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ABSTRACT

In this thesis, single carrier block transmission with frequency-domain equalization
(SC-FDE) is proposed as an alternative physical layer solution for IEEE 802.15.3a Ultra-
wideband (UWB) communications to meet the high data rate and low complexity
requirement. The performance of SC-FDE over UWB channels are analyzed, simulated
and compared to that of the two currently existing physical layer solutions: the single
carrier UWB using the direct-sequence (DS) technology and the multiband UWB
utilizing the orthogonal frequency division complexing (OFDM). We show the
superiority of SC-FDE over both IR-UWB and OFDM-UWB, especially when
implementation issues such as low complexity and low power consumption are taken into
consideration. Based on the proposed SC-FDE UWB, novel schemes are carried out to
address the physical layer design issues. A low complexity frequency-domain channel
estimation scheme is proposed. A novel time division multiple access (TDMA) scheme is
proposed for high-speed SC-FDE UWRB to address the multiple access issue. Furthermore,
a novel transmitter pulse shaping design method is proposed to fit the FCC mask and
introduce spectral nulls at the interference frequency band to limit the narrow band
interference (NBI). In addition, the effects of imperfect channel estimation, carrier
frequency offset (CFO) and sampling timing offset (STO) on the performance of SC-FDE

over UWB channels are also investigated.
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Chapter 1

Introduction

Ultra-wideband (UWB) is a promising radio technology owing to its potential to provide
very high data rate transmission with low power and low implementation complexity. Orig-
inated as a baseband, carrier free technology, UWB has mainly been used in the inter-
cept and detection for military and government communication systems for the past two
decades. In February 2002, the Federal Communications Committee (FCC) approved the
marketing and operation of UWB devices by granting the unlicensed 3.1-10.6 GHz spec-
trum to UWB communications [1]. Designed for short-range Wireless Personal Area Net-
works (WPAN) to complement the other longer range radio technologies such as Wi-Fi,
WiMAX, and cellular wide area communications, UWB becomes the leading technology
that brings the convenience and mobility of wireless communications to high-speed con-

nections in devices throughout homes and offices.

1.1 Background of UWB Communications

FCC defines UWB as the communication system with a fractional bandwidth equal to or
great than 20% of the center frequency, or a -10 dB bandwidth in excess of 500 MHz
[1]. Having allocated up to 7.5 GHz bandwidth to UWB devices, FCC also restricted the
transmission power spectrum density (PSD) of a UWB device to an extremely low level

of -41.3 dBm/MHz, in order to protect the existing narrowband and wideband devices
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from the interference that UWB might cause due to the overlay of the UWB spectrum [1].
Targeting at very high data rate transmission (110 Mbps at a distance of 10 meters and up
to 480 Mbps at a distance of 2 meters), UWB is initially designed as a carrier-free baseband
system, where data is transmitted through a train of narrow pulses. Each pulse is of very
short duration and covers an extremely wide spectrum bandwidth, resulting in a highly
dispersive communication environment with strong frequency selectivity. To represent the
typical realistic indoor and outdoor UWB environment, four channel models (CM) have
been proposed by the IEEE 802.15.3a Working Group [2], with their root mean square
(RMS) delays ranging from around 5 ns to 25 ns and the maximum delay spread from 30
ns to 120 ns for CM1 to CM4, respectively.

The large bandwidth, high data rate and low complexity advantage of the UWB system
has made it a promising candidate in industrial and commerical applications such as medi-
cal imaging, ranging, construction applications and high-speed home or office networking.
For example, using the UWB technology will enable a medical imaging system to “see” or
operate inside the body of a person, which may be used in a variety of health applications.
Moreover, consumers can wirelessly and rapidly share photos, music, video and voice data
among their networked PCs, mobile phones and consumer electronics such as DVD player
and personal video recorder, enabling the possible removal of all the wires to the printer,
scanner, mass storage devices and video cameras located in the home office [3].

The potential high data rate and low complexity property of a UWB system, on the
other hand, also makes the transceiver design for UWB vastly different from that of the
conventional narrowband and wideband systems. Data transmission and detection issues
that have been well addressed in the traditional narrowband and wideband communications
may become impractical or inferior in the world of UWB, leading to a number of system
design challenges for UWB communications. For example, the large number of multipath
components which could be more than 100 in typical UWB channels will preclude the im-
plementation of the rake receiver structure where using enough rake fingers to capture all

the multipath energy becomes unrealistic, especially in the non line-of-sight (NLOS) chan-
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nel conditions. Moreover, in a typical UWB environment where channel can spread more
than 30-100 symbol durations, severe inter-symbol interference (ISI) will be introduced,
thus making equalization a major issue in UWB receiver design [4]. Additionally, sys-
tem design issues such as channel estimation, multiple access and timing synchronization
scheme in a UWB system will become more involved than in conventional narrowband and

wideband systems.

1.2 DS-UWB vs. OFDM-UWB

Solutions targeting at addressing the physical layer design challenges in UWB systems
have been presented in many research literature and standardization documents. In particu-
lar, two data transmission and detection schemes have been proposed to the IEEE 802.15.3a
Working Group as the potential physical layer solution, i.e., the single carrier (SC) UWB
using direct sequence (DS) spread spectrum technology introduced by XtremeSpectrum [5]
and the multiband orthogonal frequency division multiplexing (OFDM) technology sup-
ported by the Multiband OFDM Alliance (MBOA) [6].

Ever since the two physical layer protocols were proposed, there have been numerous
debates on the superiority of each other in terms of performance and implementation com-
plexity [7]. DS-UWB is known to have strengths in the simple transmitter design where
the baseband transmission frees the utilization of the modulator. However, when rake struc-
tures and time-domain equalization are utilized at the receiver as in most of the previous
literature [5], [8], DS-UWB suffers from high complexity implementations where the large
number of rake fingers and time-domain equalizer taps have to be employed to achieve a
reasonable system performance. On the other hand, OFDM-UWRB is gaining increasing
research interest [9], [10] due to its simple receiver structure where a one-tap frequency-
domain equalizer is sufficient to combat the multipath components. However, the inherent
high peak-to-average-power ratio (PAPR) issue at an OFDM transmitter has become a se-

rious issue when low power consumption in a UWB system is required.
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Although the superiorities of both DS-UWB and OFDM-UWB have been well proven,
neither side was able to gain the required 75 percent majority needed for confirmation in
the standardization due to their respective shortcomings in system complexity and power
consumption. In January 2006, while the stalemate in UWB standardization continued,
the IEEE 802.15.3a Working Group decided to disband itself and leave the decision to the
market. Various forms of UWB transmission and detection techniques are now allowed to

coexist, thus providing opportunity for new UWB transceiver design schemes.

1.3 Single Carrier Block Transmission with Frequency-
Domain Equalization

Single carrier block transmission with frequency-domain equalization (SC-FDE) is another
physical layer transmission and detection technology that has been widely discussed in con-
ventional narrowband and wideband systems. As in OFDM, SC-FDE inserts and removes
cyclic prefix (CP) at the transmitter and receiver to convert the channel linear convolution
into a circular convolution and make it sufficient for a one tap frequency-domain equalizer
to cover the channel multipath components. However, unlike OFDM where the frequency-
domain signals are converted into time domain at the transmitter, SC-FDE performs the
inverse Fast Fourier Transform (IFFT) at the receiver, thus circumventing the high PAPR
issue of an OFDM transmitter.

The comparisons in performance and implementation complexity between OFDM and
SC-FDE were widely discussed in conventional narrowband and wideband systems [11-
15], where both systems yield close performance with similar implementation complexity.
However, the advantages of SC-FDE over OFDM become obvious when it comes to UWB
communications where power consumption is a critical concern. Moreover, SC-FDE al-
lows a much simpler receiver structure and possibly lower sampling rate than DS-UWB,

where the high sampling rate analog-to-digital converter (ADC) might be too costly, if pos-
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sible, for the current CMOS technology. Despite the many favorable properties suitable for
high speed, low-cost and low-power transmission, SC-FDE has rarely been investigated for
UWB communications.

In this thesis, we propose SC-FDE as an alternative physical layer solution for UWB
communications and present a comprehensive investigation of the SC-FDE system over
IEEE 802.15.3a UWB channels. We first study the performance of the proposed SC-FDE
UWB communications and compare that with single user OFDM-UWB and single carrier
impulse radio (IR) UWB using time-domain equalization and rake reception. We demon-
strate the superiority of SC-FDE over UWB communications in terms of performance and
implementation complexity over both IR-UWB and OFDM-UWB. The effects of system
design parameters such as Fast Fourier Transform (FFT) size and CP length on the per-
formance of the SC-FDE system are also investigated. This completes the basic system
design. Based on the SC-FDE system model studied above, we propose novel schemes to
address the channel estimation and multiple access problems for SC-FDE UWB. Further
research includes the transmitted signal design to fit the FCC mask and introduce spectral
nulls to limit narrowband interference (NBI) in UWB communications. Moreover, the ef-
fects of channel estimation errors, carrier frequency offset and sampling timing offset on

the performance of SC-FDE UWB are also investigated.

1.4 Thesis Outline

The thesis is organized as follows.

Chapter 2 describes the SC-FDE system model and proposes SC-FDE as an alterna-
tive physical layer solution for IEEE 802.15.3a UWB communications. The performance
of SC-FDE over IEEE 802.15.3a UWB channel models is analyzed, simulated and com-
pared with that of OFDM-UWB and IR-UWB using time domain equalization and rake
reception. The impact of channel coding on the performance of SC-FDE and OFDM in

UWSB is also studied and compared. Our results demonstrate performance advantage of the
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SC-FDE system, especially when implementation issues such as low complexity and low
power consumption for UWB are taken into account. The performance of SC-FDE with
oversampling diversity combining is also investigated.

Chapter 3 addresses the channel estimation problem for SC-FDE system over IEEE
802.15.3a UWB channels. A lower bound of the mean-squared error (MSE) value for
the frequency-domain linear minimum-mean-squared-error (LMMSE) channel estimator
is derived and the optimal pilot sequence that achieves this lower bound is obtained. Fur-
ther simplification leads to reduced computational complexity. Our results show that the
proposed low complexity estimator performs well under UWB channels CM1-CM4 with
performance degradation less than 1 dB compared to perfect channel estimation.

Chapter 4 proposes a time division multiple access (TDMA) scheme for the BPSK
modulated SC-FDE over IEEE 802.15.3a UWB channels. The transmitter and receiver
matrices for the proposed TDMA SC-FDE system are derived to achieve the multiple ac-
cess interference (MAI) free and inter-block interference (IBI) free transmission without
the insertion of CP between blocks, thus avoiding long CP and large FFT size in high
speed UWB communications. The performance of the proposed TDMA SC-FDE system
over UWB channels is investigated and compared with that of the block spreading CDMA
scheme. The impact of oversampling diversity and imperfect channel estimation on the
performance of the proposed system are also investigated. Results show that the proposed
TDMA scheme can effectively eliminate the error floor in CDMA due to insufficient CP,
and it is more efficient to accommodate larger number of users than CDMA in high data
rate transmission.

Chapter 5 investigates spectrum shaping in UWB communications in order to intro-
duce spectral nulls to limit interference with narrowband signals. Each transmitted symbol
is represented by a * coded Gaussian monocycle pulse™ in which Gaussian monocycles
are weighted, delayed and summed in accordance with a designed codeword. The use of
the Gaussian monocycle ensures that the UWB spectrum mask established by the FCC is

met, and the codeword is designed to generate a spectral null at the frequency or frequen-
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cies being used by existing narrowband devices. Signals obtained with different spectrum
shapings (e.g., Butterworth, Chebyshev, elliptical) and by introducing nulls at multiple in-
terference frequency bands are discussed. This approach can be used in various systems; as
one application, we simulate the performance of a coded monocycle UWB system with a
spectral null in the presence of NBI using SC-FDE, and compare its performance with that
of an uncoded SC-FDE UWB system using a single Gaussian monocycle. Our results show
that NBI can be effectively suppressed by transmitting and matched filtering the pulse with
a spectral null at the interference frequency, therefore improving the robustness of UWB
systems to NBL

Chapter 6 investigated the performance of SC-FDE over UWB communications with
channel estimation error. The probability density functions (PDF) of the frequency-domain
MMSE equalizer taps are derived in closed form. The error probabilities of single carrier
block transmission with frequency-domain MMSE equalization under imperfect channel
estimation are presented and evaluated numerically. Compared with the simulation results,
our semi-analytical analysis yields fairly accurate bit error rate (BER), thus validating the
use of the Gaussian approximation method in the performance analysis of the SC-FDE
system with channel estimation error.

Chapter 7 investigates the effect of carrier frequency offset (CFO) and sampling timing
offset (STO) on the performance of SC-FDE over UWB channels. Signal-to-interference-
plus-noise ratio (SINR) of SC-FDE UWRB in the presence of CFO is analyzed and compared
with that of OFDM. We also study the effect of a constant STO on the performance of SC-
FDE. Two forms of STO are considered, i.e., a shifted sampling timing point other than
the optimal timing point and a distorted sampling rate other than the symbol rate. Our
results show that the performance of SC-FDE is rather channel dependent when sampling
at a non-optimal time instant within one symbol duration, and the energy of the sampled
equivalent channel at the sampling point determines its BER performance. Moreover, an
SC-FDE system is fairly sensitive to a distorted sampling rate at the receiver, where severe

performance degradation can occur due to the mismatched sampling rate at the transmitter



1.5 Contributions 8

and receiver. The BER performance of SC-FDE in the presence of a constant STO is
simulated and compared with that of OFDM-UWB. Moreover, timing jitter that is modeled
as a uniformly distributed random timing error, is also simulated for SC-FDE and OFDM
over UWB channels.

Chapter 8 concludes the thesis and proposes future work.

1.5 Contributions

The primary contribution of this thesis is to study the performance and transceiver design
of SC-FDE over UWB communication channels, which could possibly be a better option
for the high data rate, low complexity IEEE 802.15.3a UWB systems.

In addition to the system study, we investigated the channel estimation, multiple access
and pulse shaping design for SC-FDE UWB. We also did performance analysis of SC-
FDE UWB with channel estimation errors and carrier frequency offset and sampling timing
offset.

Based on these work, 6 journal papers are published, to appear, or submitted. We also

have 6 conference papers published and one patent filed.

1.6 Notation

Notation: Bold upper case and lower case letters denote matrices and column vectors,
respectively; ()7, (-) and (-) ! denote matrix transpose, Hermitian transpose and matrix
inverse respectively. We use My for the set of N by N matrices and Iy for an N x N identity
matrix. Moreover, (-);; denotes the (i, j)-th entry of a matrix, Tr{-} denotes the trace of
an N x N matrix, det(-) denotes the determinant of a matrix and (-)* denotes the complex
conjugate. Furthermore, E denotes expectation, ® stands for Kronecker’s product, Re{-}

denotes the real part and sgn(-) is the element-wise algebraic sign function.



Chapter 2

Cyclic Prefixed Single Carrier
Transmission in Ultra-wideband

Communications

2.1 SC-FDE System Model and Performance Analysis

We consider the cyclic prefixed single carrier block transmission with frequency-domain
equalization over UWB channels. The system model of an SC-FDE system over UWB
channels is illustrated in Fig. 2.1, where a block of signals x = [xp,x},--- ,x,\;_l]T is trans-
mitted with block length N. CP is inserted between blocks to eliminate IBI. As long as the
CP duration is longer than that of the channel impulse response, IBI effects can be ignored.
The same block can be transmitted more than once to increase the received signal to noise
ratio (SNR) or one symbol in a block can be repeated several times.

Suppose that the equivalent symbol spaced channel impulse response is of order L with
taps h = [1(0),---,h(L—1)]". Assuming timing is acquired, the received signal y after

removing CP can be expressed in a matrix form as [16]
y=Hx+n (2.1

where H is the circulant Toeplitz matrix with the first column being h zero padded to length

N [16]. Each element in the noise vector n is a real Gaussian random variable (RV) with
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Figure 2.1. SC-FDE System Model

variance % where Nj is the one-sided noise power spectral density. At the receiver, after
serial-to-parallel (S/P) transform, the sampled received signal is converted to the frequency
domain by the FFT operator, followed by the frequency-domain MMSE equalization, with

equalizer taps given by [11]
. Hy
|Hi|*+No/(2Ep)

Ce (2.2)

where Ej, is the energy per transmitted bit and Hy = 22':'01 hpe™/ ¥ is the kth attenuation
factor of the channel impulse response. After frequency-domain equalization and IFFT,
signal detection is performed in the time domain. For simplicity and without loss of gener-
ality, we consider BPSK modulation and the decision variable becomes X = sgn(z), where
z is the signal vector after the frequency-domain equalization and IFFT.

Next, we analyze the performance of the BPSK modulated SC-FDE over UWB chan-
nels, based on the assumption that the CP duration is long enough to eliminate IBI. It is

known that the circulant matrix H can be decomposed as [16]
H=F7AF (2.3)

where F is the FFT matrix with Fj;, = V_I—Wexp (—]%) 0<Il.k<N-—1.Moreover, A is a

diagonal matrix with its kth diagonal element being H;. The received time-domain signal
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y is then transformed to the frequency domain as
Y =Fy = AFx+Fn. (2.4)
After equalization and IFFT, the received signal z becomes
z=F?CY = F” CAFx+F"CFn (2.5)

where C is an N x N diagonal matrix with its kth diagonal element as the frequency-domain
equalizer taps Cy, for k =0,1,--- ,N — 1. To analyze bit error rate, we will, without loss
of generality, consider the detection of bit xo. The corresponding zo given by (2.5) can be

expressed as
—1 N—1

0= Z mxo+ Z Z nge —J Ik )X+ 7t (2.6)
where
|Hy |2
s (2.7)
W= TP+ No/ (2E5)
and
| N=1 N-1 5
e N Z Ze_’f*"‘CL)n/ (2.8)
=0 k=0

with n; being the /th element in n, and 7 is the real Gaussian noise after equalization and
IFFT with variance
N—1

O"n_ E[I | Z

The MMSE receiver is not ISI free, where the second term in (2.6) is the interference.

N—1

2 Ce™ m"" (2.9)

Denote §; = NZN ' Nee ~iFFIk_ Tt follows that

]N—]
0== Y MXo+I+7 (2.10)
Nk:()

where I is the residual ISI term and / = ):f/:_ll S;x;. Conditional on 7 and the channel impulse

response h, the probability of error for SC-FDE is given by

N

1
Pymse(elh,7) = Pr(zo > Olxg = —1,h) = 0 (‘2‘3—”‘) @2.11)
n
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where Q(-) is the Gaussian tail function. Using the techniques in [17], the probability of

error unconditioned from 7 can then be obtained as

1 2 Y Texp(—m?w?/2)sin(mwgo
T m=1 m
m odd
N—1
H cos(mwg,)} +o+p (2.12)
=1
where @ = T’I‘ g = M and g; = {”. Also, o and B represent the approximation error

and truncation error. The BER calculated from (2.12) can approach the exact value as ac-
curately as desired by adjusting M and 7;. Alternatively, using the Gaussian approximation

for the residual ISI term 7, we have

N Zao M
\/Ebe ]l |Sl|7+0'-2"

Puymse(elh) = (2.13)

Our calculation using Gaussian approximation in (2.13) for ISI matches (2.12) very well,
in agreement with the Gaussianity of MAI analyzed in [18], [19]. The unconditional prob-
ability of error for SC-FDE is then obtained by averaging over various UWB channel real-

izations of a particular channel model.

2.2 Simulation Results and Discussions

2.2.1 Performance Comparison of SC-FDE, IR-UWB and OFDM-UWB

The performance of the MMSE based SC-FDE over UWB channels is evaluated using the
formulas derived in the previous section and compared with the performance of OFDM-
UWB and IR-UWB employing rake receiver and time-domain MMSE equalization. Sim-
ulation is carried out assuming perfect channel state information (CSI) available at the
receiver, due to the slow time-varying nature of the UWB channel. The UWB channels
used are CM1-CM4 models proposed by the IEEE 802.15.3a Working Group [2], where

the channel RMS delay spread ranges from around 5 ns to 25 ns. In all simulations, the



2.2 Simulation Results and Discussions 13

transmitter pulse shaping filter, the receiver matched filter and one of the 100 channel real-
izations for a particular UWB channel model are convolved and sampled to form 100 differ-
ent equivalent channel realizations over which the BERs are averaged. For fair comparison,
we evaluate the performance of three systems at the same effective system data rate of 400
Mbps. For both SC-FDE and OFDM-UWB, we use a data block length N = 256, CP length
of 64, symbol duration of 2 ns and the root raised cosine (RRC) pulse with roll off factor
of 0.5. For the IR-UWB, the performance is simulated using a 2.5 ns symbol duration with
a 0.5 ns long the second derivative of a Gaussian pulse p(t) = (1 — 47r(t/‘t)2)e_2”(’/r)2,
where 7 = 0.18 ns. The oversampling factor 16 of the 0.5 ns pulse is used to perform
rake reception, where the maximal ratio combining is utilized, with 10 rake fingers for
CM1-CM3 [8] and 20 rake fingers for CM4, and different number of equalizer taps (10
for CM1 and CM2, 20 for CM3 and 30 for CM4). These parameters are chosen as a
performance/complexity tradeoff where the investigated system can yield reasonable per-
formance with comparable (if not favors IR-UWB) complexity. Complexity issues will be
detailed in Section 2.2.4.

Figs. 2.2 and 2.3 show the performance comparison of IR-UWB, OFDM-UWB, and
SC-FDE under UWB channel models CM 1-CM4. It can be observed that SC-FDE substan-
tially outperforms OFDM-UWB for each channel model. The reason lies in the fact that
for single carrier transmission, the energy of an individual bit is distributed over the whole
available frequency spectrum and therefore already enjoys frequency diversity [12]. In
OFDM-UWB, however, the receiver decisions are made independently on each sub-carrier,
the detection of data symbols on the subcarriers with spectral nulls will be unreliable and
dominate the performance degradation [12], which can be compensated by effective coding
schemes as in Section 2.2.2. Comparing the IR-UWB and SC-FDE, an IR-UWB system
with 10 rake fingers and 10 time-domain MMSE equalizer taps outperforms SC-FDE under
CM 1, where the small number of multipaths (10 major paths and maximum 60 resolvable
paths) and the line-of-sight (LOS) channel condition validate the use of rake reception and

eliminates the ISI, while SC-FDE in CM 1 still suffer from the ISI effect. However, the ad-
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vantage of IR-UWB diminishes for CM2-CM4 when the channel condition becomes worse
(i.e., the maximal number of resolvable paths increases to 120-300 for CM2-CM4 with
12-50 major paths for a 0.5 ns pulse) where the number of rake fingers and time domain
equalizer taps are not sufficient to gather enough channel energy or to combat ISI, while the
performance of SC-FDE does not vary much from CM1 and SC-FDE outperforms the IR-
UWRB even though a larger number of time-domain equalizer taps and rake fingers are used
for IR-UWB. For instance, IR-UWB yields inferior performance to SC-FDE even when 20
rake fingers and 30 time-domain equalizer taps are utilized for CM4, as in Fig. 2.2. Increas-
ing the number of rake fingers will lead to improved BER performance, yet at the expense

of high implementation complexity, as will be illustrated in 2.2.4.

2.2.2 Impact of Channel Coding

The convolutional codes of rate R = 1 /3 with generator polynomial go = 133g.g1 = 145g,8> =
175g, and rate R = 1/2 with polynomial go = 133g,g; = 1713 are used as an example to
compare the performance of coded OFDM-UWB and SC-FDE UWB. Both of the rate 1/2
and 1/3 convolutional codes have a constraint length of 7. For simplicity purpose, equal-
ization and decoding are completely separated in the design. The receiver employs Viterbi
algorithm to perform maximum-likelihood decoding of the coded symbol block by block.
For single carrier transmission, the soft-decision metric, or the Euclidean distance between
a block of the received signal and the transmitted data is given by
N-—1
D=|z—x|*= Y, |a—x/ (2.14)
k=0
where z is the equalized signal sequence. The Viterbi decoder then searches through the
trellis to find the maximum likelihood path with the smallest metric and performs decoding
[20].
In the case of coded OFDM, however, channel state information should be included in

the metrics computation to yield a good performance [11]. It is well known that a received
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Figure 2.2. Performance comparison of SC-FDE, OFDM-UWB, and IR-UWB under the
UWB channel CM1 and CM4. IR-UWB uses 10 rake fingers, 10 equalizer taps for CM1
and 20 rake fingers, 30 equalizer taps for CM4.
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Figure 2.3. Performance comparison of SC-FDE, OFDM-UWB, and IR-UWB under the
UWB channel CM2 and CM3. IR-UWB uses 10 rake fingers, 10 equalizer taps for CM2

and 20 equalizer taps for CM3.
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OFDM signal before equalization can be expressed as
Vi = Hypxp +ny (2.15)

where x; is the k-th bit of the transmitted signal in one DFT block, Hy is the k-th DFT
coefficient of channel impulse response h and yy is the k-th received bit of the unequalized

signal. The k-th bit of the equalized sequence z is zx = yr/Hy = x; + Vi, where Vi is the

Gaussian noise with variance G&k = Tziﬁ The log-likelihood function for one transmitted
block can be written as
N-1
InPr(z|x) = InPr(z|xx)
k=0

N—1
= » I

2
1 . (_ |z —xkl*)
k=0 | \/2m0} 207,
& VN N

To maximize the log-likelihood function InPr(z|x) is equivalent to minimizing the second

N—-I1 5 "
Y |Hil? |z — x> (2.16)
k=0

term in (2.16). Denoting CSI; = |H;|? as the channel attenuation parameter for each sub-
carrier, the soft-decision metric in the weighted decoding algorithm can be obtained as
N-1
D'= Y CSLz —xil? (2.17)
k=0
which is in accordance with the results in [11]. The decoder searches the maximum like-
lihood path with the smallest weighted metric through the trellis and performs decoding.
Since unreliable detection due to a severe channel attenuation on a particular subcarrier can
be compensated by the weighted CSI, an improved coding gain for OFDM will be realized
compared to using the Euclidean distance metric (2.14).
Performance comparisons between the coded SC-FDE and OFDM over UWB channels
with different code rates are shown in Figs. 2.4-2.7. It can be observed that both OFDM

and SC-FDE with channel coding achieve a significant performance gain over the uncoded

systems. In the case of a coding rate of 1/3 under CM1 and CM3, the performance of coded
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OFDM-UWSB slightly outperforms coded SC-FDE (approximately 1 dB for CM1 and 0.5
dB for CM3 at 107>), while perfect channel state information is assumed in the decoding
metric of OFDM-UWB. The gap between coded SC-FDE and OFDM-UWB diminishes
when the code rate increases to 1/2, where the performance of SC-FDE is slightly better
than OFDM at high SNRs. Since unreliable detection due to a severe channel attenuation
on a particular subcarrier can be compensated by the weighted CSI, an improved coding

gain for OFDM will be realized.

=—F— SC-FDE, CM1, coded-1/3
: = = = OFDM-UWB, CM1, uncoded |
;| = @ = OFDM-UWB, CM1, coded-1/3|:

BER
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Figure 2.4. Performance of coded OFDM and SC-FDE under the UWB channel CM1 with
code rate 1/3, FFT size of 256, CP length of 64.
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Figure 2.5. Performance of coded OFDM and SC-FDE under the UWB channel CM3 with

code rate 1/3, FFT size of 256, CP length of 64.

2.2.3 Impact of CP length and FFT size

The results for SC-FDE and OFDM presented so far are based on the FFT size of 256 and
CP length of 64, achieving a system data rate of 400 Mbps. Our study shows that the same
error performance can be obtained by employing a 128 point FFT with 32 CP for UWB
channels CM1 and CM2 at data rates up to 400 Mbps. For channel models with larger
delay spread, as in CM3 and CM4, an FFT size of 128 and CP length of 32 is only suffi-
cient to achieve a system data rate of 200 Mbps. At higher data rates, Figs. 2.8-2.9 show

both OFDM-UWB and SC-FDE suffer performance degradation due to insufficient CP,
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Figure 2.6. Performance of coded OFDM and SC-FDE under the UWB channel CM1 with
code rate 1/2, FFT size of 256, CP length of 64.

with SC-FDE more sensitive to it. The reason lies in the fact that IBI primarily distorts the
time-domain symbols at the beginning of each block. In SC-FDE, since detection is also
performed in the time-domain, a few severely distorted time-domain symbols lead to over-
all substantial performance degradation. In OFDM-UWB, however, detection is performed
in the frequency domain. The energy of the distortion is distributed to all subcarriers by the
subsequent FFT operator, thus making the performance degradation in each subcarrier less
severe. The higher sensitivity of the SC-FDE to the IBI effect, however, can be compen-
sated by effective coding schemes. Utilizing 128 FFT/IFFT and 32 CP in a coded SC-FDE

is sufficient to cover the worst UWB channel models (CM3 and CM4) at high data rates
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Figure 2.7. Performance of coded OFDM and SC-FDE under the UWB channel CM3 with
code rate 1/2, FFT size of 256, CP length of 64.

and yields comparable performance to the coded OFDM-UWB.

2.2.4 Implementation Advantages of SC-FDE UWB over IR-UWB and
OFDM-UWB

Compared to IR-UWB, SC-FDE has a simpler receiver structure and relatively lower power
consumption. To implement L rake fingers in impulse radio, either higher sampling rate
than symbol rate is required, or multiple (L) symbol rate samplers like in [8] are necessary.

As in the simulation for IR-UWB when oversampling is used to perform rake reception,
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Figure 2.8. Performance of OFDM-UWB and SC-FDE under the UWB channel CM3 with
FFT size of 128 and CP length of 32, at system data rate 400 Mbps.

32 GHz sampling rate is utilized to achieve a reasonable performance, which is too costly
(if possible) for current CMOS technology, with severe power consumption issue. On the
other hand, to achieve symbol rate sampling, each finger requires a high speed analog
correlator and an ADC converter. Using more rake fingers to capture multipath energy in-
creases circuit complexity, power dissipation and storage requirement. In addition, a large
number of channel taps and delays has to be estimated. Moreover, severe ISI becomes
the dominant detrimental factor to performance at high SNRs, especially for high data rate
transmission. Substantial number of time-domain equalizer taps required in channels with

large delay spread (e.g., 80 taps for CM4 at data rate of 400 Mbps) increases the com-
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Figure 2.9. Performance of OFDM-UWB and SC-FDE under the UWB channel CM4 with

FFT size of 128 and CP length of 32, at system data rate 400 Mbps.

plexity significantly. Assume that perfect CSI is available at the receiver. For the IR-UWB,
time-domain MMSE equalization involves a K X K matrix inverse to calculate the equalizer
taps, where K is the number of equalizer taps. Cholesky decomposition can be utilized to
perform the matrix inverse at a reduced computational complexity at an order of K 3 multi-
plications [21]. As shown in Fig. 2.2, L = 20 rake fingers and K = 30 equalizer taps used
for CM4 still lead to inferior performance to SC-FDE, although the receiver complexity
is already very high. SC-FDE, however, yields a much lower computational complexity
compared to the IR-UWB. To calculate the frequency-domain equalizer taps, N complex

multiplications are required. The frequency-domain equalization performs FFT/IFFT, at
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complexity of Nlog, N order of multiplications [13]. The overall computational complex-
ity is then Nlog, N of multiplications per symbol, and is independent of the number of
multipaths. Therefore, SC-FDE UWB has a lower implementation and power consumption
than IR-UWB using rake receiver and time-domain equalization in very high speed UWB
communications.

Compared to OFDM-UWB, SC-FDE transmission enables a similar overall complexity
but solves the major implementation issue in OFDM transmitters where high PAPR values
lead to significantly higher radio-frequency (RF) front-end costs and higher power con-
sumption. As a result, SC-FDE makes it possible for a low cost, low power consumption

front end device to be implemented.

2.3 SC-FDE with Diversity Combining

The simulation results in Section 2.2 are based on the assumption that the receiver matched
filter output is sampled once every 7 interval, where 7 is the symbol duration. To further
improve the performance of SC-FDE, diversity combining schemes can be employed by
oversampling the received signal to form multiple branches. Fig. 2.10 shows the block
diagram of the oversampling system which has a similar structure to the SC-FDE with
spatial diversity in [22], while no multiple receiver antennas are required.

The matched filter output is oversampled at time instants k7 +1,,, m =0,1,--- M —
1.k=0,1,--- ,N—1and 0 <1, <T. Assume timing offsets #,,’s are chosen to yield the
best possible performance. Multiple branches of the received signal in one symbol are
hence obtained. After FFT and equalization, the signal is combined in the frequency do-

. _ 1M
mainasu= ;%

; CFy™ and the detection rule for BPSK signals becomes X = sgn(Ffu).
Fig. 2.11 shows the performance of the SC-FDE under UWB channels with 3 branch over-
sampling diversity combining, using an FFT size of 256 and CP length 64. It can be
observed that a 4 dB performance gain is achieved by using the oversampling diversity.

Note that the additional diversity branches obtained through oversampling have decreasing
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Figure 2.10. SC-FDE system with diversity combining

average SNR’s and are not independent and identically distributed (i.i.d). Therefore the
performance gain is less substantial than that having i.i.d branches as in the spatial diver-
sity. Our results also show that using larger number of branches (say 4 branches) in the
oversampling diversity scheme does not yield more performance gain than 3 branches, due

to the correlation among these branches.

2.4 Summary

Cyclic prefixed single carrier block transmission with frequency-domain equalization has
been proposed as an alternative physical layer technology for UWB communications. Per-
formance wise, SC-FDE UWB achieves better performance than OFDM-UWB with no
coding and comparable performance with channel coding at coding rate 1/3 or 1/2, and
it outperforms IR-UWB in a majority of realistic UWB channels. Implementation wise,

SC-FDE does not have the high PAPR issue at an OFDM transmitter and it is more effec-
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tive in collecting multipath energy and combating ISI than IR-UWB, where rake structure
and time-domain equalization become too complex in the highly frequency selective UWB
channels. With the overall advantages compared to IR-UWB and OFDM-UWB, SC-FDE
block transmission is a promising candidate to meet the implementation requirements of
high speed, low power and low cost UWB communications.

Furthermore, oversampling of the matched filter output has been investigated to in-

crease the received SNR and a 4 dB gain has been achieved with a 3 branch combining.



Chapter 3

A Low Complexity Frequency-Domain

UWB Channel Estimation for SC-FDE

3.1 Background

We presented the system model of SC-FDE over UWB channels in Chapter 2, with the
assumption that perfect channel state information is available at the receiver. However, this
is not the case in practical systems, where channel estimation has to be carried out with a
reasonable performance and complexity. In this chapter, we address the channel estimation
problem for the SC-FDE UWB systems.

UWRB channel estimation is a subject of plenty research interests [8], [23]. In coherent
impulse radio UWB, a large number of multipath gains and delays in the time domain have
to be estimated within a short data transmission time, thus making it more difficult than in
typical narrow band or wideband communications. The utilization of an SC-FDE system
for UWB transmission, however, makes it possible for both the channel estimation and
equalization to be carried out in the frequency domain. In [24], a channel impulse response
was estimated by performing least-square (LS) channel estimation in the frequency domain
followed by inverse Fourier Transform. This method produced a low complexity search
strategy for optimal pilot sequences, but it was shown in [25] that it does not always result
in lowest achievable MSE by the time-domain LS estimation. In [26], an LS channel esti-

mation scheme for multiple-input multiple-output (MIMO) OFDM systems based on pilot
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tones was developed and the optimal pilot sequences and optimal placement of pilot tones
with respect to the MSE of LS channel estimation were derived. Two estimation schemes
for OFDM, the maximum likelihood estimator (MLE) and the Bayesian minimum mean
square error estimator (MMSE) estimator of the channel impulse response, were compared
in [27]. Both [26] and [27] performed channel estimation in the time domain first and
used FFT to obtain channel frequency response. In [28] and [29], frequency-domain chan-
nel estimators for OFDM were presented. Furthermore, a low rank channel estimator was
proposed to reduce the computational complexity, which inspired our frequency-domain
channel estimation schemes in this Chapter due to the similarity between OFDM and SC-
FDE.

This chapter is organized as follows. In Section 3.2, an MSE lower bound for the
frequency-domain LMMSE estimators is derived and the optimal pilot sequence that achieves
this lower bound is obtained. Section 3.3 presents the low complexity frequency-domain
channel estimator. Simulation results and discussions are presented in Section 3.4. Section

3.5 briefly summarizes this chapter.

3.2 MSE Lower Bound of the Frequency-Domain LMMSE
Channel Estimator

In this chapter, we address the channel estimation scheme for SC-FDE UWB system.
Fig. 3.1 shows the block diagram of the investigated SC-FDE system with frequency do-
main channel estimations. Supposing the symbol duration spaced equivalent channel im-
pulse response is h = [hg, k.- .IzL_]]T, our objective is to estimate the kth coefficient of
channel frequency response Hj = Z{‘:—O' h(l)exp(—j2mkl/N). The frequency-domain chan-
nel coefficients are estimated using pilot symbols and then utilized by the subsequent equal-
izer to perform frequency-domain channel equalization.

Suppose a block of pilot sequence p = [po, p1.- - pn—1]", where py € £1, is transmitted



3.2 MSE Lower Bound of the Frequency-Domain LMMSE Channel Estimator 30

Input data x :
—— Cyclic Prefix — Pulse shaping [~ UWB Channel
z Y
Y y : AWGN ———@
: ty+nT
’ Cyclic Prefix :
FFT | . L : Matched
S/ Removal B 3 Vﬂ Filter |————————

Equivalent channel h

= X
Equalizer |—— = [FFT » 00—

A

L su.! Channel
Estimation
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for channel estimation purpose. By matrix manipulations, (2.4) can be rewritten as
Y=PH+N (.1

where P is a diagonal matrix with its kth diagonal element P as the kth coefficient of the
frequency-domain spectrum of the pilot sequences p, and N = Fn is the Fourier Transform
of the white Gaussian noise vector n.

Our objective is to estimate the frequency-domain channel coefficients H= [Hy, - - , Hy_] 'y
based on the received frequency-domain signal Y. It is known that the LMMSE estimator
can be expressed as [30]

Hymse = RuayRyy Y (3.2)

where

Ruy = E[HY?] = RyyP" (3.3)

and

Ryy = E[YY"] = PRggP” + 6’1y (3.4)
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are the cross correlation matrix between H and Y and the auto-correlation matrix of Y,
respectively. Moreover, Ryy is the auto-correlation matrix of channel frequency-domain
response H, which is assumed to be known for LMMSE channel estimators. In practice,
Rpypy can be estimated as in [31]. The LMMSE channel estimator in (3.2) can be obtained

as
Hymse = Ruu(Rau+ o, (P7P)~")"Hys
= QHyg (3.5)
where H;g = P~'Y and Q is the weighting matrix, given by
Q =Run(Rgn + o2 (PP)~1)~". (3.6)

A good estimator should minimize the variance of the estimated error. To evaluate the

performance of the LMMSE estimators, we calculate the average MSE [28]
MSE = IlvTr{IE:[e,,eg]} (3.7)
where e, = H— Hysuse. The MSE for the LMMSE channel estimator can be written as
MSEumse = ]%/Tr {E[(H—HAyumse) (H—Hymse)?]}
: %']I‘r {Run — QRun — RunQ” + QE[H, sH/]Q" } (3.8)

and

E [AsAL] = Run + o, (P7P) . (3.9)
Following (3.6) and (3.9), the MSE for LMMSE channel estimator can be obtained as
|
MSEymse = NTr{RHH—QRHH}- (3.10)

To analyze the MSE, we assume that the auto-correlation matrix Rygg is positive definite

(please refer to Appendix A), and therefore invertible. Following (3.6), there is
Tr{QRun} = Tr{(Ryj+Runo,(P"P)"'Ryy)™'}
= Tr{(UAg'U” +UAL'U 67 (P7P)'UAL'UY) '}

= Tr{(Ag' +Ag' U o; (PP)"'UAS") '} (3.11)



3.2 MSE Lower Bound of the Frequency-Domain LMMSE Channel Estimator 32

where Ay is the diagonal matrix containing the eigenvalues A; (i=0,1,--- ,N—1) of Rgg
on its diagonal and U is a unitary matrix containing eigen-vectors of Rgy as its columns.
The second equality is a result of the singular value decomposition (SVD) of matrix Rgg
((A4) in Appendix A) and the last equality is due to the fact that Tr {URU” } = Tr{R}
when U is a unitary matrix and R € Mjy. We want to minimize the MSE in (3.10) through
the design of p, which is equivalent to maximizing (3.11).

Denote the N x N matrix W as
W= Azl +A5' U2 (PPP)'UAY'. (3.12)

It is shown in Appendix B that

Tr{W™'} < Nil A (3.13)
= & At-0f
where equality holds when
PP =1y. (3.14)
Or equivalently
|P|*=1, for i=0,1,--- ,N—1. (3.15)

That is, the MSE of LMMSE estimator can achieve its minimum value when the pilot
sequence has a flat spectrum. This result is in agreement with optimal training sequence
properties for the LS frequency-domain channel estimator in [24].

When the optimal pilot sequence is utilized, the average MSE of the channel estimator

can be obtained from (3.6), (3.10), (3.14) and (A.4) as

] _
MSE' = <Tr{An—Au(Au+orly) ' Au}

IN_I Ai:_’
- N 2, (Ai_/li+o,$)

i=0
B 1 NE—‘I A—i
N = /11-!—0'2

n

c,. (3.16)
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Also, we can obtain from (3.13) that

1
MSE = NTI‘ {Run — QRun}

= l’Er{AH -w

1N' A?
< Z(: /1+6,%)

= MSEFE (3.17)

where the equality holds when (3.14) is satisfied. Therefore, the average MSE of the
LMMSE channel estimator is lower bounded by MSE’, with its minimum value achieved
when the optimal pilot symbols with a flat spectrum are utilized. Examples of optimal pilot
symbols can be found in [24].

Note that a different method to estimate the channel frequency response H is to perform
MMSE estimation of the L (< N) channel taps h in the time domain followed by an FFT.
However, it can be shown that the time domain method does not guarantee the lowest MSE
in the frequency domain (Please see Appendix D). That is, performing an FFT on the time-
domain taps obtained by MMSE estimation does not guarantee an optimal estimation in

terms of MSE in the frequency domain.

3.3 Frequency-Domain Channel Estimation with Reduced
Complexity

Under the condition when optimal pilot symbols are utilized, the matrix inverse in (3.6) is
independent of the pilot sequence and needs to be performed only once if Ryy and o7 are
known beforehand [28]. Therefore, the LMMSE estimator has a reduced complexity and

becomes

Hyyse = Ramn(Rum+o;1y) ' His

= NFRy;(NRy; +0,1v) 'F7Hs (3.18)
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where Rgi = IE[EEH] is the time-domain auto-correlation function and the second equality
in (3.18) is due to (A.4) in Appendix A.

As the estimator is now using time-domain channel statistics, the computational com-
plexity of the LMMSE channel estimator can be further reduced as in [28], by knowing the
fact that for typical UWB channels, time-domain channel taps only dominate the first L’
taps, where L' varies for different channel models and data rates in UWB channels. There-
fore, matrix R can be reduced to Ry, which is an L' x L' auto-correlation matrix of the
first L’ time-domain channel taps, and the typical values of N, L and L' are presented in

Section 3.4. The simplified estimator can be obtained as

" B et i
mse = NF Ry (NRy,+071) " 'F Hg

= QM (3.19)
where F/ is the first L' columns of the DFT matrix F and the weighting matrix becomes
Q' = NF| R}, (NRy, + o71)~'FH. (3.20)

The number of complex multiplication of matrix calculation in (3.19) therefore becomes
N x L2, which is much smaller than N3 required in (3.18). The reduction in computa-
tional complexity, however, is at the expense of the performance degradation in terms of
MSE. That is, the simplified estimator in (3.19) no longer yields the minimum MSE as
(3.18), since not all the non-zero channel taps are involved in calculating the channel auto-
correlation matrix. Nevertheless, as long as a reasonable number of time-domain channel
taps are chosen, the performance degradation is very small and the simplified estimator
performs well under the evaluated UWB channels, as will be shown in Section 3.4.

We further notice that in estimator (3.19), an optimal pilot block with flat spectrum is
required, which can be obtained by the employment of a search procedure [24]. Efforts on
the search of the optimal sequence exert additional computational complexity in channel
estimation. To further reduce the complexity in channel estimation, we simplify the esti-

mator in (3.19) by using non-optimal pilot sequences and dividing the channel estimation
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into two steps:

1) Perform the coarse LS estimation of H by Hj s, with no restrictions on the pilot sequence.
That is, the pilot sequences are not obligated to be optimal and have a flat spectrum.

2) Get the fine estimation value by weighting H; ¢ with Q' in (3.20).

Simulation results employing the non-optimal pilot symbols are also presented in Section
3.4, where randomly generated BPSK symbols are used as pilots. Our results show that the
performance degradation due to non-optimal pilot symbols can be compensated by sending

multiple blocks of pilot symbols, at the expense of a reduced throughput.

3.4 Simulation Results and Discussions

The performance of the proposed low complexity frequency-domain channel estimator un-
der UWB propagation environments is presented in this section, compared with that with
perfect channel state information. The UWB channels used are CM1-CM4 proposed by
the IEEE 802.15.3a study group [2]. The investigated SC-FDE system follows that of the
system model in Chapter 2, where a data block length N = 256 is used, with CP length
of 64 and the bit duration of 2 ns, indicating an information data rate of 400 Mbps. As in
Chapter 2, the root raised cosine pulse with roll off factor of 0.5 is employed as the pulse
shaping filter. In both numerical evaluation and simulations, the transmitted pulse shaping
filter, the receiver matched filter and one of the 100 channel realizations for a particular
UWB channel model are convolved to form 100 different equivalent channel realizations
over which the BERs are averaged. The second order channel statistics are obtained using
Monte-Carlo simulation, where hh’! is calculated and averaged over 100 channel realiza-
tions. The length L’ is chosen by simulation to gather up to 99% of the channel energy (30
for CM1, 40 for CM2, 70 for CM3 and 100 for CM4). Fewer number of time-domain taps
can be selected, at the cost of a performance degradation, as will be shown in Fig. 3.10.
For multiple blocks of pilot symbols, the estimates of channel spectrum coefficients

are obtained from each pilot block and then averaged over these blocks. The non-optimal



3.4 Simulation Results and Discussions 36

pilot blocks used in the simulation are randomly generated BPSK symbols, while the op-
timal pilots are simply a delta pulse with energy /N, based on the assumption that the
transmitter is capable of providing two distinct power levels, one for pilots and one for
data transmission. In practice, however, perfect flat spectrum of pilot symbols is usually
hard to obtain and the search of optimal pilot sequences is required. Some low complexity
search strategies where presented in [24] and [25]. Nevertheless, with an ideal flat spectrum
for pilots constructed in our simulation, the results presented here are the best achievable
performance of the proposed estimator when optimal pilot symbols are utilized.

The lower bound of the MSE value and the MSE of the proposed channel estimator
(3.19) for UWB channels CM 1-CM4 are shown in Figs. 3.2-3.5, compared with the MSE
for the LMMSE channel estimator in (3.5). As can be observed, for each evaluated UWB
channel model, the MSE of the proposed channel estimator achieves its lower bound at low
SNRs. Reducing the dimension of the auto-correlation matrix tends to have more effect
on performance at high SNRs where the value of MSE diverges from the lower bound
and becomes slightly larger than that of the frequency-domain LMMSE estimator (3.5).
However, the MSE of the proposed channel estimator can achieve its lower bound MSE’ at
all the evaluated SNR when additional non-zero channel taps are included in the calculation
of Ry,

The performance of the frequency-domain low complexity channel estimator (3.19) for
SC-FDE under the UWB channels CM 1-CM4 are plotted in Figs. 3.6-3.9, where both the
optimal and non-optimal pilot sequences are employed. The BER performance with perfect
channel state information is also shown for comparison. It is observed that the proposed
low complexity estimator performs well for the SC-FDE system under UWB propagation
environment. Compared to the performance with perfect channel state information, when
3 blocks of non-optimal pilot symbols are utilized, only a slight performance degradation
of about 0.5 dB is incurred for CM1 and CM2, while approximately a 2 dB performance
degradation relative to the performance with perfect channel state information is observed

for CM3 and CM4. Furthermore, increasing the length of the pilot symbols only slightly
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Figure 3.2. The MSE comparison of the proposed low-complexity estimator, frequency-

domain LMMSE estimator, and MSE lower bound for the UWB channel CM1.

improves the BER performance for CM1 and CM2, where the performances with 2 and 3
blocks of pilot symbols are already very close. However, this is not the case for channel
models CM3 and CM4, where a performance gain of about 1 dB can be obtained when
the length of pilot symbols increases from 1 block to 3 blocks. When the optimal pilot
symbols are utilized, a slight performance improvement of 0.5 dB can be obtained for
CM3 and CM4 by increasing the length of pilot symbols from 1 block to 2 blocks. It
can also be observed that, for each evaluated UWB channel model, the performance with
3 blocks of non-optimal pilot symbols is very close to that with 1 block optimal pilot

symbols. Therefore, the degradation due to non-optimal pilots can be compensated by
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Figure 3.3. The MSE comparison of the proposed low-complexity estimator; frequency-

domain LMMSE estimator, and MSE lower bound for the UWB channel CM2.

sending multiple pilot blocks at the transmitter, at the cost of reduced throughput.

In order to illustrate the effect of L’ selection for the proposed low complexity frequency-
domain channel estimator, we plot in Fig. 3.10 the average BER performance over 100
UWB channel realizations of CM4 using the proposed low complexity frequency-domain
channel estimator with different number of channel taps. The percentile of the gathered
energy averaged over 100 UWB channel realizations is shown in Table I. It can be ob-
served that at low to medium SNRs, there is minor performance degradation using fewer
time-domain channel taps (such as 60, 70 or 80). However, at high SNRs, although the

channel energy gathered by fewer time-domain channel taps only slightly decreases, obvi-
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Figure 3.4. The MSE comparison of the proposed low-complexity estimator, frequency-

domain LMMSE estimator, and MSE lower bound for the UWB channel CM3.

ous performance degradation can be observed by using 60, 70 or 80 time-domain channel
taps. Therefore, gathering enough channel energy does not guarantee a reasonable per-
formance for the low complexity frequency-domain channel estimator at high SNRs, and
sufficient number of channel taps has to be utilized. This is due to the fact that an increased
MSE divergence from its lower bound occurs when the number of channel taps is reduced.
Note that even when 100 taps are used for the time-domain auto-correlation matrix, the
dimensionality is still much lower than the N-by-N (e.g., 256 x 256) frequency-domain

auto-correlation matrix.
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Figure 3.5. The MSE comparison of the proposed low-complexity estimator; frequency-

domain LMMSE estimator, and MSE lower bound for the UWB channel CM4.

Table 3.1. Number of Taps vs. Gathered Channel Energy in CM4

Number of Taps

Energy Gathered

100
90
80
70
60

99.9%
99.7%
99.4%
98.9%
97.9%
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Figure 3.6. The performance comparison between the proposed low-complexity estimator

with that of the perfect channel state information of the SC-FDE transmission over the

UWB channel CM 1.

3.5 Summary

Based on a derived lower bound for the MSE of the frequency-domain LMMSE estima-
tor, a low complexity frequency-domain channel estimator for SC-FDE transmission over
UWB IEEE 802.15.3a channels has been proposed and its performance has been evaluated.
The effects of employing optimal and non-optimal pilot symbols in the proposed channel

estimator have been compared and discussed. It has been shown that the proposed channel
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Figure 3.7. The performance comparison between the proposed low-complexity estimator

with that of the perfect channel state information of the SC-FDE transmission over the

UWB channel CM?2.

estimator works reasonably well for the SC-FDE system under UWB channels and the per-

formance degradation due to non-optimal pilots can be compensated by sending multiple

blocks of pilot symbols.
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Chapter 4

A Time Division Multiple Access
SC-FDE System with IBI Suppression

for UWB Communications

4.1 Background

In this chapter, we extend the single user SC-FDE system in Chapter 2 to a multiple access
system, where the BPSK modulated data for each user are transmitted block-wisely over
UWB channels.

Multiple access in UWB communications has gained a considerable research inter-
est [5], [32], [33]. Relying on orthogonal spreading codes to separate different users, most
of the current scheme for block transmission are based on CDMA, where MAI free recep-
tion is achieved when the orthogonality of the spreading codes among different users can
be guaranteed. However, it is usually hard to maintain the code orthogonality in a propa-
gation environment where large number of multipath components are present, as in UWB
channels. When rake reception is utilized to collect the multipath components, a large num-
ber of channel taps and delays have to be estimated within a short data transmission time,
which leads to high computational complexity. In [32], adaptive MMSE scheme was pro-
posed for UWB multiuser detection and was shown to have a better performance than rake

reception with 8 fingers. However, in the UWB channel with a large number of multipath
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components, the computational complexity of the MMSE scheme is too high and thus prac-
tically unaffordable [33]. Recently, the block spreading CDMA, initially proposed in [34],
was applied to MAI free detection in UWB communications [33]. It was shown to achieve
a better performance than the MMSE multiuser detection and at the same time maintain a
simple receiver structure. As in all block transmissions with frequency-domain equaliza-
tion, the CDMA scheme proposed in [33] requires the insertion of CP between blocks to
combat IBI. In a UWB environment where large channel delay spread is present, a long CP
is required to ensure IBI free. This issue becomes more critical when block spreading is
utilized to accommodate multiple users, since the channel impulse response will span even
a greater number of chips due to the high chip rate required to achieve a desired system
data rate, resulting in a larger CP length to avoid IBI. In practice, however, a reasonable
system complexity for UWB communications has been recommended as an FFT size of
128 and CP length of 32 [6], which is much shorter than that required in the block spread
CDMA system [33].

To achieve a high system data rate and keep a low implementation complexity, we pro-
pose a novel TDMA transceiver scheme for the BPSK modulated SC-FDE system in UWB
channels, where IBI-free transmission is achieved without inserting CP between blocks.
Thanks to the simple BPSK, where only in-phase baseband signals are used for detection,
interference due to multiple access can be lumped into the quadrature component after the
transmitter and receiver processing, resulting in an MAI free SC-FDE system at possibly
high data rate for UWB communications.

This chapter is organized as follows. Section 4.2 presents a brief description of the mul-
tiple access SC-FDE system model. In Section 4.3, we derive the transmitter and receiver
matrices of the proposed TDMA scheme for BPSK modulated SC-FDE system in UWB
communications. Transmitter and receiver matrices design on how to achieve the desired
MAI and IBI free reception for arbitrary number of users is illustrated, followed by the
application of the oversampling diversity combining scheme to the proposed system. In

Section 4.4, we present the simulation results of our proposed TDMA system, compared
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with that of the block spread CDMA system [33] in various UWB channel models. The
effects of oversampling diversity and channel estimation errors on the performance of the
proposed TDMA system are also studied. System data rate and bandwidth efficiency are

discussed in the last part of Section 4.4. Section 4.5 concludes this chapter.

4.2 Multiple Access SC-FDE System Model

We consider a BPSK modulated multiple access SC-FDE system over IEEE 802.15.3a
UWB channels with M total number of users. Data stream of the mth (m=1,2,---M) user
is transmitted on a block by block basis with a block length N, where the ith block of the
transmitted signals is denoted as X, (i) = [Xn((i = 1)N), X ((i— )N +1), -+ x5 (iN —1)]T,
and where the symbols x,, (i) are binary and have values =1. We assume the block bound-
aries of all users are synchronized. The transmitted block of each user is then multiplied

by an (M + 1)N x N transmitter matrix T, and yields a column vector s,(i), given by
Sm(i) = mem(i)- (4-])

The transmitted data block x,, (i) of length N is thus expanded to the “superblock™ s, (i) of
length (M + 1)N, where each element in s,,(i) is referred to as a “chip”. The vectors Sm (1)
then form a serial stream of data [s5,,(0),5m(1). -+ ,su((M+1)N),su((M+1)N+1),-- T
of the mth user, which is pulse shaped and transmitted over the UWB channel. It will
become clear later why M + 1 times the block length is needed for the superblock.

At the receiver, the composite received data stream y is obtained by each user and
processed separately. At each user end, the received signal with noise and interference
from other users is fed to the matched filter and sampled at the chip rate. Assuming timing

is acquired, the composite received sequence can be written as [34]

M Lm_ I

(k)= D hn(k)sm(l—k)+n(k) (4.2)

m=1 [=0

where h,,(k) is the kth channel tap of the equivalent 7-spaced channel impulse response of

the mth user, L,, is the total number of paths in the mth propagation channel. Moreover,
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the kth noise component n(k) is a Gaussian RV with variance ;7 = NTO. A more general

scenario is that there are M pairs of transmit-receive users, and the signal arriving at each
receiver may not be the same as those at the other M — 1 receivers due to different propa-
gation channels among the M pairs of users. The multiple access scheme presented in this
chapter is applicable to the general scenario and the subsequent discussion only considers
one identical received sequence y(k) to illustrate the multiple access scheme.

After S/P conversion, the serial received data stream is divided into length (M + 1)N
column vectors y(i), which is the ith received superblock and y(i) = [y((i — 1)(M + 1)N),
y((i—=1)(M+1)N+1),---,y(i(M+1)N—1)]’. A matrix multiplication is then performed
on the received superblock. The data block of the rth user before the FFT can then be
obtained as

v.(i) =Re{u,(i)} = Re{R,y(i)} (4.3)

where R, is the receiver matrix with dimension N x (M + 1)N. After the matrix transforma-
tion, taking the real part of u,(i) = R,y(i) will be able to separate the rth user data from the
received composite signal y(i). Our objective is to design the T,, and R, (m,r =1,--- M)
to achieve MAI and IBI free detection.

Once the data of each user are separated, the subsequent processing for the rth user data
block is identical to the single user case as in Chapter 2, where equalization is performed
in the frequency domain to eliminate ISI within the individual transmission blocks. The

equalized signal is then transformed back into the time domain, which can be expressed as
z,(i) = FAC,Fv, (i) 4.4)

where C, is the diagonal N x N equalization matrix for the rth user, with frequency-domain
equalizer taps C,(k) on its kth diagonal entry. Supposing the noise samples in v,(i) are un-

Hy (k)

correlated, the frequency-domain MMSE equalizer taps are given by C,(k) = T OP-NTE,

[11], where H,(k) is the kth frequency-domain channel attenuation factor of the rth prop-
agation channel, and E, is the average energy per transmitted bit. Moreover, Ny is the

variance of the effective noise before the FFT, which is doubled after the matrix mul-
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tiplication, as will be illustrated in Section 4.3. Signal detection is then performed in
the time domain and the decision variable for the BPSK transmitted symbol becomes
(i) = sen(Re{z,(i)}).

The block diagram in Fig. 4.1 describes the investigated multiple access SC-FDE sys-
tem, where only the mth user is shown. Note that although a similar transceiver structure
is employed as in the block spread CDMA system [33], our scheme does not use the or-
thogonal spreading code to separate different users. Instead, we manipulate the transmit
and receiver matrices T,, and R, (m,r = 1,--- ,M) to achieve an MAI free and IBI free
reception without CP insertion between blocks, which essentially results in a TDMA trans-

mission scheme, as will be shown in the next section.

Input data x X (i) Sm(i) :
— sp—»| T, » P/S —® puylse shaping [ UWB Channel
: AWGN
D otp+nT,
v_(i) Uy (i) y(i) : ﬂ
- - S/P : Matched
Ret] R 7 Filter
Equivalent channel h, :
— = | A
; 24(1) X (D)
FFT Equalizer > EFFT >0 b

Figure 4.1. Proposed multiple access SC-FDE system of the mth user

4.3 TDMA Transceiver Design

In this section, we present the proposed TDMA transceiver design for BPSK modulated
SC-FDE transmission in UWB channels. We first take the 4 user case as an example to
illustrate how the matrix manipulation is performed to obtain the MAI-free and IBI-free
communication. In the second part of this section, we will present the general method on

how to design the transmitter and receiver matrix for arbitrary number of users. The third
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subsection will introduce the oversampling diversity scheme into the proposed multiple

access system.

4.3.1 Transceiver Design

The scheme follows the block diagram of system model in Fig. 4.1. The BPSK modulated
data block of the mth user is multiplied by the transmitter matrix T,,, which can be decom-
posed as T,, = &, ® Iy, where @,, is a length M + 1 column vector unique for the mth user.
Unlike the block spreading in [33] where a matrix of dimension M(N +L,,) x N is utilized
as the transmitter matrix to insert CP, the Kronecker’s product in our scheme is applied
to the column vector @, and an N x N identity matrix Iy, resulting in an (M + 1)N x N
transmitter matrix. Therefore no CP is inserted between blocks, resulting in a reduced
complexity and an increased throughput. It is known that when the block size is larger than
the number of channel multipath components, the relationship between the transmitted and

received data can be expressed as [34]

M
y(l) = 2 [Hm.Lmem(i) = Hm.Umem(i = 1)] +D(1) (45)

m=1
where n(i) is the length (M + 1)N noise vector of the ith received superblock, and each
element in n(i) is a zero mean Gaussian RV with variance 0',%. Furthermore, H,,, ; is the
(M+1)N x (M+1)N lower triangular Toeplitz matrix of the mth propagation channel, with
the first column being [/, (0), Ay (1), hp(Lmy —1),0,- - ,O]T; H,, ;s is the (M + 1)N x
(M + 1)N upper triangular Toeplitz matrix of the mth propagation channel, with the first
row being [0, -+, 0, Ay (L — 1), -+, hm(1)].

The second additional term in (4.5) accounts for the IBI effects. General methods to
suppress IBI include inserting CP with a length up to the number of channel taps between
blocks. When CP is long enough to cover the channel delay spread, a circulant matrix
of the multipath channel is formed by the insertion and removal of CP at the transmit-

ter and receiver, respectively. From a single user perspective, the subsequent FFT and
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frequency-domain equalization can be carried out properly when the multipath channel ef-
fect is expressed as a circulant matrix, that is v,(i) = H,x,(i) + 1,(i) where v, (i) is the ith
received block before the FFT operation, H, is an N x N circulant Toeplitz matrix with the
first column being [k,(0),--- ,h.(L, —1),0,---,0]", and n,(i) is the equivalent noise term.

The reason lies in the fact that the circulant matrix can be decomposed as
H,=F“AF (4.6)

where A, is an N x N diagonal matrix with H,(k) on the kth diagonal entry.

The method of inserting CP invokes penalty in bandwidth efficiency in the multiple ac-
cess UWB communications since the required CP length increases with the system data rate
and the number of accommodated users. Applying insufficient CP between blocks gives
rise to performance degradation due to the following two aspects. First, the IBI effects
cannot be eliminated since the second additional term in (4.5) is no longer zero. Further-
more, the multipath channel matrix can no longer be formed as a circulant matrix with the
insertion and removal of insufficient CP. Hence, the decomposition in (4.6) cannot be ap-
plied and the subsequent FFT and frequency-domain equalization cannot be performed as
desired.

If, instead of utilizing CP, the transmitter and receiver matrices are manipulated to ob-
tain a circulant matrix H,, the IBI effects within each user can be eliminated. At the same
time, these matrix manipulations gather all the MAI interference into the quadrature com-
ponent of the received data block. Since the in-phase BPSK data are not distorted by MAI,
MAI-free reception can be achieved. This basically forms our idea of the MAI-free and
IBI-free multiple access system in block BPSK transmission. Next, we illustrate the matrix
manipulation in detail.

Following (4.5), at the receiver, the data block of each user is obtained by multiplying

the received signal y(i) with a user-specific N x (M + 1)N receiver matrix R.(r=1,--- M)

M
U,—(i) = Rr Z [Hm.Lmeln(i) =} Hm.Umem(i —] )] + an(i) (47)

m=1
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where R, can be expressed as R, = B, ® Iy and B, is a length M + 1 row vector. Using the

Kronecker’s product, the (M + 1)N x (M + 1)N matrix H,, ; can be rewritten as [34]
Hm.L — IM+I ®ﬁlll.L +JM+I ®ﬁm,u (4.3)

where ﬁm_.L is an N x N lower triangular Toeplitz matrix, with the first column being
[Am(0), (1), -+ s Ay (Liy — 1),0,---,0]7, and H,, ¢y is an N x N upper triangular Toeplitz
matrix with the first row being [0, -+ ,0,7iy(Lyn — 1), .y (1)]. Matrix Jps4y is an (M +
1) x (M + 1) lower triangular Toeplitz matrix with the first column being [0, 1, 0, ---0]7.
Similarly, the (M + 1)N x (M + 1)N Toeplitz matrix H,, ;y can be written as

Hm.U . LM+I ® ﬁm.U (4.9)

where Ly, isan (M + 1) x (M + 1) matrix with the (1,M + 1)th entry being 1, and zero
elsewhere.
Applying (4.8) and (4.9) to (4.7), the received data block of the rth user can be rewritten

as

M
ur(i) = R, Z [IMi 1 & Hm.L+JM+l X Hm.U] mem(i)

m=1
M —_—
+Rr Z [LM+I X Hm.l/] mem(i . l) I an(i)
m=1
M o M -
— Z ﬁram@)Hm.L"' 2 ﬂ,—-]M—Ham b2 Hm.U xm(i)

m=1 m=1

M
+ Z BrLMJrl Qa,,; % Hm.UXm(i— l) = 5,-(1') (4.10)

m=1
where & (i) = R,n(i) is the equivalent noise term for the rth user at the ith block. The last

equality in (4.10) is obtained by applying the property of the Kronecker’s product [35], i.e.,
(AB)(D®G) = (AD)® (BG). (4.11)

We take the case of 4 multiple access users as an example. Define a; = [1,0,0,0,0]7,

o> =[0.7.0.0.0]", &3 =0,0,1,0,0]” and @4 = [0,0.0, j.0]”. Moreover, B, =[1,1,0,0,0],
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B, =1[0,—j,—j,0,0], B5 =10,0,1,1,0] and B, = [0,0,0,— j, —j]. Note that with the defi-
nition of vector ¢, the multiplication of the transmission matrix T,,,m = 1,--- M with the
mth user’s transmitted data block x,,(i) effectively shifts the transmitted data block of the
mth user to the corresponding mth position in the superblock, which essentially leads to
a TDMA transmission scheme, where each user occupies a different block interval in the
composite superblock, as shown in Fig. 4.2. The last block in a superblock is always zero,

which is equivalent to padding zeros at the end of the Mth user data.

Xy

5, [xno_n;xnng ;x,qN—nI 0 0 o | o o - 0 [o T 0 I 0 0 - 0 |
%0
SO [ o o .. 0 I;xzm): Wi line-nl o 0 - 0 [0 0o - 0 l 0 0 --. 0 |
X3(1)
S;(nl 0 0 .. 0 I 0 0 - 0 |xz0ixm .- Ex}(N—hl 0 0 0 [ 0 0 - 0
X4ty —
Sy rn 0 s 0 | 0 0o - o | o 0 0 | ixgo i o _EDX_,IN-llI 0 0 <. 0 :,

Transmitted  data
Figure 4.2. superblock structure

From the definitions of @,, and B,(m,r = 1,--- ,M), it is straightforward to show that

the following results apply

1 for r=m

Re{B,a,} = { . 4.12)
0 for r#m

Furthermore, we have

1 for r=m
Re{ﬁ,-JMJrlam} = { (4.13)
0 for r#m
and
BLyya,=0 forallrandme{1,--- ,M}. (4.14)

Taking the real part of u,(i), MAI free reception is achieved by (4.12) and (4.13), and (4.14)
guarantees IBI free. Applying (4.12)-(4.14) to (4.10), we have
v (i) = [H+Hew]x(i)+Re{§,(i)}

= H,x.(i)+n,() r=1,--.M (4.15)
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where 1,(i) = Re{&,(i)} is the equivalent white Gaussian noise term before FFT. Eqn.
(4.15) shows how MAI free and IBI free reception is achieved by separating multiple users
from the superposition of the received signals without inserting CP.

Since multiple users are determinately separated at the receiver, the subsequent data de-
tection follows that of the single user, where frequency-domain equalization are performed
to remove ISI within each block. After FFT, frequency-domain equalization and IFFT, the

detected data becomes

%,(i) = sgn(Re{z,(i)})
= sgn (Re{F7C,A,Fx,(i)+F’C,Fn,(i)}) (4.16)

where the last equality comes from (4.15) and the decomposition of the circulant matrix in
(4.6). For each user, the error probability of the proposed BPSK modulated SC-FDE system
can be obtained by using exactly the same method as in the single user case, since multiple
users are completely separated at the receiver. The error probability of the proposed SC-
FDE TDMA over UWB channels is simply the error probability of each user averaged over
the total number of users. Note that the receiver matrix multiplication in (4.10) results in
an enhanced noise variance in the effective noise term compared to the single user case,
where each element in 1,(i) = Re{R,n(i)} is a white Gaussian R.V. with variance Ny,
due to the fact that each element in 1,.(i) is the real part of the addition of two complex
white Gaussian noise with variance % in both real and imaginary part. Therefore, the
proposed TDMA system will suffer around 3 dB performance degradation compared to the

BER performance of the ideal single user transmission with no IBI and perfect channel

estimation.

4.3.2 Transmitter and Receiver Matrix Design

In this subsection, we illustrate how the transmitter and receiver matrices are designed

for an arbitrary number of users, which is equivalent to designing the vectors @,, and 8,

(m=1,---,M). To achieve the MAI-free and IBI-free communication, @ and B must
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satisfy the properties listed in (4.12)-(4.14), which can be designed iteratively as follows.
First, we define @ as a length M + 1 column vector, with its first element being 1 and the
others being zero. To satisfy (4.12), the first element in B, has to be 1. The second element
in B, has to be assigned as 1 too since the product of the left shifted version of B, and a;
is also 1, as stated in (4.13).

Now, since the second element of ﬁl is 1, the second element in other &¢;, i =2,--- .M
can only be either an imaginary number as j, —j or 0. Otherwise, MAI will occur. Choose
the second element in @, as j. In order for B, and @; to satisfy (4.12) and (4.13), the
second and third element in B, should be assigned as —j. To avoid MAI from the second
user, the third element in other & should be a real number either 1 or 0. Choose @3 as
[0,0,1,0,---,0]” to satisfy (4.12) and (4.13) and the third and fourth element in B; have to
be 1. Therefore vector B5 is obtained, and so on.

The vector is designed iteratively until the Mth e vector, where the second to last
element in @y is either j or 1, and the last two elements in B8, is —j or 1, correspondingly.
If we choose @), as the column vector with its last element as j or 1, it is impossible to
find the corresponding B,,,; with its left shifted version yielding a non-zero component
with @y, 1. This explains why a length M + 1 vector has to be utilized to accommodate M
users and achieve the MALI free reception. The penalty in bandwidth efficiency, however, is
still less than the insertion of CP in the block spread CDMA [33], which will be discussed
in Section 4.4.

We further notice that since the last element in all e,,,, m = 1,--- ,M is zero, the third
requirement (4.14) for vector design is automatically satisfied. Therefore, the vectors that

satisfy (4.12)-(4.14) are obtained iteratively. Or, they can simply be chosen as

qn forodd m, m=1,--- M
o { 4.17)

jqm foreven m, m=1,--- M

where q,, denotes the length M + 1 column vector with its mth element being 1 and 0
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elsewhere. Similarly,

Pm forodd m, m=1,--- M
B, = { (4.18)

(—j)pm foreven m, m=1,--- .M

where p,, denotes the length M + 1 row vector with its mth and (m + 1)th element being 1,
and Os elsewhere.

Following the definition of @ and the transmitter matrix T,,, an intuitive way to illus-
trate the proposed multiple access system is to regard it as a TDMA system, where the

received block data of each user occupies an individual block in the received superblock.

4.3.3 TDMA SC-FDE with Diversity Combining

It has been shown in Chapter 2 that performance gain can be obtained by utilizing the
oversampling diversity scheme. The matched filter output of each user can be oversampled
at time instants k7. +1t;, d =0,1,--- . D—1,k=0,1,--- ,N—1 and 0 < t; < T., where
T. is the chip duration and D is the number of oversampling diversity branches. Assume
timing offsets 7; are chosen to yield the best possible performance. Multiple branches of
the received signal in one symbol are hence obtained. The performance of the TDMA SC-
FDE under UWB channels applying the oversampling diversity is simulated in Section 4.4,
where a performance gain of around 4 dB relative to that without oversampling diversity

can be obtained in the multiple access UWB system.

4.4 Simulation Results and Discussions

4.4.1 Performance Comparison between the Proposed TDMA Scheme
and CDMA in UWB Communications

The performance of the proposed time division multiple access system for the BPSK mod-

ulated block transmission over UWB channels is presented in this section, compared with
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that of the CDMA scheme in [33]. For details of the block spreading CDMA scheme,
please refer to [33] and [34]. The proposed multiple access SC-FDE system is illustrated
in Fig. 4.1, where the RRC pulse with roll off factor of 0.5 is used as the pulse shaping
filter. The composite received data is then fed to the receiver of each user and sampled at
the optimal timing, respectively. After separated from other users, the subsequent signal
processing is identical for all users in both the TDMA and CDMA system, where FFT,
frequency-domain MMSE equalization and IFFT are employed.

The UWB channels used are CM 1-CM4 channel models proposed by the IEEE 802.15.3a
study group [2], where the channel delay spread varies from 30 ns to 120 ns for CM1 to
CM4. Same as in Chapter 2, the transmitted pulse shaping filter, the receiver matched filter
and one of the 100 channel realizations for a particular UWB channel model are convolved
to form 100 different equivalent channel realizations over which the BERs are averaged.
The BER performance of the multiple access system is then obtained by averaging the BER
of each user over the number of users. In the simulation, we assume that each user experi-
ences different propagation channels. For example, in the 4 user case, users 1 to 4 undergo
channels CM 1 to CM4, respectively.

We present the performance of the proposed TDMA scheme with different number of
users in Figs. 4.3-4.4, compared with that of the CDMA system [33] at an effective data
rate of 100 Mbps for each user over the UWB propagation environment, with and with-
out 3-branch oversampling diversity. For fair comparison, both the TDMA and CDMA
systems have the same system complexity by using an FFT size of 128. The simulation re-
sults are obtained by using 32 CP for the CDMA system, while no CP is inserted between
blocks for the proposed TDMA system. At the low SNR range and with smaller number of
users, CDMA outperforms TDMA because our TDMA scheme doubles the noise variance
as discussed in Section 4.3.1. At high SNR, it can be observed that error floors occur in
the CDMA scheme due to insufficient CP, while the proposed TDMA scheme does not suf-
fer from IBI induced error floors. The performance advantage of the TDMA scheme over

CDMA becomes more obvious with larger number of users. With an increasing number
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Figure 4.3. BER Performance of the proposed TDMA system with 4 users at an effective
data rate of 100 Mbps for each user, where CM1, CM2, CM3, CM4 are assigned to users

1-4, respectively.

of the accommodated users higher than 4, severe performance degradation occurs in the
CDMA scheme due to the increased chip rate. The performance gap between CDMA and
TDMA at low SNR is reduced and the proposed TDMA system shows less performance
degradation when the number of users increases. This is due to the IBI-free reception and
higher bandwidth efficiency of TDMA, which will be explained in the next subsection.
Furthermore, although both systems demonstrate pronounced performance gains by utiliz-
ing the oversampling diversity scheme, the error floor at high SNRs in the CDMA scheme

cannot be suppressed.
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Figure 4.4. BER Performance of the proposed TDMA system with 7 users at an effective
data rate of 100 Mbps for each user, where CM1, CM2, CM3, CM4, CM4, CM3, CM2 are

assigned to users 1-7, respectively.

In Fig. 4.5, the impact of imperfect channel estimation on the performance of the
proposed TDMA scheme with 4 users is presented, where the low complexity LMMSE
frequency-domain channel estimation in Chapter 3 is employed. The generation of optimal
and non-optimal pilots also follows that in Chapter 3, where ideal flat spectrum of constant
ones are used for the optimal pilots and the non-optimal pilots are randomly generated
BPSK signals. Using 2 optimal pilot blocks or 3 non-optimal blocks, the estimation of
channel attenuation factors are obtained from the averaged pilot blocks. It can be seen that

for 4 users with imperfect channel estimation, a performance degradation of less than 1 dB
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can be observed by using 2 optimal pilots while the performance degradation of around 2
dB occurs when 3 non-optimal pilots are utilized. Furthermore, similar performance degra-
dation due to imperfect channel estimation has been observed for other numbers of users

in our simulation.

0
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| =8= MMSE channel estimation, 2 optimal pilots R R S R S e e TN T
| = = Perfect channel estimation WD . o N
;i : \
10'4 | 1 1 1 \
0 5 10 15 20 25
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Figure 4.5. Impact of imperfect channel estimation on the performance of the proposed

TDMA system with 4 users at an effective data rate of 100 Mbps for each user.



4.5 Summary 62

4.4.2 Data Rate and Bandwidth Efficiency

Considering the block spread CDMA system with 4 users, to achieve an effective data rate
of 200 Mbps for each user, a corresponding chip rate of 1 Gbps is required (the CP length
is assumed to be 1/4 of the block length, as in most practical cases). The recommended CP
length of 32 is therefore a lot shorter than required to combat the channel delay spread for
UWB channels CM3 or CM4, where the channel impulse response spreads for more than
120 ns, thus resulting in severe performance degradation. The proposed TDMA system, at
an effective data rate of 200 Mbps and chip rate of 1000 Mbps (since a vector length of 5
is required to accommodate 4 users), can still yield reasonable BER performance without
obvious error floors, as in Fig. 4.6.

When bandwidth efficiency of the proposed TDMA system is considered, a length
(M + 1)N data stream is needed to transmit data for M users, each of which contains N
information bits. The bandwidth efficiency of the proposed multiple access system can
therefore be obtained as E; = (Aﬂr—’}’w = % The block spread CDMA system, however,
has a bandwidth efficiency of E; = NL+L [33], where L is the required length of CP. Again
taking the 4 user case as an example, when the length of L is chosen as 1/4 of the block
length, E; = E; = 4/5. Note that for both systems, chip rate has to be increased to ac-
commodate an increased number of users. In the CDMA system, to maintain the same
BER performance for more users, a larger number of CP has to be utilized as chip rate
increases, and therefore bandwidth efficiency E; decreases. For the proposed TDMA sys-
tem, however, the bandwidth efficiency E; increases with the number of users. Therefore,
the proposed multiple access SC-FDE system is more suitable to accommodating larger

number of users at a high system data rate.

4.5 Summary

A novel MAIl-free IBI-free TDMA scheme for BPSK modulated, SC-FDE block transmis-

sion over IEEE 802.15.3a UWB channels has been proposed. Relying on matrix manip-
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Figure 4.6. BER Performance of the proposed TDMA system with 4 users at an effective

data rate of 200 Mbps for each user:

ulation, in addition to MAI free reception, the proposed TDMA scheme does not require
the insertion of CP between blocks to eliminate IBI. Therefore higher bandwidth efficiency
can be achieved with possibly smaller FFT size. Simulation results of the performance of
the proposed TDMA scheme for BPSK modulated SC-FDE system under IEEE 802.15.3a
UWRB channel models CM 1-CM4 have been presented and compared with that of the block
spread CDMA system [33]. The impact of imperfect channel estimation on the perfor-
mance of the proposed multiple access scheme has also been investigated, where both the

optimal and non-optimal pilot blocks are considered. Effective data rate and bandwidth
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efficiency of the proposed TDMA scheme have been discussed and compared with that of
the block spread CDMA.. Our results show that the proposed TDMA scheme is more effec-
tive in high speed UWB communications to accommodate larger number of users, while

keeping a low system complexity.



Chapter 5

Spectrum Shaping and NBI Suppression

in UWB Communications

5.1 Background

In order to avoid interfering with existing narrowband or wideband devices, FCC has re-
stricted the power emission of a UWB transmission to a maximum PSD of -41.3 dBm/MHz
in the range of 3.1 GHz to 10.6 GHz [1]. Although this PSD mask can effectively suppress
UWSB interference to most existing systems operating at frequencies lower than 3 GHz
(GPRS, GSM 900, GPS, W-CDMA and bluetooth), there still exist devices which operate
in the ultra-wide spectrum allocated for UWB communications, resulting in mutual inter-
ference to both systems. For example, it has been shown that UWB systems that meet
the FCC guidelines can greatly impact the performance of an IEEE 802.11a WLAN sys-
tem working in NLOS environments [36]. On the other hand, the 802.11a WLAN system,
operating at the 5.2 GHz frequency band, will also impact the performance of the UWB
system [36]. Therefore, it is of great importance to consider the coexistence of UWB
systems and existing narrowband or wideband systems in an attempt to limit interference
between these systems.

This problem is addressed in the current UWB proposals to the IEEE 802.15.3a by
simply avoiding use of the 802.11a WLAN frequency band. MB-OFDM divides the UWB

spectrum into subbands of 528 MHz each and deactivates the subband around 5.2GHz [6],
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while DS-UWB uses the portion below 5.2 GHz as the preliminary step and the upper
portion above 5.2 GHz as the second step [5].

In addition to the above mentioned schemes to address coexistence problems, spectral
notching is another method that can be used to limit the interference between a UWB sys-
tem and existing narrowband devices. This approach potentially provides greater flexibility
regarding the generation of spectral nulls at interfering frequencies, which has become even
more important in view of the recently proposed “detect and avoid” mandate of Japanese
frequency regulators [37]. In this method, UWB pulses are designed such that their spectra
have a null at the operating frequency of the victim device [38,39]. In [38], eigenvalue de-
composition was used and was shown to effectively generate spectral nulls at the required
frequency band. However, this method involves formation and eigenvalue decomposition
of a matrix with dimension as high as 128. In [39], the problem was formulated as finding
a pulse with a spectrum that meets the FCC mask with maximum energy while also having
a null at the required frequency band. The resulting transmitted pulse is a filtered monocy-
cle, where the impulse response of the FIR filter is the sum of delta functions with different
time delays and different weighting factors. Although this approach yields an accurate ap-
proximation to the pre-defined spectrum shaping, the spectrum fitting algorithm involves
a nonlinear optimization process using neural networks algorithms. In [40], a digital FIR
filter approach to synthesizing UWB pulses that satisfy the spectral mask were proposed.
In this chapter, we propose a different method to address the UWB spectrum shaping issue.
The design scheme avoids the complications of nonlinear optimization in [39] and the large
number of coefficients in [40], with only a small loss in the admissible transmission power.
For example, the gain of the transmission power from nonlinear optimization is around 0.7
dB compared to the 5th derivative Gaussian monocycle pulse without spectral nulls [39].

In this chapter, we address the UWB spectrum shaping issue from a different perspec-
tive by applying the general approach to code and pulse construction outlined in [41]. We
view the transmitted pulse as a “coded”™ basic Gaussian monocycle pulse, where the value

of each code bit gives the weighting coefficient of each monocycle pulse, and where the



5.1 Background 67

code bit interval is a uniform delay equal to % where f; is the desired frequency of the
null. The resulting pulse is the sum of weighted and overlapping Gaussian monocycles,
and therefore the shape of the resulting spectrum is determined by both the Fourier trans-
form of the basic Gaussian monocycle and the spectrum of the designed codeword. We
choose the 7th derivative of the Gaussian pulse as the basic pulse to meet the FCC outdoor
mask, and leave spectrum notching to the codeword design. We design codewords such
that their spectra approximates the Fourier series representation of a passband brickwall
filter with a spectral null, or other filters such as Butterworth, Chebysheyv, elliptical, or a
spectral shape we refer to as linear. The resulting pulses have a spectral null at f = f, a
frequency whose selection addresses the coexistence issue between the UWB system and
narrowband devices operating within the 3-10 GHz frequency range.

We also investigate the inverse problem, the impact of the NBI at IEEE 802.11a WLAN
frequency band on the performance of UWB systems. We take SC-FDE UWB systems as
an example. Other than using the root raised cosine pulse as the transmitter pulse shaping
filter as in Chapter 2, we use the coded Gaussian monocycle with frequency null at 5.2
GHz, developed by the code design scheme in this chapter. However, the transmitter pulse
shaping design and spectrum notching scheme outlined in this chapter can also be applied
to other UWB systems including DS-UWB.

The chapter is organized as follows. Section 5.2 derives the PSD of a transmitted sig-
nal and elaborates on the codeword design method which introduces spectral nulls at pre-
defined frequencies. Section 5.3 presents the spectral results for pulses designed to have
spectral nulls at one or more interference frequency bands. In addition, the performance
of the SC-FDE UWB system using the monocycle coded pulse in the presence of NBI at
802.11a band is simulated and compared with that of an uncoded SC-FDE UWB system
using a single Gaussian monocycle. Our results demonstrate that the SC-FDE system using
our coded pulse design can effectively suppress NBI and yield improved BER performance

compared to the uncoded system. Section 5.4 concludes this chapter.
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5.2 Pulse Spectrum and Codeword Design

Consider a BPSK modulated system for UWB communications where the serial transmitted
data x = [xg,x;,---,---]7 are shaped by the transmitter pulse shaping filter, and transmitted
over the UWB channel.

In this system, the transmitter pulse shaping filter is a weighted sum of the basic Gaus-

sian monocycle pulse p(r), which we express as

z cmp(t —mT,) (5.1
m=0

where the ¢,, are the weighting coefficients and 7. is a delay which is uniform for each c,,.
Values of ¢,, and 7, must be pre-determined to achieve the designed spectral shaping. After

BPSK modulation, the transmitted signal becomes

v(t) = 2 X Z cmp(t —m7t, —nTy) (5.2)

== m=

where T is the duration of each symbol which is an integer multiple of 7.. It can be written
L=M-1)t+T,+T; (5.3)

where T}, is the duration of the basic Gaussian monocycle pulse and 7-, 0 < T < 7, is the
length of time the coded pulse has value zero at the end of each symbol interval in order to
ensure that 7 is a multiple of 7.

Our objective in this chapter is to design the transmitted UWB pulse to meet the FCC
spectrum mask and at the same time ensure the presence of spectral nulls at specified fre-
quency bands in order to suppress mutual interference between this UWB system and ex-
isting narrowband devices.

In the following, we present an expression for the spectrum of the transmitted signal
and the methodology for designing the codeword weights ¢;, (m=0,1--- .M — 1) to ensure
that the transmitted signal fits the FCC mask and has spectral nulls at interference frequency

bands. From a coding perspective, the transmitter pulse shaping filter in eq. (5.1) can be
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considered a “coded” version of the basic Gaussian monocycle pulse, where the codeword
is ¢ = [cop,c1,--- ,cm—1] of length M. Each code bit interval 7. is uniform and can be any
pre-defined length. In this chapter, we use 7. with length less than the duration of the
basic Gaussian monocycle 7}, therefore, the transmitted pulse is composed of overlapping
Gaussian monocycles weighted by the code coefficients. In the text that follows, we refer
to this transmitted pulse with spectral nulls introduced through codeword design as the
monocycle coded pulse, and the corresponding UWB system as the monocycle coded UWB
system. Following derivation of the PSD of a cyclostationary process as outlined in [20],
we present the PSD expression of the coded transmitted signal for the completeness of the

chapter and convenience of later illustration.

5.2.1 Spectrum of the Monocycle Coded UWB Pulse

The auto-correlation function of v() in (5.2) can be written as

D, (t,t+71) = E{v@)(t+1)}

o oo M—1 M—1
= Z z E{xn, x5, } Z Z Cmy Cmy P(t —my Te —m T5) p(t + T — ma T — 2 1)
ny=—o0ny=—00 m=0my=0
oo oo M—1 M—1

= z 2 D (u) Z z CmyCmy P(t — 1 Te —my T5) p(t + T — mate — T — uT)

ny=—oo ly=—o0 my=0my=0

where ®,, is the autocorrelation of x and a change of variable u = n, —n; is made in the
last equality. This summation is periodic in t with period 7§, therefore, ®,v(z.t + 7) is
also periodic in ¢t with period 7. Furthermore, since v(t) has zero mean and periodic auto-

correlation function ®,v(z,7+ ), it is a wide-sense cyclostationary stochastic process. The

(5.4)
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averaged auto-correlation function ®,,(7) can then be calculated as

1 1%
@,.(t) = 7/ D,, (1,14 7)dt

T, M—1 M—1

= / Z 2 Cm; Cm') z z ®xx
my=0myr=0 np=—cou—=—oo
p(t—myt.—mT)p(t+ T —mat. —n Ty — uTy)dt.
(5.5)
The PSD of v(t) can be obtained by evaluating the Fourier transform of ®,,(7) as
B(f) = /_ ®,,(1)e " dt
] M—1 M—1 oo " oo
= T Z z Cm] C"h / _J-'nft z q’xx(u)
S my=0mr=0 U=—o0
) o
X 2 / p(t—mt.—mT) p(t+1—mat. —n Ty — uTy)dtdt
ny=—o°
1 M—1 M—1 -
. T z 2 Cm]sz/ e’ #FT Z (Drr
S my=0m>=0 U=—o0
o0 (my+1)T5
Z / p(t —myt)p(t+7—mat, —uly)dtdt
ny=-—oco m T
1 M—1 M—1 7 -
= 2 Z c,,,lc,,,,/ i Z D, (u / p(t—m 1) p(t +17—myt. —uly)dtdt
TS my=0mr=0 u=—o0 —2o
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= z z Cm; Cmy€ ﬂnf m—m3) e Z D, —]271'le7}
T my=0my=0 U=—oco
/ p([._nzlTc)e_jznf(l_mlrc)dt/ p(r+T—’n7TC—HT) 2 f(t+1—mr 7 147})([1,
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S my=0my=0
1
= —P.(f)|P(f) P(f) (5.6)

T
where |P(f)|* is the energy spectral density (ESD) of the basic Gaussian monocycle p(1),

P(f) =37 . ®n(u)exp(—j2nfuTy) is a Fourier transform of @, (u), and P.(f) is the

14
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spectrum of the codeword ¢, written as

M—1 M-I

Pc(f) = z 2 CMICm’ej27tf(ml—mg)‘t(»

my=0my=0
= VclleVH
= (cB+--4+c_1)+2(coc1 + - +cy_2cm—_1)cos(2nf.)

+ -+ 2cocpy_1cos(2(M — 1)mft.) (5.7)

where V = [l,e_fz”f’", eI ... .e‘jz(M_')”fo] . The second equality is an expression
for the spectrum of the codeword ¢ which agrees with the result for the spectrum of a block
coded digital signal in [42]. The spectrum P.(f) is periodic with period f. = % and for
real-valued ¢, is symmetric about f = 0 and is therefore symmetric about multiples of
% = ﬁ Since P,(f) is a PSD, it is also non-negative.

The PSD of the transmitted UWB signal v(¢) can therefore be considered as the prod-
uct of three parts: the spectrum of the codeword P.(f), the ESD of the analog Gaussian
monocycle p(t), and the PSD of the transmitted sequence x. Note that when the transmit-
ted symbols are equiprobable and independent RV, P(f) = Ep. Our methodology in this
chapter is to choose a p(t) that fits the FCC spectrum mask, and design P.(f) to generate

nulls in P,(f) at specified frequencies.

5.2.2 Codeword Design to Generate a Spectral Null at One Particular

Frequency

Our objective in this subsection is to design a codeword ¢ that will result in a spectral
null at a desired frequency fj, as shown in Fig. 5.1. In this figure, the solid line is the
ideal brickwall spectral shape and the dashed line is a “linear” spectral shape that will be
elaborated upon below.

As outlined in [41], these ideal spectral shapes can serve as desired prototype shapes

which P.(f) is designed to approximate. It follows from (5.7) that P,(f) can be represented
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Figure 5.1. Desired codeword spectra

by M terms of a cosine Fourier series, that is,

M—1
P.(f)=ao+2 ), aycos(2mnft,) (5.8)

n=1

where a, are the Fourier coefficients of P.(f), given by
G = TC/PC(f) cos(2anft.)df for n=0,--- M—1, (5.9)
f

and integration is over any period of P.(f). We wish to obtain a codeword ¢ such that
P.(f) has a spectral null at the frequency fi. Since P.(f) is periodic with period 1/7,
introducing a null at frequency f; will lead to nulls at frequencies f| +k/7., where k € L.
Assume that the codeword ¢ is real valued, the even symmetry of P.(f) will also result in
nulls at frequencies — f} +k/ 1., k € 1. For example, if we choose the period of P.(f) to be
5 GHz, introducing a null at 5.2 GHz will also yield nulls at 4.8 GHz, 9.8 GHz and 10.2
GHz within the UWB operating frequency of 3.1-10.6 GHz. However, if we choose the
code bit interval 7. such that 1/1, = fj, where f; is the center frequency of the null, there
will be nulls only at frequencies kfj, k € [. Designing P.(f) to have a null at DC (f = 0)
with (one-sided) bandwidth % will also yield a null with bandwidth B at frequencies k fi,
which includes the designed frequency f;. For example, to generate a spectral null at the
IEEE 802.11a WLAN operating frequency of 5.2 GHz, we choose the code bit interval to
be 7. = 1/(5.2 x 10°) = 0.1923 ns. Designing P.(f) to have a spectral null at DC will yield
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a spectrum with a null occurring at f; = 5.2 GHz and one extra null in the UWB frequency
band at 2 f; = 10.4 GHz.

Following the general approach in [41], we now illustrate the design of the codeword
in detail. We first consider design of the codeword to approximate the ideal passband
brickwall filter as an example to illustrate the idea of codeword design; subsequent practical
filter responses are arrived at by attempting to approximate the brickwall characteristic. As
discussed above, to generate a null at f; with bandwidth B, the bandwidth of the null at
f =0 should be %. Substituting P.(f) in (5.9) with the brickwall spectrum, the Fourier
coefficients of P,.(f) that approximates the brickwall spectrum with M — 1 coefficients can

be easily calculated as

1
;= —Esin(anBl) forn=1,2,--- M—1, (5.10)

and in order to ensure that the DC value is as small as possible while also ensuring that
P.(f) is non-negative, agp can be evaluated as the minimum value such that the sum in (5.8)
is non-negative.

By equating the coefficients in (5.7) and (5.8), we have the following set of equations:

C(2)+C%+"'+C'/214_1:(10 (5.11)

coc) +cica+--+Ccpm—2cm—1 = Ay (5.12)

coca +ci1c3+ -+ epy—3epm—1 = az (5.13)

CoOCM—1 — aApM—1- (5.14)

Given the values of a,, n =1,2,--- ,M — 1, instead of evaluating a( separately as noted

above, it is possible to minimize (5.11) under the constraint of (5.12)-(5.14). To do so,
define the function g(c) as
gle) = cg+ci+-+cy +hlcocr +eea+ - Fey—acpu— —ay)
+h(coer +crez+- 4 ey zepy_) —az) +- -

+Av—1(cocm—1 —am—1) (5.15)
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where A1, Ay, -, Ay are the Lagrange multipliers. The following set of equations then
applies:
dg(c
gi ) =2co+Aici+Aer+ -+ Ay_1cm—1 =0 (5.16)
0
dg(c
ag£ ) Bttt Do -l 35750 (5.17)
I
dg(c
L):2CM_|—f—/’{.]CM_z—l-AzCM_:;+“'+AM_|C():0. (5.18)
dcm—1
The coefficients of the required codeword ¢ can be obtained by solving A,---,Ay_; and

co,- -+ ,cp—1 from (5.12)-(5.14) and (5.16)-(5.18).

5.2.3 Codeword Design for Different Spectrum Shapings

It is known that using an insufficient number of Fourier coefficients to represent a con-
tinuous function leads to distortions, including in this case ripples in the passband and a
larger than desired transition band. Using additional Fourier coefficients will yield a more
accurate approximation of the desired spectrum, at the expense of a longer codeword and
increased complexity in evaluation of the codeword coefficients. Alternatively, to obtain a
better approximation of the desired spectrum, instead of increasing the number of Fourier
coefficients, we consider approximation of different bandpass spectrum shapes with a larger
transition band, including shapes given by the Butterworth, Chebyshev and elliptical filters.
The codeword design method follows the steps outlined above, except that the Fourier co-
efficients vary with different spectrum shapes. The codeword coefficients which generate
a spectral null at the IEEE 802.11a frequency band of 5.2 GHz are obtained numerically
by solving egs. (5.12)-(5.14) and (5.16)-(5.18). In addition to the DC term ap, we use
four Fourier coefficients aj-a4 when approximating the desired spectrum, therefore P.(f)
includes the DC, 1%, 2", 3" and 4" harmonic components, resulting in a code length of

M = 5. The normalized codeword coefficients are tabulated in Table 5.1, where f, denotes
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the normalized cutoff frequency of the corresponding lowpass filter and n denotes the or-
der of the Butterworth, Chebyshev and elliptical filters. In this design, the Chebyshev and
elliptical filters have R, = 0.5 dB peak-to-peak ripple in the passband and R; denotes the
stopband attenuation (in dB) from the peak passband value for the elliptical filters. The
resulting spectra are plotted and discussed in Section 5.3.

We also consider a simple design in which the prototype spectrum falls linearly to zero
at fj (referred to as “linear” in Table 5.1 and plotted as the dashed line in Fig. 5.1). It can

be verified that the Fourier coefficients for this prototype spectrum are given by

| 1
— —sin(mnt.B)).

COS(T["TCB]) — m =

1
/ .
a, = —sin(antB))+ ———5—
* n \nty) B, m2n’t,

(5.19)
Applying these coefficients to egs. (5.12)-(5.14) and (5.16)-(5.18), the required codeword
can be obtained. The codeword coefficients obtained when B = 0.2 GHz are given in Table

5.L

5.2.4 Pulse Design to Generate Spectral Nulls at Multiple Interference

Frequency Bands

The pulse design scheme presented above is focused on the generation of a spectral null
at one particular frequency band. Here we extend the design method to the generation
of UWB pulses with spectral nulls at multiple interference bands. Suppose we want to
design a UWB pulse with spectral nulls at interference frequencies f; and f,. We could
attempt to approximate a spectrum with nulls at these frequencies and evaluate codeword
coefficients as outlined above. Alternatively, using the methodology in subsection 5.2.2,
we can design two codewords ¢ and ¢; with spectral nulls at f} and f, respectively, using
code bit intervals 7 = f'—] and 7, = %_ The effect of convolving these two monocycle coded
pulses in the time domain is the multiplication of their spectra in the frequency domain,
which will yield spectral nulls at f; and f> simultaneously. In Section 5.3 we present a

spectrum with two spectral nulls designed by this approach.
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5.3 Simulation Results and Discussion

Spectra with a null at the IEEE 802.11a frequency of 5.2 GHz are presented in this section,
based on the codeword design scheme discussed in the previous section. A spectrum with
nulls at multiple interference frequencies is also presented. The BER performance of one
example UWB system, SC-FDE UWB, using the monocycle coded Gaussian pulse in the
presence of narrowband interference at 802.11a frequency band is simulated and compared

with that of uncoded system utilizing a single basic Gaussian monocycle.

5.3.1 Spectra of Monocycle Coded UWB Pulses

We choose the basic monocycle as the 7th derivative of the Gaussian pulse, given by

105t 10583 215 17 12
p(t):( P = + = —O_IS)exp (—F> (5.20)

where o is chosen as 0.064 ns to meet the FCC spectrum mask; any other pulse which meets
the FCC spectrum mask could also be used. In Fig. 5.2, we present the transmitter pulse
generated by coding this monocycle with the M = 5 codeword ¢ = [0.461,0.487,—0.691,0.014,
—0.270], obtained by approximating the brickwall filter when B; = 0.1 GHz. In this ex-
ample, the duration of the basic Gaussian monocycle, p(t), is designed as 0.7692 ns and 7.
is selected to be 0.1923 ns, resulting in a symbol duration 7 of 1.5384 ns. Note that values
of 7., T, and T that contain some approximation or quantization errors can be adopted for
easy implementation. For example, 7. = 0.19 ns will result in a null centered at 5.263 GHz
which, given the width of the null, will limit interference with 802.11 devices. Further-
more, if we allow for the case when a symbol has value zero for some duration of time (7%)
following the last monocycle pulse as shown in eq. (5.3), the selection of 7, and T can be
more flexible and not require as high accuracy as the values provided above. For example,
we canuse T, = 0.8 ns, 7y = 1.71 nsand 7; = 0.15 ns.

The normalized PSD of the designed coded monocycle pulse is presented in Fig. 5.3,

based on the assumption that the transmitted symbols are equiprobable and independent
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of each other. For comparison, the PSD that results when By = 1 GHz is also shown, as
is the FCC outdoor mask and the ESD of the basic Gaussian monocycle |P(f)|*. It can
be observed that the coded monocycle transmitter pulses meet the FCC outdoor mask and
that a null is present at the specified interference frequency of 5.2 GHz. As a result of
the periodicity of P.(f), a null is also present at 10.4 GHz. Also, passband ripples can be
observed due to an insufficient number of Fourier coefficients, which can be suppressed by

approximating bandpass filter types other than the brickwall spectrum shape.
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Figure 5.2. The transmitted pulse for coded monocycle UWB with codeword ¢ =

[0.461,0.487,—0.691,0.014, —0.270].

To illustrate the effects of different filter types, in Fig. 5.4 we plot the spectra generated
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Figure 5.3. FCC outdoor spectrum mask, the ESD of the basic Gaussian monocy-
cle |P(f)|> and the normalized PSD of the coded monocycle UWB pulse with code-
word ¢ = [0.461,0.487,—0.691,0.014,—0.2700] (B,=0.1 GHz, dashed line) and ¢ =
[0.093,1.075,—0.683,—0.322,—0.168] (B, =1 GHz, solid line), respectively.

using codewords tabulated in Table 5.1. It can be observed that among these spectra, ap-
proximating the linear and the Chebysheyv filters yields less passband ripple. Note that the
spectrum shaping of the Chebyshev and elliptical filters varies with the parameters R, and
R;. Furthermore, although the passband ripple differs significantly with different bandpass
filter types, the width and depth of the null does not. Our results also show that, due to the
limited degree of freedom provided by five codeword coefficients, the different values of

B, considered when generating the results for this figure have little effect on the resulting
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Figure 5.4. Spectra of the coded monocycle pulses obtained by approximating different

filter types.

In Fig. 5.5, we present a spectrum with nulls at two interference frequencies by using
the method discussed in subsection 5.2.4. The nulls are designed to be at frequencies
f1 = 5.2 GHz and f> = 6.8 GHz, with ¢; = [0.461,0.487,—0.691,0.014,—0.270] for 5.2
GHz and ¢; = [0.304, —0.106,—0.084, —0.065, —0.048] for 6.8 GHz, respectively. It can
be observed that the convolution of the two coded monocycle pulses, each with a single null
at one particular frequency, can effectively generate a transmitter pulse shape with nulls at
both interference frequency bands. Note that the resulting transmitter pulse shape obtained

by convolution will have a longer pulse duration, leading to a reduced system data rate.
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Table 5.1. codewords for different spectrum shapes

Filter Shape co C] 2 c3 Cq

Brickwall B; = 0.1 GHz 0.461 | 0487 | -0.691 | 0.014 | -0.270
Brickwall B} = 1.0 GHz 0.093 | 1.075 | -0.683 | -0.322 | -0.168
Butterworth B; = 0.2 GHz, n =5 and fj = 0.981 0.858 | -0.401 | -0.018 | -0.159 | -0.279
Chebyshev By =0.1 GHz, n =5 and f = 0.990 0.340 | 0.601 | -0.699 | -0.063 | -0.179
Ellipse By =0.1 GHz, n =5, f =0.990 and R, = 100dB | 0.529 | 0.321 | -0.666 | 0.188 | -0.373
Linear B} = 0.2 GHz 0.887 | -0.311 | -0.247 | -0.190 | -0.140

This effect, however, can be compensated by reducing the codeword length or the duration

of the basic Gaussian monocycle.

5.3.2 Performance of coded monocycle SC-FDE UWB

In this subsection, SC-FDE UWB is taken as an example to evaluate the performance of
a UWB system using the proposed coded monocycle pulse in the presence of NBI. SC-
FDE is a communication scheme where data are transmitted block-by-block in the time
domain while equalization is performed in the frequency domain. After pulse shaping and
matched filtering the transmitted blocks of data, the SC-FDE system evaluates an FFT to
transform the received signal into the frequency domain. Frequency domain equalization is
then performed to suppress inter-symbol interference. The equalized signal is transformed
back into the time domain by an IFFT operator, and finally detection is carried out in the
time domain. For a detailed description of SC-FDE, please refer to Chapter 2.

To demonstrate the advantage of using a coded monocycle pulse, the performance of
this SC-FDE system in the presence of NBI is simulated and compared to that of the SC-
FDE system using a single Gaussian pulse. The performance of both systems is evalu-
ated for a block length of 256 and a CP length of 64. The coded monocycle SC-FDE

utilizes the coded monocycle pulse shown in Fig. 5.2 with 75 = 1.5384 ns and code-
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Figure 5.5. Normalized PSD of the coded monocycle UWB pulse with spectral
nulls at frequencies 5.2 GHz and 6.8 GHz, resulting from the convolution of
pulses generated by ¢; = [0.461,0.487,—0.691.0.014, —0.270] for 5.2 GHz and ¢; =
[0.304, —0.1063,—0.084, —0.065, —0.048] for 6.8 GHz, respectively.

word ¢ = [0.461,0.487,—0.691,0.014, —0.270], where these codeword coefficients were
obtained by approximating the brickwall filter. Very similar performance was obtained
with all the codewords in Table 5.1. The uncoded SC-FDE system uses the single 7th
derivative of the Gaussian monocycle p(f) given in (5.20) as the transmit pulse, with a
pulse duration of 0.7692 ns and a symbol duration of 1.5384 ns. The UWB channels used
are the CM 1-CM4 channel models proposed by the IEEE 802.15.3a study group [2], where

10
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the channel will spread more than 100 symbol durations with a delay spread from 25 ns to
150 ns in CM1 to CM4, respectively. Severe ISI will therefore be introduced, which can
be combated by the frequency domain equalization scheme in the SC-FDE system. At the
receiver, the received signal is fed into the demodulator that is matched to the transmitter
pulse shaping filter. After sampling with optimal timing, the subsequent signal processing
is identical for both systems. Since the designed coded monocycle pulse has a spectral
null at the interference frequency, its convolution with the matched filter also results in a
spectral null at this frequency, therefore NBI is effectively suppressed.

In Figs. 5.6-5.9, we consider the effects of NBI on the coded monocycle SC-FDE sys-
tem at an effective system data rate of 520 Mbps, compared with the performance of the
uncoded SC-FDE system utilizing a single Gaussian monocycle pulse in the UWB channel
models CM1-CM4. The NBI is added at the IEEE 802.11a WLAN operating frequency
of 5.2 GHz, with a bandwidth of 16.56 MHz [43] and signal-to-interference ratios of SIR
= —10 dB, —20 dB and —30 dB. It can be observed that for the uncoded SC-FDE UWB
system without spectral nulls, interference in the 802.11a frequency band can lead to a
performance degradation of over 2 dB, 3 dB and 5 dB at a BER of 10~ for SIR= —10
dB, —20 dB and —30 dB, respectively. The coded monocycle SC-FDE UWB system with
a spectral null at 5.2 GHz, however, effectively suppresses the interference at 5.2 GHz
such that the performance with SIR= —10 dB is very close to that in NBI free channels.
Comparing the performance of the coded and uncoded systems in the presence of NBI re-
veals increased performance gains for the coded monocycle system as interference power
increases, with an SNR improvement in most UWB channel models considered of over 2
dB for SIR= —20 dB and over 4 dB for SIR=—30 dB when BER= 10~°. Also, with the
same SIR value in each channel model, the performance gains of the coded monocycle sys-
tem increase with increasing SNR, since NBI instead of noise dominates the performance
degradation of SC-FDE systems at high SNRs. Furthermore, the coded monocycle pulse
tends to yield higher performance gains in the NLOS channel with larger delay spread and

multipath components (i.e., channel models CM2 and CM3) than in the line of sight (LOS)
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channel condition (CM1). The reason for this lies in the fact that in NLOS channel con-
ditions where the channel is more frequency selective, frequency domain equalizer taps
typically have greater values than in less frequency selective channel conditions, resulting
in enhanced NBI.

By suppressing the UWB signal in the interference band, the UWB signal will not have

a detrimental effect on the performance of the narrowband system.

............................
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Figure 5.6. BER of coded monocycle SC-FDE UWB and uncoded SC-FDE UWB in the
presence of NBI in UWB channel model CM1.
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Figure 5.7. BER of coded monocycle SC-FDE UWB and uncoded SC-FDE UWB in the
presence of NBI in UWB channel model CM2.

5.4 Summary

In this chapter, a UWB spectrum shaping scheme has been introduced and investigated.
The transmitted pulse is formed as a “coded™ Gaussian monocycle pulse where the code-
word is obtained by approximating the Fourier series representation of the desired spectrum
shaping. The resulting spectrum has been shown to fit the FCC spectrum mask and at the
same time contain a spectral null at the frequency of potential NBI to effectively avoid in-
terference at the IEEE 802.1 1a frequency band. Simulation results presented in this chapter

show significant performance benefits of SC-FDE UWB systems using this pulse design in
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Figure 5.8. BER of coded monocycle SC-FDE UWB and uncoded SC-FDE UWB in the
presence of NBI in UWB channel model CM3.

the presence of NBI. The code design methodology is flexible and programmable, and can
generate spectral nulls at different or multiple frequencies. It can be applied to different
modulation schemes including pulse position modulation, and different UWB systems in-

cluding DS-UWB.
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Figure 5.9. BER of coded monocycle SC-FDE UWB and uncoded SC-FDE UWB in the
presence of NBI in UWB channel model CM4.



Chapter 6

Performance of SC-FDE System in UWB
Communications with Imperfect

Channel Estimation

6.1 Background

We presented the performance of SC-FDE system in Chapter 2, based on the assumption
that perfect CSI can be obtained at the receiver. However, in practical cases, CSI is only
available through estimation algorithms with inherent channel estimation error. Despite
the practical interest and importance of evaluating the effect of channel estimation error,
the BER of the SC-FDE system over UWB channels in the presence of channel estima-
tion error has not been investigated. In this chapter, we study the BER performance of
single carrier block transmission with frequency-domain MMSE equalization over UWB
channels, with imperfect channel state information obtained from frequency-domain LS
channel estimation algorithm.

Performance analysis of communication systems with channel estimation error is a sub-
ject of plenty research interests [44—47]. These analyses, however, were based on ISI
free transmission, which cannot be applied to the SC-FDE system with frequency-domain
MMSE equalization. When MMSE equalization is performed in the frequency domain

while signal detection is carried out in the time domain, all the other transmitted bits within
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one block will affect the detection of the current bit, resulting in complicated sums of deci-
sion variables and therefore it is not ISI free. Assuming perfect CSI, ISI was approximated
as a Gaussian RV, which led to a simple and accurate analysis as in Chapter 2. In this
chapter, we study the more complicated performance problem for SC-FDE systems with
imperfect channel estimation in UWB channels. Our analysis starts with the derivation of
the PDF of frequency-domain MMSE equalizer with channel estimation error. The BER
performance of SC-FDE over UWB communications with imperfect channel estimation is
then derived by employing the central limit theorem (CLT).

This chapter is organized as follows. Section 6.2 derives the PDF of the frequency-
domain equalizer taps. In Section 6.3, the newly derived PDF is applied to the BER analysis
of the SC-FDE system over UWB communications with channel estimation error. Numeri-

cal results and discussions are presented in Section 6.4. Section 6.5 concludes this chapter.

6.2 Probability Density Functions of the Frequency-Domain
Equalizer Taps

In this section, we present the PDF of the frequency-domain MMSE channel equalizer taps
with imperfect CSI, where the estimated channel attenuation factors I:Ik (k=0,---.N—1)
are obtained by frequency-domain LS channel estimation algorithms. Suppose one block
of pilot symbols p is transmitted for channel estimation purposes. The investigated system
follows that of Fig. 3.1. Following (2.4), the frequency-domain received pilot block can be

rewritten as

Y=PH+N, (6.1)

where P is a diagonal matrix with its kth diagonal element P, as the kth FFT coefficient
of the pilot sequences p, and N, = Fn,, is a N x 1 column vector with its kth element N,

being the kth FFT coefficient of the sampled noise vector of the pilot block.
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The channel attenuation factors estimated by the LS algorithm can be obtained as

A Yi N
HB===H+-2 6.2
k P k+ P (6.2)
fork=0,1,---N—1, and
1 j2mlk
N, = — n,exp| — ) 6.3
Pk N [g(,) i p( N ) (6.3)

Hence N, is a complex Gaussian RV with zero mean and variance 0'3 = % Furthermore,
the real and imaginary parts of N,, are uncorrelated Gaussian RV with zero mean and
variance %’7’ = %Q. Denote the real and imaginary part of Hy as Ry and I, respectively. We
have from (6.2) that Ry and I; are uncorrelated Gaussian R.V. and Ry ~ N(Hy,, :1%:]_2)’ Iy ~
N(Hy,, ﬁf)’ where N(u,62) denotes the normal distribution with mean p and variance
0?2, and H;, and Hy; denote the real and imaginary part of Hy, respectively.

Note that since the Ay (k=0,---,N — 1) are independent random variables, the Cj,

(k=0,---,N—1) are also independent. In the derivation that follows, we use the notation

W = E[Hy] = e+ jur and 67 = E [IFIk — uk|2]. Therefore, for LS channel estimation,

No

5)
we have Uy, = Hyy, lg; = Hy; and o = AP 2"

Since the real and imaginary part of Hy are uncorrelated Gaussian, the joint PDF of Ry

and I; is given by [48]

(R (i)
_t = A (6.4)

Ry )=
SR (Ries 1) 2702

*

The MMSE frequency-domain equalizer taps C; = W%UT%

can be rewritten in polar

coordinates as

Ry — jl
R;+I}+B
= e/t (6.5)

A/ R2 412
s & (6.6)

~ D272
RI+I+B

Ci

where

Tk
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I
O, = —tan~ ! —. 6.7
k an R (6.7)
Or equivalently,
cos B Ry (6.8)
4 i
e T Ry 2+B
and
ing L (6.9)
nesinfy = ——————. :
T TR I2 4B

The joint PDF of (ry, 6;) can be obtained as [48]
1
fro0,(re. 6) =Y mka.lk (Ri;+ I, (6.10)
i !

where Ry, and I, are the ith solution of (6.6) and (6.7), | - | denotes absolute value of the

determinant J; and

dry I
R, Ol
Jip =
26 26,
aRk a Rk:Rkielk:Iki
B—R—1I}

(6.11)

(RZ+12)1/ (R’+12+B) Ri=Ry, Ji= ,‘

By mathematical derivations, we solve R,%,, +I,§i from (6.6) and (6.7) as

o 1=2BR+(=1)"1/1-4Br}
R +I} = (6.12)

)
2rk

where i = 1,2, respectively. Converting to the polar coordinate form, (6.11) and (6.12)

1 1 ( 5 )
— = (1-2Bri+4/1—-4Br2 ). (6.13)
il 23 /1 —aBi? A k

Therefore, the PDF of the kth frequency-domain channel equalizer tap can be obtained as

1
[r.6(r:O) = ———— [1 —2Br; + \/ 1 —43'%] Jre (R Iiy)
71“ \/ 1 —4Br,\

1
e [l —2Bry —y/1- 4Brf} St (Riy, Ii,) - (6.14)
2r3\/1—4Br?

result in
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where fg, 1, () is the joint PDF of the kth estimated channel attenuation factor H;. given by

(6.4), which can be rewritten in the polar coordinate form as

| 2B (l:t\ /1-48r7) (1 ~’_;luk|rkCOS(Bk+q7k))

e 2 o doprg (6.15)

SRt (T, Ok;) =

210}
where || and @ are the norm and phase of L, respectively.
Applying (6.15) to (6.14), the joint density of (ry, 6¢) can be obtained in closed-form as

lug|2—B
g = —ﬁoz 1
€ Tk X

2
Aroy r3\/1—4Br

Sro.0.(rx, 6k)

_(1+ )—431%)( —2|u‘ r COS(8;+ ¢p,\))
[(1—23177.—#\/1—43;%) e ik

B (l* |~4BTL2) ( 2,uk|rkCOS 9‘+qok))
+<1—2Br,%—\/l—4B;f> e 9 }6.16)

6.3 Performance Analysis

In this section, we apply the PDF of the MMSE frequency-domain channel equalizer taps
to the derivation of the BER performance. Following (2.5), the detection variable can be

expressed as

—1 /N—1 2 (1 —m)k N-1 et
Zm — =3 Z CLHL)C,,,—I— Z (z Hilhe 2 [f\.‘ 1A>x1+ 1 z <Z e _Iﬂ'(:lv M),)I'

k=0
I im

(6.17)
Conditional on the channel impulse response h, the probability of error for the detection of

the mth bit is given by

P.(elh) = Pr(z,>0lx,=—1.h) (6.18)
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Given x,,, = —1, we obtain from eqn. (6.17) that
L = Zmlxm:—l
1 N-1 l N— N-1 j2r(i—m)k m(l—m)k
= —= z CvHy + — Z 2 HCe W~ X+ —= Z z CLC N n;
N5 N 3\
I#m
1 N-1 1 N-1 2mk N-1 2mlk N-1 2mk
= === z CiH+ — z C/‘HkCJ_T‘— Z (& J_'V_X[-I-— z CiNie ¥
N & N = =0 k=0
I#m
1 N-1 J2mmk 1 N-d J2rmk
= — CiH Xie ¥ +— zCL e N
VN k=0 N =
' Nic (HiXp+ Ny e 7" (6.19)
= 7= kT X + Vg )Je N ;
VN 5
where X} is the Fourier coefficients of one transmitted block x;, i = 0,1,--- ,N — 1, inde-

pendent of C; and N;. The second to last equality in (6.19) is obtained by applying

_ J2nnk _ J2mmk
T Y AN g N (6.20)
VN nzb 8 VN
n#m

6.3.1 Mean and Variance of L

Denote Ly = Ci(Hp Xy +Nk)e e . Note that since the A, k =0, --- .N— 1 are independent
RVs, the {C;} are also independent of one another. The RVs {X;} and {N;} are also
independent for different ks. As the sum of N independent RVs {L;}, L can be modeled
as a Gaussian RV with mean ; and variance o7. Since the noise sample N, in C; comes
from the pilot block which is independent of N, Cy. is independent of Ni. Therefore, it is

straightforward to show that

=
s

P = ﬁ kZOE[CL(HLXk + N F
= LS B {HE X+ BN 2
VN &
] N—I1

>~
[l
o
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where

EX]=———e '~ (6.22)

is utilized in the last equality.

The variance of L can be obtained as

of =E[IL*] — |ucl? (6.23)
where
2 jj «(F* " 2zm(p—q)
E[|L| ] = N Z ZE[ p(HpXp+Np)|[Cq(H, X7 +N, )” ]
p =0 ¢=0
1 N_1N_1 ]7mn(/z q)
= — 2 2 [CoC E [(HpXp+N,) (H X, +N;) e v
p 0¢=0
] N=IN-1 anlpa
= =3 3 E[CC] [HHE [XX;] +E [N,N;]]
p 0 ¢=0
Since
: 1 p=gq
E [X,X] :{
i 0 p#gq
and
E [N,N!] —{ O P
A —
! 0 p#gq
we have

E(IGF] [IH,P+07] p=4q

E [C,Cy] [HpHE [X,X;] +E(N,N;)] = { ) p#q

and
IN]

]E[|L|2]_ 2 [1Co1*] [1Hp)* + 07] (6.24)

Applying (6.21) and (6.24) to (6.23), the variance of L can be obtained.
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6.3.2 Error Probabilities

Having obtained the mean and variance of L, the conditional error probability on h for the

detection of the mth bit within a block can be calculated from (6.18) as

Po(elh) = Q (—&) o (6.25)

oL
To calculate (6.25), we need to calculate the values of E [Cy] and E [|Ci[?]. Applying the
PDF of Cj obtained in Section 6.2, we show in Appendix E the detailed derivation of E [C]

as an example. The calculation of E [lelz] follows the same procedure as in Appendix E.

In summary,
] _|Iikl_)2 1
E[G]= e /e 2% Wi(5,1,1) (6.26)
20'k 2
and
L
E[|C[?] = —=e 2% W¥(1,2,0 6.27
(1G] = 5570 ™ ¥i(1,2,0) (6:27)
where

us
———— e “Iy(m/u)du (6.28)
e
Oj

with 1 = % and I, () is the vth order modified Bessel function of the first kind.

‘Pk(G’T:U):/Om

The conditional error probability (6.25) for the detection of a certain bit x,, within a
block can therefore be evaluated with (6.21), (6.23), (6.24), (6.26) and (6.27). The bit error
rate of one block conditional on channel gains is then calculated by averaging P,,(e|h) over
the block, and the unconditional probability of error for SC-FDE is obtained by averag-
ing the conditional error probability over 100 UWB channel realizations for a particular

channel model.

6.4 Numerical Examples and Discussions

In this section, the error probabilities of SC-FDE system with frequency-domain LS chan-
nel estimation error over various UWB channel models are evaluated numerically and com-

pared with the simulation results. The investigated SC-FDE system follows that in Chapter
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2, where a data block length N = 256 is used, with CP length of 64 and the effective data
rate of 400 Mbps.

The semi-analytical results of BER performance of SC-FDE over UWB channels with
frequency-domain LS channel estimations are shown in Figs. 6.1-6.4, where one block of
an optimal pilot sequence is utilized as in Chapter 3. That is, the pilot sequence has a flat
spectrum with its FFT coefficients being constant ones, |P| =1 for k =0,1,--- ,N—1.
Our results show that, compared to the simulation results, Gaussian approximation yields
fairly close BER performance to that of the SC-FDE system with frequency-domain MMSE
equalization under imperfect channel estimation, thus validating its use. Furthermore, a
performance degradation of around 3 dB can be observed compared to the performance of

SC-FDE with perfect channel state information.

6.5 Summary

The impact of channel estimation error on the performance of SC-FDE system over UWB
channels has been investigated in this chapter. A general analysis method for the BER
performance of SC-FDE with channel estimation error has been presented. The BER ex-
pression for the SC-FDE system conditioned on the UWB channel has been derived and
evaluated numerically. Our results have been validated by utilizing of the Gaussian approx-
imation method in the performance evaluation for the single carrier block transmission with
frequency-domain MMSE equalizations and LS channel estimation error over UWB chan-

nels.
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Figure 6.1. Average BER performance of SC-FDE with channel estimation error over the
UWB channel CM 1.
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Figure 6.2. Average BER performance of SC-FDE with channel estimation error over the
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Figure 6.3. Average BER performance of SC-FDE with channel estimation error over the

UWRB channel CM3.
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Figure 6.4. Average BER performance of SC-FDE with channel estimation error over the

UWB channel CM4.



Chapter 7

Effects of Carrier Frequency Offset and

Sampling Time Offset at the
Performance of SC-FDE UWB

7.1 Background

The performance of SC-FDE system was presented in Chapter 2 and compared to OFDM,
based on the assumption of perfect carrier frequency alignment between the transmitter
and receiver and optimal sampling time instant can be obtained. However, carrier fre-
quency offset and sampling time offset are usually present in practical systems, resulting in
performance degradation in both SC-FDE and OFDM.

The effects of CFO in an OFDM system were extensively investigated in the litera-
ture [15,49-53] and compared with that of single carrier systems [15,49,51-53]. Per-
formance studies in [15] and [49] consider the signal-to-noise (SNR) degradation in an
AWGN channel only, where the presence of CFO introduces ICI for OFDM and ISI for a
single carrier system. In [50], a general analytical method was derived for the BER perfor-
mance of OFDM systems only in the presence of CFO over AWGN channels. The analysis
method was also applied to SC-FDE in [51]. In [52], approximated BER degradations of
OFDM and single carrier systems due to CFO over flat Rayleigh fading channels were pre-

sented. The BER performance of OFDM over flat fading channels in the presence of CFO
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was analyzed in [53], while SC-FDE was studied only by simulation. None of these papers
included frequency domain equalization in their analyses. In this paper, we investigate the
CFO effect on the performance of SC-FDE with MMSE equalization in terms of SINR and
compare with OFDM for frequency selective UWB channels. The BER performance of
both systems are also investigated and presented.

STO is another important factor that may degrade system performance, especially in
high speed UWB communications where high sampling rates over one narrow pulse make
timing requirements fairly stringent. The impact of distorted sampling rate on the perfor-
mance of multi-carrier code division multiple access (MC-CDMA) was studied in [54],
while the impact of a constant STO on OFDM systems was investigated in [55]. However,
there were no analytical studies on SC-FDE systems with timing offset. In this paper, we
investigate the impact of a constant STO on the performance of the SC-FDE system over
UWB channels. Two forms of STO are considered, i.e., the effect of a shifted sampling
timing point other than the optimal sampling timing and the effect of a distorted sampling
rate other than the symbol rate. In a more general scenario, timing offset is usually mod-
eled as a random variable rather than a constant value, referred to as timing jitter. The
effect of random timing jitter on the performance of OFDM-UWB was analyzed in [56],
where timing jitter was shown to introduce ICI and become a major degradation factor on
the performance of OFDM. In this paper, modeling the sampling timing offset as a uni-
formly distributed random variable, we simulate the performance of SC-FDE over UWB
channels in the presence of timing jitter and compare with OFDM. Other distributions such
as Gaussian may be more appropriate to model the random timing jitter.

This chapter is organized as follows. Section 7.2 presents the SC-FDE system model
with CFO and STO. In Section 7.3, we derive the SINR of the SC-FDE system over UWB
channels in the presence of CFO, compare to that of OFDM. The BER expression for SC-
FDE is also presented. Section 7.4 investigates the impact of sampling timing offset on
the performance of SC-FDE over UWB channels. Simulation results and discussions are

presented in Section 7.5. Section 7.6 concludes this chapter.
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7.2 System Model

Fig 7.1 illustrates the system model of an SC-FDE UWB system in the presence of a carrier
frequency offset. As in Chapter 2, the SC-FDE system transmits a block of data x =

[x(,-_ DN s X(i l)N+N—l]T’ where CP is inserted at the beginning of each block.

totnT
x
— CP | pl) [~|UWB channel|—H—* MF ,J<
AWGN
S7F
X u z Y’ Y l‘ y
+«—| Re{-} <—‘ IFFT Equalization C FFT }'—’Q_()'— CP removal |+

Figure 7.1. SC-FDE system in the presence of frequency offset

At the receiver, the presence of a constant STO shifts the sampling point to TA? +n(7;+
O0At) wheren=1,2,---, 7=0,1,--- ,M— 1, and ZIT = % is the oversampling rate of one
pulse, with M being the total number of samples within one symbol duration 7. Moreover,
0 =k, where k is an integer and 0 < |k| < M — 1 indicates a distorted sampling rate other
than the symbol rate. In a more general case where STO is not a constant over each symbol,
we model 7, as a uniformly distributed random variable and refer to 7,At as the timing jitter,
where 7, =0.1,--- M — 1.

After sampling at the matched filter output, the serial received data is converted to
parallel blocks. CP within each block is then removed. The mismatch between transmitter
and receiver oscillator causes the CFO. Denoting the normalized CFO by &, the kth received
symbol within a block is distorted by a factor of ¢~ 7275 . The distorted received signal is
then converted to the frequency domain using DFT. Frequency domain MMSE equalization

is performed to suppress ISI, with equalizer taps given by C;, = as in Chapter

H;
|Hi[>+No/ (2Ep)
2. A block of sequence z is then obtained after frequency domain equalization and an IDFT.

When BPSK modulation is used, the decision variable is simply X = sgn(Re{z}).
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7.3 SC-FDE UWB with Frequency Offset

In this section, we present the performance of SC-FDE in terms of SINR in the presence of
CFO over UWB channels. The SINR of an OFDM system with CFO is first presented for

comparison purpose.

7.3.1 OFDM
It is known that when a block of BPSK modulated signals x = [xq,x;,---,xy_;]” are trans-
mitted, the received signal after CP removal can be expressed as [15]

Y = HF'x+n=F/Ax+n. (7.1)

In the presence of frequency offset, the received signal on the kth subcarrier is distorted

(2 . .
by e /% *€_and the received signal Y’ becomes

Y =eY=¢eFAx+éen (7.2)

2n
ke

where € is a diagonal matrix with e~/ as its kth diagonal element. The received signal

after FFT can then be expressed as
Z=FY =FeF” Ax+Fen. (7.3)

One-tap frequency domain equalization is then performed, where the signal after equaliza-

tion can be obtained as

u=GZ = GFeF”" Ax + GFen (7.4)

where G is a diagonal matrix with its kth diagonal element being the equalizer taps Gy.

Assuming no frequency offset presents, for zero-forcing equalization, we have Gy = HL‘
H

i+ 72

Signal detection is then performed by taking the real part of u, where the decision

for MMSE equalization, we have G; =

variable can be written as X = Re{u}. Following (E.16), the mth decision variable of the
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received bit can be written as

1 N—1IN—-1 = 1 N—1
Re{un} = <Re 2 Y, HiGpne /¥4t b x4 ——Re 2 Gre ™I FHETm)
N =0 k=0 \/N
1 N-1 1 N—1N-1 of
B NRe Z GnHpe ~ike xin+NRe 2 z GmHle_jVL£+m - X[+
k=0 I{fo k=0
#m
cos (e (1 —+)) sin(me)
= GuHp Nsin(%s) Xm
1 = ; 1y sin(mw(e+m—1))
+—Re GnHye ™ Erm=(1=y) X+
N 2, GnHl sin(£(e+m—1)) P
I#m

where the first additional term S contains the desired signal, the second additional term /,,

-2
accounts for the resulting ICI due to frequency offset and 72,,, = ﬁ Re {Z;V: _0' Gne™’ wlie +”’)n,}
is the equivalent noise with variance

’ No|Gm|?
E[i2] = o . i (7.6)

Denote E}, as the energy per transmitted bit, the received signal power can be calculated as

E‘blGn,H]nl2 Sin 7[8 2 I B
E[s*] = ell—= 7.7
157 N? sin 3 € oo # N) (%)
Similarly, the power of ICI can be written as
N—1 2
sinm(e+m—1)
= T H al’ 7.8
[m] Zl ll | 1[ E+l?l—l)' ( )
I;‘-m
SINR of the received signal can therefore be written as
2
IHmI blﬂfL’E T (l i _L)
E [52] N2 |sin NE cos € N
SINR = 79
Ll [ m] +E [n N—1 |H;|? | sinz(e+m—I) (7-2)

=0 N2 |sin £ (e+m— 1)' +3E, ZE/

I1#m

Following the derivation above, it is straightforward to show that the SINR of OFDM with
frequency domain MMSE equalization in the presence of carrier frequency offset has the

same expression as that using zero forcing equalization.
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7.3.2 SC-FDE

This subsection calculates the SINR of single carrier transmission with frequency domain
MMSE equalization over UWB channels, in the presence of frequency offset. The received

signal after matched filtering and CP removal can be expressed as in Chapter 2 by
y=Hx+n. (7.10)
Signal distorted by the frequency offset can be written as
y = eFY A\Fx+éen. (7.11)
After performing FFT and frequency domain equalization, the received signal becomes

Z = CFy

— CFeF" AFx+ CFéen (7.12)

where matrix C is a diagonal equalization matrix as in Chapter 2. Signal detection is then

performed in the time domain as
z = F7 CFeF" A\Fx +F" CFen. (7.13)
Taking the real part of z, the decision variable becomes
X =Re{z}. (7.14)

The mth detected bit can therefore be written as

—IN—IN—-IN-1 = . .
Em = —Re z Z z szC]é’ isl(n—m) —j5rn (”_l’)’\' %

p=0n=0 k=0 I=
N—1N-1
chl\ej\lmej\lnl

N—1N—-1 1
_ 1 {Z ZHACe JRmk=1) p—jm(1— g )(e—k+1) Sk ) }"fm

N2 o W siny (e —k+1)
I N—1N—1N—I L= 2w p _aen e oo SINTE(E —k41)

v R LGl ¥ Ime ijke—,lﬁ(l—,\,—:)(f—"+“ X, +171
N2 ’;)kzb 12 ki sin (e —k+1) sl

pFm

= S+Im+ﬁm (715)
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where
1 Ll sinm(e—k+1)
] Pl - H.C ij(k 1) —jr(1— )(E—k+1) po 7.16
N2 e{g;),% s sinf(e—k+1) (110
is the desired signal with variance
B PSS sinm(e— k+1)
E SZ H.C ij(k 1) —jm(1— )(8 k+1) 7.17
1= 2N* ,Z:('),z;‘) i : sinf(e—k+1) taln
Moreover, #i,, = Re{z Z;(V LCee — R (t=—m)k = jFFle n,} is the equivalent noise with
variance
—1|N=1 - 2
0% =E [7]— Z Y Cre i w(=mk (7.18)
1 0 | k=0

The second additional term in (7.15) is the enhanced inter-symbol interference in the pres-
ence of the carrier frequency offset. Since the desired term § is independent of the interfer-

ence term /,,, the interference power can be calculated as

E[Z] =E[(S+1x)*] —E[$%] (7.19)
where
e e 21 sin’ k+1 g
E[(S+In)?] = I,ZMEBIZHAC,M eI N Pkg=in(1—y)(e~ ‘+’>Sm ((‘Z I:H))
| N=IN=IN—IN-I 1
= Z z Z szlHk Cllcl 611‘4 11me f‘vl”"g Jn(1—§)(e=ki+1)
2N* (1 =0k—01,=01r=0
oim(1= 3 (e—kot12) sinm(e —k;+1)) sinn(e—kxr+12)
sin%(e—kj+1)sing(e—ky+1)
~1 N-1
z Z eI WPk iR P2k 2E{xp, x5, }
n=0p2=0

N—1 N—1 N—IN-I - ; if b i
= 2N4 Z > > z Hy, Hy;, C,,C}, el Fhm =T hm ,—jw(1- %) (h—ki) pim(1- ) (—k2)
=0kr=00L=05L=
sinn‘(s ki +1) sinzt(e —ky + 1) N e—j%l’(kl—kz)
Sin 4 (8 k]—l-l])SlnN(S k‘>+lv) p—0

. k)|
- H C _1 N Tim —jr(] 1] S]nﬂ,’(E ) 7.20
z;‘)l I‘l I§) ¥ ) siny(e—k+1) (7.20)
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Therefore,

2
1ysinm(e—k+1) [

sin 37 (€ —k+1)

2 E, - 2 T iZEIm —jr(1— 2
E (1] :nglH"| [Z(,)Cze Ne E[$?]. (721)

The SINR of SC-FDE in the presence of frequency offset can therefore be obtained as

E[S?
SINRscrpe = E] 5] (7.22)

L+ Bl
Having obtained (7.15), the bit error rate analysis follows as in Chapter 2, where the er-

ror probability of the mth bit in the presence of frequency offset conditional on the channel

impulse response h can be written as

1 2 Y |exp(—ulw?/2)sin(uwqgo) N5
Pn(elh) = 5 & Z p(—u @"/2)sin(uwqo) H cos(umgp) | +&o (7.23)
T u=1 u p=0
wodd p#Em
where

1 N—1N-1 2n {  § ) Sinm(e —k+1)
= ——R H,Cre— i nmk=1) p—im(1—5)(e—k+1) 794
D= NogZ G{ZZ)ZE) vCre e SnE(e—k+1) (7.24)

and

1 N—1IN-I 2 21 2 I ) Sil’)ﬂ:(£—k—+—l)
= Re H.C e-’W”"e'—JT”ke_J”(l—ﬁ)(f—k—H) : (195
o Nzo.g“’ {kg') Z(') e sin ;;(e —k+1) ( )

The definitions of @, U and & can be found in Chapter 2 and the reference therein. The
average BER performance of SC-FDE over UWB channels in the presence of frequency

offset is simply an average of (7.23) over the evaluated channel realizations.

7.4 Timing Offset

In this section, we study the impact of STO on the performance of SC-FDE over UWB
channels. As illustrated in Section 7.2, instead of sampling at the optimal time instant with

symbol rate, the matched filter output is sampled at point TA? + n(7;+ 6At). Since there is
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minimal effect of timing offset on the noise sampling, we discard the Gaussian noise term
in the following analysis for simplicity.

We consider the case & = 0 first, i.e., the output matched filter samples at the desired
symbol rate. Denote the BPSK transmitted block of signal as x = [xg, X1, ,Xn— I]T. The
transmitted block after inserting CP of length L can be expressed as X = T.,x, where T,
of dimension (N + L) x N matrix is a concatenation of the last L rows of an N x N identity
matrix Iy and Iy [57]. Pulse shaping and oversampling the transmitted pulse at a rate of
% is equivalent to first padding (M — 1) zeros to the end of each transmitted bit and then
convolving the serial of the zero-padded bits to the transmitter pulse shaping filter p(). The
transmitted block with oversampled resolution can be expressed as X, = OT,,x, where the
oversampling matrix O = Iy, ® @ is an (N+L)M x (N + L) matrix, and & is an M x 1
column vector with its first element being 1 and 0’s elsewhere.

The oversampled transmitted data sequence is then pulse shaped and fed into the UWB
channel. Convolving the received signal with the receiver matched filter, the signal before
downsampling can be expressed as

y, = Hx,. (7.26)

The (N+L)M x (N + L)M matrix H is an upper triangular toeplitz matrix with its first
column being the equivalent channel taps h zero-padded to length (N + L)M, where h =
[1(0).h(1),---]7, and h(n) = h(t)|,_, 1, . Suppose the receiver samples the received signal

M
at the sampling point TAt + nTj, the sampled received signal can then be expressed as

V:=D.¥,: (7.27)

Matrix D; denotes the (N + L)M x (N + L) downsampling matrix and D = Iy, ® B,
where B _ is the length M row vector with its Tth element being 1 and 0’s elsewhere.
Following (7.26) and (7.27), the tth sampled version of the received signal can be

obtained as y, = D:HOT_,x. The received signal after CP removal can then be written as

¥z = RepD:HOT px = Rep(Iny . ® B)H(In4 . ® 0) T px (7.28)
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where R, is an N x (N + L) matrix which is a concatenation of an N x L zero matrix and
an N x N identity matrix [57].

Left multiplication of D to H is equivalent to downsampling rows of matrix H starting
at its tth row by every M rows. In addition, right multiplication of O to H is equivalent
to downsampling columns of matrix H starting from the Oth column by every M columns.
The multiplication of D;HO can therefore be expressed as D;HO, where H is the modified
toeplitz matrix of the equivalent channel, with its (7 + nM,nM)th element unchanged as
that in the original toeplitz matrix H, while the other elements being replaced by 0’s. The
modified channel toeplitz matrix H can therefore be expressed as H = H; ® J;, where
H; is the (N + L) x (N + L) upper triangular toeplitz matrix with its first column h; =
[hgyshzy, - shey,, |7 being the Tth downsampled version of h by every M samples. That
is, the first column of H; contains the 7th, (7 + M)th, --- samples of h. Moreover, J; is
the M x M matrix with the first column being B: and zeros elsewhere. The received signal

after CP removal can therefore be expressed as

Y = ch(IN+L@'Br)(ﬁT®JT)(IN+L@a)T(.'px
= chﬁrTch (7.29)

where the property of the Kronecker’s product (A ® B)(C®D) = AC® BD [35] has been
applied. Since the insertion and removal of the CP at the transmitter and receiver can
still form the toeplitz matrix H- to a circulant matrix H,, the received signal before FFT
can be obtained as y; = H;x = FA A Fx where A; is a diagonal matrix with its kth di-
agonal element being Hy, = YN "1 hr e/ ¥ % The tth sampled version of the received
signal is only affected by the frequency-domain channel attenuation factors resulting from
the Fourier transform of h;. The BER performance due to timing offset can therefore be
obtained in the same way as in [58], except that a different timing sampling point is now
utilized to downsample the channel, resulting in a different symbol spaced equivalent chan-

nel.

For the case where the matched filter output is sampled at a sampling rate other than the
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symbol rate 1/T, i.e., instead of sampling at the timing instant TAf + nT, the matched filter
output is sampled at the timing instant TA? +n(7;+ 0Ar), where T =+1,--- . =(M —1). We
take the case of & > 0 as an example to illustrate the effect of distorted sampling rate on the
performance of SC-FDE over UWB channels. Different from the 6 = 0 case, although right
multiplication of the upsampling matrix to channel matrix H is equivalent to downsampling
channel matrix H from the Oth column by every M columns, the left multiplication of
downsampling matrix to channel matrix H is now equivalent to downsampling channel
matrix H from the tth row by every (M + 6) rows. The resulting matrix is therefore no
longer a toeplitz matrix. As a consequence of mismatched symbol sampling rate at the
transmitter and the receiver, severe performance degradation will occur since the desired
circulant matrix cannot be formed by insertion and removal of CP at the transmitter and

receiver, and the subsequent FFT and frequency-domain equalization cannot be carried out

properly.

7.5 Simulation Results

The effects of CFO and STO on the performance of SC-FDE with MMSE equalization
are presented in this section, compared with that of an OFDM system adopting one tap
zero-forcing equalization. The UWB channels used are the CM1-CM4 channel models
proposed by the IEEE 802.15.3a Working Group [2]. Also plotted is the average BERs of
both systems over 100 UWB channel realizations with a constant sampling timing offset
7 =5 (0.33 ns), a uniformly distributed timing jitter between 0 to 2A7r = 0.12 ns and 0O to
5At =0.33 ns.

For both the investigated SC-FDE and OFDM system, we use the data block of length
N = 256, a CP length of 64 and a bit duration of 2 ns, indicating a data rate of 400 Mbps.
The transmitter pulse shaping filter and the channels follows that in Chapter 2.

Figs. 7.2-7.5 show the average SINR of SC-FDE and OFDM over 100 UWB channels

from CM1-CM4 calculated by the formulas derived in Section 7.3. It can be observed
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that for each investigated channel model, the degradation of SINR in an OFDM system
due to CFO is much higher than that in an SC-FDE system, especially at high SNRs. For
example, at SNR= 25 dB in CM1, an SINR degradation of around 3 dB can be observed
with an increased CFO from 0.02 to 0.05, and around 4 dB for an increased CFO from
0.05 to 0.1 in an OFDM system due to ICI, while SC-FDE only suffers less than 1 dB
SINR degradation, due to an enhanced ISL

25 ! ! T '
= = SCFDE, CM1, e=0.02
- A= SCFDE, CM1, £=0.05
ool ..| = W= SCFDE,CM1,e=0.1 .

=—fg— OFDM, CM1, £=0.02
——f— OFDM, CM1, e=0.05
—3g— OFDM, CM1, £=0.1

15

Average SINR (dB)

10+ - ] : = . ; v R R A S ]

E /N

Figure 7.2. SINR comparison of SC-FDE and OFDM over UWB channel CM1 in the
presence of CFO € =0.02, € =0.05 and € =0.1.

Note that the SINR values are averaged results over all the subcarriers and 100 chan-

nel realizations. Although OFDM yields a larger SINR value than SC-FDE at € = 0.02
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——ille— OFDM, CM2, £=0.05
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Figure 7.3. SINR comparison of SC-FDE and OFDM over UWB channel CM?2 in the
presence of CFO € =0.02, e =0.05 and € =0.1.

and € = 0.05 in most of the investigated channel models, it does not mean OFDM-UWB
has a better BER performance than SC-FDE in the presence of CFO. In fact, due to the
enhanced noise power introduced by equalizing certain subcarriers with frequency nulls in
OFDM, severe performance degradation will occur for these subcarriers and they dominate
the overall performance. The SC-FDE system, however, does not suffer from the loss of
frequency diversity. Figs. 7.6-7.9 plot the BER performance of SC-FDE and OFDM over
UWB channel models CM1 and CM4, at normalized CFOs of 0.02, 0.05 and 0.1, respec-

tively. Similar to Figs. 7.2-7.5, both systems suffer a performance degradation due to the
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Figure 7.4. SINR comparison of SC-FDE and OFDM over UWB channel CM3 in the
presence of CFO € =0.02, e =0.05 and € =0.1.

increased CFO, with OFDM more sensitive to it, especially when CFO becomes larger or
at higher SNRs. For example, with an increased CFO from 0.05 to 0.1, the performance
degradation of SC-FDE is around 1 dB, while OFDM suffers more than 3 dB at BER
= 10~ in a majority of UWB channel models.
In order to investigate the effect of a constant timing offset within one symbol dura-
tion (6 = 0), we present in Figs. 7.10 and 7.11 the BERs of SC-FDE obtained at different
nl;

sampling timing points &, where T, =2 ns, M =33 and n=0,1,--- .M — 1. The BERs

are evaluated under channel realization 1 for CM4 and channel 50 for CM1 at SNR =0
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Figure 7.5. SINR comparison of SC-FDE and OFDM over UWB channel CM4 in the
presence of CFO € =0.02, ¢ =0.05 and € =0.1.

dB, 5 dB and 10 dB, respectively. Also plotted in Figs. 7.10 and 7.11 is the normalized
channel energy captured by these sampling points. Both figures show a general trend that
the more channel energy captured by a sampling position, the less the resulting BER. The
performance of SC-FDE is rather channel dependent, and the energy of the sampled equiv-
alent channel at the sampling timing point determines the BER. Furthermore, although not
shown here, other channel realizations result in similar performance behavior. Finally, the
performance of SC-FDE is more sensitive to different sampling points in CM1 channels

than in CM4 channels, because the channel energy captured at a different sampling point
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Figure 7.6. BER of SC-FDE and OFDM over UWB channel CM1 in the presence of CFO
£€=0.02e=0.05and e=0.1.

tends to vary more in less frequency selective channels such as CM1.

In Figs. 7.12-7.13, we present the average BER performance of SC-FDE and OFDM
over UWB channel models CM2-CM4 in the presence of a constant STO 7 =35 (i.e., the the
actual sampling point shifts from the optimal sampling point by a factor of % =0.33 ns),
and a timing jitter uniformly distributed from O to 0.12 ns and 0 to 0.33 ns, respectively. It
can be observed that in the presence of a constant STO, both systems suffer from a severe
performance degradation, with OFDM slightly more sensitive to it. For example, Fig. 7.12

shows that OFDM suffers around 6 dB performance degradation at BER= 4 x 10 in

30



7.5 Simulation Results 116

.............. R = e e e T D TR W
- @ = SCFDE, CM2, £=0.02 ]
=—t— SCFDE, CM2, £=0.05/]
= = = SCFDE, CM2, £=0.1
—8— OFDM, CM2, £=0.02
—de— OFDM, CM2, £=0.05
—ag— OFDM, CM2, £=0.1

Average BER
6‘.l

107

10

0 5 10 15 20 25 30

Figure 7.7. BER of SC-FDE and OFDM over UWB channel CM2 in the presence of CFO
€=0.02,=0.05and e =0.1.

CM2 while the degradation of SC-FDE is around 3 dB. The reason lies in the fact that in an
OFDM system, a constant timing offset 7 degrades the original transmitted symbol on the
nth carrier x,, by a factor of e%\m [55], while SC-FDE does not suffer from such degradation
induced by STO. This advantage of SC-FDE, however, diminishes when timing jitter is
considered. As can be observed in Figs. 7.12-7.13, although a very small timing jitter
uniformly distributed between 0 to 2Ar = 0.12 ns results in slight performance degradation
for both systems, severe performance degradation can be observed in both systems when

the timing jitter range is larger, e.g., from O to 5A7 = 0.33 ns. For OFDM, a uniform timing
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Figure 7.8. BER of SC-FDE and OFDM over UWB channel CM3 in the presence of CFO
€=0.02, e =0.05and e =0.1.

jitter between O to 0.33 ns always underperforms a constant timing offset of 0.33 ns. This is
because timing jitter causes ICI in an OFDM system [56]. For SC-FDE, the corresponding
two curves cross at around 16 dB in CM2 and CM3. At high SNRs, SC-FDE shows a large

error floor in the presence of timing jitter.
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7.6 Summary

The effects of CFO and STO on the performance of single carrier block transmission with
frequency domain MMSE equalization over UWB channels have been investigated. The
SINR of SC-FDE in the presence of CFO is derived, numerically calculated and compared
with OFDM. Our results have shown that while both systems suffer from a performance
degradation in the presence of CFO, OFDM is more sensitive to it. Similar BER perfor-

mance behavior has been observed for comparison. The effect of a constant STO on the
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Figure 7.10. Effects of STO on the performance of SC-FDE UWB over channel realization

1, CM4.

performance of SC-FDE has been investigated. Our results show that the performance of

SC-FDE under a constant timing offset depends on the energy of the sampled equivalent

channel captured at the sampling point. However, an SC-FDE system can be fairly sensi-

tive to a uniformly distributed timing jitter, where severe performance degradation can be

observed where there is a larger jitter range, especially at high SNRs.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

UWRB physical layer design is a challenging issue due to its high data rate and low complex-
ity requirement. The principle objective of this thesis is to investigate a new transmission
and detection scheme, namely SC-FDE, over the IEEE 802.15.3a UWB propagation chan-
nels that could possibly achieve a high data rate transmission with a low system complexity,
compared to the currently existing high speed UWB technologies, i.e., OFDM-UWB and
IR-UWB.

The novelty of SC-FDE UWB compared to the currently proposed IR-UWB and
OFDM-UWSB is summarized as follows.
1) Unlike IR-UWB where usually extremely narrow pulses are used to transmit data with a
large separation between pulses, SC-FDE UWB transmits the signals with full duty cycle
pulses consecutively over the channel.
2) Unlike OFDM-UWB where the signal is converted to the time domain by IFFT operator
at the transmitter, SC-FDE UWB performs IFFT at the receiver.
3) Unlike OFDM-UWB and IR-UWB where frequency-domain zero-forcing equalization
or rake reception are used at the receiver respectively, SC-FDE UWB employs frequency-

domain MMSE equalization to eliminate the inter-symbol interference.

The differences in the transmission and detection of SC-FDE have led to several ad-
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vantages of SC-FDE over both OFDM-UWB and IR-UWB in the IEEE 802.15.3a UWB

communications environment.

The superiority of SC-FDE UWB to OFDM-UWRB is summarized as follows.
1) Since SC-FDE is less sensitive to the spectral nulls presented in a frequency selective
channel, SC-FDE demonstrates a significant performance superiority to OFDM by around
3-dB without coding when frequency domain MMSE equalization is utilized.
2) SC-FDE has a much simpler transmitter than OFDM, thus allowing a low cost, transmission-
only device.
3) More importantly, by performing the IFFT at the receiver, SC-FDE avoids the inher-
ent high PAPR issue at an OFDM transmitter, which is particularly critical to the low cost
requirement for UWB since high PAPR at an OFDM transmitter will lead to significantly

more expensive power amplifier with high DC power consumption.

The superiority of SC-FDE UWB to IR-UWB is summarized as follows.

1) SC-FDE outperforms IR-UWB by around 5dB in a majority of UWB channels, except
strong LOS channels with small delay spread.

2) Using full duty cycle pulse to transmit data, to achieve the same data rate, relative to IR-
UWB, SC-FDE UWRB allows a wider pulse to transmit for each symbol. This is important
because narrower pulse width indicates more expensive pulse generator and higher speed
sampling rate ADC that might be too costly for the current CMOS technology.

3) The one-tap frequency-domain equalizer allows SC-FDE UWB to have a much simpler
receiver structure than IR-UWB that requires a large number of rake fingers and time-

domain equalizer taps to achieve a reasonable performance.

The novel contributions of this thesis on the system design of SC-FDE UWB sys-
tem are summarized as follows.
1) A novel oversampling diversity scheme has been proposed.

2) A novel low complexity frequency-domain channel estimation scheme has been pro-
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posed.

3) A novel low complexity TDMA scheme to address the multiple access issue of SC-FDE
UWRB has been proposed.

4) A pulse shaping design method to fit the FCC regulation and introduce spectral nulls
to limit interference with narrowband signals has been proposed and has been shown to

effectively suppress the NBL

In addition, analysis of the effects of imperfect system parameters on the perfor-
mance of SC-FDE UWB have been carried out.
1) The effect of channel estimation errors on the performance of SC-FDE UWB has been
investigated.
2) The effects of carrier frequency offset and sampling time offset on the performance of

SC-FDE UWB have been investigated.

8.2 Future Work

The advantages of SC-FDE over IEEE 802.15.3a UWB channels have been demonstrated
in this thesis, together with the investigation of system design problems of SC-FDE UWB.
However, some critical issues and more in-depth research work are required to be carried
out as an improvement of the current SC-FDE system. The future work based on the SC-
FDE UWB system is proposed as follows.

1) Timing estimation and synchronization scheme. It is well known that an effective and
efficient synchronization scheme is critical for a communication system to achieve a rea-
sonable system performance. As we showed in Chapter 7 that the performance degradation
due to sampling timing offset can vary from 1072 to 10~!. This performance degradation
is extremely harmful at high SNRs with BER levels at 107>, Therefore, to carry out an
accurate timing estimation and synchronization scheme at reasonable complexity will be a
significant contribution to this work. Another level of synchronization need to be consid-

ered is the frame synchronization scheme. As we have discussed in Chapter 4, the TDMA
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scheme we proposed is based on the assumption that block boundaries of all users are syn-
chronized. However, this requires a perfect frame synchronization scheme among users;
Otherwise MAI will occur. Therefore, it would be also important to investigate the frame
synchronization scheme among different users.

2) Carrier estimation and compensation. Also as shown in Chapter 7, carrier frequency
offset is an important factor that affects the performance of SC-FDE over UWB channels.
Therefore, practical frequency offsets estimation and compensation algorithms need to be
carried out.

3) Further analysis of the effect of timing jitter on the performance of SC-FDE UWB.
In our work the analysis of the performance of SC-FDE with sampling time offset is in-
vestigated based on a constant shift from the optimal sampling instant. In a more practical
scenario, the timing shift can be modeled as a random variable, referred to as the timing
jitter. Although we simulated the performance of SC-FDE with timing jitter over IEEE
802.15.3a UWB channels, further analysis to explain the performance degradation occurs
would be an interesting topic.

4) Sensor networks. As an emerging worldwide standard for low power, high through-
put local wireless communications, UWB has been shown to be a promising physical layer
candidate for sensor networks because of its inherent support for some of the important
requirements - throughput governed adaptive communication range, low power, and low
cost. It would therefore be interesting to carry out research on the high-speed wireless
sensor networks and investigate the design to realize the benefits of UWB in the sensor

networks.
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Appendix A

In this Appendix, we show the rationality of the assumption that Rgy is positive definite.
Denote the auto-correlation matrix of the time-domain channel taps has i thatis, Rpp =

E[EEH] which is a real symmetric matrix and therefore can be diagonalized as [59]
Ry = VARV’ (A.1)

where V € Mly is a unitary matrix and Aj, is a diagonal matrix with eigenvalues /lﬁi,i =
0,1,---,N—1of Ry on its diagonal. Furthermore, R, is also positive semi-definite since
it is an auto-correlation matrix [48]. We assume that some of the eigenvalues in 'lﬁ,"i =
0,1,---,N—1, equal to zero. Denote A;-‘ as the diagonal matrix with its ith diagonal entry

substituted by 6 for A5 = 0. That is,

A'l-li for A’l-],- >0
6 for l-i =

M= { (A2)
where & is chosen to be a small positive value that can be as close to zero as possible.
Therefore, the positive definite counterpart of the positive semi-definite matrix Ry can be

obtained as

Rtz = VALV (A3)

with its (m,n)th element as Z?IZ‘O' Allll_v,,,,-v,l,-. Since V is the unitary matrix, we have v;; < 1.
Therefore, the difference between each element in Rgj and R;-ﬂ-) due to the substitution of
zero eigenvalues by 6 will be no more than md, where m is the number of zero eigenvalues
of Ry As long as 6 is chosen to be small enough, the difference between Ry and R;-IE

is negligible. Therefore, for analysis purpose, it is reasonable to assume the time-domain
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channel auto-correlation matrix R as positive definite, with positive eigenvalues lé for

i=0,1,---,N—1. Following (A.1), we have
Run = NFR;;F7 = UAgU” (A4)

where U € My and U =FV is a unitary matrix. Moreover, Ag is a diagonal matrix with the
eigenvalues of Rgg as A; = N).é >0fori=0,1,---N— 1. Therefore, Rgg is also positive

definite.
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It is well known that the inverse of an N x N matrix x is dé‘:(x) , where x7 is the N x N

matrix with its (i, j)-th element given by the (i, j)-th cofactor of x. Accordingly, we have

Tr{W '} = (det(W;) +det(W3) + - - - +det(Wy)) (B.1)

det(W)
where W; € Miy_ is the principle submatrix of W obtained by deleting the ith row and

column of matrix W, which is defined in Appendix C.

The Bergstrom’s inequality states that [59]

det(A+B) 5 det(A)  det(B)
det(A; +B;) = det(A;) | det(By)

i=0,---N—1, (B.2)

is valid for any positive definite matrix A,B € My, where A; € Mjy_; denotes the principle
submatrix of A obtained by deleting the ith row and column of A, and similarly for B;.
Furthermore, the equality holds when A and B are diagonal.

Following (C), we denote matrix W as

W=A+B, (B.3)
where A, B are
A=Ay (B.4)
and
B = Ag' U767 (PPP)'UA4 (B.5)

respectively. Matrix A is real and positive definite since A; is positive and real as in Ap-

pendix A. Also, matrix B is positive definite since for all nonzero column vector z, we
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have

2Bz = (A;I'z)HMAﬁ'z
= y'My
3 0, (B.6)
where y = Ay'z, M = U 62 (PHP)~'U. The inequality in (B.6) is due to the fact that M

2
is positive definite with the ith eigenvalue being lgﬁ > 0.
I

Furthermore, it is straightforward to see that

det(A) 1 ,
=—>0, for i=0,1,---N-1. B.7
G A o F=EL B:1)
We also show in Appendix C that
det(B) _
>0, for i=0,1,---N—1. B.8
det(B;) ~ 0 T (B:5)

Therefore,

det(A+B) = det(A) det(B)

det(Ai+B;) = det(A;) | det(By) ~ O O I= O LN (B)

Applying the Bergstrom’s inequality to eqn. (B.3) and inequality (B.9), we have

det(W,-) 1
<
det(W) — det(a) 4 det(B)
det(A;) = det(B;)

(B.10)

with the maximum achieved when B is diagonal. This condition satisfies when |P;|> = c,
where c is a constant fori =0, 1,--- ,N—1. Applying Parseval’s theorem to {p, } and {P;},

we have that

N—I 5
Y, |P|>=N. (B.11)
k=0

Therefore, constant ¢ should be chosen as ¢ = 1 for the maximum value in (B.10) to be
achieved, or equivalently, PP = Iy.
Under the condition when equality holds, we have

det(A) 1 .
— i f S . l."' = - .
detA) I or i=0,1,---N—1, (B.12)
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and
det(B) o7 i
= —, fi =0,1,---N—1. B.13
det(By) A2 T s
Following (B.10), (B.12) and (B.13), we have
det(W,—) 12 2
< : fi =0,1,--- ,N—1 .14
det(W) = Aito2’ O 'T (B.14)
where the equality holds when PHP = 1. It follows from (B.1) that
N-1 2
A (B.15)

Tr{w-'l <
l'{ }_Z(')/li-i-d,%

where the equality holds when P7P = Iy.
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det(B) : det(B;) - oy .
det(B,) > 0. It is known that the det(B) is the ith diagonal
entry of matrix B~! (See Appendix B). Also, from (B.5), we have that the ith diagonal

n

In this Appendix, we show that

entry of B~! is > 0. Therefore,
det(B)

3oiB) > 0. (C.1)




Appendix D

Let’s use p to denote the N x L column-wise circulant matrix with its first column being
the pilot block p = [po, p1,prL, - »pv—1]". The MMSE estimated time-domain channel

taps h can be obtained as
h = Run(Run + 05 (67B) ") "By (D.1)

where Ry, is the correlation matrix of time-domain channel taps, 0'3 is the noise variance,
y = ph+n is the received time-domain signal and the MSE lower bound is achieved when
pp = cl, where c is a constant. For simplicity and without loss of generality, we assume
¢ = 1. The channel taps obtained by time-domain MMSE estimation can therefore be
written as

h = Ryn(Run + 0, 1) ' py. (D.2)
Now if we perform FFT on the MMSE estimated time-domain taps, we have
. FNxLth(th + 0',;21)_1131{3’

= FyxiRunFhxr(Fhxr) ' (Run+0.1) ' p7y (D.3)

where Fy . is the N x L dimension matrix containing the first L columns of the Fourier
matrix F.

Since

Run = E{Fy. hh"FI ,}

= FnxiRunFhy, (D4)
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where Rygy is the frequency-domain channel correlation matrix. Applying (D.3), we have

the estimated frequency-domain channel taps

ﬁ = RHH(thszL_‘_Gr?szL)_lf’Hy
= Ruu(FyL,(FyxiRunFhy. +Frxr02Fh, ) 'y
= Rpn(Run + 67 Fy F ) "Faply. (D.5)
Denote
Q¢ =Run(Run + 0, Fyx Fi. )" (D.6)

MSE can be written as

MSE = -]]V'H‘r{IE[(H— H)(H-H)"]}

I i i ] i
= 5 Tr{Run— QiF . p"E[yH"]| — E[Hy"|pFY. Q" + QiFy..B"Elyy]”"pFy . Q" }

1

. NTF{RHH — QFy " PRunFY, . — Fyoc Runp” pFY. Qi

+QiF b (PRunp” + 07 ) PFA,, Q" }

Applying the fact that p”’p =1 and (D.3), we have

1
MSE = NTF {Ran — QRun — RuuQ(” + QRunQ(” + 6, QFy . Fh, Q" }
1
= NTT {Run — QRan — RunQ(” + Q¢(Run + 0/ Fn .« Fi. )Q}

1
= NTT{RHH —Q(Rpn} > MSE’ (D.8)

which has exactly the same expression of the MSE obtained by frequency-domain MMSE
estimation (eqn. (3.10)), except that Qy is replaced by Q in eqn. (3.10). We have shown in
Chapter 3 that the lower bound MSE obtained by frequency-domain MMSE estimation is
achieved when the pilot symbols have a flat spectrum. Or equivalently, the matrix Q that
achieves the MSE lower bound for the frequency-domain MMSE estimation can be written

as

Q =Ruu(Run +0o.1y) " (D.9)

(D.7)
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Since Fy« LFﬁ>< ;. 7 Iy, the matrix Qq obtained by performing FFT on the estimated time-
domain channel taps when time domain MSE lower bound is achieved (eqn. (3.6)) is not the
same as (D.9). Therefore, the obtained MSE (D.8) cannot achieve the MSE lower bound
obtained by the frequency-domain MMSE estimation. That is, although N frequency-
domain channel taps can be obtained by performing Fourier transform on the L time-
domain MMSE taps, this method does not result in the MSE lower bound achieved by the
frequency-domain MMSE estimator that directly estimates N frequency-domain channel

taps.
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In this appendix, we derive the expression for &; = E[C;]. We know from (6.5) and

(6.16) that
Q = E[CG]
- //erjg"frk,ek(rkf9k)drkd9k
re J 6
Denote
1—2Br; +4/1—4Br?
p+(ry) = :
ri\/1—4Br}
and
1+,/1—4Br}

As(ry) =

2 <2
4rio;
Eqn. (E.1) can be rewritten as

2B
l Pkl ==

2
Q = ——e % x
47[0’,\7

{ / /9 e (r)edO () (1201l COS(6+00)
1k J B

+/ / ,.kp_(,.k)ejf?k—l—("k)(|—2|Hk["kC05(9k+¢k))}d,.kdek
ry J 6

][J.|2—B
l _ 1HE

= ——e % (Q+Q
471:0_};2 ( 1 2)

where

y .
Q”:/,.kp_,(,.k)edi(ru/ e/ O 2A< (r) 1| rCOS (O +01) y gy i,

J I 0

(E.1)

(E.2)

(E.3)

(E4)

(E.5)
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and the sign + applies to € and €2;, respectively. Note that the inner integral in ; and

(), can be simplified to

2
Qp = /0nefek+2l:(rk)l#klka05(9k+¢k)d9k

_ it / 000+ 2 () el O (8 60) g,
0
= 2me %I (2Ax (ry) | x|rk) - (E.6)

where I, is the nth order modified Bessel function of the first kind.

The first integral Q, in (E.4) now becomes

Q = 27re_j¢"/ rkp+(rk)e_L(r")11 (244 (re) | x| re) dry

Tk

o 1=+ 1-4B7 (|l (14/1-4B) | v/
= 2me i / I e % dr,
k re\/1—4Br;

20',?)’1(

By making a change of variable in (E.7) as

_ |tz | <1 +4/1 —43"1%) (E8)

f .
20',:’,21‘](
we have
107 | x| ;
rp=—_——x" ' E.9
“ T 2o+ Bl )
and
Bl|* — 1’}
dry = of | : = E.10
Furthermore, since
VR +I2
nn=—-——-—, E.11
*“RiC+B L
there is ry € (0,=-). Therefore, 1 € (oo M) and
k ’2\/3 : . g O'kz
AROE _ig ~307 [ ' T
| = X e=itke 2} _1i(r)e 247 dr. (E.12)

L /Bluy | B| |
| i | =t 24 |



Appendix E 144

Similarly, we have

_ + 1-2B2—/1-4B7 |pk|(1_,/1_43,§) _eyEag
Qp = 2me™ /% / I % dne

| ) €
ri rl% /I_4Brl% 20‘krk
(E.13)
By a change of variable in (E.13)
el (1=/1-4B73)
= (E.14)
20’,?/‘/(
where t € (O, %) , the second integral €2, in (E.4) can be rewritten as
k
VBl o2
471_0_2 ) _78 —t t2 ——k g2
Q= kewite ¥ [ % I(r)e WP dr. (E.15)
| =
k
Applying (E.12) and (E.15) to (E.4) yields
g 1 " 2 o 5
1 i T 262 t —_IS? =
Q = —e i%e 2% / ———e 2 I, (t)dt
|| 0 24 Bt
k
= e /%e % / ———e ") (Mev/u) du (E.16
V20, 0 nyBF 1 (Mev/u) )
G
where Ny = % and a change of variable u = ZIZ‘; Izt2 has been made. Therefore, the final
expression for eqn. (E.1) can be obtained as
e g 1 |
Q=E[G]= e %e 2% Wi(<,1,1) (E.17)
Oy 2
where Wy () is defined as
. S
Yi(c.T,0) = / - e "Iy (M/u)du. (E.18)

2
0 (ll+ IPKl )
O
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