed
schemes is evaluated over the standard IEEE 802.15.4a multipath channels. The performance is compared with conventional TR receivers in
terms of uncoded bit-error-rate (BER), assuming that the channel is
slowly-varying. For averaged and recursive averaged TR schemes, the
transmitted TR sequence is also slightly modiﬁed. The simulation results validate that the proposed recursive TR and recursive averaged TR
receivers have better performance by about 2 dB than the conventional
TR and averaged TR receivers.

1

Introduction

Impulse radio (IR) ultra-wideband (UWB) systems utilize very narrow pulses
for the transmission. The sub-nanosecond nature of these pulses provides
rich multipath diversity at the receiver as a large number of (on the order of
hundred) multipath components (MPCs) can be resolved. The multipath diversity available at the receiver can be exploited using a RAKE structure [1].
Since the number of resolved MPCs is very high, a RAKE receiver needs a
large number of correlators (ﬁngers) [2]. Providing a receiver with a large
61
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number of correlators, however, increases the receiver complexity [3]. Furthermore, a RAKE receiver needs to estimate the channel impulse response
in order to obtain the correct RAKE weights [4].
Alternatively, transmitted reference scheme is a sub-optimum autocorrelation receiver scheme for the demodulation of IR-UWB signals [5], [6]. Transmitted reference communication systems operate by transmitting a pair of
unmodulated and modulated signals and employing the former to demodulate the latter [6]. Since the reference signal and data signal are transmitted
within the coherence time of the channel, it is assumed that the channel responses to the two signals are the same [7]. One drawback of TR scheme is
a loss of at least 6 dB compared to an ideal matched ﬁlter receiver, 3 dB due
to noise contained within the reference pulse and 3 dB due to usage of two
pulses per bit, instead of one [8]. Secondly, the performance of TR system is
severely limited by the use of noisy unmodulated pulses as templates at the
receiver [9].
In the literature, diﬀerent transmitted reference schemes have been proposed with the aim to achieve a low-complexity detection. In [5], an averaged
TR (ATR) system which performs averaging of all the reference pulses in a
previous symbol interval has been proposed to remedy the problem of noisy
reference pulse. However, the suppression of noise by averaging previously
received reference pulses requires the implementation of precise delays which
may be burdensome [5]. In [7], optimal and suboptimal UWB TR receivers
are analyzed and a diﬀerential TR system is presented in which no reference
pulses are transmitted. However, the diﬀerential TR system also suﬀers from
the noisy reference template. A diﬀerential TR detector and its iterative
solution is also considered and analyzed in [10]. Further, a decision directed
autocorrelation receiver and its recursive solution is proposed in [11] for pulsed
ultra-wideband systems. The decision directed scheme decreases the signaling
overhead but relies on the past symbol decisions.
In this Part of thesis, a recursive TR (R-TR) and a recursive averaged TR
(R-ATR) signaling and detection scheme is investigated and proposed with
the aim to improve the performance of conventional IR-UWB TR schemes.
The R-TR receiver structure estimates the reference template for the correlator frame-by-frame recursively from the previous template and the newly
received reference pulse. The R-ATR receiver structure estimates the reference template bit-by-bit recursively from the previous template and the
average over the reference pulses within current bit. The R-TR receiver has
low-complexity as the delays are short and the correlation can be performed
in analog domain avoiding high sampling requirements. However, the R-ATR
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receiver requires a single bit long delay element for recursion. The comparison
of the proposed receivers has been performed with the conventional TR and
ATR receivers. The simulation results validate that the proposed schemes
exhibit a performance gain over the conventional TR receivers.
The rest of Part II is outlined as follows. In Section 2, the system model
of a typical TR IR-UWB system is described. In Section 3, the UWB channel model used for the performance evaluation of the system is discussed.
Section 4 presents conventional and recursive TR receiver structures. The
performance evaluation and results are discussed in Section 5 and ﬁnally the
conclusions are presented in Section 6.

2

System Model

The transmitted signal of a IR-UWB system using binary antipodal modulation and TR signaling can be written as

s(t)


∞ 


p(t − jTf ) + bj/Nf  p(t − jTf − Td ) ,
=
Ep

(1)

j=−∞

where p(t) is the transmitted normalized UWB pulse of duration Tp i.e.,
Tp
[p(t)]2 dt = 1, Ep is energy of each pulse, Tf is the frame duration, Nf
0
is the number of frames per bit. Each frame contains two pulses separated
by a ﬁxed delay of duration Td . Moreover, bj/Nf  explains that each bit is
transmitted by Nf successive frames. Thus, one binary information symbol
bj/Nf  ∈ {1, −1} is transmitted by a stream of 2Nf pulses.
An example of the transmitted sequence for TR and R-TR receiver schemes
is shown in Fig. 1(a). It shows that the reference pulse is transmitted ﬁrst and
its corresponding data-modulated pulse follows immediately with a delay Td .
Similarly, Fig. 1(b) represents the transmitted sequence of pulses which has
been slightly modiﬁed for ATR and R-ATR receiver schemes. It illustrates
that all the reference pulses in a bit interval are transmitted together and
their corresponding data-modulated pulses follow with a delay Td = Nf Tf /2.
The signal is further transmitted over a multipath channel. Assuming that
the impulse response of the channel is based on tapped-delay-line model with
statistically independent tap weights as
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Tf

Tb = Nf Tf

Td

(a)
Tf /2

Tf /2

Tb = Nf Tf

Td

(b)

Figure 1: (a) Transmitted sequence used for TR and R-TR scheme, (b) Transmitted sequence used for ATR and R-ATR scheme, b = −1 and Nf = 4 in
this ﬁgure and the data pulses are shown ﬁlled.

Tf

Tg
Td

Tb = 2Tf

Figure 2: An illustration of the aggregate channel after convolving with the
transmitted pulse and the delay between the pulses in a doublet in TR and
R-TR scheme, b = −1 and Nf = 2, and modulated pulses are shown ﬁlled in
this ﬁgure.
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h(t) =

K−1


αk δ(t − τk ),
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(2)

k=0

where αk are the channel tap weights, K is the number of multipath components and τk is the delays associated with kth multipath components. The
received signal after passing through the multipath channel can be expressed
as

r(t) =

∞ K−1



αk p(t − jTf − τk )
Ep
j=−∞ k=0


+ bj/Nf  αk p(t − jTf − Td − τk ) + n(t)
=

∞ 


g(t − jTf )
Ep
j=−∞


+ bj/Nf  g(t − jTf − Td ) + n(t),

(3)

where n(t) is a Gaussian process with zero mean and variance σn2 and g(t)
is interpreted as the aggregate channel after convolving with the transmitted
pulse, g(t) = p(t) ∗ h(t), i.e.,
g(t) =

K−1


αk p(t − τk ),

(4)

k=0

The duration of g(t) is deﬁned as Tg = Tp + Tmds , where Tp is the pulse duration, Tmds is the maximum delay spread of the channel. In practice, the
interference between reference and modulated pulses can be avoided by keeping the delay Tg ≤ Td , as shown in Fig. 2.

3

UWB Channel

The narrowband channel models can not be generalized to UWB channels
due to some important diﬀerences. For example, traditional channel models
for path loss assume that diﬀraction coeﬃcients, attenuation due to materials, and other propagation eﬀects are constant over the band of interest,
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this assumption is not correct for a UWB system [9]. Further, each multipath component in a UWB system can lead to delay dispersion by itself,
due to frequency-selective nature of reﬂection and diﬀraction coeﬃcients [12].
The UWB channel model used for the evaluation of system performance is
discussed here brieﬂy.
IEEE 802.15.4a channel model has been proposed for sensor networks
and similar devices with data rates between 1 kbit/s and several Mbit/s for
diﬀerent oﬃce, residential and industrial scenarios. It is a modiﬁed version
of the Saleh-Valenzuela (SV) model [13] and considers that the multipath
components arrive in clusters. The impulse response (in complex baseband)
of the general SV model is given as [13],

hdiscr (t) =

L−1
 K−1


αk,l e(jφk,l ) δ(t − Tl − τk,l ),

(5)

l=0 k=0

where αk,l is the tap weight of the kth component (path) in the lth cluster,
Tl is the arrival time of the lth cluster and τk,l is the delay of the kth MPC
relative to the the lth cluster arrival time Tl . The phases φk,l are uniformly
distributed, i.e. for a bandpass system, the phase is taken as a uniformly
random variable in the range from 0 to 2π [14].
The key features of the IEEE 802.15.4a model as described in [14] are:
• The distribution of cluster arrival times and ray arrival times are given
by a Poisson process and a mixture of two Poisson processes, respectively.
• The power delay proﬁle (the mean power of diﬀerent paths) is exponential within each cluster.
• The cluster decay rates depend linearly on the arrival time of the cluster.
• The distribution for small scale fading statistics is Nakagami−m.
• Due to the frequency dependence of propagation eﬀects in a UWB channel, the wideband path loss is a function of frequency as well as of distance.
A complete description of the assumptions and channel model parameters can
be found in [14].
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Figure 3: Structure of the conventional TR receiver.

4

Receiver Structures

The transmitted reference (TR) receiver can capture the entire signal energy
for a slowly varying channel without requiring channel estimation [5], [9].
Moreover, a potentially attractive feature of UWB TR autocorrelation receivers is their relative robustness to synchronization problems [6]. However,
TR autocorrelation receivers suﬀer from the use of a noisy received signal as
the template for demodulation [9]. In the following sections, the conventional
and proposed recursive structures of TR receiver are discussed.

4.1

Transmitted Reference

In a TR receiver, the received signal is passed through a ﬁlter which is matched
to the transmitted pulse. For simplicity, it is assumed that the shape of the
received pulse is the same as the transmitted pulse. However, the propagation
and antenna eﬀects may distort the received pulses. The matched ﬁlter at the
receiver limits the noise in the receiver. The output of the ﬁlter denoted r̃(t)
is given by

r̃(t) =


∞ 


g̃(t − jTf ) + bj/Nf  g̃(t − jTf − Td ) + ñ(t),
Ep

(6)

j=−∞

where g̃(t) and ñ(t) are ﬁltered versions of g(t) and n(t), respectively.
Further, the signal r̃(t) and a delayed version of this signal are correlated.
The outputs of the correlator are summed over the Nf frames to acquire the
decision statistic, as shown in Fig. 3. The decision statistic for TR signaling
[16] can be written as
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Multipath

r̃(t) :
Td

Td

Td

Frame 1

Frame 2

Frame 3

r̃(t − Td ) :

r̃(t)r̃(t − Td )dt :

NOR

SR

NOR

Figure 4: An illustration of autocorrelation process of TR receiver, where SR
and NOR stand for signal region and noise-only region, respectively, while
b = −1 and Nf = 3 in the ﬁgure [15].

ZTR =

Nf −1  jT +T +T
I
f
d

j=0

r̃(t)r̃(t − Td )dt,

(7)

jTf +Td

where TI is the integration interval in each frame, 0 < TI ≤ Tg . The integration interval determines the actual number of multipath components Kp (≤ K)
captured by the TR receiver [16]. The autocorrelation process is shown in
Fig. 4, where the eﬀect of noise is ignored for simplicity [15]. The ﬁgure
shows that the output of multiplier of the correlator can be divided into signal regions (SRs) and noise-only regions (NORs) [15]. Thus, the choice of
integration interval becomes a crucial parameter as the integration should be
performed only over the signal regions. It is observed that increasing integration time improves performance up to a certain point, after which the energy
capture saturates and only noise is added [9]. It means that the selection of
an optimum integration interval can avoid the accumulation of noise in the
decision variable.
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The bit decision is made using conventional detection as b̂ = sgn(ZTR ),
where sgn(·) stands for the sign function. The decision statistic given in (7)
can also be written as a sum of the terms as
ZTR = Z1 + Z2 + Z3 + Z4 ,

(8)

where the terms Z1 , Z2 , Z3 and Z4 are given by
Z1

=

Nf −1  jT +T +T
I
f
d

j=0
Nf −1

=



Ep bg̃(t − jTf )g̃(t − jTf − Td )dt

jTf +Td

⎡



Kp −1

⎣

j=0



⎤
jTf +Td +TI

αk

Ep bp̃(t − jTf − τk )p̃(t − jTf − Td − τk )dt⎦ ,

jTf +Td

k=0

(9)

Z2

=

Nf −1  jT +T +T
I
f
d

j=0
Nf −1

=




Ep bp̃(t − jTf )ñ(t − jTf − Td )dt

jTf +Td

⎡



Kp −1

⎣

j=0



jTf +Td +TI

αk

⎤



Ep bp̃(t − jTf − τk )ñ(t − jTf − Td )dt⎦ ,

jTf +Td

k=0

(10)

Z3

=

Nf −1  jT +T +T
I
f
d

j=0
Nf −1

=


j=0


Ep p̃(t − jTf − Td )ñ(t − jTf )dt,

jTf +Td

⎡



Kp −1

⎣



jTf +Td +TI

αk

k=0

⎤



Ep p̃(t − jTf − Td − τk )ñ(t − jTf )dt⎦ ,

jTf +Td

(11)
Z4

=

Nf −1  jT +T +T
I
f
d

j=0

=

Nf −1  jT +T +T
I
f
d

j=0

ñ(t − jTf )ñ(t − jTf − Td )dt

jTf +Td

jTf +Td

ñ(t − jTf )ñ(t − jTf − Td )dt.

(12)
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Kp −1 2
The signal component Z1 in (8) can be approximated as Nf Ep b k=0
αk ,
where Kp is the number of captured multipath components. The noise is zero
mean Gaussian independent of g̃(t), so the noise-signal terms Z2 and Z3 in (8)
can be considered as zero mean Gaussian random variables. Further, Z4 is the
sum of Nf independent random variables for diﬀerent values of j. Using the
central limit theorem arguments, Z4 can be modeled as a Gaussian random
variable, assuming that time-bandwidth product is large [7]. Hence, the test
statistic ZTR is a Gaussian random variable under each channel realization
[7],[16]. The conditional mean and variance of decision statistic are given by
[16],
Kp −1

E(ZTR |b, α, τ ) = Nf Ep b



αk2 .

(13)

k=0
Kp −1

Var(ZTR |α, τ ) = Nf Ep No



αk2 +

k=0

Nf W TI No2
.
2

(14)

Thus, under the Gaussian approximation, the conditional bit error probability
(BEP) of TR signaling can be written as [16],
⎛
Pe |α, τ

=

Q⎝

⎞
2
E [ZTR |b, α, τ ] ⎠
Var(ZTR |α, τ )

⎛
=

⎜
⎜
Q⎜
⎜
⎝

⎟
⎟
Kp −1 2 Nf W TI No2 ⎟
⎟
Nf Ep No k=0 αk +
⎠
2

⎛
=

⎜
⎜
Q⎜
⎜
⎝

⎞



Kp −1 2 2
Nf Ep k=0 αk



2

⎞

⎟
⎟
⎟
Kp −1 2 Nf
⎟
α
+
W
T
⎠
I
k
k=0
2

Nf Ep
No
Nf Ep
No

Kp −1
k=0

αk2

(15)

The instantaneous received SNR of TR signaling can be deﬁned as [16],
γTR =

Kp −1
Nf Ep  2
αk .
No
k=0

(16)
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Then, (15) can be written as

Pe |α, τ = Q



2
γTR

γTR +

Nf
2

W TI

.

(17)

From (16) and (17), we see that the amount of received energy captured by the
TR receiver depends on the time-bandwidth product, as Kp increases with the
increase in W TI [16]. When Kp = K, increasing W TI further only increases
the noise in the receiver [16], as also shown by the denominator in (17).

4.2

Averaged Transmitted Reference

The performance of the TR receiver is limited by the fact that the reference
signal used in the correlator is noisy. The performance of TR system can be
improved using ATR as shown in Fig. 5, which performs averaging over the
Nf previous reference pulses prior to demodulation, as described in [5], [7].
This averaging process gives an estimate ĝ(t) of the aggregate analog channel
g(t) = p(t) ∗ h(t). However, the averaging process is not trivial to perform as
it requires long and precise analog delays.
As shown in Fig. 1(b), the transmitted sequence is slightly modiﬁed for
ATR scheme. This signaling sequence needs comparatively shorter delays for
averaging and also requires that the channel remains invariant only over one
bit duration. Using this signaling sequence, the averaged template denoted
as g(ATR) (t) is formed over Nf reference pulses previously received within the
current bit duration, as
g(ATR) (t) =
=

Nf −1
1 
r̃(t + (Nf − i)Tf /2),
Nf i=0



Nf −1
1 
Ep g̃(t) +
ñ(t + (Nf − i)Tf /2).
Nf i=0

(18)

The decision statistic is formed by correlating all the Nf modulated pulses
within the current bit duration with the appropriately delayed averaged template g(ATR) (t), and can be written as
ZATR =

Nf −1  T
I

j=0

0

r̃(t + jTf /2)g(ATR) (t)dt.

(19)
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Figure 5: Structure of the conventional ATR receiver, where REF stands for
the reference pulses.

4.3

Recursive Transmitted Reference

In the proposed R-TR receiver structure, the reference template is estimated
in a recursive manner to enable the receiver to capture adequate multipath
diversity, see Fig. 6. First, the previous estimated template is obtained using
a delay Df , since the template estimation process assumes that the delay
between two subsequent reference pulses is Df = Tf , see Fig. 1(a). The
previous estimated template and the reference pulse in the newly received
frame are pre-multiplied with appropriate weights and then added to obtain
new estimated template. Thus, the template update is performed frame-byframe which essentially requires the weighting and alignment of the previous
template estimate and the newly received reference pulse. The complexity
of R-TR is less than ATR but more than conventional TR receiver. The
recursion process in R-TR receiver structure can be expressed as
g(R-TR) k (t) = µg(R-TR) k−1 (t − Df ) + βr̃k (t),

t ∈ [0, Tf /2]

(20)

where g(R-TR) k (t) is the new template and g(R-TR) k−1 (t − Df ) is the previous
template estimates at kth and (k − 1)th iteration or frame interval, respectively. The constants µ and β can be considered as the weighting factors of the
previous template and the new reference pulse, respectively. These weighting
factors can be adjusted as well depending on the channel variations. The
constant µ can also be interpreted as the forgetting factor of previous template estimates. If the channel is fast time-varying, this factor can help the
estimated template to adapt the channel variations. If the channel is assumed
to be static, the parameter µ = β = 1/2 can be used, then (20) reduces to
recursive averaging as
g(R-TR) k (t) =

1
[g(R-TR) k−1 (t − Df ) + r̃k (t)],
2

t ∈ [0, Tf /2].

(21)
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Figure 6: Structure of the R-TR receiver.

In this case, the part of the frame which holds the estimated template is
the signal region (SR), and this part of the signal is used in the correlation
operation. The estimated reference template of R-TR scheme can be written
as

g(R-TR) j (t) = Ep g̃(t) + n̂j (t),
t ∈ [0, Tf /2]
(22)
where j stands for the jth template, g̃(t) is the clean estimated template, and
n̂j (t) is the residual noise in the estimated template. A delayed version of
the newly estimated template g(R-TR) j (t) is obtained by using a delay of Td ,
which is the delay between reference and modulated pulse, and correlation is
performed with the modulated pulse. In this case, assuming an ideal synchronization, the decision statistic is formed at the output of the correlator after
summation over Nf frames and is given by

ZR-TR =

Nf −1  jT +T +T
I
f
d

j=0

jTf +Td

r̃(t)g(R-TR) j (t − Td )dt.

(23)

Using (22) in (23), the decision statistic can be written as

ZR-TR

=

Nf −1  jT +T +T
I
f
d

j=0



Ep bg̃(t − jTf ) + ñ(t − jTf )

jTf +Td



Ep g̃(t − jTf − Td ) + n̂(t − jTf − Td ) dt,
·

(24)
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which can be expressed as a sum of the four terms as
ZR-TR

=

Nf −1  jT +T +T
I
f
d

j=0

+

Nf −1  jT +T +T
I
f
d

j=0

+


Ep g̃(t − jTf − Td )ñ(t − jTf )dt

jTf +Td

Nf −1  jT +T +T
I
f
d

j=0


Ep bg̃(t − jTf )n̂(t − jTf − Td )dt

jTf +Td

Nf −1  jT +T +T
I
f
d

j=0

+

Ep bg̃(t − jTf )g̃(t − jTf − Td )dt

jTf +Td

ñ(t − jTf )n̂(t − jTf − Td )dt.

(25)

jTf +Td

The ﬁrst term is signal term, while second and third terms are independent
Gaussian distributed signal-noise terms. As in [7], the fourth, noise-noise
term is sum of Nf independent random variables for diﬀerent values of j. For
R-TR receiver, the bit decision is also made using conventional detection as
b̂ = sgn(ZR-TR ).

4.4

Recursive Averaged Transmitted Reference

The conventional ATR scheme is extended to generate a recursive structure
called recursive averaged TR (R-ATR) scheme, as depicted in Fig. 7. Like
ATR, a slightly modiﬁed transmitted sequence shown in Fig. 1(b) is used
for R-ATR scheme. First, like ATR, the proposed R-ATR receiver performs
average by appropriately delaying Nf received reference pulses within the
current bit. Further, the resulting averaged waveform and the previously
estimated template are pre-multiplied with appropriate weights and added to
obtain the new estimated template. The previous template estimate is kept in
a memory with delay Db = Nf Tf to be utilized in the recursion process. It
is noteworthy that the template update is performed bit-by-bit in this case,
which means that there is a slight increase in complexity as compared to ATR.
In a similar fashion as (20), the template estimation process can be expressed as
g(R-ATR) k (t) = µg(R-ATR) k−1 (t − Db ) + βg(ATR) k (t),

t ∈ [0, Tf /2] (26)
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Figure 7: Structure of the R-ATR receiver, where REF stands for the reference
pulses.
where g(R-ATR) k (t) is the new template and g(R-ATR) k−1 (t−Db ) is the previous
template estimates at kth and (k − 1)th iteration or bit interval, respectively.
The term g(ATR) k (t) represents the average over Nf received reference pulses
within the current bit duration. Again, the parameter µ = β = 1/2 can be
used assuming that the channel is static, then (26) reduces to recursive averaging as
g(R-ATR) k (t) =

1
[g(R-ATR) k−1 (t − Db ) + g(ATR) k (t)],
2

t ∈ [0, Tf /2]. (27)

In case of R-ATR scheme, the newly estimated template g(R-ATR) (t) is used
in the correlator for demodulation of all the subsequent Nf data-modulated
pulses over a bit interval to form the decision statistic, as
ZR-ATR =

Nf −1  T
I

j=0

4.5

r̃(t + jTf /2)g(R-ATR) (t)dt.

(28)

0

Time-hopping in recursive schemes

The IR-UWB systems use time-hopping (TH) and polarity scrambling to obtain processing gain, to combat multipleaccess interference (MAI), and to
smooth the signal spectrum [17]. The recursive schemes described above assume that TH is absent. If TH is used in conjunction with TR signaling,
averaging of the template estimates in the proposed R-TR scheme should be
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performed by appropriately delaying the estimated template from the previous
frame using the TH sequence. It requires multiple delay elements, however,
the delays are relatively short i.e., on the order of a frame duration. The
complexity of the proposed R-ATR scheme can be reduced by repeating the
TH sequence after a bit duration. The recursion process in R-ATR scheme
requires only a ﬁxed bit long delay element in this case. The pulse-based
polarity scrambling, which can be easily undone at the the receiver [17], can
also be used with the recursive schemes.

5

Performance Evaluation

In order to evaluate performance of the receivers, TR IR-UWB system is
simulated on the multipath channels proposed by IEEE 802.15.4a for lowdata-rate UWB systems. The binary antipodal modulation is used employing
second derivative of the Gaussian pulse with about 1.4 ns pulse duration. The
uncoded data rate of 0.5 Mbps is achieved with Nf = 10 and Tf = 200 ns.
The delay Td = 100 ns and the integration interval within each frame is TI =
50 ns. The channel model CM1 is used which covers line-of-sight (LOS)
scenarios in residential environments with maximum delay spread of about
100 ns, which means that a negligible IFI occurs. The realistic indoor UWB
channels usually have long channel coherence time, so the channel coherence
time for the channel is assumed to be 0.2 ms and the parameters of the
recursive averaging process are set as
µ = β = 1/2. The energy of the channel
impulse responses is normalized as
αl2 = 1 and the system is assumed to
be perfectly synchronized.
The simulated uncoded BER curves are shown in Fig. 8 for TR and R-TR
receiver. The results validate that the R-TR structure has about 2 dB better
performance than the conventional TR receiver. It is worth mentioning that
in high SNR region, the eﬀect of multipath is more dominant, so increasing
the length of integration interval is more eﬀective to improve the BER. Similarly, Fig. 9 shows BER comparison curves for ATR and R-ATR approaches
employing the same parameters. The BER plots depict that the R-ATR yields
a similar gain in SNR over its simple averaging counterpart, ATR receiver. It
can be concluded that the recursive averaging process helps to further alleviate the noise eﬀect in the estimated template, which in turn improves BER
performance.
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Figure 8: Uncoded BER curves of TR and R-TR receivers over CM1 channel.
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Figure 9: Uncoded BER curves of ATR and R-ATR receivers over CM1 channel.
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Conclusions

The recursive schemes of the transmitted reference receiver structure for the
detection of impulse radio UWB signals are presented. The proposed recursive schemes estimate the reference template for the correlator recursively by
appropriately weighting and aligning the received reference pulses and the previous estimated templates. The proposed R-TR receiver has low-complexity
as it requires relatively shorter delays for recursive averaging. Moreover, the
use of slightly modiﬁed TR signaling sequence in conjunction with ATR and
R-ATR receiver scheme is especially of interest as it also requires shorter
delays for averaging. In case of time-hopping, the complexity of recursion
process in R-ATR scheme can be reduced by repeating the time-hopping sequence after a bit duration to use a bit long ﬁxed delay. The performance
evaluation of TR IR-UWB system indicates that the R-TR and R-ATR receiver schemes outperform the conventional TR and ATR receiver by about
2 dB over slowly-varying channels.
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A Doublet-Shift Transmitted Reference Scheme
for Ultra-Wideband Communication Systems
Muhammad Gufran Khan, Jörgen Nordberg and Ingvar Claesson
Abstract
The transmitted reference (TR) scheme has gained attention for
ultra-wideband (UWB) communications as it bypasses the complex task
of channel estimation and provides a simple receiver structure. However, the low-complexity detection in this scheme is achieved at the
expense of a loss in performance. To this end, a doublet-shift TR signaling and detection scheme is presented to improve the performance
of conventional TR impulse radio UWB system. The proposed scheme
does not require extra energy and also has the potential to improve
the data rate. The performance of the proposed scheme is compared
with conventional TR signaling scheme in terms of uncoded bit error
rate (BER). The simulation results validate that the doublet-shift TR
scheme achieves better performance than the conventional TR scheme.

1

Introduction

The UWB technology oﬀers many promising applications, however, UWB research and development has to cope with formidable challenges that limit
their bit error rate performance, capacity, throughput, and network ﬂexibility
[1]. The impulse radio (IR) UWB utilizes short duration pulses for the transmission and has the ability to resolve individual multipath components [2].
However, the large number of resolvable paths in such a system makes it
unrealistic to employ the traditional RAKE receiver to capture a signiﬁcant
portion of the energy contained in the received multipath components [2],
[3]. A RAKE receiver that implements tens or even hundreds of correlation operations may be required to take full advantage of the available signal
energy [4], [5].
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Transmitted reference (TR) scheme proposed by Hoctor and Tomlinson [6]
is an alternative simple autocorrelation receiver scheme for the demodulation
of IR-UWB signals. In TR systems, the reference signal and data signal are
transmitted within the coherence time of the channel, it is assumed that the
channel responses to the two signals are the same [7]. TR scheme does not
require expensive path-by-path channel estimation as the reference signal is
used to demodulate the data signal. In addition, this scheme has the advantage that receiver timing and synchronization requirements are substantially
reduced; by transmitting a reference along with the data, it is possible to eliminate the need for locally generated reference (LGR) and the complicated issue
of LGR synchronization [8]. The main drawback of TR scheme stems from a
reduced signal-to-noise ratio, which is partly due to “wasting” energy on the
reference pulses that are non-information-bearing [9]. The second drawback
of these receivers is the signiﬁcant performance degradation associated with
employing noisy received signals as the reference signals for data detection [2].
In [10], an averaged TR (ATR) system which performs averaging of the
previously received reference pulses is proposed to decrease the noise in the
reference template. The suppression of noise by averaging previously received
reference pulses requires the implementation of precise delays which may be
burdensome [10]. Alternatively, the averaging process might need to be done
using digital signal processing; in this situation, the receiver must have a
high-sampling-frequency ADC, and the receiver structure is no longer “simple” [12]. In [7], optimal and suboptimal UWB TR receivers are analyzed
and a diﬀerential TR system is presented in which no references are transmitted. However, the diﬀerential TR system also suﬀers from the noisy reference
template without averaging of the pulses.
Further, some other schemes has been proposed in the literature to reduce
the performance loss in the conventional TR UWB system, e.g., in [11], an
energy eﬃcient modulation scheme is proposed where the reference pulse also
carries information. In [12], a generalized model of TR scheme which combines
the conventional TR and diﬀerential TR techniques has been presented to
increase the power eﬃciency and improve bit error probability (BEP). A signal
processing model for a TR UWB system is proposed in [13], for the case
where both pulses in a doublet are more closely spaced than the length of
the impulse response. [14] has also presented a dual pulse transmission and
auto-correlation detection scheme for UWB communications.
In this Part, a doublet-shift TR (DSTR) signaling and detection scheme is
proposed for IR-UWB systems. The proposed scheme utilizes the same energy
as the conventional TR scheme and also has the potential to improve the data
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rate or capacity. The structures of receivers for the DSTR scheme are simple
and similar to the conventional TR receiver, which means that the delay and
correlation is performed in analog domain. The performance of the proposed
scheme is evaluated over the standard IEEE 802.15.4a multipath channels.
The performance is compared with conventional TR scheme in terms of uncoded BER. The simulation results validate that the use of a doublet-shift
TR signaling scheme improves the performance over conventional TR signaling scheme.
The rest of Part III is organized as follows. In Section 2, the signal model
of conventional and proposed TR IR-UWB systems is presented. Section 3
describes the receiver structures for the detection of conventional TR and
DSTR signaling schemes. The performance evaluation and the results are
discussed in Section 4 and ﬁnally the conclusions are presented in Section 5.

2
2.1

Signal Model
Conventional TR Scheme

For conventional TR IR-UWB system, the transmitted signal for a single bit
b1 ∈ {1, −1} using binary antipodal modulation can be written as

s(t) =


Nf −1


p(t − jTf ) + b1 p(t − jTf − Td ) ,
Ep

(1)

j=0

where p(t) is the transmitted Gaussian monocycle of duration Tp , normalT
ized such that 0 p [p(t)]2 dt = 1, Ep is the energy per pulse, Tf is the frame
duration. Fig. 1 shows an example of the transmitted sequence for conventional TR scheme. The ﬁgure explains that each transmitted bit contains
Nf successive frames and each frame contains a TR doublet consisting of two
pulses separated by a ﬁxed delay of duration Td . Thus, one binary information
symbol is transmitted by a stream of 2Nf pulses.
The signal is transmitted over a multipath channel. The impulse response
of a simpliﬁed multipath channel can be written as
h(t) =

K−1

k=0

αk δ(t − τk ),

(2)
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Tf
Td

Tb = Nf Tf

Figure 1: An example of the transmitted sequence of conventional TR scheme
for one bit, where the modulated pulses are shown ﬁlled, b = 1 and Nf = 2
in this ﬁgure.
where αk are the channel tap weights, K is the number of multipath components and τk is the delay associated with kth multipath component. The
received signal can then be expressed as

r(t) =



Nf −1 K−1

Ep

 



αl p(t − jTf − τk ) + b1 αk p(t − jTf − Td − τk ) + n(t)

j=0 k=0

=



Nf −1

Ep




g(t − jTf ) + b1 g(t − jTf − Td ) + n(t),

(3)

j=0

where g(t) is interpreted as the aggregate channel after convolving with the
transmitted pulse, g(t) = p(t) ∗ h(t), i.e.,
g(t) =

K−1


αk p(t − τk ),

(4)

k=0

p(t) is the transmitted pulse and n(t) is a Gaussian process with zero mean
and variance σn2 . The duration of g(t) is deﬁned as Tg = Tp + Tmds , where
Tp (≤ Tc ) is the pulse duration, Tmds is the maximum delay spread of the
channel. The interference between reference and modulated pulses can be
avoided by keeping the delay Tg ≤ Td and 2Td ≤ Tf .

2.2

Doublet-Shift TR Scheme

The transmitted signal in the proposed doublet-shift TR signaling scheme for
IR-UWB system using binary antipodal modulation can be written as
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N̄f −1


p(t − j T̄f ) + b1 p(t − j T̄f − Td1 )
Ep
j=0


+ b1 p(t − j T̄f − Td2 ) + p(t − j T̄f − Td1 − Td2 ) ,

(5)

where, as in (1), p(t) is the transmitted Gaussian monocycle, and T̄f (≤ Tf )
is the frame duration. Fig. 2 shows the signaling sequences for the DSTR
scheme. The ﬁgure illustrates that each transmitted bit contains N̄f (= Nf /2)
successive frames (i.e., half of the conventional TR scheme) and each frame
contains four pulses. The four pulses are further divided into two doublets
(or TR doublets), with each doublet carrying two pulses. The ﬁrst doublet
transmits the reference pulse ﬁrst and the data-modulated pulse follows. In
the second doublet, the order of the pulses within a doublet is shifted, i.e., the
data-modulated pulse is transmitted before the reference pulse. The doublets
are separated by a ﬁxed delay of duration Td2 and the pulses within a doublet
are separated by a ﬁxed delay Td1 .
In DSTR scheme, Td1 can be kept more than Tp to decrease or avoid interpulse interference (IPI). A doublet can be transmitted within a chip duration
by interleaving the pulses in time (i.e., Td1 = Tp ) and allowing the IPI to
occur. For convenience of notation, the DSTR signaling schemes shown in
Fig. 2, for the case of Td1 ≥ Tg , Tp < Td1 < Tg and Td1 = Tp are denoted
as DSTR-(a), DSTR-(b) and DSTR-(c), respectively. It is evident from the
comparison of Fig. 1 and Fig. 2 that the total number of TR doublets utilized
per bit is the same for the conventional TR scheme and the DSTR scheme.
In other words, the amount of energy assigned per bit is the same in both the
cases as both schemes use the same number of Gaussian monocycles per bit,
as also illustrated by (5).
In a similar fashion as (3), the received signal after passing through the
multipath channel can be written as

r̄(t)

=



N̄f −1

Ep



g(t − j T̄f ) + b1 g(t − j T̄f − Td1 )

j=0


+ b1 g(t − j T̄f − Td2 ) + g(t − j T̄f − Td1 − Td2 ) + n̄(t)
=

r̄1 (t) + r̄2 (t),

(6)
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Td2
T̄f

T̄b = N̄f T̄f
Td1

Td1

Td1

Td1

Td1

Td1

T̄b = N̄f T̄f

T̄b = N̄f T̄f

Figure 2: An example of the transmitted sequence of doublet-shift schemes
for one bit b = −1, where the modulated pulses are shown ﬁlled and N̄f = 1
in ﬁgures. (a) For DSTR-(a) scheme, Td1 ≥ Tg . (b) For DSTR-(b) scheme,
Tp < Td1 < Tg . (c) For DSTR-(c) scheme, Td1 = Tp .
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where r̄(t) is expressed as a linear combination of two signals r̄1 (t) and r̄2 (t),
such that

r̄1 (t) =


N̄f −1


g(t − j T̄f ) + b1 g(t − j T̄f − Td1 ) + n̄1 (t),
Ep

(7)

j=0

and

r̄2 (t) =


N̄f −1


b1 g(t − j T̄f − Td2 ) + g(t − j T̄f − Td1 − Td2 ) + n̄2 (t),
Ep
j=0

(8)
where r̄1 (t) carries the ﬁrst TR doublets and r̄2 (t) consists of the second
shifted TR doublets, n̄1 (t) and n̄2 (t) are Gaussian processes with zero mean
and variance σn2 . In this case, the IPI within a doublet will occur if Td1 < Tg .
However, the interference between any two doublets can be avoided by keeping
the delay (Td1 +Tg ) ≤ Td2 and 2Td2 ≤ T̄f . Fig. 3 illustrates the DsTR scheme
after passing through the multipath channel, assuming that the channel is
static over a bit interval.

3

Receiver Structures

The received signal is passed through a ﬁlter which is matched to the transmitted pulse. For simplicity, it is assumed that the shape of the received pulse
is the same as the transmitted pulse. The output of the ﬁlter for conventional
TR scheme, denoted by r̃(t), is given as

r̃(t)

=



Nf −1

Ep




g̃(t − jTf ) + b1 g̃(t − jTf − Td ) + ñ(t),

(9)

j=0

where g̃(t) and ñ(t) are ﬁltered versions of g(t) and n(t), respectively. In a
similar manner, the output of the ﬁlter for the DSTR scheme can be written
as
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T̄f
Td2
Td1

Td1

T̄b = N̄f T̄f

(a)

T̄f
Td2
Td1

Td1

T̄b = N̄f T̄f

(b)

Figure 3: An illustration of the DSTR scheme for b = −1 and N̄f = 1, with
(a) no IPI and (b) IPI within a doublet, assuming that the channel is static
over a bit interval
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r(t)

Bandpass
Filter

r̃(t)

TI
0

dt

Nf −1
j=0
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sgn(·)

r̃(t − Td )
Delay

Td

Figure 4: Structure of the conventional TR receiver.

r̄˜(t) =

N̄f −1


g̃(t − j T̄f ) + b1 g̃(t − j T̄f − Td1 ) + b1 g̃(t − j T̄f − Td2 )
Ep
j=0


˜ (t)
+ g̃(t − j T̄f − Td1 − Td2 ) + n̄
=

3.1

r̄˜1 (t) + r̄˜2 (t).

(10)

Conventional TR Receiver

The conventional TR receiver delays the signal r̃(t) and correlates it with
itself, as shown in Fig. 4. The outputs of the correlator are summed over the
Nf frames to acquire the decision statistic. Assuming ideal synchronization,
the decision statistic for TR signaling [15] is given by
ZT R =

Nf −1  jT +T +T
I
f
d

j=0

r̃(t)r̃(t − Td )dt,

(11)

jTf +Td

where TI is the integration interval in each frame which satisﬁes 0 < TI ≤ Tg .
The bit decision is made using conventional detection as b̂T R = sgn(ZT R ),
where sgn(·) stands for the sign function.

3.2

Doublet-Shift TR Receiver

For the detection of DSTR signals, the structure of the ﬁrst receiver denoted
as DSTR-I is the same as the conventional TR receiver, see Fig. 5(a). In
DSTR-I receiver, the ﬁrst TR doublet is used as a reference template for the
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second shifted TR doublet. First, the signal r̄˜(t) is delayed by Td2 , which is
the delay between two subsequent TR doublets and then the correlation is
performed. The decision statistic for DSTR signaling is formed as

ZDST R

N̄f −1  j T̄ +T +T̄
I
f
d2


=

r̄˜(t)r̄˜(t − Td2 )dt.

(12)

j T̄f +Td2

j=0

As r̄(t) can be expressed as a linear combination of two signals r̄1 (t) and r̄2 (t),
then

ZDST R

=

N̄f −1  j T̄ +T +T̄
I
f
d2

j=0

=



j T̄f +Td2

N̄f −1  j T̄ +T +T̄ 
I
f
d2

j=0



r̄˜1 (t) + r̄˜2 (t) r̄˜1 (t − Td2 ) + r̄˜2 (t − Td2 ) dt

r̄˜1 (t)r̄˜1 (t − Td2 ) + r̄˜1 (t)r̄˜2 (t − Td2 )

j T̄f +Td2


+r̄˜1 (t − Td2 )r̄˜2 (t) + r̄˜2 (t)r̄˜2 (t − Td2 ) dt,

(13)

where T̄I is the integration interval in each frame, 0 < T̄I ≤ (Td1 + Tg ). The
output of multiplier of the correlator consists of signal regions and noise-only
regions, as illustrated by (13). However, the integration is performed only
overs the signal regions. If Td2 ≥ (Td1 + Tg ) and 2Td2 ≤ T̄f , (13) reduces to a
simpliﬁed form as
ZDST R =

N̄f −1  j T̄ +T +T̄
I
f
d2

j=0

r̄˜2 (t)r̄˜1 (t − Td2 )dt,

(14)

j T̄f +Td2

which illustrates that the signal r̄˜1 (t) consisting of the ﬁrst TR doublets is
delayed and correlated with the signal r̄˜2 (t) that carries the second shifted
TR doublets. As Fig. 3(b) shows, the ﬁrst doublet can serve as a reference
template for the second doublet in case of DSTR-(b) and DSTR-(c) signaling
schemes also. As the correlation is performed only over the signal region,
the use of closely spaced pulses within a doublet improves the SNR over
the correlation interval. Thus, the use of DSTR-(b) and DSTR-(c) signaling
with DSTR-I structure is expected to lead to performance improvement. In
DSTR-I structure, the outputs of the correlator are summed over N¯f frames to
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acquire the decision statistic and the bit decision is made using conventional
detection as b̂DST R−I = sgn(ZDST R ).
Further, Fig. 5(b) shows the second receiver structure denoted as DSTR-II.
The DSTR-II structure is obtained observing that each TR doublet also contains a reference and a corresponding data-modulated pulse, a second correlator can be used in the receiver to demodulate the data-modulated pulses
within a doublet. In this case, the detection is performed by combining the
outputs of both the correlators. Fig. 5(b) shows that the received signal is
delayed by Td1 and then the correlation is performed. The integration in the
second correlator is performed over 2N̄f intervals within a bit duration, as
the number of doublets is twice the number of frames. The second decision
statistic ∆ZDST R is computed as

∆ZDST R

=

N̄f −1 j T̄ +T +∆T̄
I
f
d1

j T̄f +Td1

j=0



j T̄f +Td1 +Td2 +∆T̄I

+

r̄˜(t)r̄˜(t − Td1 )

˜
˜
r̄(t)r̄(t − Td1 ) dt.

(15)

j T̄f +Td1 +Td2

Again, writing r̄(t) as a linear combination of r̄1 (t) and r̄2 (t), then

∆ZDST R

=

N̄f −1 j T̄ +T +∆T̄
I
f
d1

j=0



r̄˜1 (t) + r̄˜2 (t)



j T̄f +Td1



· r̄˜1 (t − Td1 ) + r̄˜2 (t − Td1 ) dt
 j T̄f +Td1 +Td2 +∆T̄I 

r̄˜1 (t) + r̄˜2 (t)
+
j T̄f +Td1 +Td2



· r̄˜1 (t − Td1 + r̄˜2 (t − Td1 dt,

(16)

where ∆T̄I is the integration interval within each doublet which satisﬁes
0 < ∆T̄I ≤ Tg . If Td2 ≥ (Td1 + Tg ) and 2Td2 ≤ T̄f , (16) reduces to a simpliﬁed form as
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∆ZDST R

=

N̄f −1 j T̄ +T +∆T̄
I
f
d1

j=0



r̄˜1 (t)r̄˜1 (t − Td1 ) dt

j T̄f +Td1



j T̄f +Td1 +Td2 +∆T̄I

+



r̄˜2 (t)r̄˜2 (t − Td1 ) dt,

(17)

j T̄f +Td1 +Td2

where the ﬁrst term illustrates that the reference pulses in the ﬁrst doublets
are delayed and correlated with their corresponding data-modulated pulses.
Similarly, the second term shows that, for the second shifted doublets, the
data-modulated pulses are delayed and correlated with their corresponding
reference pulses. In DSTR-II structure, as shown in Fig. 5(b), the decision
statistics from the two correlators are added and the bit decision is made as
b̂DST R−II = sgn(ZDST R + ∆ZDST R ).

4

Performance Evaluation

The system is simulated on multipath channels proposed by IEEE 802.15.4a
for low-data-rate UWB systems [16]. The channel model CM1 is used which
covers residential line-of-sight (LOS) environments with maximum delay spread
of about 100 ns. The binary antipodal modulation is used employing second
derivative of the Gaussian pulse. The pulse duration is kept about 1.4 ns. The
uncoded data rate of 0.5 Mbps is achieved with Nf = 10 and Tf = 200 ns for
TR scheme, and N̄f = 5 and T̄f = 400 ns for DSTR schemes. For TR scheme,
Td = 100 ns; for DSTR schemes, Td2 = 200 ns and Td1 is varied according to
the signaling
scheme used. The energy of the channel impulse response is normalized as αl2 = 1 and the system is supposed to be perfectly synchronized.
The simulated uncoded BER curves are shown in Fig. 6 for TR receiver
which is using conventional TR signaling and the DSTR-I and DSTR-II receiver structures using DSTR-(a) signaling scheme with Td1 = 100 ns. The
integration intervals T̄I = 50 ns and ∆T̄I = 50 ns. The results show that
the DSTR-I structure has almost the same BER performance as the conventional TR receiver. However, DSTR-II receiver outperforms both TR and
DSTR-I receiver structures by about 1 ∼ 1.5 dB. It is intuitive that TR and
DSTR-I exhibit the same performance as both receivers not only have the
same structure but also both demodulate almost similar signaling sequences
(i.e., conventional TR and DSTR-(a) schemes are similar in this case). It
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˜r̄(t − Td2 )
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(a)
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Filter
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T̄I
0

dt

N̄f −1
j=0
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∆T̄I
0

dt

2N̄f −1
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˜r̄(t − Td1 )
Delay

Td1

(b)

Figure 5: (a) Structure of the DSTR-I receiver, (b) structure of the DSTR-II
receiver.
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Figure 6: Uncoded BER curves of conventional TR receiver, and DSTR-I,
DSTR-II receivers for DSTR-(a) signaling scheme.
can be concluded that DSTR-II structure provides gain in combination with
DSTR-(a) signaling scheme.
In order to evaluate the performance improvement using the DSTR-(b)
signaling scheme, the simulation has been performed with Td1 = 25 ns, which
means that the pulses within a doublet are spaced less than the maximum
delay spread of the channel. The integration intervals T̄I = 50 ns and ∆T̄I =
25 ns. It should be mentioned that the conventional TR receiver is using
the conventional TR signaling scheme with the same parameters as above.
The results in Fig. 7 depict that both DSTR-I and DSTR-II structures show
improvement in performance for DSTR-(b) scheme. The curves indicate that
DSTR-I and DSTR-II receivers outperform TR receiver by about 1 dB and
2 dB, respectively.
Fig. 8 depicts the uncoded BER curves for the DSTR-I and DSTR-II receiver structures using DSTR-(c) signaling scheme with two pulses within
a doublet interleaved in time i.e., Td1 = Tp = 1.4 ns, and T̄I = 50 ns and
∆T̄I = 8 ns. It is noteworthy that the DSTR-I structure outperforms by
∼ 1.5 dB than the conventional TR receiver in this particular case. The results validate that the DSTR-II structure further improves the performance
by about 0.5 dB. These results can also be explained intuitively as the pulses
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Figure 7: Uncoded BER curves of conventional TR receiver, and DSTR-I,
DSTR-II receivers for DSTR-(b) signaling scheme.

within a doublet are interleaved in time in DSTR-(c) scheme, DSTR-II structure provides relatively less advantage in this scheme due to IPI within a
doublet. Finally, the BER comparison between signaling schemes shows that
the DSTR-(c) signaling scheme exhibits better performance among the DSTR
schemes for both DSTR-I (which is equivalent to conventional TR receiver)
and DSTR-II receivers.

5

Conclusions

A low-complexity doublet-shift TR signaling and detection scheme is presented for IR-UWB systems. The proposed scheme transmits two TR doublets within a frame duration and shifts the positions of the pulses in the latter
doublet. The amount of energy utilized by the proposed scheme is the same
as the conventional TR scheme. The DSTR signaling scheme also has the
potential to increases the data rate or capacity by using closely-spaced pulses
within a doublet. The receiver structure DSTR-I for the proposed scheme is
the same as the conventional TR receiver. However, the improved DSTR-II
structure requires an extra delay and correlation operation to demodulate the
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Figure 8: Uncoded BER curves of conventional TR receiver, and DSTR-I,
DSTR-II receivers for DSTR-(c) signaling scheme.
pulses within a doublet. The performance of the proposed scheme is compared
with conventional TR scheme. The simulation results validate that the use of
doublet-shift TR signaling scheme improves the uncoded BER performance
over conventional TR signaling scheme.
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Transmitted Reference Schemes based on
Dual-Doublets for Impulse Radio UWB Systems
Muhammad Gufran Khan, Jörgen Nordberg and Ingvar Claesson
Abstract
The transmitted reference (TR) schemes have gained signiﬁcant attention for use in impulse radio (IR) UWB systems. TR schemes do
not require the complex task of channel estimation and provide a lowcomplexity detection. However, the conventional TR scheme is not very
energy-eﬃcient as half of the energy is used in transmitting the reference pulses. This Part presents two signaling and detection schemes
based on dual-doublet (per frame) for IR-UWB systems.
The ﬁrst scheme, DDTR (scheme 1), is a combination of the conventional TR scheme and the diﬀerential TR scheme. The simulation
results validate that the proposed DDTR (scheme 1) utilizes 1.76 dB less
energy per bit and recovers 25% rate loss of conventional TR scheme,
while maintaining the same BER performance. The second scheme,
DDTR (scheme 2), transmits a dual-doublet in each frame and shares
reference pulses among two consecutive bits. This scheme has the potential to recover 50% energy/rate loss of conventional TR scheme.
However, there is an increase in receiver complexity as compared to
the conventional TR scheme. The simulation results validate that, for
the same BER performance as the conventional TR scheme, the proposed DDTR (scheme 2) utilizes 3 dB less energy per bit and recovers
50% rate loss of conventional TR scheme. Secondly, the dual-doublet
TR (DDTR) (scheme 2) improves the BER by about 2 dB if the same
energy/rate is used as the conventional TR scheme.
The advantage of proposed DDTR (scheme 1 and scheme 2) over
existing energy-eﬃcient diﬀerential TR scheme is that the averaging
of the reference pulses can be performed without requiring a complex
decision-directed approach. The averaged DDTR (ADDTR) scheme 1
and scheme 2, which perform averaging of the reference pulses, also
recover 25% and 50% energy/rate loss of the conventional averaged TR
(ATR) scheme, respectively.
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Introduction

The optimal ultra wideband (UWB) detector requires a locally generated copy
of the received waveform [1]. Because of the ultra wideband nature of the
impulse radio signal, this copy of the received waveform is diﬃcult to predict
and generate [2]. The very short duration of the impulse radio also raises
synchronization issues for the optimal detector which has considerable impact
on the complexity of the receiver [1]. Further, due to short duration of pulses,
the receiver has the ability to resolve individual multipath components [3].
The large number of resolvable paths in such a system makes it unrealistic to
employ the traditional RAKE receiver to capture a signiﬁcant portion of the
energy contained in the received multipath components [3], [4]. To circumvent
the drawbacks of RAKE receivers, e.g. channel estimation or ﬁnding a suitable
template pulse form for correlation, transmitted reference (TR) schemes are
well suited [5].
In TR systems, the reference signal and data signal are transmitted within
the coherence time of the channel, it is assumed that the channel responses to
the two signals are the same [6]. The main drawback of TR scheme stems from
a reduced signal-to-noise ratio, which is partly due to “wasting” energy on the
reference pulses that are non-information-bearing [7] and thus the information
rate also drops by 50% [8]. In [6], an energy-eﬃcient diﬀerential TR system is
presented in which no references are transmitted. However, the diﬀerential TR
system also suﬀers from the noisy reference template without averaging of the
pulses. According to [6], it is not easy for the diﬀerential receiver to average
several signals to produce a cleaner reference because the data is transmitted
as the diﬀerence of two consecutive signals; to do so would require a decision
directed approach. An energy-eﬃcient modulation scheme has also been proposed in [5], where the reference pulse also carries information. Moreover, [9]
has presented a reference sharing TR scheme which achieves energy-eﬃciency
by sharing a single reference pulse among modulated pulses and varying its
amplitude.
In this Part of thesis, dual-doublet (per frame) TR signaling and detection
schemes for IR-UWB systems are presented. The advantage of the proposed
DDTR (scheme 1) is that it utilizes 1.76 dB less energy per bit and recovers
25% rate loss of the conventional TR scheme. Further, the proposed DDTR
(scheme 2) transmits two bits in a symbol by sharing reference pulses of two
TR doublets within each frame. The proposed DDTR (scheme 2) can recover
50% energy/rate loss or improve the BER depending on the number of frames
used per symbol. The structure of the receiver for DDTR scheme is similar to
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the conventional TR receiver and requires only an extra delay, a correlator and
two adders. The performance of the proposed schemes is evaluated over the
standard IEEE 802.15.4a multipath channels and compared with conventional
TR scheme in terms of uncoded BER. The simulation results validate that
the use of DDTR schemes can improve the performance over conventional TR
scheme.
The rest of this Part is outlined as follows. In Section 2, the signal model
of conventional and proposed TR IR-UWB systems is presented. Section 3
presents receiver structures for the detection of conventional TR and DDTR
signaling schemes. The performance evaluation and the results are discussed
in Section 4 and ﬁnally the conclusions are presented in Section 5.

2
2.1

System Model
Conventional TR Scheme

For conventional TR IR-UWB system, the transmitted signal for a single bit
b1 using binary antipodal modulation can be written as

s(t) =


Nf −1


p(t − jTf ) + b1 p(t − jTf − Td ) ,
Ep

(1)

j=0

where p(t) is the transmitted Gaussian monocycle of duration Tp , normalized
T
such that 0 p [p(t)]2 dt = 1, Ep is the energy per pulse, Nf is the number of
frames, Tf is the frame duration, and the symbol energy is Es = 2Nf Ep . Each
transmitted bit contains Nf frames and each frame contains a TR doublet
consisting of two pulses separated by a ﬁxed delay of duration Td . Thus, one
binary information symbol b1 ∈ {1, −1} is transmitted by a stream of 2Nf
pulses.
The signal is transmitted over a multipath channel. The impulse response
of a simpliﬁed multipath channel can be written as
h(t) =

K−1


αk δ(t − τk ),

(2)

k=0

where αk are the channel tap weights, L is the number of multipath components and τk is the delay associated with kth multipath component. The
received signal can then be expressed as
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r(t) =


Nf −1 K−1
 

αk p(t − jTf − τk ) + b1 αk p(t − jTf − Td − τk )
Ep
j=0 k=0

+ n(t)
=


Nf −1


g(t − jTf ) + b1 g(t − jTf − Td ) + n(t),
Ep

(3)

j=0

where n(t) is a Gaussian process with zero mean and variance σn2 , and g(t)
is interpreted as the aggregate channel after convolving with the transmitted
pulse, g(t) = p(t) ∗ h(t), i.e.,
g(t) =

K−1


αk p(t − τk ).

(4)

k=0

The duration of g(t) is deﬁned as Tg = Tp + Tmds , where Tmds is the maximum delay spread of the channel. The interference between reference and
modulated pulses can be avoided by keeping the delay Tg ≤ Td and 2Td ≤ Tf .

2.2

Dual-Doublet TR (Scheme 1)

The transmitted signal in the proposed dual-doublet TR (scheme 1) for any
three bits b1 ∈ {1, −1}, b2 ∈ {1, −1} and b3 ∈ {1, −1}, using binary antipodal
modulation can be written as

s̄(t) =

N̄f −1


p(t − j T̄f ) + b1 p(t − j T̄f − Td1 )
Ep
j=0

+ b3 p(t − j T̄f − Td2 )


+ b2 b3 p(t − j T̄f − Td1 − Td2 ) ,

(5)

where, as in (1), p(t) is the normalized transmitted pulse, Ep is the energy
per pulse, N̄f is the number of frames and T̄f is the frame duration. Fig. 1
shows examples of the signaling sequences for three bits of the proposed DDTR
(scheme 1). The ﬁgure illustrates that three bits are transmitted by four pulses
using a combination of the conventional TR and diﬀerential TR schemes. In
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T̄f
Td2
Td1

Td1

T̄b = N̄f T̄f

(a)

(b)

(c)

(d)

Figure 1: Examples of the transmitted sequences of proposed DDTR
(scheme 1) for three bits, (a) b1 = 1, b2 = −1 and b3 = 1 (b) b1 = −1, b2 = 1
and b3 = 1 (c) b1 = −1, b2 = −1 and b3 = 1 (d) b1 = 1, b2 = −1 and b3 = −1;
where N̄f = 1 and the modulated pulses are shown ﬁlled in this ﬁgure.
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each frame, the ﬁrst pulse is always the reference pulse, the second pulse
is modulated with bit b1 , the third pulse is modulated with bit b3 and the
fourth pulse is diﬀerentially modulated as b2 b3 . The ﬁrst (reference) pulse is
separated from the second and third pulse by a ﬁxed delay of duration Td1
and Td2 , respectively. Finally, the fourth pulse is separated from the third
pulse by a ﬁxed delay of Td1 . Thus, three binary information symbols can be
transmitted by a stream of 4N̄f pulses. It is evident from Fig. 1 that the
proposed DDTR (scheme 1) decreases the amount of energy assigned per bit
and increases the data rate.

2.3

Dual-Doublet TR (Scheme 2)

The proposed dual-doublet TR (scheme 2) exploits the repetition of noninformation-bearing reference pulses by transmitting two bits using two consecutive TR doublets within each frame. Moreover, as the reference pulses are
shared among the two bits; the receiver structure is modiﬁed to perform correlation of each data-modulated with two reference pulses. The transmitted
signal in the proposed dual-doublet (per frame) TR signaling (scheme 2) for
a symbol consisting of two bits b1 and b2 using binary antipodal modulation
can be written as

s̄(t)

N̄f −1


b1 p(t − j T̄f ) + p(t − j T̄f − Td1 )
=
Ep
j=0


+ p(t − j T̄f − Td2 ) + b2 p(t − j T̄f − Td1 − Td2 ) ,

(6)

where, as in (1), p(t) is the normalized transmitted pulse, N̄f is the number
of frames, T̄f is the frame duration and the symbol energy is Ēs = 4N̄f Ep .
Fig. 2 (b) illustrates that two bits are transmitted in a symbol using N̄f
frames and each frame contains four pulses. It should be mentioned that
the frame duration in DDTR (scheme 2) is twice the frame duration of the
equivalent conventional TR scheme (i.e. T̄f = 2Tf ). The four pulses per
frame can be divided into two TR doublets, with each doublet carrying two
pulses. In the ﬁrst doublet, the ﬁrst pulse is modulated with the ﬁrst bit
b1 and the second pulse is the reference pulse. In the second doublet, the
ﬁrst pulse is the reference pulse, while the second pulse is modulated with
the second bit b2 . The pulses within a doublet are separated by a ﬁxed delay
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Td = 50 ns
Tf = 100 ns

Tf

Tf

Tf

Ts = 400 ns

(a)
Td1 = 50 ns
Td2 = 100 ns
T̄f = 200 ns

T̄f

Ts = 400 ns

(b)

Figure 2: A comparative illustration of (a) Conventional TR scheme transmitting one bit, b1 = 1, Nf = 4 (b) Dual-doublet TR (scheme 2) transmitting two
bits, b1 = 1 and b2 = −1, Nf = 2, where data-modulated pulses are shown
ﬁlled in this ﬁgure.

Td1 and the doublets are separated by a ﬁxed delay of duration Td2 . Thus, a
symbol consisting of two bits b1 ∈ {1, −1} and b2 ∈ {1, −1} is transmitted by
a stream of 4N̄f pulses.
It is evident from the comparison of Fig. 2(a) and (b) and as also illustrated by (6) that the DDTR (scheme 2) does not incur the 50% rate/energy
loss of conventional TR scheme for N̄f = Nf /2, i.e. Ēs = Es . In a similar
fashion as (3), the received signal after passing through the multipath channel
can be written as
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r̄(t)

=

N̄f −1


b1 g(t − j T̄f ) + g(t − j T̄f − Td1 )
Ep
j=0


+ g(t − j T̄f − Td2 ) + b2 g(t − j T̄f − Td1 − Td2 ) + n̄(t).

(7)

For simplicity, r̄(t) can be expressed as a linear combination of two signals
r̄1 (t) and r̄2 (t), such that
r̄(t) = r̄1 (t) + r̄2 (t)

(8)

where
r̄1 (t)

=


N̄f −1


b1 g(t − j T̄f ) + g(t − j T̄f − Td1 ) + n̄1 (t),
Ep

(9)

j=0

r̄2 (t)

=


N̄f −1


g(t − j T̄f − Td2 ) + b2 g(t − j T̄f − Td1 − Td2 ) + n̄2 (t),
Ep
j=0

(10)
i.e., r̄1 (t) carries only the ﬁrst TR doublets and r̄2 (t) consists of only the
second TR doublets, n̄1 (t) and n̄2 (t) are Gaussian processes with zero mean
and variance σn2 . In this case, the interpulse interference (IPI) within a doublet
will occur if Td1 < Tg . However, the interference between any two doublets
can be avoided by keeping the delay (Td1 + Tg ) ≤ Td2 and 2Td2 ≤ T̄f .

3

Receiver Structures

In the following sections, the conventional TR and ATR receivers, and the proposed DDTR and ADDTR receiver structures for both scheme 1 and scheme 2
are discussed.

3.1

Conventional TR Receiver

The received signal is passed through a ﬁlter which is matched to the transmitted pulse, as shown in Fig. 3. For simplicity, it is assumed that the shape
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Filter

TI
0

dt

Nf −1
j=0
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sgn(·)

r̃(t − Td )
Delay

Td

Figure 3: Structure of the conventional TR receiver.
r(t)

r̃(t)

Bandpass
Filter

TI
0

1
Nf

Nf −1
i=0

dt

Nf −1
j=0

sgn(·)

g(ATR) (t)
REFi

Figure 4: Structure of the conventional ATR receiver, where REF stands for
the reference pulses.
of the received pulse is the same as the transmitted pulse. The output of the
ﬁlter for conventional TR scheme, denoted by r̃(t), is given as

r̃(t)

=



Nf −1

Ep




g̃(t − jTf ) + b1 g̃(t − jTf − Td ) + ñ(t),

(11)

j=0

where g̃(t) and ñ(t) are ﬁltered versions of g(t) and n(t), respectively.
The conventional TR receiver delays the signal r̃(t) and correlates it with
itself, as shown in Fig. 3. The ﬁgure illustrates that the output of the correlator is summed over Nf frames to acquire the decision statistic and symbol
rate sampling is used. Assuming ideal synchronization, the decision statistic
for TR signaling [13] is given by
ZT R−b̂1 =

Nf −1  jT +T +T
I
f
d

j=0

r̃(t)r̃(t − Td )dt,

(12)

jTf +Td

where TI is the integration interval which satisﬁes 0 < TI ≤ Tg . The bit decision is made using conventional detection as b̂1 = sgn(ZT R−b̂1 ), where sgn(·)
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Tf
Td
Tg
r̃(t) :

Ref2

Ref1

Ts = Nf Tf

r̃(t − Td ) :

Ref2

Ref1

Ts = Nf Tf

Figure 5: An illustration of the correlation in TR scheme, where two pulses
are modulated with bit b1 = 1 and Nf = 2, modulated pulses are shown ﬁlled,
while Ref1 and Ref2 stand for reference pulses in the ﬁrst and second frame,
respectively.
stands for the sign function.
The conditional bit error probability (BEP) of TR signaling has been
derived in [13], under the Gaussian approximation of decision statistic, as
⎛
Pe |α, τ

= Q⎝

⎞
2

E [ZTR |b, α, τ ] ⎠
Var(ZTR |α, τ )

⎛
⎜
⎜
= Q⎜
⎜
⎝
⎛
⎜
⎜
= Q⎜
⎜
⎝



Kp −1

⎞

2

⎟
⎟
⎟

2
K
−1
p
Es
2 + Nf W T I No ⎟
N
α
⎠
o
k=0
k
2
2
Es
2



Kp −1

2

⎞

⎟
⎟
⎟,
Kp −1 2 Nf
⎟
α
+
W
T
⎠
I
k
k=0
2
Es
2No

Es
2No

k=0

αk2

k=0

αk2

(13)

where W TI is the time-bandwidth product, αk are the multipath components
with k = 0, ..., Kp −1, while Kp ≤ K is the total number of captured multipath
components by the TR receiver. The instantaneous received SNR of TR
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signaling can be deﬁned as [13],
γTR

Kp −1
Es  2
=
αk .
2No

(14)

k=0

Then, (13) can be written as

Pe |α, τ = Q



2
γTR

γTR +

Nf
2

W TI

.

(15)

From (14) and (15), we can see that the amount of energy captured by the
TR receiver depends on the time-bandwidth product [13].

3.2

Conventional ATR Receiver

The performance of conventional TR system is improved using ATR receiver
as shown in Fig. 4. The ATR receiver performs averaging over the Nf previous
reference pulses to obtain the averaged estimated template, as described in [6],
[11]. The averaged template denoted as g(ATR) (t) is formed over Nf previously
received reference pulses, as
g(ATR) (t) =
=

Nf −1
1 
r̃(t + (Nf − i)Tf )
Nf i=0



Nf −1
1 
Ep g̃(t) +
ñ(t + (Nf − i)Tf ).
Nf i=0

(16)

The correlation in ATR is performed between the averaged estimated template
and all the data-modulated pulses within a bit duration.

3.3

Dual-Doublet TR Receiver (Scheme 1)

For the detection of proposed DDTR (scheme 1) signals, the structure of the
receiver referred to as DDTR (scheme 1) receiver is shown in Fig. 6. In the
ﬁrst delay and correlator branch, after delaying the received signal by Td1 , the
ﬁrst (reference) pulse is correlated with the second pulse and the third pulse
is correlated with the fourth pulse. The integration in the ﬁrst correlator is
performed over two intervals in each frame and sampled twice per frame. In
the second delay and correlator branch, after delaying the signal by Td2 , the
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r̄(t)

Bandpass
Filter

˜r̄(t)

TI
0

dt

˜r̄(t − Td1 )
Delay

N̄f −1
0

N̄f −1
0

sgn(·)

b̂1

sgn(·)

b̂2

sgn(·)

b̂3

Td1
TI
0

dt

N̄f −1
0

˜r̄(t − Td2 )
Delay

Td2

Figure 6: Structure of the DDTR (scheme 1) receiver.

ﬁrst (reference) pulse is correlated with the third pulse. The integration in the
second correlator is performed over one interval in each frame and sampled
once per frame.

3.4

Averaged Dual-Doublet TR Receiver (Scheme 1)

The advantage of the proposed DDTR (scheme 1) over diﬀerential TR scheme
is that it is straightforward to obtain a clean reference template without requiring a complex decision directed approach. As each frame contains one
reference pulse, the performance can be improved by averaging previous N̄f
reference pulses to obtain a clean reference. The proposed averaged DDTR
(ADDTR) (scheme 1) receiver structure in this case requires an averaging
block as shown in Fig. 7. The comparison of structure in Fig. 6 and Fig. 7
shows that the only diﬀerence between r̄˜(t) and ḡ˜(t) is that the reference pulse
is cleaner in the latter. In the proposed ADDTR (scheme 1) receiver structure, the clean reference pulse demodulates the second and third pulse, while
the last pulse is still demodulated using the noisy third pulse as reference.

3.5

Dual-Doublet TR Receiver (scheme 2)

In a similar manner as conventional TR receiver, the output of the bandpass
ﬁlter for DDTR (scheme 2) can be written as
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r̄(t)

˜r̄(t)

Bandpass
Filter
1
N̄f

N̄f −1
i=0

ḡ˜(t)

TI
0

REFi

dt

ḡ˜(t − Td1 )
Delay

N̄f −1
0

N̄f −1
0

sgn(·)

b̂1

sgn(·)

b̂2

sgn(·)

b̂3
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Td1
TI
0

dt

N̄f −1
0

ḡ˜(t − Td2 )
Delay

Td2

Figure 7: Structure of the ADDTR receiver (scheme 1), where REF stands
for the reference pulses in each frame.

r̄˜(t) =

N̄f −1


b1 g̃(t − j T̄f ) + g̃(t − j T̄f − Td1 ) + g̃(t − j T̄f − Td2 )
Ep
j=0



˜ (t).
+ b2 g̃(t − j T̄f − Td1 − Td2 ) + n̄

(17)

For the detection of DDTR (scheme 2) signals, the structure of the receiver
referred to as DDTR (scheme 2) receiver is shown in Fig. 8. In the ﬁrst
delay and correlator branch of DDTR (scheme 2) receiver, after delaying the
received signal by Td1 , the ﬁrst (modulated) and third (reference) pulse of
a frame are correlated with the second (reference) and fourth (modulated)
pulse, respectively. In the second delay and correlator branch, after delaying
the signal by Td2 , the ﬁrst (modulated) and second (reference) pulse of a
frame are correlated with the third (reference) and fourth (modulated) pulse,
respectively. It means that the integration in both correlators is performed
over two intervals per frame and the outputs of the correlators are also sampled
twice per frame. In this scheme, each modulated pulse is being correlated with
both reference pulses in a frame, as opposed to the conventional TR scheme
which correlates each modulated pulse with only one reference pulse. The
correlation process in DDTR (scheme 2) is illustrated in Fig. 9.
The outputs of the ﬁrst correlator branch after summation over N̄f frames,
denoted as YI−b̂1 and YI−b̂2 for bits b1 and b2 respectively, can be written as
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r̄(t) Bandpass ˜r̄(t)

TI
0

Filter

N̄f −1

dt

0

sgn(·)

b̂1

sgn(·)

b̂2

˜r̄(t − Td1 )
Delay

Td1
TI
0

N̄f −1

dt

0

˜r̄(t − Td2 )
Delay

Td2

Figure 8: Structure of the DDTR (scheme 2) receiver.

YI−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d1

j=0

YI−b̂2

=

r̄˜(t)r̄˜(t − Td1 )dt,

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

(18)

j T̄f +Td1

r̄˜(t)r̄˜(t − Td1 )dt.

(19)

j T̄f +Td1 +Td2

The simpliﬁed expressions can be obtained by writing r̄(t) as a linear combination of two signals r̄1 (t) and r̄2 (t), then

YI−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d1

j=0

=





r̄˜1 (t) + r̄˜2 (t) r̄˜1 (t − Td1 ) + r̄˜2 (t − Td1 ) dt

j T̄f +Td1

N̄f −1  j T̄ +T +T 
I
f
d1


r̄˜1 (t)r̄˜1 (t − Td1 ) + r̄˜1 (t)r̄˜2 (t − Td1 )

j=0

j T̄f +Td1


+r̄˜2 (t)r̄˜1 (t − Td1 ) + r̄˜2 (t)r̄˜2 (t − Td1 ) dt,

(20)
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YI−b̂2

=

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

=
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r̄˜1 (t) + r̄˜2 (t) r̄˜1 (t − Td1 ) + r̄˜2 (t − Td1 ) dt

j T̄f +Td1 +Td2

N̄f −1  j T̄ +T +T +T 
I
f
d1
d2


r̄˜1 (t)r̄˜1 (t − Td1 ) + r̄˜1 (t)r̄˜2 (t − Td1 )

j=0

j T̄f +Td1 +Td2


˜
˜
˜
˜
+r̄2 (t)r̄1 (t − Td1 ) + r̄2 (t)r̄2 (t − Td1 ) dt,

(21)

where TI is the integration interval for each correlation which satisﬁes 0 <
TI ≤ Tg . The output of multiplier of the correlator consists of signal regions
and noise-only regions. As the integrations are performed only overs the signal
regions and if there is no interference between the pulses, i.e., Td2 ≥ (Td1 +Tg )
and 2Td2 ≤ T̄f , (20) and (21) reduce to a simpliﬁed form as

YI−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d1

j=0

YI−b̂2

=

r̄˜1 (t)r̄˜1 (t − Td1 )dt,

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

(22)

j T̄f +Td1

r̄˜2 (t)r̄˜2 (t − Td1 )dt,

(23)

j T̄f +Td1 +Td2

where (22) and (23) illustrate that, in each frame, the ﬁrst (modulated) and
third (reference) pulse are delayed by Td1 and correlated with the second
(reference) and fourth (modulated) pulse, respectively.
The outputs of the second correlator branch after summation over N̄f
frames, denoted as YII−b̂1 and YII−b̂2 for bits b1 and b2 respectively, can be
written as

YII−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d2

j=0

YII−b̂2

=

r̄˜(t)r̄˜(t − Td2 )dt,

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

(24)

j T̄f +Td2

j T̄f +Td1 +Td2

r̄˜(t)r̄˜(t − Td2 )dt.

(25)
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Td2
Td1
Tg

˜r̄(t) :

Ref1

Ref2

Ts = N̄f T̄f
˜r̄(t − Td1 ) :

Ref2

Ref1

Ts = N̄f T̄f
˜r̄(t − Td2 )dt :

Ref1

Ref2

Ts = N̄f T̄f

Figure 9: An illustration of the correlation in DDTR (scheme 2) for two bits
b1 and b2 consisting of N̄f = 1 frames. The ﬁrst and last pulse are modulated
with bits b1 = −1 and b2 = 1, respectively; modulated pulses are shown ﬁlled,
while Ref1 and Ref2 stand for the ﬁrst and second reference pulse of the frame,
respectively.
Again, writing r̄(t) as a linear combination of r̄1 (t) and r̄2 (t), then
YII−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d2

j=0

=





r̄˜1 (t) + r̄˜2 (t) r̄˜1 (t − Td2 ) + r̄˜2 (t − Td2 ) dt

j T̄f +Td2

N̄f −1  j T̄ +T +T 
I
f
d2


r̄˜1 (t)r̄˜1 (t − Td2 ) + r̄˜1 (t)r̄˜2 (t − Td2 )

j=0

j T̄f +Td2


˜
˜
˜
˜
+r̄1 (t − Td2 )r̄2 (t) + r̄2 (t)r̄2 (t − Td2 ) dt,

YII−b̂2

=

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

=



(26)



r̄˜1 (t) + r̄˜2 (t) r̄˜1 (t − Td2 ) + r̄˜2 (t − Td2 ) dt

j T̄f +Td1 +Td2

N̄f −1  j T̄ +T +T +T 
I
f
d1
d2


r̄˜1 (t)r̄˜1 (t − Td2 ) + r̄˜1 (t)r̄˜2 (t − Td2 )

j=0

j T̄f +Td1 +Td2


+r̄˜1 (t − Td2 )r̄˜2 (t) + r̄˜2 (t)r̄˜2 (t − Td2 ) dt,

(27)
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where TI is the integration time for each integration interval which satisﬁes
0 < TI ≤ Tg . Again, assuming that there is no interference between pulses,
i.e., Td2 ≥ (Td1 + Tg ) and 2Td2 ≤ T̄f , (26) and (27) reduce to a simpliﬁed form
as

YII−b̂1

=

N̄f −1  j T̄ +T +T
I
f
d2


YII−b̂2

=

r̄˜2 (t)r̄˜1 (t − Td2 )dt,

(28)

j T̄f +Td2

j=0

N̄f −1  j T̄ +T +T +T
I
f
d1
d2


r̄˜2 (t)r̄˜1 (t − Td2 )dt,

(29)

j T̄f +Td1 +Td2

j=0

where (28) and (29) illustrate that, in each frame, the ﬁrst (modulated) and
second (reference) pulse are delayed by Td2 and correlated with the third
(reference) and fourth (modulated) pulse, respectively.
Finally, the decision statistic for the ﬁrst bit is formed by adding the
outputs of the ﬁrst integration interval of the two correlators given in (22)
and (28), as

ZDDT R2−b̂1

= YI−b̂1 + YII−b̂1
=

N̄f −1  j T̄ +T +T
I
f
d1

j=0

+

r̄˜1 (t)r̄˜1 (t − Td1 )dt

j T̄f +Td1

N̄f −1  j T̄ +T +T
I
f
d2

j=0

r̄˜2 (t)r̄˜1 (t − Td2 )dt,

(30)

j T̄f +Td2

which shows that the pulse modulated with bit b1 is correlated with both
reference pulses in a frame. The bit decision is made as b̂1 = sgn(ZDDT R2−b̂1 ),
where DDTR2 stands for DDTR scheme 2.
In a similar manner, the decision statistic for the second bit is formed by
adding the outputs of the second integration intervals of the two correlators
given in (23) and (29), as
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ZDDT R2−b̂2

=
=

YI−b̂2 + YII−b̂2

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

+

r̄˜2 (t)r̄˜2 (t − Td1 )dt

j T̄f +Td1 +Td2

N̄f −1  j T̄ +T +T +T
I
f
d1
d2

j=0

r̄˜2 (t)r̄˜1 (t − Td2 )dt,

(31)

j T̄f +Td1 +Td2

which shows that the pulse modulated with bit b2 is also correlated with
both reference pulses in a frame. Similarly, the bit decision is made as
b̂2 = sgn(ZDDT R2−b̂2 ).
The conditional bit error probability (BEP) of DDTR (scheme 2), using the
same procedure as in [13], can be written under the Gaussian approximation
of decision statistic, as
⎛
Pe |α, τ

= Q⎝

⎞
2
E [ZDDTR2 |b, α, τ ] ⎠
Var(ZDDTR2 |α, τ )

⎛
Pe |α, τ

⎜
⎜
= Q⎜
⎜
⎝
⎛
⎜
⎜
= Q⎜
⎜
⎝



Kp −1

(32)
⎞

2

⎟
⎟
⎟
Kp −1 2
Ēs
2⎟
N
α
+
N̄
W
T
N
o
f
I o ⎠
k=0
k
2
Ēs
2



Kp −1

αk2

2

⎞

⎟
⎟
⎟,
Kp −1 2
⎟
k=0 αk + N̄f W TI ⎠
Ēs
2No

Ēs
2No

k=0

k=0

αk2

(33)

where αk are the multipath components with k = 0, ..., Kp − 1, and Kp ≤ K is
the total number of captured multipath components by the DDTR (scheme 2)
receiver. The instantaneous received SNR per symbol of DDTR (scheme 2)
can be deﬁned as,
γDDTR2 =

Kp −1
Ēs  2
αk .
2No
k=0

(34)
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dt

N̄f −1
0

ḡ˜2(ADDTR2) (t)

Figure 10: Structure of the ADDTR receiver (scheme 2), where REF 1 and
REF 2 stand for the reference pulses in ﬁrst and second doublets, respectively.
Then, (13) can be written as

Pe |α, τ = Q

2
γDDTR2
γDDTR2 + N̄f W TI


.

(35)

It is evident by the comparison of (15) for TR scheme with (35) for DDTR
(scheme 2) that, for N̄f = Nf /2 i.e. Ēs = Es , the instantaneous received
SNRs of DDTR (scheme 2) and TR signaling are equal (γDDTR2 = γTR ).
Thus, the BER performance of both schemes is the same. As DDTR (scheme 2)
transmits two bits within a symbol duration, it recovers 50% energy/rate loss.
Secondly, the comparison also shows that for N̄f = Nf i.e. Ēs = 2Es , the
instantaneous received SNR of DDTR (scheme 2) receiver is two times of TR
receiver (γDDTR2 = 2γTR ). Therefore, DDTR (scheme 2) will have better
BER performance but same energy/rate as the conventional TR scheme.

3.6

Averaged Dual-Doublet TR Receiver (scheme 2)

The averaging of the received reference pulses reduces the noise in the reference waveform [6]. Similar to DDTR (scheme 1), the advantage of DDTR
(scheme 2) over existing energy-eﬃcient diﬀerential TR scheme is that the
averaging of the reference pulses can be performed without requiring a decision directed approach. Thus, DDTR receiver can also be extended to an
averaged DDTR (ADDTR) (scheme 2) receiver.
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The ADDTR (scheme 2) receiver can improve the performance by using
an averaged estimated template in each branch of the correlator, as shown
in Fig. 10. In the conventional ATR receiver, the correlation of each datamodulated pulse is performed with only one averaged template. The ADDTR
(scheme 2) receiver performs correlation of each data-modulated pulse with
two diﬀerent averaged templates by appropriately delaying the signals in each
branch. The reference pulses in the ﬁrst and second doublets can be averaged
separately and the resulting clean reference pulses from the two averages can
be used in ﬁrst and second correlator, respectively. The averaged template
in the ﬁrst branch, denoted as ḡ˜1(ADDTR2) (t), is formed over N̄f previously
received reference pulses in the ﬁrst doublets, as
ḡ˜1(ADDTR2) (t) =

N̄f −1
1 
r̃(t + (N̄f − i)T̄f − Td1 ).
N̄f i=0

(36)

Similarly, the averaged template, denoted as ḡ˜2(ADDTR2) (t), in the second
branch is formed over N̄f previously received reference pulses in the second
doublets, as
N̄f −1
1 
ḡ˜2(ADDTR2) (t) =
r̃(t + (N̄f − i)T̄f − Td2 ).
N̄f i=0

(37)
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Performance Evaluation

The system is simulated using the multipath channels proposed by IEEE
802.15.4a [14] for low-data-rate UWB systems.
• The channel model CM1 is used which covers residential line-of-sight
(LOS) environments with maximum delay spread of about 100 ns.
• The duration of second derivative of the Gaussian pulse is kept about
1.4 ns and the binary antipodal modulation is used.
• The delays between the pulses are kept according the delay spread of
the channel to avoid inter-pulse interference (IPI) and inter-frame interference (IFI).
• The uncoded data rate of 0.5 Mbps is achieved with Nf = 10, Tf = 200 ns
and Td = 100 ns for TR scheme.
• The integration interval of the correlators is TI = 50 ns.
• The energy of the channel impulse response is normalized as
and the system is supposed to be perfectly synchronized.



αl2 = 1

• For DDTR (scheme 1), T̄f = 400 ns and N̄f = 10 to achieve uncoded
data rate of 0.75 Mbps. Td1 = 100 ns and Td2 = 200 ns for DDTR
(scheme 1).
• For DDTR (scheme 2), T̄f = 400 ns and N̄f is kept either N̄f = Nf /2
or N̄f = Nf . Td1 = 100 ns and Td2 = 200 ns for DDTR (scheme 2).
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Figure 11: Uncoded BER curves of TR and DDTR (scheme 1) and ADDTR
(scheme 1) receivers.
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Figure 12: Uncoded BER curves of TR and DDTR (scheme 2) receivers, with
N̄f = Nf /2.
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The simulated uncoded BER curves are shown in Fig. 11 for TR receiver
which is using conventional TR signaling and DDTR (scheme 1) receiver structures using DDTR signaling (scheme 1). The results show that as compared
to the conventional TR scheme, the DDTR (scheme 1) utilizes 1.76 dB less
energy per bit and recovers 25% rate loss, while maintaining the same BER
performance. Further, the proposed ADDTR (scheme 1) receiver outperforms
TR receiver structure by about 2 dB. It should also be mentioned that the
improvement in BER is achieved at the expense of increase in implementation
complexity of the ADDTR (scheme 1) structure.
For N̄f = Nf /2 = 5, the simulation results in Fig. 12 are plotted for
TR receiver which is using conventional TR signaling, and DDTR receiver
structure using DDTR signaling (scheme 2). The curves in Fig. 12 show that
DDTR (scheme 2) receiver has almost the same BER performance as TR
receiver. The DDTR (scheme 2) saves 3 dB energy and the bit rate is also
two times than the conventional TR scheme.
Further, for N̄f = Nf = 10, the results in Fig. 13 and Fig. 14 show that
DDTR and ADDTR receiver (scheme 2) outperforms TR and ATR receiver
structure, respectively, by about 1 to 2 dB. In this case, both schemes utilize
equal energy and have the same bit rate. It can also be explained intuitively
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Figure 13: Uncoded BER curves of TR and DDTR (scheme 2) receivers, with
N̄f = Nf .
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ATR
ADDTR(scheme 2)

Figure 14: Uncoded BER curves of ATR and ADDTR (scheme 2) receivers,
with N̄f = Nf .
that DDTR and ADDTR (scheme 2) receivers exhibit better performance
as these receivers perform twice the number of correlations for each bit as
compared to conventional TR and ATR receiver.
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Conclusions

The signaling and detection schemes based on dual-doublet (per frame) TR are
presented for IR-UWB systems. First scheme, DDTR (scheme 1) transmits
three bits with four pulses using a combination of the conventional TR and
diﬀerential TR schemes. In DDTR (scheme 1), 1.76 dB less energy per bit
is utilized and 25% rate loss of conventional TR scheme is recovered, while
maintaining the same BER performance. The BER performance of DDTR
(scheme 1) can be improved by simple averaging of the reference pulses using
ADDTR (scheme 1) receiver.
The proposed DDTR (scheme 2) shares non-information-bearing reference
pulses among two bits by transmitting two TR doublets in each frame. For
the detection, each modulated pulse is correlated with two reference pulses,
as opposed to the conventional TR scheme which correlates each modulated
pulse with only one reference pulse. The proposed DDTR (scheme 2) receiver
structure for detection of DDTR (scheme 2) signals requires an extra, a correlator and two adders. The simulation results validate that the proposed
DDTR (scheme 2) requires 3 dB less energy per bit and recovers 50% rate
loss of conventional TR scheme, while giving the same BER performance.
Secondly, the BER performance improvement of about 2 dB can be achieved
if the same energy/rate is used for both scheme. Finally, the performance
of DDTR (scheme 2) receiver is improved by extending it to an ADDTR
(scheme 2) receiver. In the proposed ADDTR (scheme 2) receiver structure,
the averaging of the reference pulses can be performed without requiring a decision directed approach, which is an advantage over existing energy-eﬃcient
diﬀerential TR scheme.
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Conclusions and Future Work

1

Concluding Remarks

In this thesis, performance of sub-optimal coherent RAKE receivers is evaluated using UWB channels measured in NLOS scenarios of medium-sized industrial environment. In addition, low-complexity non-coherent TR receiver
structures are proposed for low data-rate wireless sensor networks and their
performance is compared with conventional TR scheme using IEEE 802.15.4a
channel model. It has been observed that the complexity of RAKE receiver
increases signiﬁcantly for longer Tx-Rx separations in an industrial environment. The PRake and SRake receivers require at least 30 and 10 correlators
(ﬁngers), respectively, to achieve an acceptable BER performance. It is also
found that the diﬀerence in performance of EGC and MRC combining schemes
is not signiﬁcant for SRake receiver. It is also observed that the RAKE receivers require prohibitively large number of correltors for simulated IEEE
802.15.4a channels. The results presented in the thesis for coherent RAKE
receivers using UWB channel measurement data provide insight into UWB
system design issues for industrial environments. The results also provide an
insight and comparison of UWB channel measurements and IEEE 802.15.4a
standard channel model for industrial environments.
Further, proposed non-coherent TR schemes in the thesis remedy the drawbacks of conventional low-complexity TR scheme. First, recursive TR receivers have been presented to decrease the noise in the correlator of receiver.
The proposed recursive averaging scheme has low-complexity as compared
to the conventional averaging scheme and also has better performance than
conventional TR scheme. Secondly, a double-shift TR signaling and detection scheme is presented. The proposed DSTR scheme also improves BER
performance by using closely-spaced pulses and by using a slightly modiﬁed
receiver structure. Finally, an energy-eﬃcient dual-doublet TR scheme is proposed for IR-UWB systems. The proposed DDTR schemes recover 25 to 50%
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energy/rate loss of conventional TR scheme. The averaging of the reference
pulses in the proposed DDTR schemes can be performed without a complex
decision-directed approach.
The non-coherent TR schemes proposed in the thesis can be used for noise
reduction, energy-eﬃciency and throughput improvement of conventional TR
IR-UWB schemes. The performance of the proposed schemes can be improved
by using diﬀerent modulation and coding schemes. Moreover, the proposed
schemes can also be used in conjunction with existing schemes proposed in the
literature for further performance improvement of low data-rate TR IR-UWB
system. It should be mentioned that TR IR-UWB receivers involve implementation of non-trivial analog delay-lines for fully analog receiver; nevertheless,
implementation of simple, low-power and low-cost UWB devices would be
possible in the future with advances in technology.

2

Future work

For future research, there are many research problems that can be addressed
such as:
• The physical layer standard proposed by IEEE 802.15.4a for low-datarate IR-UWB systems can be used in the future research.
• Another possible future research topic is the performance improvement
of low complexity and low power energy detector (ED) receivers.
• The interesting future research can focus on the performance evaluation
of conventional and proposed IR-UWB schemes in multi-user scenarios.
The techniques to combat multi-access interference (MAI) can be investigated for time-hopping (TH) multiple access scheme using coherent
RAKE and low-complexity non-coherent receivers.
• It would be interesting to conduct UWB channel measurements in other
scenarios and environments. The results of channel measurements can
be compared with exiting measurements and channel models to obtain
further insight into UWB channel characteristics. Moreover, the performance of proposed receivers can be evaluated and compared using
channel measurement data for realistic scenarios and environments.
• The possible future research can investigate blind equalization techniques to decrease inter-symbol-interference (ISI) in high-data-rate IRUWB systems. The blind signal processing techniques can exploit the
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properties of pulsed nature of UWB signals to combat ISI in high-datarate systems. It would also be interesting to use these techniques with
conventional and proposed TR schemes.

The demand and growth of short-range wireless
communications has been tremendous in the past
few years for a diverse range of applications.There
is significant interest in ultra wideband (UWB)
as a physical layer technology for both high-datarate (HDR), and low power, low-data-rate (LDR)
short-range communications. The unique qualities
of UWB such as large bandwidth, very low power
spectral density (PSD) and fine time-resolution
provide higher channel capacity, reduced fading
effects and position location capability in a UWB
system. The extremely wide bandwidth of UWB
systems also poses many system design challenges
to achieve low cost and low-complexity UWB devices. The UWB systems have difficulties in using
digital signal processing (DSP) technology, require
high sampling frequencies and also face frequency
dependent signal distortion. The propagation characteristics of UWB signals also require consideration as it differs significantly from traditional
narrowband systems.
In this thesis, the issue of design and performance
evaluation of coherent and non-coherent receivers for detection of impulse radio (IR) UWB
signals is addressed. The coherent RAKE and noncoherent transmitted reference (TR) receiver

structures are investigated for low power and
low-data-rate wireless sensor network applications. First, the performance of coherent RAKE
receivers for a single-user system operating in
non-line-of-sight (NLOS) scenarios in an industrial
environment is evaluated. The results and BER
performance comparison is presented for partial
RAKE (PRake) and selective RAKE (SRake) using
maximal ratio combining (MRC) and equal gain
combining (EGC). Secondly, the recursive structures of conventional TR and averaged TR schemes
are presented to decrease the performance loss
associated with the low-complexity TR scheme
for IR-UWB systems. Further, a doublet-shift TR
(DSTR) signaling and detection scheme is presented for IR-UWB systems. The simulation results
validate that the doublet-shift TR signaling scheme
improves the performance over conventional TR
signaling scheme. Finally, dual-doublet TR (DDTR)
signaling and detection schemes are proposed.The
proposed dual-doublet TR schemes recover 25 to
50% energy/rate loss of conventional TR scheme.
The performance of receiver structures is evaluated in terms of uncoded bit-error-rate (BER) over
the channels measured in a medium-sized industrial environment and standard IEEE 802.15.4a
multipath channels.
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