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Abstract

In this thesis, transmitted reference pulse cluster (TRPC) structure is proposed
for low data rate ultra-wideband (UWB) communications to meet the short delay
lines and low complexity requirements. TRPC contains closely and uniformly spaced
pulses, and makes the analog delay lines short and easy to implement. The perfor-
mance of TRPC over UWB channels is analyzed, simulated and compared to that
of three existing techniques: conventional TR, non-coherent pulse position modula-
tion (NC-PPM), and frequency shifted reference (FSR) systems. We demonstrate
the performance superiority of TRPC over all those systems, especially when im-
plementation issues such as low complexity are taken into consideration. Moreover,
novel schemes are proposed to address the physical layer design issues of the TRPC
structure. Based on the theoretical bit error rate (BER) derivation for TRPC, three

low complexity integration interval determination schemes requiring no channel state
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information are developed and simulated. In addition, an adaptive threshold method
is developed for the TRPC system, which dynamically calculates the optimal detec-
tion threshold for the auto-correlation receiver, and achieves substantial performance

gains over all UWB channel models.
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Chapter 1

Introduction

1.1 Background of UWB technology

Ultra-wideband (UWB) communication, as the term suggests, is a type of commu-
nication system that transmits signal over extremely broad bandwidth. Although it
did not draw vast attention until the past decade, the idea of UWB communication
was already used in very first wireless transmission in human history: in Marconi
Spark Gap Emitter, a UWB signal was created by the random conductance of a
spark [2]. As a baseband communication utilizing a large bandwidth, the obstacles of
allowing many users to efficiently share the common spectral resource caused UWB
technology to remain as purely experimental work for a long time.

Since 1960s, the advances in analog and digital technology, i.e., development of the
sampling oscilloscope, have made it possible for some practical UWB communication
systems. Following landmark designs include the first ground-penetrating UWB-
based radar in 1974 and the Micropower Impulse Radar invented in 1994. In 1999,
the official name ultra-wideband was given by U. S. Department of Defense (DOD) to

describe communication via transmission and reception of impulses that has band-
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Figure 1.1: Designated UWB Spectrum from 3.1 to 10.6 GHz and Other Higher-Power
Narrowband Systems [1]

width no less than 1.5 GHz or a -20 dB fractional bandwidth exceeding 25% [3].
Due to increasing demand for permission to operate unlicensed UWB systems con-
current with existing narrowband signals, in February 2002, the Federal Government
Communication Committee (FCC) authorized the unlicensed use of UWB in 3.1-10.6
GHz. In contrast to the traditional regulation that FCC performed to conventional
radio technology, where the spectrum is carved into narrow slices and then licensed
to various users, the regulation of UWB users is to share the the broad spectrum
with the existing users. To ensure that its signal will not interfere with current radio
systems that the UWB system is sharing the spectrum with, UWB is operated at
extremely low power levels, -41.3 dBm/Mhz, as shown in Figure 1.1, which clearly
indicates that UWB signal is below the noise floor to narrowband systems.

There are two common forms of UWB: impulse UWB (I-UWB) is based on send-
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ing very short duration pulses to convey information and multicarrier UWB (MC-
UWB) uses multiple simultaneous carriers. This thesis is mainly focused on impulse
UWB signals, which have a few features that distinguishes itself from conventional
narrowband systems.

1) Baseband technology.

Since UWB has a minimum 500MHz bandwidth, by a simple ¢ = 1/f transforma-
tion, the width of a UWB transmitted waveform is in the range of a few nanoseconds
or even less. Under this circumstance, the UWB signal does not need a sine-wave
carrier during the transmission. Therefore, UWB is a baseband technology and will
not be complicated by intermediate frequency (IF) design.

2) High time resolution.

In environments such as indoor, office and warehouse, the presence of reflectors
make the multipath components extremely dense. Since UWB signals are extremely
narrow, after it goes through the channel, the superposition of multiple copies of the
transmitted signal will have less chance to overlap. In this case, the UWB transmitted
signal is able to exploit more resolvable multipath components and thus collect the
diversity. Compared to its narrowband counterpart, UWB signal suffers less fading
in multipath rich environment. Meanwhile, since UWB pulses are in the range of
nanoseconds, it is able to provide fine time resolution for network time distribution,
as well as precise localization.

3) Low transmission power.

The FCC mask only allows UWB signal to operate on extremely low power level,
which could bring constraints to UWB system design. While on the other hand,

this restriction could become an advantage. Lower power level potentially means a
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UWB device can last a significantly long time before the battery has to be changed,
which makes it suitable to operate in rural areas where minimum support is required.
In the meantime, operating at power density as low as noise makes UWB signal
almost immune to possible interception. Therefore, data transmission through UWB
is highly secured.

The standardization of UWB has been through several stages. It was initially
designed to support High Rate Personal Area Network (HR-PAN) communication,
which is regulated in the IEEE 802.15.3 Committee. To provide a higher speed UWB
PHY enhancement amendment, IEEE 802.15.3a task group (TG) was formed to de-
sign a flexible standard to enable high data rate WPAN (110 Mbps at 10m, 200
Mbps at 4m and 480 Mbps at an unspecified distance) over a cost effective archi-
tecture. Since the two potential candidates — Direct Sequence (DS)-UWB supported
by the UWB Forum and Multi-band Orthogonal-Frequency-Division-Multiplexing
(MB-OFDM) UWB supported by the WiMedia Alliance had both strengths and
weaknesses, and neither of them was able to gain the required 75 % majority needed
for standards, in January 2006, the 3a group decided to withdraw the project autho-
rization request (PAR) that was submitted in December 2002, and let the market
decide which scheme will be a better fit.

Different from HR-WPAN, Low Rate WPAN (LR-PAN) is a simple, low-cost
communication network that allows wireless connectivity in applications with lim-
ited power and relaxed throughput requirements. The main objectives of LR-WPAN
are ease of installation, reliable data transfer, short-range operation, extremely low
cost, and a reasonable battery life, while maintaining a simple and flexible protocol.

Because of its ability to implement high resolution timing and precise localization at
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low power level, UWB becomes a natural fit when LR-WPAN attempts to provide a
PHY alternative for communications and high precision ranging/location capability.
In March 2004, the IEEE 802.15 Low Rate Alternative PHY Task Group (TG4a)
became an official task group. In March 2005, TG4a selected a baseline specifica-
tion without enacting down-selecting procedure. The baseline consists of two op-
tional PHYs: a UWB Impulse Radio (operating in unlicensed UWB spectrum) and a
Chirp Spread Spectrum (operating in unlicensed 2.4 GHz spectrum). In March 2007,
P802.15.4a was approved as a new amendment to IEEE Std 802.15.4-2006.

The UWB PHY waveform is based upon an impulse radio signaling scheme using
band-limited data pulses. The UWB PHY supports three independent bands of
operation: The sub-gigahertz band consists of a single channel and occupies the
spectrum from 249.6 MHz to 749.6 MHz. The low band consists of four channels and
occupies the spectrum from 3.1 GHz to 4.8 GHz. The high band consists of eleven
channels and occupies the spectrum from 6.0 GHz to 10.6 GHz.

1.2 Transmitted Reference with UWB Communications

Since it was introduced to UWB communication in [4], transmitted reference (TR)
technique has attracted substantial interest from the research and industry communi-
ties due to its simple structure and robust performance. TR does not require explicitly
estimating dense multipath UWB channels and collects channel energy more easily
compared to a coherent rake receiver [5]. Moreover, frequency dependent effects of
a UWB channel are straightforwardly taken into account by the TR scheme. For
802.15.4a low rate applications with data rate at 1 Mbps to 2 Mbps, TR as well as

energy detection schemes become right choices for receiver structures considering the



performance-cost tradeoff.

The TR technique is a subject under extensive study in the literature [4-15]
(and references therein). A delay hopped TR system was first proposed in [4], and
experiment results were presented in [6]. Variations to this original TR scheme were
presented in [7]- [10]. Performance analysis of TR systems were carried out in [9]-
[14]. In [15], a frequency multiplexed TR was proposed where the data and reference
waveforms were multiplexed in disjoint frequency bands.

As mentioned before, due to the strict low power consumption requirement posed
by FCC, UWB signals have to act like background noise to the existing system.
Therefore, to increase the effective signal-to-noise ratio (SNR) and obtain reasonable
error performance in UWB system, a data bit waveform is transmitted repeatedly
over multiple “frames” in a symbol duration. The TR system follows this design,
only that instead of repeating a single data pulse, the TR frame contains a pulse
pair, i.e., reference (unmodulated) pulse and data (modulated) pulse. Assuming the
UWRB channel is slowly varying so that we may assume it remains unchanged during
the period that the reference and data pulse pairs go through. Therefore, by sending
the reference pulse with known polarity, the demodulation is carried out by a simple
delay-and-multiply procedure, which essentially correlates the received reference and
data pulses and extract the data bit. To ensure the reference and data pulse will
not overlap after going through the multipath channel, the TR transmitter requires
that the interval between the reference and data pulses within a frame be longer
than the channel impulse response. Because the delay line in the delay-and-multiply
procedure in the TR receiver must match the interval between the reference and

data pulses, there is an underlining requirement that the TR receiver must be able to
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implement accurate analog delay lines that are longer than the UWB channel impulse
response. As of today, implementing an analog delay line longer than 10 ns is beyond
the industrial capability [11] [16], while most UWB channels are longer than 20 ns.
Therefore, designing a TR receiver in the real world can be very challenging.

To address the long delay line problem of TR, a frequency multiplexed TR was
proposed in [15] where the data and reference waveforms were multiplexed in disjoint
frequency bands. Recently, authors in [17] proposed a frequency shifted reference
(FSR) scheme to avoid the use of delay lines in the traditional TR system. In [18], a
dual pulse (DP) scheme that used two contiguous pulses to transmit data was pro-
posed. The delay between the reference and data pulses is then only of pulse width
T, which means the DP receiver only needs a T, second delay line. The downside
of this scheme is the presence of inter-pulse interference (IPI) due to closely spaced
reference and data pulses and hence degraded performance compared to the conven-
tional TR. It was proposed in [18] and [19] to mitigate IPI by analog averaging over
multiple received DP frames before autocorrelation, or to completely remove IPI by
using the ¢DP scheme. However, either solution required frame long delay lines as
in the conventional TR system, except that in DP the frame length can be half the
frame length in TR, i.e., Ty pp > T,. Therefore, the delay line problem is addressed
at the price of inferior performance or frame long delay lines are required to achieve
the same performance as TR. Other papers, for example, [20], analyzed the delay
hopped TR scheme proposed in [4] with small 7,’s. The system with IPT was mod-
eled mathematically and efforts were focused on digital signal processing algorithm
design in the receiver. The matched filter receiver, blind multiple symbol receiver

and iterative receiver were proposed in [20], all of which have higher implementa-
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tion complexity than the conventional TR receiver but without the long delay line

requirement.

1.3 Thesis Outline

The major focus of this thesis is to propose an implementable transceiver structure
that does not require channel estimation and thus suits low data rate UWB com-
munication. A transmitted reference pulse cluster (TRPC) structure is proposed.
Different from the conventional TR structure, the TRPC structure pushes the refer-
ence and data pulses close together and makes the delay line as short as the pulse
width. This makes implementation of the transmitter feasible since it only requires
a very short analog delay line. Although IPI is expected in the TRPC structure
due to its compact nature, the evenly spaced pulse pattern and the unique detection
method compensates the performance loss and even shows a substantial performance
gain compared to conventional TR detection.

The thesis is organized as follows.

Chapter 2 outlines the UWB communication system that is concerned in this the-
sis. First a brief introduction is given on IEEE 802.15.4a channel modeling. Several
modulation schemes are described which do not require channel estimation, including
pulse position modulation (PPM), transmitted reference (TR), and frequency shifted
reference (FSR). Demodulation method including non-coherent detection, coherent
detection, square-law detection and auto-correlation detection are also depicted.

Chapter 3 proposes a new transmitted reference pulse cluster (TRPC) structure
for IEEE 802.15.4a UWB communications. The performance of the TRPC versus

IEEE 802.15.4a channel models is analyzed, simulated and compared with conven-
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tional TR transmission, dual pulse structure, non-coherent PPM with energy detec-
tion and frequency shifted reference systems. Our results show TRPC gives the best
performance among the candidates given above, especially when the implementation
issues such as short analog delay lines and low complexity for UWB communications
are taken into account.

Chapter 4 introduces practical data-aided algorithms to determine the integration
interval for the TR pulse cluster structure. The three proposed sub-schemes have
similar performance, except Scheme C suffers some degradation in IEEE 802.15.4a
channel model 1 environments. For implementation, Scheme A requires either high
sampling rate for digital processing or analog averaging with symbol long delay lines,
and Scheme C involves multiple two dimensional search procedures. In comparison to
A and C, Scheme B is the best candidate in terms of performance and implementation
complexity.

Chapter 5 proposes an adaptive threshold scheme for the TR pulse cluster sys-
tem which modifies the decision threshold for each particular channel realization to
ensure (close to) identical conditional BERs and hence leads to improved average
performance. Simulation results show that this scheme achieves performance gains
from 0.5 dB to 2.0 dB for the TR pulse cluster system in IEEE 802.15.4a channel
models.

Chapter 6 concludes the thesis and proposes the future work.
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Chapter 2

UWB Communication Systems

2.1 IEEE 802.15.4a Channel Model

In wireless communication system, the received signal is an attenuated, delayed,
and possibly distorted version of the transmitted signal plus noise and (possibly)
interference. The relationship between the received signal and the transmitted signal
is typically called the “channel”. The generic 802.15.4a channel model [21] adopts
the Saleh-Valenzuela [22] shape and is used for 100-1000 MHz and 2-10 GHz model.
! Tt is the physical realization that multipath components arrive in clusters and has

its impulse response represented by

L K

haiser(t) = Y > axrexp(jdea)8(t — Ty — 7a) (2.1)

=0 k=0

where ay; and ¢y are the tap weight and the phase of the k-th ray in the I-th cluster,

with ¢ uniformly distributed over the range [0,27], L is the number of the clusters

!The 1 MHz channel model and the body-area network channel model are different from this
generic channel model, which are out of the scope of this thesis.



11
which follows Poisson-distribution as

(£)exp(-L)

pdfr(L) = i

(2.2)

The cluster arrivals are described as a Poisson process with mean arrival rate A;
within each cluster, the component arrivals are also described as a Poisson process
with parameter A, where A > A. The arrival time of the I-th cluster is denoted by
T;, and the arrival time of the k-th component within the [-th cluster is denoted by

Tk, Then according to the model, there is
P(Ti|Ti-1) = Aexp[-A(Ti — Ti-1)], 1>0, (2.3)

P(Tht|Th—11) = Aexp[—A(Thg — Tk-14)], k> 0. (2.4)

Due to the discrepancy in the fitting for the different indoor and outdoor scenarios,
the arrival time of multipath component given by (2.4) is updated with a mixture of

two Poisson processes [21]

P(Tia|mi—11) = BArexp[=A1 (kg — Tk—12)] + (1 — B) A2 exp[—A2(Ths — Tk-14)], k>0
(2.5)

where [ is the mixture probability, while A; and ), are the ray arrival rates.
The cluster energy decays exponentially such that the average power of the I-th

cluster () is given by

101og(€) = 10log(exp(—T1/T)) + Mauyster (2.6)
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where I' is the cluster exponential decay factor and My, is a normally distributed
variable with standard deviation oy, around it.

Similar to the inter-cluster situation, the mean power of the k-th multipath com-

ponent within the /-th cluster also decays exponentially and can be presented by

Qg f

T WA =AM+ B+ 1] exp(—Tk1/ M) (2.7)

where () is the integrated energy of the [-th cluster given by (2.6), and ; is the
component exponential decay factor.

For non-line-of-sight (NLOS) case of some environments (office and industrial)
where the reflection of the signal might result in larger received energy, the shape of
the power delay profile does not follow the exponential decay as in (2.7). Instead, it

has a distribution with a rising period followed by decay as in

Y1+ Vrise Y
Q= (1—x-exp(—7 ise)) " \=Tki/ V1)
k.l ( X Xp( k,[/’)’r:se)) ( Ik‘l/ /1) 951 T+ '7rise(1 - X)

(2.8)

where parameter x describes the attenuation of the first ray, the parameter 7,is
determines how fast the power delay profile increases to its local maximum, and 7,
determines the decay at late times.

After the power delay profile is derived, the small scale fading is modeled as
Nakagami so that the weight of the tapped delay aj; follows the distribution

2 m

pak.l(a) = W(Qk,l

ymg2m-1 exp(—QiHaz) (2.9)

where the m-parameter is modeled as a lognormally distributed random variable with



13
logarithm mean p,, and standard deviation o,,, and 4, is given by (2.7) or (2.8),
depending on the specific scenarios.

The above specification lays out the channel model.? In the prototype code pro-
vided within [21], 9 different scenarios are modeled with complete set of parameters.
Although suitable for simulation, the generic model is very complicated for analytical
derivation. Therefore, all the analysis done to the UWB channels are based on the

tapped delay model, which generalizes the channel as a simple tapped delay lines as

K-1
h(t) = axd(t — ) (2.10)
k=0

where a; and 73 are the complex amplitude and delay of the k-th component.

2.2 LR-WPAN Modulation and Detection Schemes

As described in Section 2.1, the IEEE 802.15.4a channels consist of numerous mul-
tipath components and thus the channel estimation becomes extremely challenging.
Therefore, various schemes were brought up which are able to demodulate the re-
ceived signal without knowledge of the channel. Among them, three schemes are
considered in this thesis: transmitted reference (TR), frequency shifted reference

(FSR) modulation and non-coherent pulse position modulation (NC-PPM).
2.2.1 Transmitted Reference Modulation

The transmitted reference (TR) system was first proposed in 1920s. In a TR system,

a pair of unmodulated and modulated pulses are transmitted through a slowly varying

2The antenna effect is not included since for wideband systems the antenna effects is no longer
negligible and should be taken care of in a separate matter; also the large-scale fading is not discussed
here.
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channel, and the former is employed to demodulate the latter. The two pulses, which
are named as reference and data pulses, respectively, are separated by a certain delay
T,4. The polarity of the reference pulse is known to the receiver (always chosen to be
“1” for convenience) and the polarity of the data pulse is modulated by the binary
bit that is transmitted over the channel. In a system adopting binary phase shifted
keying (BPSK), the bit “1” is represented by a data pulse with the same polarity as
the reference pulse, and the bit “0” is represented by a data pulse that is antipodal
to the reference pulse. In other words, the transmitted bit is encoded as the polarity
difference between the reference pulse and data pulse. In LR-UWB systems, these
pulse pairs are repeated over many frames to increase the aggregation at the receiver.

The mathematical representation of the TR structure is

.N!—l
syR(t) = E, Y [p(t — nTy) + bup(t — nTy — Ty)]. (2.11)
n=0

The transmitted signal consists of Ny pulse pairs with pulse energy E, and pulse width
T, Ty is the pulse repetition period, and b,, € {1, —1} is the m-th bipolar information
bit. In order to avoid inter-pulse interference, the delay between the pulse pair Ty
is designed to be longer than channel delay spread, i.e., Ty > 7x_1. Meanwhile, to
prevent the data pulse interfering the reference pulse of the next frame, there has
Ty + 7k—1 < Ty. An example of TR transmission pattern is shown in Fig. 2.1, with
the pulse repetition number Ny = 2, and the transmitted bits are {1, —1, —1}.
After the TR signal goes through the multipath channel as in (2.10), the received
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Figure 2.1: Pulse pattern of transmitted reference (TR) communication with Ny = 2,
transmitted bits ={1,—1, —1}; shadowed pulses represent reference pulses and unshadowed
pulses represent data pulses

(=

signal can be written as

K—-1Nf—1
rim(t) = VE, D aklp(t —nTy — 1) + buplt — Ty — Ty — 7)) (2.12)
k=0 n=0

The biggest advantage of the TR signalling is that the demodulation is carried out by
correlating the modulated signal part with the unmodulated signal part. Since the
the pair of the pulses go through the same channel (assuming a slow fading channel
is used), the polarity of the correlation indicates the polarity of the transmitted bit.
The mathematical expression of the demodulation is

Nf—l T
Drp(m)=R{ > / r™ (& + nTy) e (¢ + nTy + Ty)dt (2.13)
n=0 0

bm="1"

and the detection is carried out by Drg(m) b,,.%‘o"o'
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2.2.2 Frequency Shifted Reference

Also designed to tackle the analog delay element difficulty, a slightly frequency-shifted
reference (FSR) technique was proposed in [17] for LR-UWB applications. It keeps
the reference-data format as in standard TR-UWB, but replaces the time delay el-
ement with a frequency translation. In other words, the data pulse is translated
in frequency (rather than in time) to be orthogonal to the reference signal. The

transmitted FSR signal over interval [mT}, (m + 1)T| is given by

spgr(t) = \/E?:u(t —mT,) + /Esbmu(t — mT,) cos(27 fot) (2.14)

where E; is the energy per symbol. The reference pulse in FSR is unmodulated
while the data pulse is modulated by b,, and frequency shifted by cos(27 fot). After
the FSR signal passes through the multipath channel h(t) = Zf;ol ard(t — 73), the

received signal is thus written as

K-1
r(t) =) aa(t — ). (2.15)
=0

k

The detection is carried out by “correlating” the reference and data signals. Since
reference and data pulses are essentially staying on the same time slot, the delay-

and-multiply action becomes square. The mathematical expression is

Ts

D)= / " 12(6)V/3 cos(2r fot)dt (2.16)

0

=u1!l
and the decision is made by Dpggr(m) " 2

= “qr

bm
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2.2.3 Non-coherent Pulse Position Modulation

The IEEE 802.15.4a standard [23] adopts non-coherent pulse position (NC-PPM)
modulation with energy detection. The PPM signal syc_ppa(t) specified in the
IEEE 802.15.4a standard consists of 8 pulses with short, uniform spacing instead of a
single pulse for one information bit to meet FCC mask. During the m-th bit interval

t € [(m — 1)T,, mTy|, the transmitted signal (including the receiver matched filter) is

snvc-ppm(t) = (1 — ‘/Ws(t ) + bm \,2N t——) (2.17)

where the information bit b,, € {—1,1} decides which part of the symbol interval

given by

that s(t) sits in. Since s(t) in [19] has similar structure to TRPC, we can use either
the “+1” pulse cluster s(t) = s41(¢) or the “-1” pulse cluster s(t) = s_;(¢) for
transmission, as shown in Fig. 2.2. As the “+1” pulse cluster is not the antipolar
version of the “-1” pulse cluster, it is expected that the PPM structures adopting
“+1”7 and “-1” pulse cluster would give different BER performance. The received

signal after going through the UWB channel and AWGN is then given by

Z apS(t — ) +n(t) = \ / Es v(t) + n(t) (2.18)

where v(t) = ,/2N Zk—o a,S(t — 7). The receiver employs two simple energy de-
tectors to demodulate the received signal. The outputs of the two energy detectors
are given by

Vo = / “ rOPdt (2.19)

tp
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Figure 2.2: Pulse pattern of non-coherent pulse position modulation (NC-PPM) with
Ny = 2, transmitted bits ={1,—1,—1}; figure (a) uses “+1” cluster and figure (b) uses
“1” cluster.
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and

V= / T )Pt (2.20)

vt
If V > Vi, a decision on “0” is made; otherwise, a decision on “1” will be made. The
integration interval is determined using the method similar to the TR pulse cluster
system, where t, = T; and t, = T, + 2(Ny — 1)T,; with the interval [T}, T};] containing
sufficient energy of the channel.

Suppose “0” is transmitted, the energy detector output V; can be further written

as
Vo=D,+ Dy + D3+ Dy (221)
where
E, [T 3
D, = —
L= fT jo(t) ?dt
Eb
D2 = 2Nf t)n t
Eb
D3 = 2Nf t)n(t)dt
Dy = / In(t)|?dt. (2.22)
T;

The energy detector output V; is given by

Vi — / T Pt (2.23)

T1+Z‘-
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The final decision variable is then given by

D=Vo—Vi=D1+Dy+ D3+ Dy—V;. (2.24)

Again, D can be approximated as a Gaussian RV with mean D;. Because D, D3,

D, and V; are independent, the variance of D is given by

EbNO

I
el ;
. / / Re{u(t)v" (¢')} R (¢ —t)dtdt'+ 2N? / ? (VET—2ly)) B2 (Vay)dy.
s
(2.25)
Therefore, the conditional probability of error for the non-coherent detection of binary

PPM is expressed as
Pelh)=P(D<0)=@Q (&) . (2.26)

gp
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Chapter 3

Transmitted Reference Pulse Cluster
System in Ultra-wideband

Communications

3.1 TRPC System Model and Performance Analysis

To utilize the reference pulses for demodulation and also address the analogy delay
line implementation issue in UWB communication, the transmitted reference pulse
cluster (TRPC) system is developed.

The pulse structure of a TRPC system is shown in Fig. 3.1. A dual pulse pair
composed of a reference pulse and a data pulse with short delay T} is repeated uni-

formly every 27}, seconds. Mathematically, the TRPC signal (including the receiver
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matched filter) can be represented by

oo Nji-1
3(t) = ﬁ > D gt — mT, — 20Ty) + bg(t — mT, — (2i + 1)T)]
m=—oc i=0
E &
— Q—me;oosbm(t—st) (3.1)

where Ej is the average energy per bit, Ny is the number of repeated dual pulse
pairs in one cluster, g(t) is the composite pulse with duration 7}, resulting from the
convolution of the transmitter pulse g;(¢) and the receiver filter matched to g;(t),
T is the symbol duration determined by the bit rate, b, € {+1,—1} is the m-th
bipolar information bit, and s;,, (t) = Ei’o—l g(t—2iTy) + by Ziifo-l gt —(2i+1)Ty).
The delay Ty between the reference pulse and data pulse can be set as short as T,
or T, < Ty < 10 ns. In Fig.3.1(a), T, is equal to pulse width T}, and in Fig.3.1(b),
Ty = 2T,,. The TR pulse cluster bearing data “+1” is called the “+1” pulse cluster
and the other “-1” pulse cluster, as given by

Ny—1

sa(t) =) gt —2iTy) +g(t — (2 + 1T)
=0
Nsg—1

sa(t) =Y g(t —2iTy) — gt — (2i + 1)T). (3.2)

=0

Since s44(t) # —s_1(t), the difference between the “+1” and “-1” pulse clusters is
not simply a (-1) factor. This is in contrast to the conventional binary phase shift
keying (BPSK) modulation.

Unlike the conventional TR that looses 3 dB in signal power due to the transmis-

sion of the non-information bearing reference pulse, the reference pulses in TRPC can
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be used with the data pulses in the previous pairs to collect energy for data detection,
in addition to the energy collected as in the conventional TR. This is illustrated in
Fig. 3.2. In this figure, a “-1” pulse cluster is transmitted, where Ny = 4. The solid
pulses denote the reference pulses and the dashed pulses denote the data pulses. The
energy of each pulse is E}/2N;. At the receiver, the received signal is correlated with
its Ty delayed copy. Assuming an additive white Gaussian noise (AWGN) channel,

the overall energy collected for data detection in TRPC is given by

E
Errec = (2Nj —1) - 2—1\2 ~ E,. (3.3)

Whereas in the conventional TR system, energy is only collected for the correlation
between the data pulses and reference pulses within the pairs, as illustrated by the
four blank rectangles in Fig. 3.2. That is,

Ey 1

Econventiona.lTR = Nf : 2_]Vf = §Eb (34)

Theoretically, the energy collected in TRPC could be arbitrarily close to E, by in-
creasing Ny. In implementation, Ny can not be too large because in this case, the
energy per pulse would be too low to combat the noise effect. In other words, a large
Ny would lead to a longer pulse cluster and also a longer integration interval, which
would introduce more noise to the autocorrelation receiver and impair the perfor-
mance. As a result, Ny is a parameter that can be optimized in the TR pulse cluster
structure. Apparently, the uniform spacing among all reference and data pulses in

the cluster is crucial to the performance of TRPC and the cluster is treated as a
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whole entity in the detection. This is fundamentally different from the delay hopped
TR in the literature.

In realistic UWB channels, the interference among the reference and data pulses
caused by multipath will be present. The UWB channel described by IEEE 802.15.4a
channel models can be generalized as [21]

K-1
h(t) = oxd(t — i) (3.5)
k=0

where a; and 7, are the complex amplitude and delay of the k-th multipath. The

received signal after the lowpass matched filter g;,(t) can then be written as

K-1 K- 0
r(t) = ax3(t — ) + n(t Z D" sb,(t =7 —mTy) +n(t)
k=0 k: m=—o00
E, &<
= Vv, 3" Gult —mT) +n(t) (3.6)
where ¢, (¢ Zk —o QkSp,, (t —7%), and n(t) is the complex additive white Gaussian

noise filtered by g;-(t). The autocorrelation function of n(t) is given by R,(7) =
En*(t)n(t + 7)) = NoRir(7), where R(7) = [* gir(t)ger(t + 7)dt and Np is the
power spectral density of the complex white Gaussian noise.

The receiver performs auto-correlation on the received signal and its T, delayed

version. The decision variable (DV) for the m-th bit is given by

D= / T O — Ta)de. (3.7)

mTs+tp

The receiver makes a decision on “1” if Re{D} > 0, and “0” if Re{D} < 0. The choice
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of the integration interval [t;,t.] is critical to the success of the detection scheme. In
order to ensure that we capture all the energy in the received pulse cluster, we select
the integration interval as follows: t, = Ty + T}, te = Ty + 2(Ny — 1) Ty + T + T, =
(2Ny —1)T4+ Tp + T, where T; and T}, are the beginning and end time of the UWB
channel for integration, respectively. Usually 7; is close to be the time-of-arrival
(TOA) of the first significant path of the channel, especially in a line-of-sight (LOS)
environment, and the interval [T;,7}] should include sufficient channel energy for
detection. Such choices of ¢, and t. guarantee that the auto-correlation covers the
significant channel portion plus a duration of 2(Ny — 1)T, + T, related to the pulse
cluster width. It is obvious from (3.7) that the receiver is very simple and only needs
a Ty long delay line.

Some discussions on TRPC are presented here.

Remark 1 (Noise reduction due to short integration interval): Note that in TRPC,

the integration length of the autocorrelation detector is around the cluster width plus
the length of the channel that has significant multipaths. In the conventional TR,
integration performed in each frame is over the pulse width plus the length of the
channel that has significant multipaths, and it is done with N; frames. The effective
integration length of conventional TR is much longer than that of TRPC. The shorter
integration interval makes the noise component included in the TRPC detection much
smaller, leading to substantial performance improvement over the conventional TR,
especially when the system signal-to-noise ratio is not very high.

Remark 2 (Simple detector with noise averaging): In the conventional TR systems,

noise averaging can be carried out in two ways. The received signal can be first added

frame over frame for analog noise averaging and then followed by autocorrelation. Al-
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ternatively, autocorrelation is first performed in each frame and the results are added
to reduce noise in the decision variable. The former has better performance, but
requires frame long delay lines. In the proposed receiver for TRPC, the second type
of noise averaging is implicitly performed in the operation. The detector delays the
received cluster by 7,; and then performs correlation on the whole cluster. The sum-
mation procedure for noise averaging is automatically included by the integrator in
TRPC. Moreover, additional energy for data detection is collected in the correlation
due to the uniform structure of TRPC, as demonstrated in (3.3) and (3.4).

Remark 3 (ISI free and possible multiple-access): In the TRPC system, since Ty

is much shorter than 10 ns and the repetition within one symbol is N; = 4, we have
the pulse cluster width T,, = 2N;T; < 80 ns. For T; = 2.02 ns, T,, = 16.16 ns. Given
low data rate transmission such as 1Mbps in 802.15.4a channels, the pulse cluster only
occupies a small portion of the symbol duration, which is indicated as S in Fig. 3.1.
It is known that the average delay of 802.15.4a channels is in the range of [50, 200]
ns. Therefore after the pulse cluster is passed through the multipath channel, the
resulting signal is still shorter than the symbol duration. By “squeezing” the signal
within a small portion of the symbol duration, the occurrence of ISI is minimized.
This is in contrast to the conventional TR where pulses are spread over the whole
symbol duration in the form of multiple frames.

Moreover, considering a multiple access scenario, we can divide a symbol duration
into multiple time slots as shown in Fig. 3.1, and each user occupies a different time
slot where a TR pulse cluster resides. If time hopping is desired, it can be performed
on TR pulse clusters from time slot to time slot instead of hopping within each

cluster. Similarly, scrambling, if to be used, should be carried out on a pulse cluster
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basis as well.
Next we derive the bit error rate (BER) of TRPC conditional on a given UWB
channel. The subsequent analysis on (3.7) involves only one symbol, hence the sub-
script m is omitted for convenience. Assuming the symbol interval T} is sufficiently

long so that there is no inter-symbol interference (ISI), we have

D = D1+D2+D3+D4
K-1K-1

Dl = 2Nf / Z Z alaks(t == T[)S (t — Tk — Td)dt / (t)q*(t _ Td)dt

b =0 k=0 t

| Eb

D, = 2NfA t—Td)dt
E,

Dy = ‘/2Nf/z,, *(t — Ty)n(t)dt

D4 = / Tl(t (t = Td)dt (38)

where D is the signal-signal component, D, and Dj are the random variables (RVs)
representing the signal-and-noise product, and D, is an RV accounting for the noise-
noise product. It can be easily shown that E[Dy+ D3] = 0 and E[Dy] ~ 0 as Ty > T,,.
Therefore, the mean of Re{D} is given by (3.9),

mp(bm) = E[Re{D}] ~ Re{D,} = 2% /t "Re{q(t)q" (t — T)}dt

E Ko K>

= 3 A’; [(2N; = 1)EyEpbm+ > Y Re{ouoj}Res(|Tu — 71 + 7i])]
=K1 k=K
k#l

(3.9)
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where E, is the energy in the pulse g(t), E, = sziKl |ak|? is the channel energy
collected by the integration interval [t,t], and Rs(7) = [ s(t)s(t + 7)dt. The
first term is the TRPC energy collected from multipaths for data detection, and the
second term represents the IPI. Analysis for Dy, D3 and Dy is similar to [19], [11].
These RVs can be closely approximated as Gaussian distributed, especially now that
a pulse cluster is longer than a single dual pulse. To calculate the bit error rate of
TRPC, we need to know the variance of the Gaussian RV Re{D}. It can be easily
shown that Gaussian RVs Ds + D; and Dy are independent, therefore the variance

of Re{D} is the sum of 02;(b,,) = Var[Re{Ds + D3}] and o7. In particular,

2 T'2
ot =VarRe(D)] = 8 [P (VoD REENy 610
5

where T; = t. — t;, and 02,(b,,) is given by

033(bm) = Var[Re{D,}] + Var[Re{Ds}| + 2E[Re{D>}Re{D3}]

VarlRe(Ds}] = 250 [ [* Refat)a’ ()} Rt ~ et

4N; &

EbNO e e ’ ’

VarRe(Da}] = S50 [ [ Rela(t = Ta'(¢ ~ T} Rt )it
b b

EbNO te fte F

E[Re{D;}Re{D;}] = i, J, /t Re{q(t)q*(t' — Ta) }Rer(t' — t + Ty)dtdt’.
b b

(3.11)

As mentioned before, because the difference between the “+1” and “-1” pulse
cluster is not the simple (-1) factor, the error probability of “+1” pulse cluster is not

necessarily identical to that of the “-1” pulse cluster. Therefore, the probability of
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error for the TR scheme conditioned on the channel realization h is given by
P(elh) = P(e|h,b, =1)P(b, =1)+ P(e|h,b,, = —1)P(b,, = —1)
1 —mp(-1) 1 mp(1)
. = 2 i B S ST 3.12
g ( A0+ oz> g (¢—a§3<l> a7 s
where h = {(ax, 7%)|k = 0,..., K — 1}.

3.2 Simulation and Numerical Results

In this section, we present simulation and numerical results of the proposed TRPC
system. To show the superiority of the TRPC system, we also give the simulation
results of several alternative schemes — non-coherent pulse position modulation, the
conventional TR system and frequency shift reference system. Two representative
channels are chosen for simulation, i.e., IEEE 802.15.4a CM1 and CMS8 channels.
CM1 models strong line-of-sight (LOS) channels and CM8 models Non-LOS (NLOS)
channels with an extremely large delay spread [21]. The non-coherent PPM system
employs either all “+1” or all “-1” pulse cluster placed at different time slots within
a symbol and the position of the pulse cluster represents information data. The
conventional TR system spreads out Ny reference and data pulse pairs evenly in
one symbol duration. The frequency shift reference translates the reference pulse
in the frequency domain. We did not include time hopping in the conventional TR
since it does not affect single user conventional TR performance assuming IPI and
inter-frame interference (IFI) free. Here is a description of the system parameters.
The transmitter pulse shape filter and the receiver filter are the root raised cosine

(RRC) pulse with roll-off factor 3 = 0.25. The zero-to-zero main lobe width of the
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RRC pulse is T, = 2.02 ns, and a truncated RRC pulse of duration 87, is used in
the simulation. The pulse cluster is composed of 8 contiguous pulses, i.e., N; = 4.
The pulse cluster length is then T, = 16.16 ns. Low bit rates of 2 Mbps for CM1
and 1 Mbps for CM8 are studied, and hence the system is ISI free. The sampling
rate of the receiver analog-to-digital (A /D) device is equal to the symbol rate, i.e., 2
MHz and 1 MHz for CM1 and CM8 channels respectively. The integration interval
related parameters 7; and 7}, are determined as the beginning and end paths of the
channel with magnitude larger than a fraction of the channel maximum magnitude.
In other words, any multipath components before 7; and after T}, are smaller than
s - max(|ax|[f"), where s (= 0.3 in the simulation) is the scale factor and ay is the
k-th path gain.

Fig. 3.3 shows that at BER = 102 in CM1 channels, TR pulse cluster outperforms
NC-PPM with “+1” pulses by about 1.9 dB, and NC-PPM with “-1” pulses by about
1.3 dB. The performance gap between TRPC and the conventional TR is wider at
medium SNRs because of the noise reduction in TRPC due to short integration
intervals. At higher SNRs, the IPI effect is more dominant and hence the performance
gain mainly comes from the extra energy collected in TRPC. The relative performance
between non-coherent detection with “+1” pulse cluster and “-1” pulse cluster is
channel dependent. Fig. 3.4 shows that in CM8 channels, TRPC outperforms NC-
PPM with “41” pulses by about 2.3 dB and NC-PPM with “-1” pulses by about
1.3 dB at BER = 2 x 107%. The conventional TR scheme significantly lags behind
the new TRPC scheme in terms of performance and implementation. This indicates
that the extra energy collected by TRPC over TR, and the noise reduction and

ISI reduction due to its compact structure exceed the penalty caused by inter-pulse
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interference. The performance gain of TRPC in CM8 NLOS channels is larger than in
CM1 channels since CM8 channels are more sparsely spread over longer time duration
and hence result in less IPI and more noise reduction. Both figures demonstrate
agreement between semi-analytical and simulation results for the performances of
TRPC and non-coherent PPM schemes.

Fig. 3.5 plots the effect of T; on the performance of TRPC and non-coherent
systems in CM1 and CM8 channels, respectively. These are the simulation results
obtained with 1000 channel realizations. In general, the gaps among using different
Ty’s are not significant. At high SNRs (> 16 dB), Ty = 57, slightly outperforms
Ty = T, especially in CM8 channels. This figure indicates that shorter delay lines
such as Tp-long is preferred in TRPC and the benefit brought by larger T} is not
obvious.

A practical imperfect factor at implementation is the delay offset between receiver
and transmitter. Since TRPC requires delay lines on the order of a few pulse widths,
accurate short delay is much easier to realize than long wideband delays. Moreover,
the delay offset can be minimized at the manufacturing stage as long as the trans-
mitter and the receiver use the same length delay lines. Fig. 3.6 shows the effect of
delay offset on the performance of TRPC. When the receiver delay T is %Tp longer
than the 7}, delay used in the transmitter, a small degradation is incurred in CM1
channels. The degradation is about 0.3 dB in CM8 channels at BER = 1073,

Fig. 3.7 presents the effect of N; on the performance of TR pulse cluster system
in CM1 and CM8 channels. As mentioned before, Ny is the repetition times of the
reference-data pulse pairs. It is observed that in both channels, the best performance

is achieved when Ny = 4. As expected, an Ny as large as 8 leads to poorer perfor-



32
mance than a smaller Ny (such as 4 or 6) because of the noise effect. On the other
hand, Ny = 2 underperforms Ny = 4 because the former collects 3/4E, and the latter
get 7/8E} in the receiver, as shown in (3.3). Moreover, the fact that the curves of
Ny =2 and Ny = 8 in CM1 channels cross can be explained similarly. Recall that the
integration length is approximately the length of the channel containing significant
energy plus the cluster width. In CM1 channels, the width of a cluster with a large
Ny can be often larger than the significant channel length. The Ny = 2 curve outper-
forms Ny = 8 at low to medium SNRs because the smaller cluster width at N; = 2
leads to much shorter integration interval than Ny = 8 and hence less noise included
in the decision statistics. When SNR is medium or low, the TRPC performance is
dominated by the noise effect and therefore Ny = 2 leads to better performance than
Ny = 8. As SNR increases, the noise effect is less pronounced. According to eq. (3.3),
Ny = 8 results in 15/16 E}, energy collected, compared to 3/4E, for N; = 2. Therefore
Ny =2 has worse bit error rate than Ny = 8 at high SNRs.

Fig. 3.8 compares the BER performance of TRPC and FSR in CM1, CM4 and
CMS8 channels. CM4 models office NLOS environments and the data rate simulated is
1Mbps. For fair comparison, the peak power and the average power of both schemes
are set to be equal, which leads to Nyrsp = 6Nsrrpc = 24 [17]. It is shown in
Fig. 3.8 that TRPC outperforms FSR in all three types of channels. The building
blocks of the TRPC and FSR receivers are very similar, except that the short delay
line in TRPC is replaced by a mixer in FSR.
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3.3 Summary

TRPC structure that consists of a group of identical dual pulses with uniform spacing
is proposed. This method allows a simple and robust receiver to be implemented, i.e.,
analog front end, symbol rate sampling and short delay lines, overcoming a major
hurdle (long delay line requirement) of conventional TR receivers. Simulation results
have shown superior performance of the proposed scheme over non-coherent PPM
with energy detection, conventional TR and frequency shifted reference systems in

multipath UWB channels.
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Figure 3.2: Energy collection in the receiver of the proposed TRPC system
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Comparison of the BERs of TRPC and FSR in CM1, CM4 and CMS channels.



Chapter 4

Integration Interval Determination in
Transmitted Reference Pulse Cluster

Systems for UWB Communications

4.1 Background

In Chapter 3, the detection of TRPC signal is based on an assumption that the
detector is equipped with sufficient channel information to determine the beginning
and the end of the integration. However, in real systems knowledge of this kind can
become extremely difficult to obtain. On the other hand, even if the channel infor-
mation is known to the receiver, determining the best integration interval is still not
a trivial problem. Intuitively, too short an integration intervals cannot cover the span
of the UWB channel impulse response and thus fail to collect sufficient energy, while
excessive integration length will inevitably add more noise and deteriorate the perfor-
mance. The objective of this chapter is to find an applicable way to locate the most

suitable integration interval for TRPC systems, with no prior channel information.
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Integration interval determination in different conventional TR type detectors has
been studied in [5,10,24-28]. A hybrid matched filter correlation receiver was pre-
sented in [24] with the fixed integration length Tj,; = 15 ns used for IEEE 802.15.3a
channel models 1 and 4. This integration interval was further optimized for inter-
frame interference (IFI) free transmission in [25] to minimize the bit-error-probability
(BEP). As suggested in [10] and [5], the performance improvement brought by in-
creasing the integration time for the TR autocorrelation receiver start to diminish
after 7= 20 ns and WT = 40, for the channels studied in the papers. A maximum
likelihood (ML) template and generalized likelihood ratio test (GLRT) receivers were
used in [26] and by maximizing the effective signal-to-noise ratio (SNR), the op-
timized number of samples for integration was obtained. Note that Nyquist rate
sampling was required in [26]. In [27], the autocorrelation intervals were divided
into smaller sub-intervals and those sub-intervals were linearly combined by properly
choosing weights to reduce the noise effect. In [28], a practical algorithm was pro-
posed to optimize the integration intervals for the conventional TR systems based
on BER minimization. It should be pointed out that all these work were based on
the conventional inter-frame interference and inter-pulse interference (IPI) free TR
structures which require rather long delay lines in the receivers. So far no literature
has dealt with the integration interval determination of the TRPC structure which
has its own distinctive characteristics not present in the TR structures. In this chap-
ter, new practical algorithms are developed to determine the integration interval for
the TRPC structure. These unique algorithms can be implemented with lower than
Nyquist sampling rates and only require short delay lines of a pulse width.

The rest of the chapter is organized as follows: The detailed mathematical deriva-
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tions of simplified BER expression for TRPC system are given in Section 4.2. Based
on the derivation, three methods are presented, simulated and decided on in Sec-

tion 4.3 and Section 4.4. Section 4.5 summarizes the chapter.

4.2 Theoretical BER Expression of TRPC System

As described in Chapter 3, in TRPC system, the detector performs correlation on
the received signal and its T, delayed version. The decision variable (DV) for the

m-th bit is then given by

mTs+te

Dt tabm) = / r()r*(t — To)dt, (4.1)

mTs+ty

where t; and ¢, are the beginning and end of the integration interval. The receiver
makes a decision on “+1” if Re{D(ty,t.|by)} > 0, and “-1”7 if Re{D(ty,te|bm)} <
0. The decision variable can be approximated as a Gaussian RV and the mean of

Re{D(tbstelbm)} is [29]
Ey te .
ﬁ"(tb’ telbm) =E [Re{D(tb, telbm)}] = m R‘e{qu (t)Qbm (t = Td)}dt- (4-2)
ty
Following the analysis in [29], the variance of Re{D(t, tc|bn,)} is written as

Var[Re{D(tp, te|bm)}] = 023 (tos te|bm) + 02 (ts, te) (4.3)
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with the mathematical expression of 02, (ts, te|bn) and o2 (tp, t.) are given by

2 EpNo s ; , ;
023(tbv te|bm) = / / Re{qu (t )}Rt,-(t i t)dtdt
iy tb
E N ‘e te
g AN / Re{gon (t — T)ah, (¢ — Ta)} Rer (' — t) bt
4Nf ty Jity
EyNy

te te
/ Re{gs,, (1), (t' — Ta) } Rep(t' — t + Ty)dtdt' (4.4)
2Nf ty ty

and

02ty t.) = —E{ / ‘ / n*(t — Ton* (Wn(u — Ty)dtdu}.  (45)

One of the objectives of this chapter is to simplify the bit error rate expression in [29]
with approximations so that we can design an integration interval determination
algorithm based on the minimum BER. Towards this goal, as shown in Appendix A
and Appendix B, 02;(tp, te|bn) and o3(ts, t.) can be further simplified to

4 (to,te) = 1‘2’2& —ty) / ’ Ry (7)%dr = (te —t) - Y - N§ (4.6)
Ty

0§S(tb’te|bm) ~ 2N0|/J'(tb,te|bm)|7 (4-7)

where Y = 1 f Rt, (7)%dT can be calculated before offline.
Combining (4.6), (4.7) with (4.8), the variance of the decision variable of TRPC

system is simplified to

Var[Re{D (to, te|bm)}] = 023 (tp, te|bm)+ 03 (ts, te) = 2No-|i(ts, te|bm )|+ (te—ts)-Y - N2
(4.8)
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The conditional BER on bit b, is then given by

|1 (tp, te|bm)|
~ : 4.
P(elh’ bm,tby te) Q (2]\[0 . I/J'(tlh telbm)l + (te _ tb) Y Ng ( 9)

4.3 Integration Interval Determination of the TRPC
System

In this section, we first explain the asymmetric error rates given by (4.9) conditional
on by, and describe a training method to determine the dominant data for a particular
channel. Then three practical methods are presented to determine the integration

interval of the auto-correlation receiver.
4.3.1 Determine the dominant data for the target channel

As the mathematical derivation showed in (4.9), in a TRPC system, the conditional
BER of bit +1 and -1 can be distinctive. Therefore the best integration interval for
the two bits are different. Since it is impossible to use two integration intervals for
one channel, we have consider only one bit instead of both, which is the reason why
finding the dominant data is important to our scheme. By optimizing the integration
region for the dominant data, it is expected the overall performance will be improved.

The criterion of determining the dominant data d can be expressed as

d=1
ltn tel + DI 3 Nl tel = 1)|. (4.10)

Since we shall have p(tp,te| +1) > 0 and u(ts, te] — 1) < 0 to make correct decisions,
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(4.10) is simplified to

d = —sgn{pu(te, te| + 1) + p(ts, te| — 1)}. (4.11)

By substituting (4.2) into (4.11) and integrating over the entire symbol duration

[0, T), since the interval [ty,t.] is not known yet, we have

T
d=—sgn {Re( [ qa(ata(t-T) + e~ Toat). (412

To simplify (4.12), we first define a signal pattern z(t) = Zi’o_ ! g(t —2iT,). Because

z(t) can be viewed as TRPC structure with only reference pulses, it is named half-
TRPC structure. Therefore, the TR “+1” and “-1” pulse clusters can be written as
s41(t) = z(t) + z(t — Ty) and s_y(t) = z(t) — z(t — Ty), respectively. After the two
signals pass though the multipath channel A(t), we obtain ¢.1(t) = y(¢)+y(t—T4) and
g-1(t) = y(t) — y(t — T), with y(t) = z(t) ® h(t) = iy " Trsy owg(t — 20T — 7).

Consequently, the integral in (4.12) is written as

Ts
/0 (O (t — Ta) + g1 (6)a" (¢ — Ta)at
Ts
i [y(t) +y(t — Ta)lly" (t — Ta) + y*(t — 2T4)]

+y@) —y(t — To)][ly* (t — Tu) — y*(t — 2Ty)]dt
Ty Ts
2 / y(E)y" (¢ — Ta)dt +2 / y(t — To)y"(t — 2Ty)de

Ts
= 4 /0 y(t)y*(t — Ta)dt (4.13)

where the last equality is justified because the integration interval [0, T}] covers the
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whole span of y(t), y(t — Ty) and y(t — 27y). Therefore, the dominant data can be

determined as

d = —sgn {Re{/Ts t—Ty dt}} (4.14)

Compared to (4.12), (4.14) only involves one signal structure y(t), instead of both
g+1(t) and g_4(t) in (4.12). Since y(t) in (4.14) is noise free and not obtainable, we
can only estimate y(t) from the received signal through noise averaging. The training

sequence is thus designed as

Ni—1
fit) = 2—?\% > a(t—mIy) (4.15)
m=0

where N, is the training length. After the training sequence passes through the

multipath channel, the received signal is written as
Ni—1
= t). 4.1
n(®) = \[5m O ut=mT)+nt) (416)

m=0

Following (4.14), the receiver performs the integration-and-dump (I&D) procedure

every T seconds and obtains

(m+1)T;
m = Re{ ri(t)ri(t — Ty)dt}, m=0,1,...,Ny — 1L (4.17)

mTs

Finally the dominant data can be determined as

Ni—1

= —Sgn{— Z Xm} = —sgn{ Z Xm}- (4.18)

For the transmitter to know the dominant data, either the receiver feedbacks
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this information to the transmitter or the receiver (instead of the transmitter) sends
the training sequence and the transmitter determines the dominant data from the
received training sequence. The latter approach relies on the channel reciprocity
property, which has been verified by our extensive measurement experiments [30].
Another alternative is to use one sufficiently long training sequence consisting of 41"
and ”-17, bypassing the second training sequence of the next subsection consisting of
the dominant data only. The receiver first determines the dominant data from this
training sequence and then uses the corresponding training symbols to determine the

integration interval.
4.3.2 Determine the integration interval

To obtain the integration interval for the target channel, a training sequence f>(t)

adopting TRPC structure with dominant data d is applied. That is,

Na—1

AlO) = \[53 3 salt =), (4.19)

m=0

where NNV, is the training length. After it goes through the channel, the received signal

can be written as

Na—1
rd(t) = fa(t) * h(t) + n(t) = ZEbe Z qd(t — mT,) +n(t). (4.20)
m=0

After the received signal passes through low-noise amplifier (LNA) and matched filter
(MF), it is first multiplied with its T, delayed version, then put through I&D device
and sampled over subintervals of A seconds, as shown in Fig. 4.1. The total number

of samples is T;/A x N,. The auto-correlation over the i-th bin/subinterval in the
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m-th training symbol is calculated as

mTs+iA
Xouli] = / ra)r(t = Todt, i=1,2,..,Ts/A; m=1,2,.. Ny (421)
mTs+(i—1)A

Next we will present three different algorithms to locate the beginning and end points
of the integration interval, all based on the bin auto-correlation results given by (4.21).
1) The Conventional Threshold-crossing Method

Similar to the conventional energy detection with threshold-crossing method, the
adapted version for TRPC is given as follows. To mitigate the noise effect, the auto-

correlation in each bin is first averaged over the training length to get
Zl == Xulil, i=12,..,T/A. (4.22)
Based on the averaged bin auto-correlation, a threshold Z;;, is defined as

Zih = £- Drsvivis = g . IS%%A Z[z] (423)

where £(0 < £ < 1) is referred to as the normalized threshold. Therefore, the
beginning (¢,) and end (t.) are determined as the first and last bins exceeding the
threshold Z;;, that is,

& = argmiinZ[z'] > Zin

¢ = argmaxZ[i]| > Zp. (4.24)

Since <2>b and ée are the bin indexes, the actual time for the beginning and end points
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of the integration are f, = A - éb and f, = A - &)e, respectively.

In summary, the threshold-crossing method first locates the bin with the maxi-
mum auto-correlation and then selects the first and last bins that exceed the fixed
threshold as the beginning and end points for the integration interval. It aims at
including all the multipaths with significant energy (above the absolute threshold) in
the received signal to carry out the detection. However, the fixed threshold-exceeding
criterion makes it vulnerable to unexpected noise spikes, especially at low SNR sce-
narios. Meanwhile, the effectiveness of the threshold-crossing method also depends
on the threshold value chosen.

2) The BER Minimization Based Method

Since this paper compares different methods based on the actual BER perfor-
mance, the optimal integration interval should be the one that minimizes the BER.
Given the simplified theoretical BER expression in (4.9) and the property of the Q
function, minimizing the BER is equivalent to maximizing the received SNR, that
is, the argument of Q in (4.9). Therefore, the BER minimization method determines

the beginning and ending points of the integration interval as

2 2 |k(ts, te|d)|
[ts,te] = argmax
e twte /2No - [u(ty, tld)] + (te — 1) - Y - NG
= argmax (s, teld)| (4.25)

tute /2|p(ty, te|d)|/No + (te —t5) - Y

To estimate pi4(tp, te|d), the received signal in (4.20) is multiplied with its T, delayed

version, integrated over every symbol long segments, and average the integration
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results to obtain

1 Na—1 mTs+te
Dltntld) = 33 | ., T~ Toa
ta 1 Na—1 te
= — Z ra(t + mT,)ry(t — Ty + mTs)dt = f ra(t)ry(t — Ty)dt
ty N2 m=0 ip

= /tb [%qd(t)ﬁ(t —Ta) + \/ fbeQd(t)n*(t - Ty)

No—1
E, —_ 1
\/—*— — Y n(t—mT)n*(t — mT, — Ty)]dt,
- 2qud(t Ty)n(t) + Ny 2 n(t — mT,)n*(t — m 1)]d
(4.26)

where 71(t) = {\':0_ " n(t + mT,) /Ny ~ N'(0, BNy/Ny). The purpose of averaging is

to reduce the noise variance. Since the last three terms of (4.26) all have zero mean,

we have

E[Re{D(ts, t.|d)}] ~ fT"f / "Refau(t)qi(t — To)}dt = pltoteld).  (4.27)

Consequently, Re{D(t;,t.|d)} is an unbiased estimate for p(t, tc|d) with the variance

EyNy te

Var[Re{D(ts, te|d)}] = 4N¢Ns J,
b

[laa®)I? + lga(t — Tu)?] dt

+ oo /tc Re{qj(t)qa(t — 2T})}dt + ]—Vi(t — tp) " R? (1)dr (4.28)
2N¢N> Jy, dat e ‘ 2N, ’ Ty ' .

which can be improved by increasing Np. Therefore, by substituting Re{D(t;,t.|d)}
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into (4.25), the integration interval can be finally determined as

[t‘b’ i‘e] = arg max |Re{D(tb7 teld)}l (429)

tote \/2[Re{D(ty,tc|d)}|/No + (te —ts) - Y
The denominator of (4.29) consists of two terms, where the former, i.e., 2|Re{D(ts, t¢|d)}| /No
is proportional to the SNR, and the latter only depends on the integration length.
When the SNR is low, we may neglect the first part and (4.29) is simplified to

o [Re{Dlty teld)}
thite Vie—1t,

[i:by fe] = arg

(4.30)

By this simplification, we can compute the integration interval through (4.30) without
the knowledge of Ny. It is expected that this simplification would suffer degradation
as SNR increases.

The BER minimization based scheme is suitable for practical implementation
because it does not require analog averaging using long wideband delay lines nor
digital averaging at Nyquist sampling rate. The continuous time formulation in
(4.29) and (4.30) can be implemented using the bin auto-correlation results in (4.21).

The bin indexes of the integration interval that minimize the BER are determined as

| S8, Ximlill/Na

|66, Ge] = arg max . (431)
Pt SN T, Xnlill/ (NoNo) + (8 — 9)A - Y
At low to medium SNRs, the integration interval can be obtained as
Na—1 Pe >
N i 2 X [B
(06, 0e] = arg max |2 mm0 2izg, Xl “. (4.32)

Pv:%e V ¢e . ¢b
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3) The Hybrid Method

As summarized above, the threshold-crossing method is intuitive and easy to
implement, but vulnerable to the noise effect. On the other hand, the BER mini-
mization based method determines the optimal integration interval from theoretical
derivation and is thus more accurate. However, it requires a two-dimensional search
with a computation complexity of O(N?) where N = T,/A.

To keep the low complexity characteristics in the threshold-crossing method while
at the same time utilizing the accurate integration interval obtained by the BER
minimization based method, a hybrid method is proposed in this section, which uses
the threshold-crossing method to locate the integration starting point, and applies
the one dimensional search method to determine the end point.

Following (4.24) in the threshold-crossing method, the beginning point is deter-
mined as

fo =y A = {a.rgm_inZ[i] > zt,,} A (4.33)
After substituting the beginning point #, into (4.29), we find the ending point of
the hybrid method by

A [Re{D (s, t.|)}]

te = arg max

“ \J2IRe{ D, tel )}/ No + (te ) - Y

(4.34)

Similarly, when the SNR is low, the first part of the denominator in (4.34) can be

ignored and we have
lRe{D(flh teld)}l

e —fb .

In terms of implementation, the ending point of the integration interval is deter-

t. = arg max (4.35)
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mined as

No— .
be = argmax | Zmeo Ly, Xmlll/ Mo . (436)

I Vo ,_¢X 1/ (NolN2) + (¢ — $0)A - Y

At low to medium SNRs, the integration interval can be obtained as

| Eome Lo

¢, = arg max =]

e \ %e — o

Compared to (4.31), the hybrid method only requires a one dimensional search for

Xond]]

(4.37)

®e. Thus the total computational complexity is reduced significantly from O(N?) to
O(N).

4.4 Simulation Results

In this section, we present simulation results for the performance of the proposed
integration interval determination schemes. The normalized threshold parameter in
threshold-crossing method is set to be £€=0.35, which delivers the best results as
shown in Fig. 4.2. Rest of the system setup follows Chapter 3 and will be omitted
here for simplicity.

Fig. 4.3 and Fig. 4.4 plot the BER performances of the threshold-crossing [eq. (4.24)],
the BER minimization based [(4.31), (4.32)] and the hybrid [(4.36), (4.37)] methods
in CM1 and CMS8 channels, respectively. Fig. 4.3 shows that in CM1 channels, the
BER minimization based method and the hybrid method outperform the threshold-
crossing method by 2.0 dB and 1.9 dB, respectively, at BER = 10~3. After omitting

the SNR related part in the optimization function, the simplified schemes still save
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around 1-1.5 dB compared to the threshold-crossing method. Fig. 4.4 shows in CM8
channels, the BER minimization based method and the hybrid method outperform
the threshold-crossing method by 2.0 dB, at BER = 107%. In both channels, the
hybrid method achieves similar performance to the BER minimization based method
and its simplified version [eq. (4.37)] actually incurs less degradation than the simpli-
fied BER minimization based approach [eq. (4.32)] since only the end point search is
affected by the simplified optimization function. Furthermore, the simplified schemes
suffer more performance degradation at high SNRs in CM8 channels than in CM1
channels, because they tend to locate short intervals which only collect a small part
of the signal energy for highly dispersive CM8 channels.

Fig. 4.5 and Fig. 4.6 depict the impact of bin width A on the BER performances of
the BER minimization based and the hybrid methods. The bin width A determines
the sampling rate required in the receiver. From the implementation perspective,
larger A means lower sampling rate and all the benefits brought forth. In CM1
channels, increasing A has very little impact on the optimal BER minimization based
method. However, for the hybrid method, a performance loss of 2.0 dB in CM1
channels at BER= 2 x 10 is observed when A increases from 2 ns to 16 ns. In CM8
channels, both schemes have very limited performance loss when A increases to 16
ns. Although not shown here, the threshold-crossing method is the most sensitive to
the change in A. To summarize, the BER minimization based method, followed by
the hybrid method, permits lower sampling rate to be used in the receiver than the
simple threshold-crossing method. The overall complexity of the receiver then should
be carefully considered at the implementation stage.

Figs. 4.7, 4.8 and 4.9 show how the training length N, affects the BER per-
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formance of the proposed threshold-crossing, the BER minimization based and the
hybrid methods in CM1 and CM8 channels. In CM1 channels significant perfor-
mance degradation is observed in threshold-crossing method by decreasing N, from
40 to 10, while on the other hand, the BER minimization based method is not much
affected even adopting N, = 10. In CMS8 channels, the training length has little
impact on both the threshold-crossing and BER minimization based methods. The
performance of the hybrid method is not much affected by varying the training length
from Ny = 10 to N = 40 in both CM1 and CM8 channels as shown in Fig. 4.9. In
summary, both the BER minimization based and hybrid methods are very robust and
do not require a long training sequence. On the other hand, the threshold-crossing
method needs long training sequence to achieve better results, especially in CM1

channels.

4.5 Conclusion

In this chapter, three new practically implementable algorithms have been proposed
to determine the integration interval in the auto-correlation receiver for the TRPC
system. Among them, the threshold-crossing method has the lowest complexity but
inferior performance, and requires a long training length and relatively high sampling
rate. The BER minimization based method has the best BER performance and
the lowest requirement on sampling rate and training length but requires a two-
dimensional search for the optimal interval. The hybrid method has been shown
to yield similar performance to the BER minimization based method in most cases,
with much reduced complexity. It is therefore a suitable candidate for a majority of

applications.
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Figure 4.1: Auto-correlation of the received signal.
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Figure 4.2: BER performance of threshold-crossing method in CM1 channels, with N; =
10, N2 =10 and A = 2 ns.
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Figure 4.3: BER performance in CM1 channels, with N; = 10, No = 10 and A = 2 ns.
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Figure 4.4: BER performance in CM8 channels, with N; = 10, N = 10 and A = 2 ns.
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Figure 4.5: The effect of bin width on the BER performance of different integration
interval determination methods in CM1 channels, with N; = 10 and Ny = 40.
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Figure 4.6: The effect of bin width on the BER performance of different integration
interval determination methods in CMS8 channels, with N; = 10 and N; = 40.
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Figure 4.7: Impact of the training length on the threshold-crossing and BER minimization
based method in CM1 channels, with A = 2 ns.
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Figure 4.8: Impact of the training length on the threshold-crossing and BER minimization
based method in CMS8 channels, with A = 2 ns.
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Figure 4.9: Impact of the training length on the hybrid method in CM1 and CMS8 channels,
with A =2 ns.
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Chapter 5

Adaptive Threshold in Transmitted

Reference Pulse Cluster System

5.1 Background

When a Gaussian decision variable D has distinct means mg and m;, and equal
variance conditional on the equiprobable signal sy(¢) and s;(t) transmitted, the op-
timal decision threshold, following the well known communication theory, is then
given by & = ﬂﬂ;—”‘l In conventional bipolar systems over additive white Gaussian
noise (AWGN) channels, since two signal points are designed to be antipodal, i. e.,
my = —my, the optimal threshold is zero. This zero threshold criterion is based
on the maximum likelihood (ML) criterion and was adopted in our BPSK detection
method for TRPC over UWB channels in Chapter 3.

However, the simulation results of TRPC in Chapter 3 showed a clear disparity
in the conditional BER performance when transmitting different bits (“+1” or “17”).

The reason for this asymmetric performance is due to the presence of IPI in the

TRPC structure, which makes the two decision variables for bits “+1” and “-1” have
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asymmetric mean values with respect to 0. Since myq is no longer the opposite of
m;, choosing zero as the decision threshold might not be optimal. This characteristic
motivates us to modify the decision threshold and further improve the performance
of the TR pulse cluster system.

The rest of the chapter is organized as follows: Section 5.2 reviews the system
model of the TRPC system, analyzes the decision variable, and derives the optimal
threshold determination mechanism. Then an adaptive threshold scheme is proposed
in Section 5.3. Section 5.4 provides with the simulation results and finally the chapter

is concluded in Section 5.5.

5.2 System Model and Decision Variable Expectation

Recall from Chapter 3, the TR pulse cluster system has two types of modulated

pulse clusters:

Ns—1

> gt — 20Ta) + g(t — (2 + 1)T)]

o

sa(t) = > [g(t —2iTy) — g(t — (2i + 1)T)), (5.1)

=0

s+1(t)

where s.;(t) represents the pulse cluster transmitting bit “+1”, s_;(¢) is the pulse
cluster transmitting “-1”. After the two pulse clusters go through the multipath

channel h(t), defined as h(t) = kK;Ol a;6(t — 73), the the noiseless and inter-symbol
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interference (ISI) free received structure are

g+1(8) = Z as+1(t — 7x)

k=0

K-1
=) ops_a(t — %) (5.2)
k=0

After the transmitted signal goes through the UWB channel h(t Z a0 (t—Tp),

the received signal is

K-1 '
ars(t — ) +n(t) = Z @, (t — mT5) +n(t) (5.3)

k=0 m—-—oo

The decision variable of the m-th bit in the TR pulse cluster system is given by

te+mTs Eb te
D= [ rtn - T = 52 [T 006,60~ Todt+ NG 6.
t fJty

p+mTs

where N (t) is the summation of the signal-noise cross terms and the noise-noise
term. It can be approximated as a Gaussian variable with zero mean. Defining
{bm) = f_+°° Sty (£)Sb,,, (t + T)dt and Rye(7) = [ g(t)g(t + 7)dt, similar to the

derivation in eq. (3.9) we have

E te K—-1K-1
ﬁ / Qo ()65, (t — Tu)dt = [R"’m> T)En+ ) Y i RE™ (T — 7+ )]

to =0 k=0

k#l

where

R (T4) = bmRgg(0)(2N5 — 1), (5.6)
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Therefore,
K—1K-1
E
ERe{Dn}] = 2]\? {bm(2N; — 1)EnReq(0) + Re[Y | Y~ cuai RS (ITu — i + )]}
=0 I,%;O
(5.7)
Defining
1
A= BBy 0)(1 - 53
and
K-1K-1
By, = >~Re[ > > aafRE™(|Ty — m+ 7)),
1=0 k=0
k#l

the expectation of the decision variable for transmitting data b, in (5.7) is written
as

mp(bm) = E[Re{Dpn}] = bnA + B,,,. (5.8)

Eq. (5.8) shows the expectation of the decision variable consists of two parts: the
first term b,, A is in linear proportion to the transmitted data b,,; the second term
B, involves the data b,,, the pulse shape and the multipath channel and not nec-
essarily has a clean linear relation with b,,., i.e., B;; # B_;. Due to this non-linear
factor, the ultimate decision variable pair mp(+1) is not equal to —mp(—1), and the
optimal threshold is non-zero. If we still apply 0 as the decision threshold following
conventional bipolar systems, the bit resulting in larger [mp| will have less error rate
than the other bit. For a given channel realization, either “+1” or “-1” will dominate
the error occurrence. To ensure that two data bits would be 'treated’ equally so that

the same error probability will be obtained in the end, from the maximum likelihood
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criterion, the optimal threshold leading to the minimum average BER is given by

€= 5 mo(+1) + mp(~1)] = 3{A+ Bu — A+ B} = 2{Bu+ B} (59)

Since B, is a complicated term involving data, pulse shape and channel condition,
the optimal threshold is channel dependent and therefore should be adaptively ad-

justed to the channel condition.

5.3 The Adaptive Threshold Scheme

In this section, a simple algorithm is developed to determine the optimal threshold
for the TR pulse cluster system. Following (5.4), the optimal threshold is computed
by

1 Ey, [t
Eoptm = 5 [mp(+1) +mp(-1)] = be / Re{q.1 ()¢}, (t—Ta)dt+q-1(t)q", (t—T) }at
ty
(5.10)
Following exactly the same simplification methodology as in (4.13), the expression of

Eoptm can be simplified as

G = a¢ || Relan®diut =T + 4 (0ats (¢~ T
b

= ZET';Re{ /t ) y(t)y* (t — Ty)dt + / ) y(t — To)y*(t — 2Ty)dt}. (5.11)

ty

The integration interval [tp, t.] set is determined the same way as in Chapter 3, where
ty =Ty + Ty, te = Tq+ (2Ny — 1)Ty + Ty, and [T}, Th] as the beginning and end
paths of the channel with magnitude larger than a fraction of the channel maximum

magnitude. Depending on the channel model, the actual interval obtained by this
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method can vary from hundreds of nanoseconds to microseconds, but always much

larger then T,. Therefore, we can use the approximation

te te+T4 te
/ y(O)y*(t — Ta)dt = / y(t — Ta)y" (¢ — 2Ta)dt ~ / y(t — Ta)y*(t — 2T)dt
t

ity p+Ty tp
(5.12)
and eq. (5.11) can be reduced to
E, te 4
Eoptm = FRC{ y(t)y*(t — Td)}dt (5.13)
f ty

which only involves one signal structure y(¢). This has significantly reduced the
complexity of the optimal threshold expression proposed in (5.10).

To calculate the value of (5.13) for a target channel, there are two options: 1)
estimate y(¢) and then compute [ y(t)y*(t — Ty)dt; 2) estimate [y(t)y*(t — Ty)dt
directly. The first method involves sending training symbols then averaging over the
received waveforms to estimate y(t). This operation requires either a high sampling
rate for digital averaging or symbol long delay lines for analog averaging, and neither
of them is desirable for practical implementation. Therefore the second method is
chosen, i.e., to estimate [ y(t)y*(t — T;)dt directly.

To estimate [ y(t)y*(t—T,)dt, a training sequence containing N half-TRPC pulses

is sent over the multipath channel, with mathematical expression

Nf Z —ITy)). (5.14)
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The received signal is
r(t) = f(t) ® h(t) +n(t) Z (t —IT,) + n(t). (5.15)

Then an integration-and-dump (I&D) device is used to obtain the decision variable
D,, for the m-th training bit. Assuming timing has been acquired for t; and ., we

have

Dy = / T O — Tt (5.16)

mTs+ty

The estimated threshold is obtained by

) 9 N-1
€=Re{5 > Dn}. (5.17)
m=0

From (5.16), we have

mTs+te Eb N-1 E N-1
B, = / {32 St —IT) +n(OH Zy (t —IT, — Tg) +n*(t — Ty)}dt
f =0

mT s+t

= /{ ﬁy(m n(t +mTa)H E oV ¢~ Ta) +o(t+mls— To)jdt

_ 2%,: /:,, @)y (t = Ta)dt + Non(t)

where Np,(t) (m = 0,1, ..., N —1) all have approximately zero mean. The estimation

given by (5.17) is unbiased since from (5.18), we have

N-1 te
E[Re{% S D} = Re{% / YO (t - TdE} = eopm: (5.19)
m=0 th

(5.18)
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Since the optimal threshold is channel dependent, such a training and threshold
estimation procedure should be performed regularly to track the changes in channel

condition so that the threshold adapts to different channels.

5.4 Simulation Results and Discussion

In this section, we present simulation results for the performance of the adaptive
threshold scheme in the TR pulse cluster structure. The system setup is the same
as that of Chapter 3. The channel models chosen for simulation are IEEE 802.15.4a
CM1-CM8 channels. CM1 and CM2 model the residential line-of-sight (LOS) and
non-line-of-sight (NLOS) channels, CM3 and CM4 model the office LOS and NLOS
channels, CM5 and CM6 model the outdoor LOS and NLOS channels, CM7 and
CM8 model the industrial LOS and NLOS channels [21]. In the simulation, ¢, and .
are determined by the method described in Section 5.3. For each channel model, the
final BER is obtained by averaging the BERs of 100 channel realizations. In all the
figures, the solid lines represent the proposed adaptive scheme using the “estimated
threshold” obtained from (5.17), and the dashed lines represent the “old threshold”
0.

Fig. 5.1 shows the BER performance in residential environments. In CM1 chan-
nels, at BER = 107, the adaptive threshold outperforms the “old threshold” by
about 1.6 dB. In CM2 channels, to achieve BER= 1074, the new scheme saves 2.0 dB
compared to the old threshold scheme. Fig. 5.2 presents that at BER= 2.0 x 1074,
around 2.0 dB power is saved by applying the estimated adaptive threshold in both
CM3 and CM4 channels. Fig. 5.3 shows the BER performance in outdoor environ-
ments. Performance gains of over 1.6 dB and 0.5 dB are achieved at BER=10"*
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in CM5 and CM6 channels, respectively. Fig. 5.4 shows that at BER = 10~* in
CM7 and CM8 channels, adaptive threshold outperforms the fixed threshold 0 by
about 3.2 dB and 0.8 dB respectively. In general channels with more severe IPI and
hence asymmetry for bit “+1” and “-1” benefit more substantially from the adaptive
threshold scheme.

Fig. 5.5 shows that at BER = 2.0 x 10~ in CM1 channels, the adaptive threshold
scheme obtained from (5.17) using different training lengths outperforms the old
threshold scheme by 1.1 to 1.5 dB. The performance using ideal threshold computed
by (5.10) is also given for comparison. By increasing the length of the training
sequence from 5 to 15, the performance is improved accordingly. The gain obtained
from using a training sequence longer than 15 is small since the performance of N=15
is already very close to that of the ideal threshold. Comparing Fig. 5.1 and Fig. 5.5,

N = 30 leads to the identical performance to the “ideal threshold”.

5.5 Conclusion

In this chapter, a simple adaptive threshold algorithm designed for the TR pulse
cluster system has been proposed. In the previous TR pulse cluster system, the
conditional bit error rates of “+1” and “-1” are distinct and normally one is much
larger than the other. By adopting the adaptive threshold in the detection, the larger
BER for one bit is reduced greatly while the smaller BER for other bit is only slightly
increased. Consequently, the overall performance is largely improved by introducing
this adaptive threshold. Simulation results have shown that the new scheme achieves

more power savings for channels that have strong asymmetry for “+1” and “-1”.
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Figure 5.1: The BER of the TR pulse cluster in residential environments using the new
adaptive threshold method (N=30).
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Figure 5.2: The BER of the TR pulse cluster in office environments using the new adaptive
threshold method (N=30).
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Figure 5.3: The BER of the TR pulse cluster in outdoor environments using the new

adaptive threshold method (N=30).
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Figure 5.4: The BER of the TR pulse cluster in industrial environments using the new

adaptive threshold method (N=30).
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Figure 5.5: The BER of the TR pulse cluster in CM1 using estimated threshold with
different training lengths.
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Chapter 6

Conclusion and Future Work

6.1 Conclusions

Ultra-wideband is a fast burgeoning technology with inviting features in wireless
communications. Compared to narrow-band technologies, UWB has greater channel
resolution capacity thanks to its extremely narrow pulses. While the same time
as those pulses make the accurate localization possible in the UWB world, they
also pose a tremendous challenge on the receiver design, particularly on the channel
estimation. Although the transmitted reference technique overcomes the tedious
channel estimation by using reference pulses, the required long analog delay lines
make the implementation difficult and costly. In this thesis a novel transmitting
pattern named transmitted reference pulse cluster has been proposed for low data rate
UWB communication, which allows a simple and robust receiver to be implemented,
with symbol rate sampling and short delay lines. A

Unlike conventional TR systems that use pulse pairs, the TRPC structure trans-
mits a cluster of evenly spaced pulses. The pulses at even positions must have the

same polarity, so do the pulses at the odd positions. The relative polarity between
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even and odd positions carries information. This makes TRPC unique because all the
pulses are closely packed and evenly distributed. The closely positioned pulse pairs
means shorter analog delay lines at the receiver end and makes the implementation
easier. The evenly distributed pulse clusters, with the delay-and-multiply detection
mechanism, successfully compensate the 3 dB loss from the reference pulses and helps
TRPC achieve superior performance over existing techniques, including non-coherent
PPM with energy detection, conventional TR, and frequency shifted reference sys-
tems in multipath UWB channels.

The integration interval determination for the TRPC system has been studied
in Chapter 4. Three new practically implementable algorithms have been proposed.
Among them, the threshold-crossing method has the lowest complexity but inferior
performance, and requires a long training length and relatively high sampling rate.
The BER minimization based method has the best BER performance and the lowest
requirement on sampling rate and training length but requires a two-dimensional
search for the optimal interval. The hybrid method yielded similar performance to
the BER minimization based method in most cases, with much reduced complexity.

By nature, TRPC is not inter-pulse interference free because of the closely placed
pulses. Apart from limited performance drop because of that, the TRPC also exhibits
a uniquely unbalanced conditional bit error rate, i. e., the error rate of “+1” and “1”
are distinct and normally one is much larger than the other. In Chapter 5, an adaptive
threshold methodology has been introduced. Instead of using absolute zero as the
detection threshold, an adaptive threshold is applied, which greatly decreases the
BER for one bit and only slightly increases the BER for the other bit. Consequently,

the overall performance is significantly improved, and can achieve more power savings
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for channels that have strong asymmetry for “+1” and “-1”.

6.2 Future Work

The system model of TRPC system and a series of methodologies are proposed for
its performance optimization.

1. The work of this thesis is based on single user case. In real systems, multiple
users can exist simultaneously to share the same bandwidth and inevitably interfere
with each other. The TRPC communication system with multiple access in both up-
streaming and downstreaming transmission becomes an interesting topic. The most
straightforward approach for multiple-user TRPC is time division multiple access.

2. Chapter 5 is based on the regular threshold-crossing technique and Chapter 4
used absolute zero as the detection threshold. If the receiver can apply the adaptive
threshold to the optimal integration interval, the system performance can be further
improved. Further study could focus on combining the two techniques in the TRPC

system.
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Appendix A

Derivation of noise-noise product in

eq.(4.5)

In this appendix, we derive the approximation arrived for the variance of the noise-

noise product term in the decision variable in eq.(4.5).

Ptpt) = —E{ / / n*(t — Ta)n* (w)n(u — Ty)dtdu}
= / / E{n(t)n*(t — Ty)n" (u)n(u — Ty) }dtdu (A1)

As the noise random process is complex Gaussian, and recalling from the previous

definition R,(7) = E{n*(u)n(u + 7)} = NoRs(7), we have

E{n(t)n*(t — Ta)n*(u)n(u — Ta)}
= E{n()n*(t — T)}E{n" (w)n(u — To)} + E{n(t)n* (u)}E{n" (t — Ta)n(u — Tu)}
+E{n(t)n(u — Ty) }E{n*(t — Ty)n*(u)}

= NZRuy(Ta)Tor (~T) + NZRur(t — w)Tip(u — t) ~ NZRZ(t — ) (A2)
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As mathematically Ry, (7) = Bsine(B7), we can see when B assumes a large value,
R:-(7) becomes more peaky and thus has a very small non-zero support region, i.e.,
Ry (7) = Bsinc(B7) ~ 0 when |7| > T,. Therefore, combining eq. (A.1) and (A.2),

there is

u+Tp
oa(ts,te) = / / NZRZ( t—u)dtdu~—/ / R2 (t — u)dtdu
ty

B[ reteririo= - [ v an

Q



Appendix B

Derivation of signal-noise product in

eq.(4.6)

In this appendix, we derive the approximation arrived for the variance of the noise-
noise product term in the decision variable in eq.(4.6).

For notational brevity, we use ¢(t), b, 03;(b) to replace g,,(t), bm, 0% (ts, te|bm)
respectively in this appendix. Since Ry,(7) = Bsinc(B7), where B/2 is the bandwidth

of the transmitted UWB pulse cluster, we have

/t / qt)q* (t')Rer(t' — t)dtdt = / / q*(t')q(t)Bsinc(B(t' — t))dtdt’

te ple e]"rB(t’ t) _ —J-B(t’ —t) B/2 amf(—t) ’
- / / q*(t"q(t) 27— D) dtdt’ = / / q*(t")q(t) e’"f( Vdf dtdt
ty

= / *(t) / o /t () E =D gtdfdt’ ~ /t q*(t) B2Q(f)e32”f"dfdt’

B/2 —B/2

- / “(t)g(t')dt = / g2 (8))dt (B.1)

where Q(f) = [ q(t)e=7>"/'dt. The approximation in (B.1) is justified as the inter-
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val [t, t.] covers the majority of the channel energy. Applying similar approximation,

033(b) in (4.4) is approximated as

EyN, [* EyNy [t EyNy [
o2 (b) s =29 2tdt+b°/ AT, dt+”°/ Re{q"(t)q(t—2T})}dt
o)~ T ekt [ iee-Tala 5t [ Rela’ (ae-2T)
(B.2)
where g(t) can be expressed as
K—-1Nj-1
q(t) = Z Z ailgr(t — Tk — 2iTq) + b - gr(t — 7 — 20Ty — Ty))
k=0 i=
= y(t)+b-y(t —Tu). (B.3)

Since Ty is very small compared to the integration length (., —t;) and the integration
interval [ts, t.] covers the majority of the channel energy, we can use the following three
approximations: f (t)|?dt ~ f lg(t—T;)|?dt, f ly(t)|?dt ~ f ly(t—Ty)|?dt, and
ft“ Re{y(t) - y*(t — 2Ty)}dt ~ ft “Re{y(t — Ta) - y*(t — 3Ty) }dt. Moreover, we have

K- 11\f -1 FC— 1Nf 1
(t) y t—2Td Z Z QkGr t—Tk —2sz) a{gr(t—‘rz —2(J+ l)Td)
k=0 i=0 =0 j=0
K= 1Nf —1
= [z D gt — 7 — 20Ty) + Z angr(t — Tk)]
k=0 i=1
K-1Nj-2 K-1
[Z D aigt—n =20+ DT+ Y afg.(t —n — 2N;Ty)
=0 j=0 k=0
K—1Ng-1
= Z Z akgr(t — T — 2sz) +7 (B.4)
k=0 i=1

where |Re{n}| < IZ,I::_OI N7 aygy(t — 7 — 2iTy)|? is awalys satisfied. Therefore,

=1

Re{y(t) - y*(t — 2T,)} > 0. Since the major part of the UWB pulse g,(t) is limited
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in the Ty-width range, it is obvious that z(t — 2iT,) and z(t — (2§ + 1)T,) are quasi-
orthogonal pairs for i, j = 0,1,2, - --. Therefore, Re{f: y*(t—2iTy)y(t—(2j+1)T,)dt}
should be small and approx{mately equal for different i and j’s. Hence, there is
Jur Re{y* (t — Tu)y(t — 2Tu)}dt ~ [* Re{y*(t)y(t — 3Ta)}dt.

Based on the above discussions, (B.2) can be further approximated as

ﬁﬁ“[ /u, é lq(t)dt + /t,, eRe{q*(t)q(t—2Td)}]dt (B.5)

033(b) ~

where

[ty = / "at) - g (t)dt

ty ty
te

= [y(t) +b-y(t — To)] - [y*(t) + b-y*(t — Ty)]dt

iy

Uy ®P + y(t — To)Pldt +b-2- / “Refy(t) - y"(t — Ty)}dt

ty

IN

1

te
2 f Iy (6)[2dt + 20€;, (B.6)
tp

Q
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and

/ " Re{q* (t)a(t — 2T}t
_ / Re{[y"(t) +b-y"(t — T)] - [y(t — 2Ts) +b- y(t — 3Ty)]}dt
= / Re{y"(8)y(t — 2Ta) +y"(t — Ta)y(t — 3Tu) }dt

+ / Re{y"(t — Ta)y(t — 2Ts) + y*(e)y(t — 3Ts)}dt

te

~ 2 [ Re{y"(t)y(t — 2T,)}dt +2b / - Re{y*(t — Ty)y(t — 2T,)}dt

ty

S

v~

|b>

2

. / - Re{y*(t)y(t — 2Ty }dt + 2b6,. (B.7)

In addition,

[ Retatta"¢ - T3

- [ ) Re{[y(t) + b-y(t — To)] - [y"(t — Ta) + b - y*(t — 2Ty)]}dt

- / Re{y()y*(t — T) + y(t — Tay" (¢ — 2T}t

~ >

=€1 +&2

+ b [yt - TP + Refy @t - 27 e

= [ - Tpae+ / " Re{y* (t)y(t — 2T)}dt + b(& + &)

ty ty

~ / )Pt + / "Re{y* (O)y(t — 2T1)}dt + b(E: + &). (B3)
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According to (B.6)-(B.8), we have

[ P+ [ Refa@ate - 2yt ~ 2

[ Retattar¢ - Ty, ®9)

Finally, (B.5) can be approximated as

Ey N,
a®)~ e[ [ lawPar+ [ Rete (t)q(t—m)}]dt
EbNo 2‘ f Re{q(t)q" (t—Td)}dt|—2No Nfl Re{q) (t — Ty)}dt
ty
= 2Noﬂ(tb,te|bm)~ (B.10)
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