Frequency Domain Eqﬁélization and Multiuser Detection
Techniques for DS-UWB Systems

by
Praveen Kaligineedi

B.Tech, Indian Institute of Technology, Kanpur, 2004

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

Master of Applied Science
in
The Faculty of Graduate Studies

-

(Electrical and Computer Engineering)

The University of British Columbia -

August 2006

(©Praveen Kaligineedi, 2006




Abstract

Ultra wideband (UWB) is an emerging technique for high data rate transmissions
over short distances. Direct sequence (DS)-UWB Aapproach is one of the two com-
peting high data rate UWB standards, along with multiband orthogonal frequency
division multiplexing (OFDM). One of the major challenges in a DS-UWB receiver
design is the intersymbol interference (ISI). Several time domain equalization schemes
to eliminate ISI have been proposed in the literature for DS-UWB systems. However,
for long dispersive channels, these time domain equalization schemes require very
high computational complexity in order to achieve desired bit error performance.
Frequency domain equalization schemes which give better performance than time do-
main equalization schemes for single carrier systems, over highly dispersive channels,
are well known in the literature. In this thesis, performances of frequency domain
minimum mean square error (MMSE) linear, decision feedback and iterative decision
feedback equalizers are studied for uncoded single user BPSK and 4BOK DS-UWB
systems. We compare bit error rate (BER) performance of various time domain and
frequency domain equalization techniques and evaluate their computational complex-
ity. We show that the frequency domain equalization techniques can offer better trade
off between complexity and performance compared to the time domain equalization
techniques for DS-UWB systems. We then consider frequency domain multiuser de-
tection techniques for DS-UWB systems. We employ freqiuency domain successive
interference cancelation and parallel interference cancelation schemes combined with
frequency domain equalization schemes and study their average BER performance.
We derive low complexity frequency domain MMSE turbo equalization schemes for
coded BPSK and 4BOK DS-UWB systems. Soft interference cancelation is used in
the multiuser systems to remove multiple access interference (MAI). The average
BER performance is obtained using simulations. The performance gain due to turbo
equalization is shown to be significant, particularly, for DS-UWB systems with lower
spreading gain. The improvement in the performance due to turbo detection is found

to be very high for multiuser systems.
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Chapter 1
Introduction»

In recent years, rapid development has been observed in wireless personal area net-
works (WPAN). WPAN connects devices within reach of an individual, using radio
waves. Typical range of a WPAN is 1- 10m. WPAN is used to connect computer and
its peripherals such as printer, keyboard, mouse, joystick etc, various personal digital
assistants (PDAs) and portable corﬁputers without using cables. WPAN uses cheap
low power devices. Working group 15 of IEEE LAN/MAN standards committee de-
veloped various standards for WPAN. Task group 1 of this working group (802.15)
deals with Bluetooth technology. Task group 3 and 4 deal respectively with high data
rate and low data rate WPANs based on ultra wideband (UWB) technology.

Bluetooth is a standard for short range, low power and low cost wireless commu-
nication [2]. Bluetooth devices use unlicensed spectrum in 2.4 GHz band and have a
range of 1m to 100m. It achieves data rates up to 3 Mbps. Even though Bluetooth has
been widely deployed and provides cheap short distance communication, there are still
certain key challenges with Bluetooth which need to be addressed. Bluetooth suffers
from interference from other devices operating in 2.4 GHz band [3]. This interference
could severely limit the performance of Bluetooth devices as 2.4 GHz band is getting
overcrowded very rapidly, partly due to Bluetooth devices themselves. Another major
disadvantage of Bluetooth is that the data rates provided are not sufficient for high
data rate multimedia applications.

UWB achieves much higher data rates than Bluetooth at very low transmit power
levels due to its large unlicensed bandwidth. UWB systems transmit signals with
bandwidth greater than 500MHz or fractional bandwidth greater than 0.2 at all times
[1]. The Federal Communications Commission (FCC) has allocated 7.5GHz of un-
licensed spectrum in the 3.1GHz to 10.6GHz frequency band for the use of UWB
devices [4]. UWB bandwidth is enough to effectively stream multiple simultaneous
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high-quality video streams. Its low power consumption improves the battery life of
the portable devices. Moreover, UWB technology requires less complex hardware as
the transmission takes place in baseband eliminating the need for mixers, RF oscil-
lators or PLLs which are necessary in narrowband systems. Thus, UWB technology
is cost effective and UWB devices are more compact. Due to its low spectral density,
unlicensed UWB radio emissions do not add up to cause harmful interference to other

radio Sys‘tems operating in dedicated bands.

1.1 DS-UWB vs MB-OFDM

Presently, there are two competing UWB technologies used for high data rate wireless
personal area networks (WPAN). One of them is the direct sequence (DS)-UWB [5]
which is based on DS-code division multiple access (CDMA) technology and the other
is inulti_-bapd drthogonal,frequency division multipleiing (MB-OFDM‘) [6] which is
based on OFDM technology. _ | '

In DS-UWB system, the total available spectrum is divided into two sub-bands: a
lower band (3.1-4.85 GHz) and a higher band (6.2-9.7 GHz). The use of UNII bands
(5.15-5.35 GHz and 5.725-5.825 GHz) is intentionally avoided to prevent interference
between UWB and the existing IEEE 802.11a devices. A DS-UWB signal consists of
a train of very short pulses with duration in the order of fractions of nanoseconds.
The information is carried in the amplitude and/or polarity of the pulses. Multiple
access capability is achieved using DS-CDMA technique. A rake receiver can be used
for a DS-UWB system to take advantage of the high multipath diversity of the indoor
channel. DS-UWB can achieve data rates in excess of 1Gbps. DS-UWB devices are
lower in cost compared to MB-OFDM devices. However, the short symbol duration
of the DS-UWB signal leads to intersymbol interference (ISI), especially, at high data
rates. So, an equalizer is necessary to compensate ISI for high data rate DS-UWB
systems.

In a MB-OFDM system, the total spectrum is divided into 5 band groups. Each
band is further divided into subbands with bandwidth 528 MHz. A block of transmit
data is scrambled, encoded, interleaved, and quaternary phase shift keying (QPSK)
modulated to form a OFDM symbol. These OFDM symbols are transmitted over dif-
ferent subbands determined by a pre-defined frequency hopping (FH) pattern. The
use of OFDM makes the system robust to ISI, eliminating the need for a complex
equalizer. OFDM can also exploit the frequency diversity inherent in multipath chan-
nels, when combined with error control coding and interleaving. MB-OFDM can
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achieve data rates up to 480 Mbps. However, MB-OFDM systems were found to be

more sensitive to timing and frequency synchronization errors than DS-UWB systems

[7].

1.2 Equalization for DS-UWB systems

A typical UWB channel consists of a large number of realizable multipath compo-
nents. Typically, in case of multipath channels, a rake receiver is used to yield di-
Vérsity gain from the multipaths, taking advantage of the good correlation properties
of the spreading sequences. However for DS-UWB systems, at high data rates or
correspondingly low spreading gains, the performance of the rake receiver is degraded
due to presence of ISI. Hence, it becomes necessary to use an equalizer in the receiver
to eliminate ISI. Various equalization schemes have been proposed in the literature
for DS-UWB systems. In [8], [9] the performance of various linear and decision
feedback time domain equalization schemes for DS-UWB systems were investigated.
Application of widely linear processing to equalization was proposed in [9]. In [10],
a suboptimal linear MMSE equalizer which exploits the sparse nature of the UWB
channel to decrease the computational complexity was studied. However, the com-
plexity of these equalization techniques could still be very high for severely dispersive
UWB channels, in order to achieve a desired performance. A decision feedback equal-
ization scheme based on energy detector was proposed in [11]. This scheme avoids
estimation of the path amplitudes and delays and is less sensitive to synchronization
errors. However, it leads to degradation in the bit error performance.

1.3 SC-FDE

Frequency domain equalization (FDE) techniques were shown to offer performance
similar to time domain equalization techniques at much lower complexity for single
carrier (SC) systems over strong frequency selective channels [12]. SC systems with
FDE are very similar in structure to a OFDM system. Fig 1.1 shows a SC system
employing FDE and an OFDM system. However, SC systems with FDE exhibit
certain advantages over an OFDM system. SC systems with FDE have lower peak to
average power ratio. Thus, it has significantly lower RF front end costs compared to
OFDM system. SC-FDE systems are more robust to phase noise and frequency offsets
due to close frequency spacing of its subcarriers and therefore, have less stringent

oscillator requirements compared to OFDM.
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Figure 1.1: Comparison of OFDM and SC-FDE system

‘A frequency domain linear equalizer was first investigated for SC-FDE systems
in [25]. SC-FDE as an alternative to multicarrier systems was studied in [24]. Fre-
quency domain Decision feedback equalization in which the feedforward filter is ap-
plied in frequency domain and feedback filter is applied in time domain was investi-
gated in [12]. In [26], a decision feedback equalizer in which both feedforward and
feedback filter operate in frequency domain was proposed. This was applied for DS-
CDMA systems in [17]. Recently a frequency domain minimum mean square error
(FD-MMSE) equalization scheme was proposed for DS-UWB and IR-UWB systems
and was shown to have better performance compared to MMSE-Rake receiver [14],
[15]. Time-division multiple-access (TDMA) scheme for the binary phase-shift key-
ing (BPSK) SC-FDE DS-UWB systems was proposed in [16]. Frequency domain
multiuser detection schemes have been investigated for DS-CDMA systems in [17]. |

1.4 Turbo Equalization

Initially, turbo equalization was considered using full-state trellis based soft equalizers
(e.g., the soft-output Viterbi equalizer (SOVE) in [20], the maximum a posterior:
(MAP) algorithm based equalizer and its suboptimal variants in [21]). Unfortunately,
full-state trellis based soft equalizers may be highly computationally-expensive for
long channels and/or for large signal constellations. Later, MMSE-based iterative
equalization schemes were proposed in e.g., [31]. In MMSE-based schemes, the MAP
algorithm based equalizer (or a suboptimal trellis based soft equalizer) found in the
original version of turbo equalization schemes is replaced with a combination of soft
ISI cancelation and linear MMSE-based ﬁltering. Because of low-complexity, MMSE-

based turbo equalization is much more attractive to be employed in practical mobile




receivers compared to MAP-based turbo equalization. In [28], a turbo equalization
scheme in which the equalizer operates in frequency domain was proposed for single
carrier systems. This significantly reduces the computational complexity, especially,
for highly dispersive channels.

1.5 Thesis Outline

In this thesis, we adapt various frequéncy,domain linear and non-linear equaliza-
tion and multiuser detection schemes for MBOK DS-UWB systems and analyze their
performance. We compare BER performances and corresponding complexities of var-
ious time domain and frequency domain equalization schemes for single user uncoded
BPSK DS-UWB systems and show that frequency domain equalization schemes can
provide better trade off between performance and complexity compared to time do-
main schemes. | | | .

Frequency domain turbo equalizétion.scherhesl for single user coded SC sysfems
have been investigated in [28],, (33] and [27]. In this thesis, we extend these results
for BPSK and 4BOK DS-UWB for both single user and multiuser scenarios and
investigate their performance.

This thesis is organized as follows. In Chapter 2, we consider uncoded single user
MBOK DS-UWB system. We present the frequency domain linear MMSE equalizer
and iterative frequency domain decision feedback equalizers (FD-DFE) for MBOK
DS-UWB systems. Then, we present symbol based frequency domain equalization
schemes for BPSK and 4BOK DS-UWB systems. Computational complexities of
various equalizers are evaluated and simulation results are presented.

In Chapter 3, we consider frequency domain multiuser detection schemes, viz.,
parallel interference cancelation (PIC) and successive interference cancelation (SIC)
for uncoded multiuser DS-UWB systems. In Chapter 4, we consider coded DS-UWB
systems. We derive frequency domain turbo equalization schemes for BPSK and
4BOK DS-UWB systems and evaluate their BER performance. Conclusions are fi-
nally drawn in Chapter 5.



Chapter 2

Frequency Domain Equalization

2.1 Introduction

Frequency domain equalization techniques were shown to offer better trade off be-
tween performance and complexity compared to time domain equalization techniques,
for single carrier systems with severe channel dispersions [12]. In this chapter, we
employ frequency domain equalization techniques for single user MBOK DS-UWB
systems. We investigate both linear and non-linear frequency domain equalization
techniques [17]. We also define chip based equalization schemes and symbol based
equalization schemes for MBOK DS-UWB systems. The complexity of these equal-
ization schemes is compared with that of time domain equalization schemes.

2.2 System model

2.2.1 Transmitter

We consider a single-user DS-UWB system employing M’-ary Bi-Orthogonal Keying
(M’-BOK) and short ternary codes. A M’-BOK system maps log, M" bits into a
bi-orthogonal ternary code of length N,. The bi-orthogonal code is selected from an

assigned code set C = {01,02,'--,01\47',—01,~02,.~,—CMT'} where ¢y, ¢y, ..., carr /o are

orthogonal to each other [5].



The transmit signal of a M’-BOK DS-UWB system is given by

) = 3 3 bt -iT, - o7
= > §[kp(t - kT)

(2.1)

where {c, []]};zév 7! € C represents the ith transmitted data symbol and has unit
energy. Ny denotes the spreading factor. T, is the chip duration and Ty = N, % T, is
the symbol duration. p(t) is the unit energy transmit pulse of time duration 7, and
S[iN, + 5] = chli].

In a system employing FDE, the data symbols are transmitted in blocks. In order
to apply FDE, the convolution of the channel impulse response and data signal must
be circular. This circularity can be achieved in two ways [13]. -

First method is to attach a cyclic prefix to the block of data i.e. for every M N,
data samples we take last L, data samples and attach them at the beginning. Thus
transmit block m contains

s™ = [s™0],s™[1], s™2],..., s [M N, + L, — 1]]
= [§'[mMN;+ MN; — L, +1},s'[mMN; + MNs — L, + 2],
ey 8 [MMNg + M N, — 1], §'[mMN;], s'[mMN; + 1],
ey 8'[MMNg + M N, — 1]]

The other method is to append a pseudo random sequence pn[’i];-”z”o_ ' to the data
samples [12]. In this case the transmit block m is given by

s™ = [s™]0],s™[1],s™([2], ..., " [MNs; + L, — 1}]
= [¢'[mMN,],s'[mMN,+1],..,s'[mMN; + MN, — 1],
p’I’L[O],pn[l], ""pn[LP - 1”
(2.2)

Moreover, a PN sequence is transmitted before transmission of first data block. For




M’-BOK, we transmit information regarding M log, M’ bits in each block.

2.2.2 Channel Model

UWB channel model proposed for IEEE 802.15.3a standard has been considered [22].
The IEEE 802.15.3a UWB channel model is a modification of the Saleh-Valenzuela
[23] multipath channel model. The interarrival time of multipath components is
exponentially distributed. Moreover, the multipath arrivals are grouped into two
different categories: a cluster arrival and a ray arrival within a cluster. The amplitudes
of the multipaths are lognormal distributed. The model also includes a lognormal
shadowing term to account for total received multipath energy variation that results
from blockage of the line-of-sight path.

The passband physical multipath channel can be represented as

Ne=1Le-1
hp(t) =D > oy 6(t — T — i) (2.3)
k=0 (=0
where L, represents the total number of clusters, IV, represents the total number of
rays in the cluster. 7; is the cluster arrival time and 74, is the arrival time of the kth
ray in [** cluster. T; and 7 are exponentially distributed. o, is multipath gain of k™
ray in I** cluster. The magnitude of o, is lognormal distributed. The amplitude of
the multipath component is multiplied with 41 or -1 with equal probability to account
for signal inversion. The total energy in the multipath components is normalized to
one. Finally, X models the lognormal shadowing,.

Model parameters were designed to fit the measurement results. 4 different chan-
nel models have been proposed for 4 different scenarios: CM1 channel model for
line-of-sight (LOS) (0-4m) channel measurements, CM2 channel model for non LOS
(NLOS) (0-4m) channel measurements, CM3 channel model for NLOS (4-10m) chan-
nel measurements and CM4 channel model for extreme NLOS multipath channel.

The above multipath channel model (2.3) can be expressed in simplified form as

follows
L—1

ho(t) = > oy - (t = m) (24)

1=0
L denotes the number of multipath components, ; and 7; are, respectively, the path
gain and the delay associated with the /th path. We assume that channel is quasi-

static i.e the channel impulse response within a block is constant.
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Figure 2.1: Transmitter and channel for single user DS-UWB system

The baseband equivalent of the passband channel model (2.4) is given by

h,(t) = E ale_ﬂ"f“” . (S(t - 7'[) (25)
1=0
where f. is the carrier frequency.

2.2.3 Receiver

The received baseband signal corresponding to m®* block is given by

L-1 MNg+Lp—1
r™(t) = Z oye it e Z s"klp(t — kT, — 1) + 2(t) (2.6)
1=0 k=0

where 2(t) is complex zero mean additive white gaussian noise with variance o2.
After chip matched ﬁltering and sampling at the chip rate, the discrete time
received baseband signal is given by

Ls—1

ro[k] = All)s™ [k — ]+ 2[k] k=0,1,..,MN,+ L, -1 (2.7)

where h[l] = p(t) ® h(t) ® p*(—t)ir, and z[k] = p*(—t) ® 2(t)|kr,. Since only one
block is processed at a time, hereafter, we omit the block index m. Transmitter and
channel for single user DS-UWB is shown in Fig 2.1.

2.3 Linear MMSE equalization

For a DS-UWB system employing linear MMSE equalizer, a cyclic prefix of length
L, is attached at the transmitter. At receiver, the received samples corresponding to

the cyclic prefix (k = 0,1,...,L, — 1) are removed and discrete fourier transform is

applied to the rest to obtain




MN,;-1

Rin)= Y e ®%r(L,+1 n=01,.,MN, -1 (2.8)
=0

Similarly, we obtain DFTs S(n), Z(n) and H(n) of s[k], z[k] and h[k] respectively.
Assuming that the length of the impulse response of the channel is less than L, the
received signal can be expressed in frequency domain as follows

R(n) = H()S(n) + Z(n) n=0,1,..,MN, — 1 (2.9)

VFig 2.2 shows the structure of the receiver employing linear MMSE equalization. R(n)
is multiplied with MMSE filter coefficients W (n) yielding

Y(n)=W(mn)R(n) n=0,1,...,MN;,-1 (2.10)

The MMSE equalizer mihi’mizes the metric

1 MN;~-1

J = Gy Z E[|Y(n) - S()P’] (2.11)

Assuming that {S(n)}M%=! are independent and identically distributed, the filter

n=0

coefficients minimizing the above metric (2.11) are given by

H*(n)

W) = S BmE

n=01,..,MN,—1 (2.12)

The resultant output Y'(n) is converted to time domain signal y[k] using inverse
DFT (IDFT). The decision device, shown in Fig 2.3, then detects the symbol based
on the time domain signal y[k]. The decision device forms the correlation of y[k] with
C1, €2, ooy Cat! and decides in favor of the component with largest magnitude taking

into consideration the sign of the component.

2.4 Iterative MMSE DFE

In [17], an iterative FD MMSE-DFE was proposed for DS-CDMA which attains a
better performance than linear FD equalizers. In iterative MMSE DFE, an FD-
MMSE forward filter is applied during the first iteration. Hard symbol estimates
are obtained from filter outputs through IFFT, chip deinterleaving, despreading and

10




[L-SNK —l1-sninda (1S — LNV
sjoquiks 291A8(g [1-sNWIM : doo
pepeled *+—| uospeg ¢ (S| . | . 14d - dis [EAOWRY | "Iy —
. . . Lo
——Re—| e
[0k . §>ﬂ [oly [d7p
lolm

Figure 2.2: Frequency domain MMSE equalizer for a MBOK DS-UWB system
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Figure 2.3: Decision device for a MBOK system

threshold detection. These detected symbols are then spread, chip interleaved and
converted into frequency domain to obtain an estimate of the frequency domain chip
sequence S(n). This estimate is then fed back to obtain new symbol estimates based
on MMSE criterion. This process is performed iteratively. Iterative MMSE-DFE
equalization can achieve better performance than linear MMSE filter and MMSE-
DFE at the cost of higher computational complexity.

In a DS-UWB system employing iterative FD-DFE, a PN sequence of length L,
is appended to the data block. DFT of the entire block of length NV = MN; + L,
is taken. It was shown in [17] that interleaving the chip sequence before addition
of cyclic performance leads to an improvement in system performance. Therefore, a
chip interleaver is used at the transmitter after spreading. Correspondingly, a chip
deinterleaver is introduced. at the receiver.

Structure of iterative FD-DFE is shown in Fig 2.4. The output afterg=1,2,...,Q
iterations is given by [17]

Y9(n) = Win)R(n) + BY(n)S9}(n) (2.13)

where W9(n) and B?(n) is feedforward filter and feedback filters respectively for ¢
iteration. S9! is detected data at g — 1™ iteration.
The feedforward and feedback filter are chosen so as to minimize the following

mean square error metric at g** iteration [17]

2 E [[WQ(n)R(n) + BI(n)§9(n) — S(n)|2] (2.14)

n=0

1
Jq=m

Frequency domain chip sequence {S(n)}?=N~1 is assumed to be independent and

12
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identically distributed with mean zero and variance o%. Now, the average energy of
chip sample for time domain signal s[k] is E(|s[k]|*) = g (as energy per symbol
is chosen as 1), E(|S(n)[*) = NE(|s[k]*) = #. Since mean of S(n) is zero, 0% =

E(|S(n)|?) = N% We further impose the condition on feedback filter [17]

N-1

Z Bi(n) =0 (2.15)

so that the feedback filter does not remove the desired component. Minimizing the
metric J? under condition (2.15), yields the following feedforward filter at g** iteration
(see Appendix A) [17]

o%H(n)*
we — s
™ = NoT i oH - [PIH
H(n)*
= : 2.16
N7+ (0= [P HP (219
where p? represents the correlation between the vectors $9-! and S.
The feedback filter at ¢'* iteration is given by [17]
Bi(n) = —p [H(n)W?(n) — ] (2.17)
where
L V-l
Y =5 ; H(n)W(n) (2.18)
In [17], following estimate for the correlation has been proposed.
N-1
e VN~ B semrgy 2.19
P = e ey (219)

where v < 1 is a correction factor to reduce decision feedback error propagation and
N-1
Es =305 IS()*
However, this estimate of p? is not accurate in case of UWB channels due to

presence of spectral nulls. So we propose a new estimate of the correlation to overcome

14




this problem. It is as follows

o Vo 0N RMH®N)® e
P ES(1+ X2 )Z -1_|H(n)|2+025 (n) (2.20)

n=0 N,

where X represents the log normal shadowing factor of the channel impulse h(t). The

above estimate of p? is found to be more accurate than the estimate in (2.19).

2.5 Symbol based Equalizers

2.5.1 BPSK system

For BPSK DS-UWB system, the bi-orthogonal code can be expressed as

L cipli) = dliels] j (2.21)

where d[z] is the transmitted bit and c[j] is the spreading sequence. Thus, in case
of BPSK, knowledge of the spreading sequence of the user can be used in the equal-
izer. Symbol based equalization schemes make use of the knowledge of the spreading
sequence to minimize the optimization metric [18]. For symbol based equalization
schemes, instead of attaching a cyclic prefix or PN sequence of length L, to the
chip sequence, a prefix or PN sequence of length L is attached to the BPSK symbol

sequence and then spreading is performed over the resultant symbol sequence.

MMSE Equalization

In case of symbol based MMSE equalizer, a cyclic prefix of length L is attached to the

symbol sequence, before spreading, at the transmitter. The samples corresponding to -

cyclic prefix are removed at the receiver and DFT is taken of the block of size M Nj.
The symbol based MMSE filter minimizes the metric {18]

J= Mz::l E [1&[@] - d[i]|2] (2.22)

where d[i] is the filter output.
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The symbol based MMSE equalizer coefficients minimizing (2.22)are given by [18]

H(n)*

W(n) = UT-{-_—H— bR n=0,1,..,.MN, —1 (2.23)
Ns
where
R Ng—1
|H(n)[2 = Z |H(7’L + kM) mod MNSC(TL + kM) mod MNs|2 (224)
k=0

The complexity to design the symbol based MMSE equalizer is higher compared to
chip based MMSE equalizer presented in Section 2.3. However, the BER performance
of symbol based MMSE equalization is better compared to BER performance of chip
based MMSE equalization.

MMSE-DFE

The structure of the symbol based FD MMSE-DFE is shown in Fig 2.5. A PN symbol
sequence is appended to the data symbol block. At the receiver, DFT is taken of the
entire block of size N = (M + L)N,. The feedforward filter is implemented in
frequency domain and feedback filter is implemented in time domain. FD MMSE-
DFE also minimizes the metric (2.22). The feedforward filter minimizing the metric
(2.22) is given by [18]

n)* Niv plile=
W(n)=H( )[1+Zz=1b[] ]

= =0,1,..,N —1 (2.25)
0%+ |H(n)|?

where M' =M + L, {b[z]}f’zfl” represent the feedback filter taps and

No—1
| Hm)? = > |H(n+ kM) moa nC(n + kM') moa n|? (2.26)
k=0
and C(n) is the DFT of c[j].
Optimal feedback filter taps of length can be obtained by solving following set of
equations.
Vb = —v (2.27)
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where

_ j2n(l—k)n
M+L-1 Py 7 e

M+
V({,k) = P a— 2.28
M+L-1 _j2nkn
e M+L
vik) = —_— 2.29
W = 2 (229

for 1 <1,k > Ny, Design of optimal MMSE-DFE equalizer involves solving a set of
linear equations (2.27) and thus, has high complexity.

Nevertheless, symbol based equalizers give better performance for BPSK systems
because the assumption made by chip based equalizers that frequency domain se-
quence is independent and identically distributed makes them suboptimal.

. 2.5.2 4BOK system

In this section a single user 4BOK system using gray coding is considered. Let ¢;
and cg be the two orthogonal spreading codes used for spreading. In Gray coding,
the bits are mapped to spreading sequences as shown in Table 4.1. The transmitted

Table 2.1: Gray coding for 4BOK DS-UWB system
| bits | Spreading Sequence |

-1-1 C1
-11 Co
11 —C
1-1 —Ca
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signal of above 4BOK system can be expressed as

J0) = 3 Y e llple~iT, - 57
- i;x) ; {d[Zi] (_ELL;C?.[J_]) +d[2i + 1] (L@;ﬁ@) } o(t — iT, — §T2)
= 33 (a2l + d2i+ el plt — iT, - T (2.30)
= D {5k + &[k}n(t - kT) (2.31)
= i S’[k‘]p(t - ch)

where &[] = —llfell, &j] = zallrell &N, + j] = d[2i]a,[j] and N, + 5] =
d[2i + 1)&,[5]. B - ' |
At the receiver, after matched filtering and chip rate sampling, we have

rlk] = i h{l]slk—1]+=z[k] = 32—1 R{51 k=1 +5: k=0 }+2[k] k=0,1,..., ]\/'[‘Ns + L,-1
1=0
(2.32)

where §; and 3, are obtained from 3} and &, respectively by adding corresponding
cyclic prefixes.

So a single user 4BOK system can be considered as 2-user BPSK system employing
orthogonal spreading sequences. Now, symbol based equalizers can be applied assum-
ing bits {d[2:]}*/ to be bits of user 1 with spreading sequence &[j] and {d[2i+ 1372
to be bits of user 2 with spreading sequence &[j]. We apply MMSE and MMSE-DFE
filters for each user, treating the other user to be an independent white Gaussian

interference.

2.6 Computational Complexity

Computational complexities of the various frequency and time domain equalizers
for BPSK DS-UWB systems are shown in Table 2.1 and 2.2. Table 2.1 presents the
processing complexity of the equalizer. Table 2.2, presents the order of computational
complexity-of equalizer design.
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Table 2.2: Computational complexity of the receiver per output symbol for BPSK

system
Equalizer No. of complex multi.
per detected symbol
Rake NN,
Rake MMSE N, Ng + Ny
Rake DFE N.N; + Ny
FD MMSE N, logy M N,
FD-IT-DFE Q% log, N
+(2Q - l)Ns
symbol FD-MMSE N logy M N,
symbol FD-DFE M logy N + Ny,

Table 2.3: Complexity of equalizer design per block for BPSK system

| Equalizer | Order of complexity |
Rake MMSE O ((N;+ L)?)
Rake DFE O ((Nj+ L)?)
FD MMSE O(MN,)
FD-IT-DFE O(QN)
symbol FD MMSE O(MN,)
symbol FD-DFE | O(N?, + £ log, Ny
+%lOggN)

2.7 Simulation Results

We consider BPSK and 4BOK DS-UWB systems using ternary spreading sequences
of length Ny = 12 and N, = 6. We simulate the BER performance for CM4 channel
model [22]. A root raised cosine function with roll off factor 0.3 is used as the pulse
shape. We consider transmission in lower band (3.1-4.85 GHz). The chip rate is
chosen to be 1313 MHz and the center frequency f. is 3939 MHz [5]. We assume
complete channel information at the receiver.

For BPSK systems, the following ternary spreading codes are used [5]

1

Ny=12 — ——[0-1-1-1111-111-11
i ]

Ns=6 — [100000]
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For 4BOK system, we use following ternary spreading codes [5)

N,=12 — [100000000000]
[00000010000 0]

For frequency domain equalization, number of data symbols per block is M = 256
and length of prefix or appended PN sequence is L, = 255. The decision feedback
correction factor v is chosen to be 1. In case of symbol based FD-DFE for BPSK
systems, we have chosen PN sequence length L = 31 for N, = 12 and L = 63 for
N, = 6. The number of feedback filter taps is taken as Ny, = [%ﬂ For symbol based
FD-MMSE we have chosen length of channel prefix as L = 22 for Ny = 12 and L = 44
for N, = 6. The total number of iterations for FD iterative DFE is represented by Q.
Ny = o2 is used to denote the power spectral density of the additive Gaussian noise.
Ey is the average recieved energy per bit.

We also simulate the time domain equalizers proposed in {9], we choose number of
rake fingers IV, = 16. Ny and N, represent the number of feedforward and feedback
filter taps, respectively, of rake DFE receiver. Ny also represents number of MMSE
filter taps in rake MMSE receiver. Performance of the chip level MLSE receiver is
also shown.

In Table 2.3 and 2.4, we present the numerical values of the computational com-
plexities for various time and frequency domain equalizers for a BPSK DS-UWB
system with Ny = 6. The parameters used in these tables for computing the numer-
ical values correspond to the receivers whose BER performance is shown in Fig 2.6.

We can see from Tables 2.3, 2.4 and Fig 2.6 that the frequency domain equalizers
offer better performance than time domain equalization techniques at a much lower
complexity especially at low signal-to-noise ratios (SNRs).

Fig 2.7 and Fig 2.8 show the BER performance of the frequency domain equaliza-
tion techniques for BPSK DS-UWB systems and 4BOK DS-UWB systems, respec-
tively, with spreading factor N, = 12. Fig 2.9 shows the BER performance of the
frequency domain equalization techniques for 4BOK DS-UWB systems with spread-
ing factor N, = 6. Fig 2.10, shows the performance gain due to chip interleaving
before addition of the prefix for 4dBOK system with N; = 6. We see that the gain is
substantial.

Symbol based frequency domain equalizers were found to exhibit better perfor-
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Figure 2.6: BER, performance of various time domain and frequency domain equalizers
for a BPSK UWB system with spreading factor N, = 6
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Figure 2.7: BER performance of various frequency domain equalizers for a BPSK
DS-UWB system with spreading factor Ny = 12
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Figure 2.10: BER performance of FD IT DFE using chip interleaver and FD IT DFE
without using chip interleaver for a 4BOK DS-UWB system with spreading factor
Ny =6
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Table 2.4: Computational complexity of the receiver per output symbol for BPSK

system with Ny =6

Equalizer No. of complex multi.
per detected symbol
. Rake 96
Rake MMSE 126 for Ny = 30
146 for Ny = 50
Rake DFE 126 for Ny = 30
146 for Ny = 50
FD MMSE 63.51
FD-IT-DFE 169.2 for @ =2
256.8 for Q@ = 3
symbol FD-MMSE 63.51
symbol FD-DFE 111.6

Table 2.5: Complexity of equalizer design per block for BPSK system with N; = 6

} Equalizer | Order of complexity |
Rake MMSE 2500 for Ny = 30
4900 for N; = 50
Rake DFE 2500 for Ny = 30
4900 for Ny = 50
FD MMSE 1536
FD-IT-DFE 3582 for Q@ =2
o 5373 for Q = 3
symbol FD MMSE 1536
symbol FD-DFE 10651

mance than chip based equalizers for BPSK DS-UWB systems.

based frequency domain equalizers do not perform well for 4BOK system compared

to chip based equalization schemes.

However, symbol



Chapter 3

Multiuser Detection

3.1 Introduction

Performance of conventional rake receivers is severely degraded in the presence of
multiple access interference (MAI). Multiuser detection schemes to eliminate MAI
have been proposed for DS-UWB system in [19]. However, the complexity of these
schemes can be quite high especially for long channels. In this chapter, we propose
receiver structures for DS-UWB systems, in which multiuser detection and equal-
ization are entirely performed in frequency domain, thus, significantly reducing the
computational complexity.

Performance of the frequency domain MMSE linear multiuser receiver for DS-
CDMA systems was investigated in [29]. Iterative frequency domain multiuser de-
tection techniques have been proposed for BPSK and 4BOK DS-CDMA systems in
[17]. In this Chapter, successive interference cancelation (SIC) and parallel interfer-
ence cancelation (PIC) techniques are used to eliminate MAI in DS-UWB systems.
Receiver structures employed are similar to those employed in [17]. We also consider
single user 4BOK system as a two-user BPSK system and apply multiuser detection

schemes.

3.2 System Model

A DS-UWB system with U users is considered. Thé‘ multiuser system model is shown
in Fig 3.1. dy[i],i = 0,1,..., M — 1 represents the u™ user data sequence. s, [k],k =
0,1,..., MN,—1is the chip sequence obtained after spreading. s,[k],k =0,1,...,N—1
is obtained from s/ [k] by adding the pseudo random prefix of length L,. A, is the
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Figure 3.1: Transmitter and channel for a multiuser DS-UWB system

amplitude of the user u at the receiver. Users are indexed in decreasing order of
power. Uplink of a synchronous DS-UWB system is considered. At the receiver, after
pulse matched filtering, chip rate sampling, and taking the DFT, for each transmitted
block we have |

U
R(n) =Y AH,(n)Su(n)+ Z(n) n=0,1,..,N—1 (3.1)

where S, (n) and H,(n) are DFTs of s,[k| and h,[k] respectively.

3.3 Successive Interference Cancelation

The receiver structure employing SIC is shown in Fig 3.2. In SIC, interference can-
celation is performed serially for each user. Users are detected in decreasing order of
their power. Without loss of generality, here we assume that the users are indexed
in decreasing order of their power. For the first user, the user bits of other users are
unknown and are assumed to be independent and identically distributed. Equalizer
structures from Section 2.4 are used to detect the user 1. After user 1 is detected,
the interference caused due to user 1 on other users is removed, assuming that user
1 has been detected correctly. For second user, user bits v = 3, ..., U are as unknown
are assumed to be independent and identically distributed. This process is iteratively
done till all the U are detected.
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Either a frequency domain MMSE equalizer or iterative frequency domain decision
feedback equalizer can be employed to detect each user. The frequency domain MMSE
equalizer for user u is given by [17]

H,(n)*

W.(n
) = N+ 50 A% Hu(n)

n=0,1,..,N—1 (3.2)

ul_

For iterative decision feedback equalization, feedforward filter for u* user and ¢**

iteration is given by

H,(n)*
Wi(n) = S (53)
Neo? + A2 (1= |AP) [Hu(m? + 30—y A% Hu (m)P
where
v a2 N, R( n)H o
P = S ON (3.4)
Ll Sy 3 L
where F, = E [Zn—O |Su(n )|2] = ]1‘\’,—: and X, represents the log normal shadowing

factor of the channel impulse h, (). The feedback filter at ¢** iteration is given by

BI(n) = —p? [H,(n)WZ(n) — 4] g - (35)
where
1 ¥ .
=5 D HmWi(n) o (3.6)

3.4 Parallel Interference Cancelation

The receiver structure employing parallel interference cancelation is shown in Fig 3.3.
In PIC, interference cancelation is performed in parallel for all users. During the first
iteration, for each user, equalizers proposed in Section 2.4 is used to detect the user
symbols treating that signals of all other users as unknown. Then the estimates of the
symbols so obtained are used to cancel the interference of other users on each user.
During 2nd iteration , equalizers detect each user assuming the residual interference
from other users as Gaussian. This process is carried iteratively.

Let P be the number of iterations used for interference cancelation. MMSE equal-
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Figure 3.3: Parallel interference cancelation

izer for user u at p'* iteration is given by [17]

D _ Hu(n)* _ _
) N L m ap T B
where N
2 -1 *
o= (4 2 3 g, 9)

(1+
AE T BXY R HmP +o?

where $7=1(n) is the FFT of the chip sequence corresponding to estimates of u'"
user bits after p — 1t PIC iteration. For iterative decision feedback equalization, the

feedforward filter at ¢** iteration is given by {17]

Hu(”)*
Wpra = 3.9
R Sy AR ) Ny o) ER s ey S G A B 1) ey ER
where
pp,q _ 14 (1 + 02Ns )N_l R(n)Hu(n)* Svp—l,q—l(n)* (3 10)
u AE, ALY %%IHu(n)|2+az u :
7 = e (3.11)

where E, = SN 1S, (n))? = IA\’,—: Sp=1.4-1(p) is the FFT of the chip sequence
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corresponding to estimates of u** user bits after ¢ — 1** equalizer iteration and p — 1**
PIC iteration. The feedback filter at ¢™* iteration is given by [17)
ByA(n) = —pf [Hun)W(n) — 7] (3.12)
where
e
P = 5 Z H,(n)WP4(n)  (3.13)

n=0
3.5 Single user 4BOK system

As shown in Section 2.5.2; single user 4BOK system can be treated as a 2 user BPSK
system. So, above multiuser detection schemes (PIC and SIC) can be applied for a
single user BPSK system. We apply these schemes for single user 4BOK system and
compare their performance with equalization schemes proposed in chapter 2.

3.6 Simulation results -

We consider 4-user BPSK DS-UWB systems using ternary spreading sequences of

length Ns = 12. All users are assumed to have equal transmit power. We simulate the

average BER performance for CM4 channel model [22]. We consider transmission in

lower band (3.1-4.85 GHz). We assume complete channel information at the receiver.
The ternary spreading codes of the 4 users are given by

Table 3.1: Ternary codes used for the 4 users
L T0-1-1-1 11 1-11 1-1 1]
\/_11)

\/_11 (1 1-1-11-1-1-1 111 0}
\/-11)[0-1 1-1-1 1-1-1-1 1 1 1J
\/le)[l -1-1111-111-11 0]

The decision feedback correction factor v is chosen to be 0.8. Fig 3.4 shows the
average BER performance of receiver using SIC for number of equalization iterations,
@ = 1,2,3. Fig 3.5 shows the average BER performance of receiver using PIC for
number of PIC iterations P = 1,2,3 and number of equalization iterations @ = 1, 2.

It can be seen from the simulation results that significant improvement in the
performance is achieved during first two PIC and first two equalization iterations.
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Figure 3.4: BER performance of receiver employing successive interference cancelation
for a 4-user BPSK DS-UWB system with spreading factor Ny = 12

The improvement in performance with further equalization or interference cancelation
iterations is not so significant.

For single user 4BOK case, performance improvement is observed over the symbol
based 4BOK system but it is not as good as the chip based equalizers.
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Figure 3.5: BER performance of receiver employing parallel interference cancelation
for a 4-user BPSK DS-UWB system with spreading factor Ny = 12
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Figure 3.6: BER performance of receiver employing multiuser detection techniques
for a single user 4BOK DS-UWB system with spreading factor Ny = 6
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Chapter 4

Turbo Equalization

4.1 Introduction

In this chapter, we consider a DS-UWB system with a forward error correction(FEC)
scheme. Usually for the coded systems, decoding and equalization are carried out
separately at the receiver. An equalizer is used to compensate for channel effects
and make eétimate of channel transmitted symbols. From these symbol estimates, a
de-mapper is used to obtain estimates of interleaved coded bits. Then a de-interleaver
and a decoder are used to obtain the information bits.

However, the above process of making hard decisions by the equalizer destroys
the information regarding how likely each code bit might have been. There are many
decoders which exploit this “soft” information to give a better performance. In turn,
the decoder can generate its own soft information and this soft information can be
exploited at the equalizer to improve channel symbol estimates. This process can be
carried on iteratively.

When processing soft information regarding a given bit, it is assumed that the soft
information about each bit is independent. This assumption enables use of simple and
fast algorithms for equalizer and decoder. However, this assumption can only be valid
if the soft information of a given bit is generated based on soft information of bits
other than the given bit. This information is called the “extrinsic information”. The
process of passing extrinsic information recursively between equalizer and decoder
is essential for turbo decoding [30]. The extrinsic information is expressed by log
likelihood ratios(LLRs). _

The equalizer used could either be trellis based, linear or decision feedback. How-
ever, trellis based equalizers generally have very high complexity. So linear or decision
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Figure 4.1: Transmitter and channel for single user coded DS-UWB system

feedback equalizers are used. Turbo equalization schemes with MMSE equalization
in time domain have been studied in [31]. In [28], a turbo equalization scheme in
which MMSE equalization is carried in frequency domain was proposed for BPSK SC
systems.

In this chapter, we propose low complexity frequency domain MMSE turbo equal-
ization schemes for single user BPSK and 4BOK DS-UWB systems based on the
frequency domain turbo equalization scheme proposed for single carrier BPSK sys-
tems in [32]. We later consider multiuser DS-UWB system. We combine the single
user frequency domain turbo equalization schemes with soft interference cancelation
[34] to obtain multiuser frequency domain turbo detectors. The multiuser turbo de-
tector is then applied over single user 4BOK system by considering it as a two-user
BPSK system. Maximum a posteriori (MAP) decoder is used in all the schemes.
Cyeclic prefix is used for all the systems presented in this chapter.

4.2 Single User System

The transmitter structure for a single user DS-UWB system is shown in Fig 4.1. The

receiver structure is shown in Fig 4.2.

4.2.1 BPSK System

First, a single user BPSK DS-UWB system is considered. :

Let L.(d®) = [L(d°[0]), Lc(d°[1]), Le(d€[2)), ..., Le(d[M — 1])] represent the log
likelihood ratios of the symbols obtained from the decoder and interleaver. The log
likelihood ratio is defined as

p(d°=1)

L (d°) =log (@ =1

(4.1)

The structure of the frequency domain SISO equalizer is shown in Fig 4.3. Soft
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bit estimates d°[i] are first obtained using the a priori information from the channel
decoder.

d°[i] = tanh(0.5L,(d[i])) (4.2)

After spreading and addition of prefix, soft chip sequence estimate 3[k] is obtained.

n=MN;-1
n=0

The FFT of 5[k] is represented by S(n). Frequency domain chip sequence {S(n)
is assumed to be independent and identically distributed with mean zero and vari-
ance 0. This assumption makes the turbo equalization schemes proposed in this
chapter suboptimal. However, this greatly reduces the computational complexity of
the equalizer. Now, the average energy of chip sample for time domain signal s[k] is
E(]s[k]|*) = 7 (as energy per symbol is chosen as 1), E(|S(n)[*) = MN,E(|s[k]|*) =
M. Since mean of S(n) is zero, g% = E(|S(n)|?) = M.

Using statistical estimation theory, it has been shown in [32] that S(n) can be mod-
eled as a zero mean and uncorrelated sequence with variance 6% = 375~ SIMN=11S ()2,
S(n) and o% are required for the frequency domain soft MMSE equalization.

A MMSE SISO equalizer minimizes the metric

J = E[ylkl - k]
- Gy & Elve)-so]
= W g E [[W(n)R(n) + B(n)S(n) — S(n)|*] (4.3)

subject to constraint
| MM

. ; B(n)=0 (4.4)

To minimize J, its sufficient to minimize

J(n) = E [|[W(n)R(n) + B(n)S(n) — S(n)|?] (4.5)

foralln=0,1,..., MN; — 1.

The cost function to be minimized for each n, is given by

Js(n) = E [[W(n)R(n) + B(n)S(n) — S(n))*] + 8 (MINS i:_ B(n)) (4.6)
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where [ is the Lagrange multiplier to account for the constraint.
Minimizing the above cost function, we arrive at following equalization algorithm
(see Appendix B):

S = FFT(3) (4.7)
1 MNg—1 B
% = UW > 15m)P (4.8)
. _ H(n)*
W) = N+ (0% — o HP (4.9)
MN;-1
i = MlN 3 WmHR) (4.10)
3 n=0
A= 1:5%/1 (4.11)
Wn) = \W(n) | (4.12)
b o= M (4.13)
Y(n) = W(n)R(n)+ (1 — W(n)H(n))S(n) (4.14)

Output after soft MMSE filtering can be assumed to be an output of an equivalent
AWGN channel with input s[k] [34].

ylk] = pslk] + z[k]
- [L—]%J]c[k—LNisJ]+z[k] (4.15)

It can be shown that for MMSE filtering (see Appendix B)

1

E(ulk] - sthP) = 757031 - )
= (1) (4.16)

8
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Variance of z[k], 02 can be found from above as follows

]_;;(1 —u) = Elylk] - sk

= B(|(n— 1)slk] + 2[K)>)

1
— 1— 2_ - 2
(1—p) N, T
1
=0, = ﬁu(l—u) (4.17)
. s . .

LLRs generated by the equalizer are given by

oo Pyl Z N, 1o = 1)
EldBl) = log eyt aef] = 1)

Ny—1 . . " , . .
_ v W@ =N, + 4] = peli)® | G = 1N + 5] + pcls])?
- ; 27 p(1— p) i 25, (1 — 1)
2N, G — 1N, + lelj]
- =
"cl. ) Ny—1
- 211V+du[] where  de[i] = ; y[(& — 1)N, + jle[s) (4.18)

It should be noted that a single MMSE frequency domain filter is used for all
bits in a transmitted block unlike time domain turbo equalization in which different
filter coefficients are used for each bit. Although this degrades the performance of

the turbo equalizer, it significantly reduces the computational complexity.

4.2.2 4BOK System

LLRs of the bits generated by the decoder are given by

Lo(d®) = [Lo(d?[0]), Leld(1]), Lo(d?[2]), -, Le(d“[2M — 1))

The structure of the frequency domain SISO equalizer is shown in Fig 4.3. Soft
bit estimates d°[i] are first obtained using the a priori information from the channel

decoder.
d°li] = tanh(0.5L(d°[4])) (4.19)

After spreading and addition of prefix, soft chip sequence estimate 3[k] is obtained.

Frequency domain chip sequence {S(n)}"=)"+~! is assumed to be independent and
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identically distributed with mean zero and variance 0% = M. Now the LLRs of the
bits d°[i] are obtained in a way very similar to that of BPSK. First equalization is
performed using equation (4.7-4.14) to obtain Y(n). Inverse FFT is performed over
Y'(n) to obtain ylk].

Output after soft MMSE filtering can be assumed to be an output of an equivalent
AWGN channel with input s[k].

f

y[k] pslk] + z[k]

p{31{k] + 32[k]} + 2[K]
e [2[1_@] 51 [k - L—N’%J} o [2LNﬁsJ n 1] 5 [k _ L%J] + 2[k]
(4.20)

i

As shown in Section 2.5.2, 4BOK user can be seen as a 2-user BPSK system.
Therefore, at the receiver, after matched filtering and chip rate sampling, we have

Ls—1 Ls—1

rlk] =Y Allslk—l+z[k] = Y h{&k—1]+5k-1}+2k] k=0,1,..,MN,+ L, -1
=0 =0

(4.21)
where §; and §, are obtained from §] and &, respectively by adding corresponding
cyclic prefixes.

For calculating the LLRs of d°[2i], §;[k| is assumed to be zero mean Gaussian
distributed and independent of 3;[k]. Similar to the case of BPSK, variance of the

interference z[k] + u32[k], 02, can be obtained as follows

Nis(l ~u) = E(jylk - sk®)
= E(|(u— 1)1 k] + 2[k] + pda[k][]?)
2 1 2
= (1 —,U,) Z—Ng +ainter
—ol, = — 1-p?) (4.22)

inter 2N,
s
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o o PR o = 1)
e W T = 1 :

Ng—1
_ Wl = )N+ 5] - pald])? |l = DN+ 5] + péli])?
- JZ:; 253 (1 — p2) - 258 (1 — p?)
ANyl — )N, + lal)
- —
S ; ) Ng—1
— D whee = Yo oli- DN HSJAl] (423)
=0

Similarly, LLRs of d°[2i + 1] can be obtained as

AN 025 (6 — 1N, + f)éals]

Lo(d[2i + 1))

1 - pu?
AN, pde]2i + 1] coo Rl .
= ———1:‘;2—— where dc[Z’L} = Z y[(l — 1)Ns +]]CQ[]]
j=0

(4.24)

4.3 Multiuser System

In this section, U user DS-UWB system is considered. Soft interference cancelation
[34] is used to mitigate MAI and soft MMSE filter is used to tackle ISI. The transmitter
and receiver structure for multiuser DS-UWB systems are shown in Fig 4.4 and Fig
4.5, respectively.
First, soft estimates of bits of all users are obtained based on a priori information
from the U decoders.
d¢{i] = tanh(0.5L(dS]i])) (4.25)

After spreading and prefix addition for each user u, soft chip sequence estimate §,[k]|
are obtained. Soft interference cancelation is then performed to eliminate the inter-

ference of all other users over the signal of a given user to obtain

Ru(n) = R(n) = Y _ AwHu(n)Su(n) (4.26)
w#u
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where S, denotes FFT of 5,. Similar to the single user case, S,(n) is assumed to
be independent and identically distributed with zero mean and variance agu = M.

Following equalization algorithm is used for each user

MNs—l _
vagu = MN (4.27)
Wa(n) = : AuHy(n)" : (4.28)
MN,o? + Y _ (O’S , = ch AW Hy (n)]
i = MlN S Wa(n) AuHa(n) (4.29)
n=0
A = Taasf'[f (4.30)
Sy U
Wu(n) = ANWu(n) (4.31)
e = Aufi (4.32)
Yu(n) = Wy(n)Ru(n)+ (u — Wu(n)AuHyu(n))Su(n) (4.33)

For BPSK system, the spreading sequence of user u is denoted by {c[j; u] ;-V;a L,
The LLRs for BPSK system are given by

2N, o3 vl — 1N, + flels; ]

o - Ne-1 -
=, —2—1]—\[{%’—:%] where dc[z] = Z Yul(i — 1)N +j]c[] u]

) (4.34)

For 4BOK system, the orthogonal spreading sequences of user u is denoted by
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{c1lj; ul}i25" and {calj;u]}=". The LLRs for 4BOK system are given by

AN, Y225 yl(i = 1)N, + 5lé [ ul

Lo(d2i)) =

1—p
AN 1, 4[24 . Na—1
='7%%ﬂ where  d°[2i) = > yu[(i — )N, + jlé[jiu] (4.35)
u ]=0
ANy NS 416 — 1N, + 65w
Ldi+) = “Debudido yi(_ u2) i)ealis u]
4Ns,u'u(ic[2?, + 1] h d.c . _ Ns—1 ) o
-2 where  d°[2i + 1] = D _ vu[(i — )N, + j)éals; u)

g (4.36)

with & [j;u] = —Eﬂj_ﬂ%[ll‘l and &[j; u) = == Jiu]+eafu

2

4.3.1 Single user 4BOK system

As shown in Section 2.5.2, a single user 4BOK system is equivalent a two-user BPSK
system. So, multiuser BPSK turbo equalization algorithm can be used for detection

of information bits. First, soft estimates of the bits are obtained.
d°[i] = tanh(0.5L,(d°[i])) (4.37)

Spreading estimated user bits CZC[Z’I;] with the spreading sequence ¢; and adding
corresponding cyclic prefix, chip sequence §;[k] is obtained. Similarly, from estimated
user bits d°[2 + 1], chip sequence 5,[k] is obtained.

For user bits d¢[21], soft interference cancelation is performed to remove the inter-
ference from bits d¢[2¢ + 1]

Ry(n) = R(n) — H(n)52(n) (4.38)

Ro(n) = R(n) ~ H(n)S:(n) (4.39)

S, and S, represent FFTs of 5; and 3, respectively.
S1[k] and S,[k] are assumed to be independent and identically distributed with

zero mean and variance 0% = 0% = E(|Sy(n)?) = MN,E(|5:[k]]*) = MNy5p- =
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Foru=1.2
1 MNg—1 _
% = v 2 ISl (4.40)
5 n=0 '
Wa(n) = — H"(Z") : . (4.41)
MN,o? + Zu,=1(a§u/ — agu,)]Hu:(n)]
1 MNg—1 .
M= 3w ; W (n)Hy(n) (4.42)
2
o4
Ay = — .
Wu(n) = A Wau(n) (4.44)
fe = Aufiu | (4.45)
Yu(n) = Wu(n)Ru(n) + (1 = Wa(n)Hy(n))Su(n) (4.46)
LLRs are given by
AN, Mot [(i = 1) N, + 5]y
Lo(d[2]) = > im0 y11[(~ )N, + j]é (7]
. Hr
AN, de[2i . =
= 1—/5’11 where  d°[2i] = Z n[(t — 1)Ns + jlaaly]  (4.47)
- o
AN, SN (i = )N + jléal
L2+ 1)) = 220 el ') jléalj]
1 — 2
AN,d°[2i + 1] o =
= s]_—’u,—— where dc[2’L + 1] = Z yg[(l — 1)N3 +]]Ez[]}
= :
7=0

(4.48)

This method has higher complexity since two forward equalization filters need to
be evaluated for each block. .

4.4 Simulation Results

A half-rate convolutional code with constraint length x = 6 and generating polynomial
(65,57) (notation in octal) is used [5]. The simulation parameters for single user
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as well as multiuser BPSK and 4BOK systems are same as those used in previous
chapters. Transmission in lower band (3.1-4.85 GHz) over CM4 channel is considered.

Fig 4.6 and Fig 4.7 show the BER performance of turbo equalizers for coded
BPSK DS-UWB systems with spreading factor N, = 6 and N, = 12 respectively.
The performance of turbo equalizer with perfect a priori information is also shown.
Fig 4.8 shows the performance of turbo equalizers for coded 4BOK DS-UWB systems
with spreading factorNg = 6. Fig 4.9 shows the average BER performance of turbo
equalizers for 4-user BPSK DS-UWB system with spreading factor N, = 12.

The performance gain of second turbo iteration over the first iteration is more sig- -
nificant compared to the performance gain of third iteration over the second iteration.
The improvement in performance with each turbo iteration is higher for systems with
spreading factor 6 than system with spreading factor 12. This is expected since the
systems with lower spreading factor suffer from more severe ISI and hence exhibits
much better performance after soft, ISI cancelation. Performance gain is very high
especially for multiuser systems. ‘

Also from Fig 4.10, we can see that turbo equalization scheme proposed in Section
4.3.1 for single user 4BOK system gives better perfdrmance than the scheme proposed
in Section 4.2.2 at the expense of higher complexity.
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Figure 4.6: BER performance of frequency domain turbo equalizers for a BPSK DS-
UWB system with spreading factor Ny = 6
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Figure 4.7: BER performance of frequency domain turbo equalizers for a BPSK DS-
UWB system with spreading factor Ny = 12
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Figure 4.8: BER performance of frequency domain turbo equalizers for a 4BOK DS-
UWB system with spreading factor N, = 6
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Figure 4.9: BER performance of frequency domain turbo equalizers for a 4-user BPSK
DS-UWB system with spreading factor Ny = 12
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Figure 4.10: BER performance of frequency domain turbo equalizers for a 4BOK DS-
UWB system with spreading factor Ny = 6, treating it as a 2-user BPSK DS-UWB

system
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Chapter 5
Conclusions

In this thesis, we considered frequency domain equalization for MBOK DS-UWB sys-
tems. The BER performances of various frequency domain equalization techniques
were compared with that of time domain equalization techniques for single user sys-
tems. Symbol based frequency domain equalizers were first defined for BPSK DS-
UWB systems. Later, it was shown that a single user 4BOK system can be seen as
two-user BPSK system employing orthogonal codes. We then defined symbol based
equalizers for a 4BOK system. We further analyzed the computational complexities
of these equalization techniques for single user BPSK DS-UWB systems. Through
simulations, it was shown that the frequency domain equalization techniques can offer
better trade off between performance and complexity than time domain equalization
techniques. The performance gain is more prominent for high data rate DS-UWB
systems employing short spreading sequences over severely dispersive channels such
as CM4.

We then considered multiuser DS-UWB systems. Iterative frequency domain mul-
tiuser detectors viz. SIC and PIC, were derived and their average BER performance
was simulated. We then expressed a single user 4BOK system as a two user BPSK
system and applied these multiuser receivers to detect transmitted bits. The perfor-
mance of multiuser detectors was found to almost saturate after two decision feedback
iterations. The performance of multiuser detection schemes for single user 4BOK sys-
tem was found to be better compared to symbol based equalizers in chapter 2 but
not as good as chip based equalizer.

We later considered coded DS-UWB systems. We proposed low complexity fre-
quency domain turbo equalizers for single user BPSK and 4BOK DS-UWB systems
and their performance was evaluated through simulations. We then considered coded

multiuser DS-UWB system. Combining the single user frequency domain turbo equal-
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ization with soft interference cancelation, we derived a frequency domain multiuser
turbo detector. We used this multiuser turbo detection technique to detect single
user coded 4BOK system by considering it as a two-user BPSK system.

The performance improvement with use of turbo equalization techniques was
found to be significant. Especially, in the case of multiuser systems, the performance
gain was found to be very high. An improvement in performance was observed when
multiuser turbo detector was used for single user 4BOK system, by considering it as

a two-user BPSK system, compared to single user turbo equalizer.

5.1 Future Work

There are many interesting problems which can be pursued for future work.

e One of the main challenges for a UWB system is to mitigate the interference
from narrowband systems [35]. Narrowband interference rejection techn‘iques
which operate in frequency domain have been studied in the literature for DS-
CDMA systems [36]. These interference rejection schemes can be combined with
the equalization and multiuser techniques presented in this thesis to improve the
performance of DS-UWB systems by operating entirely in frequency domain.

e Recently, multi-input multi-output (MIMO) UWB systems are being considered
to further increase the data rate of UWB systems. Frequency domain equaliza-
tion for space-time block coded systems was studied in [37]. These equalization
techniques can be applied for MIMO DS-UWB systems.
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Appendix A

Derivation of Frequency Domain
Iterative Decision Feedback

Equalizer

We assume that the frequency domain sequence S(n) is independent and identically

distributed with zero mean and variance ¢%. The problem is to minimize [26]
JU = E(lylk] - s[k]’]

1 N-1 . \
= 5z 2 ElIYi(n) - S(m)’]

n=0

= “]\% Z_ E [|Wq(n)R(n) + BY(n)S9(n) — S(n)|2] (A1)

subject to constraint
N-1
> BY(n)=0 (A.2)
n=0
To minimize J9, its sufficient to minimize
Ji(n) = E [|Wq(n)R(n) + BU(n)$9 Y (n) — S(n)|2] (A.3)

. foralln=0,1,...,N — 1.
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The cost function to be minimized for each n, is given by

J(n) = B [[We(m)R(n) + B*(m)5*(n) — S| + 0 (% > Bq<n>> (A4)

where (3 is the Lagrange multiplier to account for the constraint.

The correlation between sequences S(n) and $9-1(n) is assumed to be

E [ S(n)$ (n')’] /
) = p?é(n —n') (A.5)

This assumption holds true in most of the cases.

Now,
Jin) = E[[Wim)R@)+ B (w5 (n) - Sm)P] + 6 (% 1{; B‘I(n))
= E||(Win)H(n) - 1)S(n) + B (n)$"(n) + Wq(n)nZ—(n)|2] |
+4 (1—1[— T B"(n))
= E|lwr nn—)OH(n) — 1)S(n) + Bm)S ()] + No®[Wi(n)|?
(e

= GAWIn)H(n) - 12+ (Wi (n)H(n) - 1)B*(n)* 030" +
(Wi(n)H(n) — 1)* B(n)o%e™ + o3 BUn)|? + No?|Wi(n)]?

(A.6)
Differentiating J§(n) w.r.t B%(n) and equati‘flg the derivative to zero, we obtain

1

B(n) = ~(WH(m)H(n) ~ 1) =~

Ié) (A7)

Using the constraint ZQ:OI B(n) =0, we get
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B = —ab! S (WImH(m) - 1)

= —UgquN(’)/q - 1) (A8)

where 47 = & SN We(n)H(n)
Substituting (A.8) in (A.7), we obtain

Bi(n) = —p'(W*(n)H(n) — 7) (A.9)

Now, differentiating J3(n) w.r.t W9(n) and equating the derivative to zero, we

obtain ) )
ogH(n)*(1+ |p*v9)

W) = N oa (- e PH P (410
We can neglect the factor 1 + |p?|>49, as it is independent of n.
Therefore,

W(n) ofH(n) (A.11)

~ No?+03(1 - [pP)[H(n)P?
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Appendix B

Derivation of Frequency domain
MMSE Turbo Equalizer

The cost function to be minimized for each n, is given by [32]

MNg—1

Js(n) = E[[W(n)R(n) + B(n)S(n) - S(m)P] + 8 ( > B(n>) (B.1)

3 n=0

where ( is the Lagrange multiplier.
Now,

Js(m) = B[W(m)R(m) + Bm)3(n) - Sm)P) (1 ZB)

S

= E[[(W(n)H(n) - 1)S(n) + B(n)S(n) + W(n)Z(n)|*]

1 MN -1
ﬁ(ms o)

= E[|(W(n)H(n) — 1)S(n) + B(n)S(n)*] + MN,o?*|W (n)?

MNl
+ﬂ(1 o)

= og|Wn)H —112+05[|B( )I* + (W(n)H(n) — 1)B(n)”

MN,;-1

+(W () H(n)" = 1)B(n)] + MN:o®|W (n >|2+ﬂ(M1N > B(n))

S n=0

+

(B.2)
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Differentiating Jg(n) w.r.t B(n) and equating the derivative to zero, we obtain

1
B(n) = —(Wn)H(n) —1) — o——F B.3
(1) = ~(W () H) = 1) = (83)
Using the constraint S~ B(n) = 0, we get
MN—1
B = —d§ > (Wn)H(n)-1)
n=0
= —0iMNy(u-1) o (B.4)
where p = 37 MM W (n)H(n)
Substituting (B.4) in (B.3), we obtain
Bn)=pu-WmHm) (B.5)

Now, differentiating Jg(n) w.r.t W(n) and equating the derivative to zero, we

obtain Hn) [ \ \ ]
* __ Og — Ugﬂ
W(n) = (0’ %)lH( )|2 +MN30'2 (B6)
We define
o H(n)"
- B.
W = oI MR (B
] M1
/’l’ = MNS ;) W(n)H(TL) (BS)
Then, equation (B.6) is equivalent to
Win) = /\W(n) (B.9)
where
A=0%—oku (B.10)
Therefore,
o= Af (B.11)
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Using (B.10) and (B.11), we obtain

o5
=17 0% (B.12)
s
Substituting (B.5), (B.9) in (4.5), we obtain
| H(n)]*A
J(n) = = 02)|H(n)||2 TN o [)\ +20% — 20?9] + uok — 2uck + 0% (B.13)
S 8 .
Using (B.9)-(B.12) and (4.3), we obtain
| MM
7= e 2
n=0
| MN-1 )
= W Z E []W(n)R(n) + B(n)S(n) — S(n)|2]
s n=0
1
= 377 (05 = 208+ (A + pog))
1
= 27 (05 — 2056 + pog)
1
s (B.14)
Thus, for MMSE filtering
1
E(ly[k] - s[k]|*) = o§(1 ) (B.15)
MN,
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