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Abstract

Wireless channels are often multipath channels. In a multipath channel, a path can
be defined as a copy of the transmitted signal arriving at the receiver with a particular
delay and amplitude. If the multipaths are resolvable, RAKE receivers can collect the
energy of distinct paths. DS-CDMA systems, with their low auto-correlation spreading
sequences, enable resolving of the multipaths and therefore the use of RAKE recep-
tion. Each RAKE finger, the elementary receiver in RAKE reception, is associated
with one of the strongest incoming paths. The outputs of those fingers are combined
together to detect the transmitted symbols. The conventional RAKE receivers have
several weaknesses. This thesis focuses on the major weaknesses of sensitivity to. inter-
ference and channel estimation error. It introduces a receiver model to cope with both
of them for both single and multi antenna (MIMO) systems. We propose a new RAKE
reception method, which is called the generalized decorrelating RAKE receiver (GD-
RAKE). GD-RAKE is obtained by the combination of two advanced RAKE receivers:
the decorrelating discrete time RAKE receiver (D-DTR) and the generalized RAKE
receiver (G-RAKE). The method enables robust performance in the presence of chan-
nel estimation errors and colored noise plus interference with the help of statistics on
the channel, noise and interference. Additionally the performance of the new receiver
is tested in MIMO channels.

Soon to be commercialized ultra wideband (UWB) systems use more than 500 MHz
bandwidth. Such a high bandwidth results in many resolvable multipaths and as such
the employment of RAKE receivers is very suitable. We tested the performance of a
G-RAKE receiver with decision feedback equalizers and showed that it can be used to

improve overall performance of the system.

ii
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Chapter 1

Introduction

Wireless communication is now a part of our daily life with our cellular phones and wire-
less Internet connections. One wireless communication technique, namely the spread
spectrum, is quite popular, because of its compelling advantages. For example, it is ro-
bust against interference and it enables spectrum sharing among multiple users without
any time or frequency division multiplexing. Among the spread spectrum systems, the
DS-CDMA uses RAKE receivers to collect energy from the multipath wireless chan-
nels. In a multipath channel, reception of multiple, possibly interfering copies of the
same signal is observed. A conventional RAKE receiver is a combination of elementary
receivers called RAKE fingers. Each finger is associated with one path of the multi-
path signal. The outputs of the RAKE fingers are combined to detect the transmitted
symbols.

The conventional RAKE receivers have several drawbacks. For example, conventional
RAKE receivers assume that the interference is uncorrelated and correlated (colored)

interference could be a major source of degradation in system performance. Bottomley

et al. proposed a generalized RAKE receiver in order to have correlated interference

suppression [2]. The weakness of the G-RAKE is the nonrealistic assumption of having
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Introduction - 2

a perfect channel state information at the receiver.

For the conventional RAKE receiver another drawback arises from the time-varying
nature of the wireless channels. Conventional RAKE receivers use an acquisition sys-
tem (or searcher) to detect new paths with significant power, and a tracking system
to follow the continuously time-varying delays of the paths [3, 4]. The acquisition and
tracking systems have two main weaknesses. First, the assumption that the multipaths
are resolvable is often unrealistic [4]. Secondly, the acquisition and tracking systems
can neither distinguish nor follow paths separated by less then a chip period [5, 6].
To eliminate the need for complex acquisition and tracking devices and to avoid their
drawbacks, the conventional discrete-time RAKE receiver (C-DTR) has been proposed
in [7]. It is obtained by sampling a transmit filtered version of the channel impulse
response. The main drawback of the C-DTR is its sensitivity to channel estimation
errors. Furthermore, some paths taken into consideration are mainly due to noise, and
they reduce the overall performance of the C-DTR. To cope with these weaknesses of
the C-DTR, several intuitive methods have been presented in [7]. Whereas the deriva-
tion of an optimum structure of the discrete-time RAKE receiver, complying with the
maximum a posteriori (MAP) criterion, has been made in [4]. This optimum structure,
referred to as the decorrelating discrete-time RAKE (D-DTR), exploits the covariance
matrix of the channel values at RAKE fingers to obtain robustness against channel
estimation errors. The D-DTR is designed with the assumption that both thermal
noise samples and the interference samples are uncorrelated. As mentioned above, this
assumption is invalid for many cases.

The system we are proposing, the generalized decorrelating RAKE (GD-RAKE), com-

bines the complementary advantages of the G-RAKE and the D-DTR. It could suppress
the interference, and it takes into consideration the channel estimation errors. In this

work, we simulate the discrete-time versions of the G-RAKE and the GD-RAKE and
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Introduction 3

therefore we use the abbreviations G-DTR (Generalized Discrete-Time RAKE) and
GD-DTR (Generalized Decorrelating Discrete-Time RAKE).

For the optimum performance of the GD-RAKE, we require the eigenvalues and eigen-
vectors of the covariances matrices of the channel and noise plus interference. Usually
those matrices are estimated and then the eigenvalues and eigenvectors are obtained
by Karhunen-Loeve Transform (KLT). KLT increases the system complexity, especially
when the number of fingers is high. In this work, we evaluate through simulations the
effect of the estimation errors of those matrices. Furthermore we implement a method,
which estimates the eigenvalues and eigenvectors directly from data to reduce the over-
all complexity of the system.

The performance simulations of the receivers are done in a system loosely based on the
uplink of UMTS WCDMA (Universal mobile telecommunications system Wideband
CDMA), one of the 3G wireless communication systems. Our simulation results show
that the GD-RAKE and the D-DTR improve the performance compared to the con-
ventional RAKE receiver, whereas the G-RAKE can cause performance degradations
under certain conditions.

Another area we are considering is multi input multi output (MIMO) systems. As a
generalization of the G-RAKE principle to MIMO systems, Grant et al. have proposed
two methods in [8], namely the JD-GRAKE and the MMSE-GRAKE . The JD-GRAKE
jointly decodes the symbols spread by the same spreading code and transmitted from
different antennas. The MMSE-GRAKE is an alternative system which is less complex
than the JD-GRAKE. Instead of being jointly decoded, the symbols in the MMSE-
GRAKE are decoded one by one, by treating the rest of the symbols as interference.
Such a decoding decreases the complexity at the price of a decrease in performance.
In this work we are proposing a MIMO D-DTR receiver. We also propose a MIMO

GD-RAKE receiver, which is based on the combination of the discrete-time version of
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the JD-RAKE receiver and MIMO D-DTR.

The G-RAKE receiver can be used in other communication systems as well. In our
thesis, we selected ultrawideband (UWB) systems to test the performance of G-RAKE.
UWB systems are originated from impulse radio systems and a high number of multi-
paths is observed in their associated channels. During the standardization process of
ultrawideband systems for wireless personal area networks, one of the standard propos-
als for UWB was DS-UWB. Due to its use of DS-CDMA with short spreading codes at
the transmission and the multipaths in the channel, interference has a major effect in
its performance. Therefore we believe using G-RAKE system could improve the system

performance.

1.1 Contributions

The main contribution of the thesis is the introduction of the GD-DTR receiver. Fur-
thermore we did detailed simulations of the D-DTR, G-DTR and GD-DTR systems
in diffuse multipath channels for both single and multi antenna systems. Our simu-
lations show that the G-DTR receiver may degrade the system performance, whereas
the GD-DTR improves it. Another contribution of the thesis is the study of the esti-
mation methods of the covariance matrices of the channel and noise plus interference.
We introduced a method which does not require KLT transform. We also studied the
performance of G-RAKE system in UWB channels.
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1.2 OQutline

The outline of the thesis is as follows. Chapter 2 treats the properties of the basic
multipath channel and different types of multipath channels and the theory behind the
conventional RAKE receiver, the C-DTR, the D-DTR and the G-RAKE.

In Chapter 3 the GD-RAKE is introduced for multipath channels with channel esti-
mation errors and colored noise.

'The performance of the receivers we introduced heavily depend on the estimation of
channel statistics and noise statistics. In Chapter 4 we study the methods to estimate
and update those statistics.

Chapter 5 provides performance results of the RAKE receivers in different simulation
scenarios with perfect and estimated statistics.

Chapter 6 covers the study of RAKE reception methods in MIMO systems, as well as
includes the performances of the introduced systems.

Chapter 7, the final chapter of the thesis, is devoted to a summary of the results and
future work.

Appendix A studies the UWB systems and the performance of G-RAKE in those

systems.
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Chapter 2

Multipath Wireless Channels and
RAKE Reception Methods

2.1 Multipath Wireless Channels

In a communication system, channel is the medium that is used to transfer the infor-
mation [9]. The characteristics of a channel could limit the performance of the system
and most of the time they cannot be changed by the system designer. This statement
is also valid for the wireless communication systems. Another definition of communi-
cation channel is, that it provides the connection between transmitters and receivers.
Therefore not only free space or atmosphere between mobile users and base stations
but every object that affects communication signals is a part of the channel. Examples
of these objects are mountains, large buildings, homes and cars as seen in Figure 2.1,
where we illustrated a wireless communication system, with base stations and mobile
users.

In terms of their effect to the signals, the objects encountered can be divided into two

groups as deflectors and scatterers. The deflectors are large far away objects from the
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Remote

to Mobile Unipwinak

Figure 2.1: Time varying multipath fading channel for cellular wireless systems.

base stations and mobile units like mountains or skyscrapers, which reflect the signals
like a mirror. Due to these reflections, the signals follow different paths to reach the
antennas of receivers and in the literature every reflection is called a path or a multi-
path. Large differences in the arrival time of these multipaths cause the observation

of specular multipath channel. In cellular wireless systems, the same frequency band

can be used by different pairs of transceivers (channel reuse). The interference between

these pairs is known as co-channel interference. Deflectors could increase this type of
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ay b)-

Figure 2.2: The impulse response of two path multipath channel model with specular
paths (a), and the diffuse version of the channel due to scatterers (b).

interference as well, since the reflected signals could reach other antennas beside the
aimed ones.

The scatterers, the second group of objects, are objects nearby of the antennas, which
are relatively small such as houses or vehicles. They scatter the signal with different
amplitudes and phases. Due to the short distance between the scatterers and anten-
nas, the difference between the arrival time of the multipaths is small. Therefore the
multipaths cannot be separated by the receiver and a diffuse channel is observed. In
Figure 2.2 we present the impulse response of a specular multipath channel with two
paths and its diffuse version due to scatterers.

For the specular channel, it is easy to locate the positions of the paths in time, but for
the diffuse channel we observe a continuous impulse response and distinguishing any
path is hard.

The effect of motion is also important in wireless channels. The relative motion be-
tween a base station and mobile antennas such as the motion of a user or the motion
of scatterers changes the channel coefficients in time. Therefore the receivers use pilot
symbols or other methods to update the channel estimates.

For the time being, we disregard the time varying nature of the channel and concentrate

only on a specific time instant. Assume we have a specular channel at that time instant
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with path delays 7; and the complex path gain coefficients h;, the impulse response of

the channel can be written as

J-1
h(r) = ;) h;o(T —75). (2.1)

In (2.1), J and §(7) denote the number of paths and the dirac delta function respectively.
We have summarized the properties of the multipath channels and presented a channel
impulse response. In the next section, we will explain, how a RAKE receiver collects

energy from multipath channels.

2.2 Conventional RAKE receiver

DS-CDMA systems use RAKE receivers to collect energy from the multipath wireless
channels. Hence, we choose a basic equivalent baseband DS-CDMA system model with

RAKE reception, as shown in Figure 2.3.

In DS-CDMA, the spread spectrum is obtained by multiplying the symbol with a spread-
ing sequence waveform. In our model the unit energy symbol s;; is spread by the

waveform ay ;(t). We assume that ay;(t) has perfect correlation properties, i.e,

1 ifr=0

(e ¢]

Ra(t) = [

—00

agi(t + 7)ag;(t)dt = { (2.2)

0 if7£0
If ay;(t) is selected properly, this is a reasonable assumption and used by many re-
searchers for example in [3],[7] and [10]. It allows the inter-symbol interference (ISI)

to be neglected with respect to multiple access interference and thermal noise. We will

later relax this assumption and consider spreading waveforms without perfect correla-

tion in Chapter 6. After the spreading, the signal is transmitted through a multipath
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Figure 2.3: System model with RAKE reception.

channel. We assume that the channel is specular and has the impulse response given
n (2.1). In Figure 2.3 we show each path separately. The signal is received after being
corrupted by noise and interference. At the front end of the RAKE receiver, we have

the signal r(t)

r(t) = h(t) ® (skiari(t)) + n(t), (2.3)

where ® represents the convolution operator and n(t) denotes the noise plus interfer-
ence. The conventional RAKE receiver uses elementary receivers called the RAKE
fingers. In our model we employ L RAKE fingers. Since the aim of the conventional
RAKE receiver is collecting energy, the receiver matches the RAKE fingers to the most
powerful L paths. The conventional RAKE receiver assumes n(t) as additive white

gaussian noise (AWGN) and therefore employs a form of matched filtering, which is
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the optimum receiver under AWGN. From [9], the sampled output of a matched filter,

matched to the jth path, can be written as:

zj = /:s”j r(t)(hjaxi(t — 7;))dt, (24)

where T, denotes the symbol period. The integral starts at 7;, since for the jth path
the received signal is nonzero between 7; and T, + 7;. By manipulating (2.4) we can

obtain

* TS
4:@47ﬁ+m%ﬁw. (2.5)

The equation above shows the steps done in the RAKE fingers. In the first step the
received signal should be delayed. Suppose the number of the paths and the fingers is

equal (J=L), then each finger has a delay corresponding to one path such that,
d; =, [=0,..,J-1, (2.6)

where d; denotes the associated delay of lth finger. Then the signal should be despread
by multiplying the delayed signal with the complex conjugate of ax;(t) and integrating

between 0 and T such that

Ts
M=A7@+m@ﬁm. 2.7)

The perfect correlation property of a; eliminates any effect from multipaths other than
the matched one. Therefore y; has a signal component if and only if d; is equal to one
of the path delays. The idea behind the RAKE reception was the combining each path
separately and this is obtained.

For this section, we keep the perfect correlation property assumption and in the next
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section, we will give an example how the channel gains are modified if there is correlation
between the shifted versions of ay ;(t).

To detect the symbol s;;, we need to combine the outputs of the RAKE fingers. The
weighting coefficients w = [wg, wy, ..., wr_1]T are used for this purpose and the decision

statistic z is formed such that,

L-1
2=y wiy =wy, (2.8)
1=0

where y = [yo, ¥1...,yr-1]" is the vector of the finger outputs. From (2.5), the weights

are equal to the channel coefficients, such that,

w = hy, [=0,..,L—1 (2.9)

The decision statistic z can be used to detect the symbols or bits. For example if gray-
coded QPSK modulation is used, the hard decisions of in-phase and quadrature bits
are obtained via sgn(R(z)) and sgn(3(z)). R and & denote the real and imaginary part
operators respectively.

For a conventional RAKE receiver, if the number of available fingers is larger than the
number of the multipaths (L > J), extra finger weights are equal to zero, since the
corresponding channel coefficients are zero. Therefore extra fingers could not improve
the performance of the conventional RAKE receiver.

In this section the conventional RAKE receiver has been treated. We made the as-

sumptions:

1. The noise is AWGN. Therefore matched filtering is used.
2. The channel is specular, so that each path can be distinguished.

3. The channel gains are known at the receiver.
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In the next section, we will change the first assumption and show how the generalized

RAKE receiver can benefit from extra available fingers.

2.3 Generalized RAKE Receiver

The generalized RAKE receiver has the same structure shown in Figure 2.3, but it
has different combining weights and delays. To explain the weights in the generalized

RAKE receiver, we should write the vector of finger outputs more explicitly, such that,

y = hsy +u, (2.10)

where h corresponds to the channel vector and u embraces the noise plus interference.
We changed u being AWGN assumption to u being complex valued colored gaussian
noise vector with covariance Ry=E[uu’]. The coloration could be due to the interfer-
ence from other users in the system, the pulse shaping filter or as we will see in later
chapters imperfect autocorrelation property of the spreading code. For such a system,

the maximum likelihood detector for s, has the weight vector,

w =Ry 'h, (2.11)

if h is given, i.e. the channel is known at the receiver [2]. We can check the optimality
of the weights using a basic example. The probability density function (pdf) of the

vector u can be written as:

1 Hpy -1
= — exp(—u” Ry '), 2.12
p(u) T exp(—u u) (2.12)

which is equal to:
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ply —hsi) = exp(—(y — hse)"Ru™(y — hsy)), (2.13)

7L |Ry|

Since h is assumed to be known, we can write (2.13) as

p(ylh, sx) = exp(—(y — hsk)"Ru™'(y — hs)). (2.14)

1
LRy

If the symbol values for s; have equal probabilities, the detector chooses the symbol
value which maximizes (2.14). For a more convenient way of detection we can take the

logarithm of the above equation,

1

W—Llfi:l) — ((y —hsp) "Ry~ (y — hsy)). (2.15)

Inp(y|h, s) = In(

Maximizing (2.14) is equal to maximizing (2.15), since logarithm is a monotonically

increasing function. If we disregard the constant terms of (2.15), we obtain,

—((y —hsx)"Ru"'(y — hsp)), (2.16)

which is equal to

2R(sth Ry 'y) — yHRy 'y — [si* bRy (2.17)

The last two terms of (2.17) are constant for BPSK, QPSK and 8PSK modulation

schemes. Therefore a decision statistic for those modulations is equal to:

A(st) = R(sxh"Ru7'y) = R(si(Ru h)"y) = R(szw"y) (2.18)
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Furthermore, if gray-coded QPSK modulation is used, the hard decisions of in-phase
and quadrature bits are obtained via sgn(R(w¥y)) and sgn(S(wfy)). Actually this
combining scheme is well-known and used in antenna arrays to detect the symbols [11]
and in linear MMSE equalizers [12]. We specified the combining scheme above, however
we did not specify how to set the delays of the correlator. For this purpose we require
the signal to noise ratio (SN R) at the output of the combiner. Assuming unit energy

symbols, for any weight vector w, SN R equation can be specified as:

HyLH Hiy H
SNR:E[W hh w]‘w hh¥w

= AR (2.19)

wHufuw

In the above equation, since w and h vectors are constant, the expectation operation
is done only on u vectors. If the weights of the G-RAKE are put in the equation, we

obtain
b (R, )#hh?R,'h
h# (R, " )ER R, 'h’

SNR = (2.20)

which is equal to

h¥ (R, #hh#R,'h

SNR =
h# Ry 1)Ph

= hfR,'h. (2.21)

Therefore if L RAKE fingers are available, the G-RAKE chooses L paths which maxi-
mize the SN R [2]. The chosen paths do not necessarily correspond to paths with energy.
They could as well be the paths with zero channel gain. Basically, paths chosen with
zero gains are used for interference suppression, and the rest of the paths are for energy
collection. The performance depends on choosing the optimum combination. We will

show how the conventional RAKE and the G-RAKE work with a simple example.
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2.3.1 Example: The Conventional RAKE and the G-RAKE

Weights in a Multipath Channel

For this example, we have the channel shown in Figure 2.4. It is a two path channel
with one strong and one weak path gain. The duration between the paths is arbitrary
since G-RAKE is a continuous time receiver. We select real path gains to ease the
demonstration. The strong path has the gain 1 and the weak path has the gain 0.5. We
consider an extra finger location, where no signal is observed, to show the effect of the

G-RAKE weighting. That finger location can be considered as a path with zero gain.

For the G-RAKE performance demonstration, we need the correlation coefficients be-
tween the noise plus interference values of the paths. They are shown in Figure 2.4
with arrows. Assuming the noise plus interference has unit energy at each finger, the
diagonal elements of the matrix Ry (variance of the elements u) will be 1. In Figure
2.4, the noise plus interference values of the zero path and the strong path have the
correlation of 0.5, therefore the second element of the first row and first element of the
second row of Ry should be 0.5. Using the other values in Figure 2.4, we can write Ry

as,

1 05 01
R,= |05 1 02]. (2.22)

01 02 1
Let us find the SNR values for the conventional RAKE and the G-RAKE receivers
with 2 fingers. For the optimum performance of the conventional RAKE receiver, the

weight vector is equal to w=[1 0.5]. The SNR of the conventional RAKE is therefore,
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a) Path gains of the channel.
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Figure 2.4: A simple channel model with real gains and colored noise plus interfer-
ence. The correlation coefficients between noise plus interference values are shown with

arrows.

1

0.5

0.5

[1 05 [
0.5 0.25
SNR = =

1

[1 0.5][

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.2

\

} [ | }
= = 1.0775 — 0.324dB

oo

17

(2.23)



Multipath Wireless Channels and RAKE Reception Methods 18

The weight vector of the G-RAKE receiver matched to the same paths will be

1 027771
W = Ru_lh = v =
0.2 1 0.5

As a consequence and using the equation (2.21), the SNR is equal to

(2.24)

0.9375
0.3125 |

1 02]7'T71
SNR=h"R,h=[1 05] = 1.0937 — 0.389dB.  (2.25)
02 1 0.5

For the G-RAKE, another option is choosing the strong path and the zero path. In

this case, the weights are

1 0517'T0 —0.6667
w=R,h= = : (2.26)
05 1 1 1.3333

and the SN R ratio is,

SNR =1.3335 — 1.25dB (2.27)

For the G-RAKE receiver, we increase the SN R around 0.85dB by choosing the RAKE

finger containing a zero path instead of a nonzero path. For the above example, inter-
ference suppression is more important than collecting energy from a weak path. Even
if we had a third finger, the SN R of the conventional RAKE receiver is the same, but
for the G-RAKE we will have the weights

-1

1 05 0.1 0 —0.6667
w=R,h={05 1 02 1| =] 12708 |, (2.28)
01 02 1 0.5 0.3125
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Figure 2.5: Output SN R values of the conventional RAKE and the G-RAKE receivers
at different correlation coefficient values between the zero path and the strong path.

and the SNR,

SNR = 1.4256 — 1.54dB. (2.29)

In this case, the SNR is the maximum and it is 1.2 dB higher than the conventional
RAKE receiver. In Figure 2.5, we present the effect of the correlation to the output
SNR, by changing the correlation coeflicient between the zero path and the strong
path. After 0.3 correlation, the performance of the G-RAKE matched to the first two
paths exceeds the performance of the G-RAKE matched to the last two paths. If the

correlation coefficient is equal to 0.7, the gain of the 3 finger G-RAKE receiver is around
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2.5 dB with respect to conventional RAKE receiver.

Another numerical example can be given from our simulations. The arbitrary chan-
nel coefficient vector h is from a simulation, in which there are 5 half chip spaced
RAKE fingers and the channel has the rms delay spread value equal to 0.25 of the chip

duration.

[ —0.454 + 0.3843 ]
—0.407 + 0.560¢

h=| 0188 +0.241; |, (2.30)
0.550 — 0.0854
| 0.274 —0.0214 |

Including the effect of the pulse shaping with root raised cosine filter with roll off
factor @ = 0.22, the delay spread of the channel observed by the receiver is given in
Figure 2.6.

In the next chapters we will explain the simulation parameters in detail. For this
section we need only the given channel vector h and the matrix R,, during that simu-

lation, which is equal to,

0.11 0.05 0 -0.02 0

0.05 0.11 0.05 0 —-0.02
R, = 0 0.05 0.11 0.05 0 . (2.31)
-0.02 0 0.06 0.11 0.05

0 -0.02 0 0.05 0.11 |
The instantaneous SNR of the conventional RAKE receiver for the above values will

be equal to 7.27 dB, whereas the G-RAKE will have an SNR of 7.86dB. If we had a
6 finger G-RAKE we would have an SNR equal to 8.03 dB and an 8 finger G-RAKE

would have 8.05 dB SNR.
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Power

Figure 2.6: The observed power delay profile of the channel with rms delay spread value
0.25T, including the effect of root raised cosine pulse shaping filter with rolloff factor
equal to 0.22.

2.4 Conventional Discrete-Time RAKE Receiver

Before the D-DTR, we will explain the conventional discrete-time RAKE (C-DTR)
receiver of [7]. We stated that the conventional RAKE receiver assumes that the channel
has specular paths. However if the paths arrive in a short period of time (less than the
chip period), we observe diffuse channels and it is hard to distinguish the paths. The
C-DTR solves this problem by sampling the received signal r(¢) at twice the chip rate

and processing the sampled version. The DTR can be seen as a conventional RAKE
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receiver with L fingers, whose /th finger has the delay element dy + (T,/2. Here d, is

the reference delay of the system. In Figure 2.7, we present the equivalent system of

the C-DTR.

Fi
Data  Spreading Dl:li;i Degpreading Weights
oy g vy e N N
a, () .
do LT’
o
Sti {% h(r) (;} @ doATl2 L’"s Q? 2} z,
o : wt «
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ol AL 1)To2 M{%“ L’ %
. !
a, (& *
b,z( ) Wiy
. . . . . o
Transmitter Diffuge Noise plus RAKE Receiver
Multipath  Interference

Channel

Figure 2.7: Equivalent system model of the C-DTR system.

Since the finger locations are set, the RAKE receiver does not need to locate every
single path one by one but to set only the first delay element. The price paid by
the C-DTR is increased sensitivity to channel estimation errors. We can explain this
sensitivity with the sampled version of the simple channel used in the previous example
as shown in Figure 2.8. Assume that the C-DTR starts sampling the channel at the
strong gain and ends sampling at the weak gain. As seen in Figure 2.8, there are 3 zero
channel gains between the strong and the weak paths. Since all the gains are estimated,
the estimations of the zero channel gains will be due to only noise and thus will degrade

the performance of the overall system. If perfect channel state information is available
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then the weights of the C-DTR will be equal to the conventional RAKE receiver, i.e.

the channel gains of the paths.

1o

0.5

QO .D QOQQ ! .9

Figure 2.8: The sampled version of the simple channel model.

2.5 Decorrelating Discrete-Time RAKE Receiver

To improve the performance of the C-DTR, Siala proposed the D-DTR. But the way
to obtain the combining weights in the D-DTR is also applicable to the conventional
continuous time RAKE receiver with channel estimation errors.

In (2.10), the D-DTR assumes that u is made up of zero mean complex white
gaussian noise samples with variance 2 = 2N, /T,, where N, is the power spectral
density of the complex noise before sampling. The D-DTR, unlike other receivers we
mentioned, takes into consideration that only an estimate h of the channel vector is
available, such that

A~

h=h+e (2.32)

where h is the estimated channel and e is the channel estimation error vector. We

assume in this work that h is estimated with N, pilot symbols and the estimated
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channel vector is equal to:

R 1 Mt
h= YmSos (2.33)
NPEP Tnz=0

where E, is the energy of pilot symbols, yn, is the received vector of the mth pilot
symbol and s,,’s are the pilot symbols. We will treat separately the y and h vectors to
form the decision statistic z. Such an approach is helpful to understand the idea behind
the D-DTR. The D-DTR starts by decorrelating the channel gains in the received vector

y, using the eigenvectors of the channel covariance matrix Rh=E[hhH ] such that,

y = Uy, (2.34)

where U is the matrix consisting of the eigenvectors of Ry. Decorrelating is applied to
h as well, since h contains the correlated channel gains. As the third step, the weights
matrix W, a diagonal matrix with the /th diagonal entry being the weighting factor w;,

is computed. If the data and pilot symbols have the energy F,, then w; is equal to

1
C1+0(&+ )

wy (2.35)

where 0?=%?/(N,E;) and T is the eigenvalue corresponding to the [th eigenvector of
Ry. In [4], it is shown that the above weights are optimum under the assumptions of

the D-DTR. In the last step, the D-DTR obtains the decision statistic z by,

2 = (U7h)"Wy. (2.36)

In the previous sections, we had a weight vector w to combine the elements of y for
both the conventional RAKE and the G-RAKE, so that z = wfy. For the D-DTR,

we can obtain such a vector by manipulating the equations (2.34) and (2.36) and it is
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equal to:

w = UWU"h. (2.37)

The core of the weight vector is the matrix W. Let us focus on the behavior of W at
different values of IV, and I';. First, we set N, to infinity, to see the weights at perfect
channel state information. From (2.35), W becomes identity matrix and since U is

inverse of its hermitian transpose, w becomes

w=UWU*h=h=h, (2.38)

which is equal to the weights of the conventional RAKE receiver. Now assuming N,
is given and we focus on I';. For small values of I';, the values of w; are close to zero,
whereas for large values of T';, the values of w; are close to 1/(1 + (1/N,)). Therefore
we can conclude, the weak gains in the decorrelated channel are attenuated more than
the strong gains. To maximize the recovered energy from the channel, the D-DTR sets
the delays so that h#fw# y is maximized [4]. However since finger positioning is done
usually per frame, instead hf w#h can be used. In the next subsection, we will give a

numerical example on the weights of the D-DTR receiver.

2.5.1 Example: The D-DTR Weights in a Multipath Channel

In the previous section, we gave a two path channel with one strong and one weak path
gain in Figure 2.4 and its sampled version in Figure 2.8. We decided to use the first
version of the channel in this example, since the D-D'TR weights are applicable in the
conventional RAKE receivers too. Assume that the channel vector has the covariance

matrix:
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00 0
R, =Ehh?]=|0 1 0 |. (2.39)
0 0 0.25

Ry shows that there is no correlation between the channel values and the corresponding
eigenvalues are 0 for the 0 gain path, 1 for the strong path and 0.25 for the weak path.
Assume that we use 4 pilot symbols to estimate the channel, then the weights of the

D-DTR is equal to:

0 O 0
=Wh= |0 - h .
1

Our comments regarding the weights are verified with the above example. The zero
path will get zero weight, whatever the estimated value is and the estimated value for
the weak path is attenuated more than the strong path. In the next section, we will

introduce the Generalized Decorrelating RAKE Receiver.

2.6 Generalized Decorrelating RAKE Receiver

In the section of the conventional RAKE receiver we made the assumptions that:

1. The noise plus interference is not correlated.

2. The channel gains are known at the receiver.

Both of these assumptions are not valid in many realistic scenarios. As mentioned,
interference could be correlated and pulse shaping correlates both the noise and inter-
ference. Therefore the validity of the first assumption is damaged. Due to the change

of the channel gains in time and limited number of pilot symbols, only an estimate of
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the channel gain is available at the receiver. The GD-RAKE is designed to operate in
multipath channels with colored noise and estimated channel coefficients.

The structure of the GD-RAKE is the same of the conventional RAKE receiver which
is shown in Figure 2.3. In conventional RAKE receiver, we had the y vector of RAKE

finger outputs as

y = hs; + u, (2.41)

For the GD-RAKE, we assume that u, the vector of noise plus interference, has the
covariance R, like the G-RAKE. The assumptions about h are the same assumptions
made in the D-DTR part: the channel vector h has the covariance Ry, and only the
estimate of h, i.e. ﬁ, is available at the receiver. To explain the GD-RAKE, we treat
y and h separately, but at the end of the section, we will combine the processes and
obtain one weight vector w.

The GD-RAKE first decorrelates the colored noise u in y by using the eigenvectors and

eigenvalues of the Ry ~! such that,

y = AQy = AQF (hs;, + u), (2.42)

where A is the diagonal matrix of the square roots of the eigenvalues of R,~' and Q
is the eigenvector matrix of Ry~!. On the other hand, h is multiplied with the same

decorrelating matrix such that,

h' = AQ"h. (2.43)

The decorrelating of noise changes the covariance matrix Ry to R’y as well,
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R'h = AQTRLOA. ' - (244)

At this point the system has white gaussian noise samples with unit energy (Np=1),
since we used the eigenvalues of the R,,™! in the noise decorrelating process. Addition-
ally, the channel vector has the new covariance matrix R’y,. Since the above situation

matches the assumptions of the D-DTR, that method can be applied directly.

z= (U'ﬁ’)HW’U’y', (2.45)

where U’ consists of the eigenvectors of R’y and W’ is a diagonal matrix with the {th

diagonal entry being the weighting factor wj, which is equal to

, 1

w; = 5
1+ 50+ 55)

(2.46)

where T} is the [th eigenvalue of R'y. Again the whole process can be written in the

form of z = wfy, where the weight vector w is equal to

w = QAUWUPAQ ] (2.47)

The GD-RAKE chooses the delays so that ww is maximized, due to the decorrelation
of the noise, we need only to focus the energy recovered from the channel. To check
the validity of the GD-RAKE approach, we set N, = oo to find the weights of the
GD-RAKE with perfect channel state information. In this case, the weight vector of
the GD-RAKE should be equal to the weight vector of the G-RAKE. From (2.46) W'
and therefore U'W'U"" becomes the identity matrix if N, = co. Remaining QA20¥ is
equal to Ry ! by definition. Since the channel estimation error becomes 0, h is equal

to h. As a result, the weight vector is equal to:
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w = Ry 'h, (2.48)

which is the weight vector of the G-RAKE, so our method is valid for no channel
estimation error case. In this section we will obtain the theoretical performance of the

GD-RAKE for QPSK modulation as well. We start by modifying (2.45) so that,

z=(h+8"Whs + 0, (2.49)

where h and & are the channel and estimation error parts in (U'l) respectively and @
is still a whitened noise plus interference vector with unit variance. Let the complex

baseband symbols of QPSK be /E,/2(+1 =+ j), assuming that \/E,/2(1 + j) is sent,

the probability of error of the inphase component can be written as:

P, = p(/ER{(h + &)TW'(i(1 + )y/Es/2 + @1}) < 0) (2.50)

The scalar product in the above expression can be written as a summation such that,

JER [(ﬁ + &AW/ (B(1+ j)v/Eo/2 + a)] S (2.51)
=0

where

wy | T, Esl~~* T %~ Es/..*"’ .
xi = 2R+ 252 (b + hiw) + S E Al + )+
ahr(1— ) + L e, + aay), for [=0,1,..,L—1
(2.52)

The variables h;, ©; and €; are independent zero-mean complex Gaussian random vari-

ables with variances I'], 1 and 1/(N,E;), respectively. If we perform variable changes
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by = hyyJT3, (2.53)

and

& = &/+/N,Es, (2.54)

where €; and h; are Gaussian random variables with unit variances, we can write the

random variable 2x,;/wj in-a quadratic form, using the Hermitian matrix

24/ Npm a
(2.55)

A 1 0
Vi
where
m = E,T}. (2.56)
Two eigenvalues of K;, which are not equal to zero, are
ki =—[1E£4/14+2(—+ +—) . 2.57
V2 ( \/ (Th Npm — Npn? ) (2:57)

Assuming all the eigenvalues are distinct (s for =0, ..,L — 1) and all ;" are negative

and all x; are positive, we can write the probability of error as [4]

L-1L-1 wiﬁ:l— L-1 w;ﬁl_
P. = s U = (2.58)
1=0 m=0 Wik Wiy, Koy m=0,m=#£l Wik Wy, Ky,

In Chapter 4 we will compare the theoretical performance with the simulation re-

sults. Before concluding this chapter, we illustrate how to compute the weights of

GD-RAKE receiver.
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2.6.1 Example: The GD-RAKE Weights in a Multipath Chan-

nel

For the example the same two path channel with one strong and one weak path gain

in Figure 2.4 is used. The noise plus interference has the covariance:

1 05 01
R,=[05 1 02]. (2.59)
01 02 1

The channel vector has the covariance matrix:

00 0
Rn=[0 1 0 |. (2.60)
0 0 025

To find the weights matrix of the GD-RAKE, we should obtain the R'y,, which is equal

to

0.3112  —0.01086 —0.5424
R’ = AQR,OA = | —0.01086  0.2502  —0.1982 ] . (2.61)
—0.5424  —0.1982 1.074
We assume, that 4 pilot symbols are used to estimate the channel. Using the eigenvalues

of the Ry, i.e. (I'}) and (2.46), we can obtain the diagonal weight matrix W'.

0699 0 0
W=| 0 0 0 (2.62)
0 0 0.4450

Then the weights of the GD-RAKE are equal to:
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0.2291 —0.4645 0.0311
w=QAUWUYAOh = | —04645 09606 —0.1573|h (2.63)
0.0311 —0.1573  0.4755

To make a comparison, we compute R, ™!, which is used by the G-RAKE,

1.3333 —0.6666 0
R, '=|-0.6666 1375 —0.2083 (2.64)
0 —0.2083  1.0417
Comparing the last coefficient of the matrices above, shows the difference between the
GD-RAKE and the G-RAKE. That coefficient corresponds to the contribution of the
weak path to the weight coefficient of itself. The GD-RAKE have the value 0.4755
whereas the G-RAKE has 1.0417. The reason is that the GD-RAKE tries to attenuate
the contribution of weak paths, since they are more vulnerable to channel estimation

€ITors.

2.7 Chapter Summary

In this chapter, we have introduced the GD-RAKE receiver and explained the G-
RAKE and the D-DTR receivers. While the G-RAKE receiver improves the system
performance by using the coloration in the noise plus interference vectors, the D-DTR
increases the robustness to channel estimation errors and GD-RAKE combines the ad-
vantages to those receivers. The price for those improvements is increased complexity
and the requirement of the channel statistics and/or the noise plus interference statis-
tics. Beside giving weight examples for every receiver type, we have formulated raw bit

error rate probability for the GD-RAKE receiver, if QPSK modulation is used. Next
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chapter focuses on how to estimate those statistics.
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Chapter 3

Estimation of the Channel and

Noise Statistics

In the previous chapter, we explained how to construct the weights for the D-DTR and
GD-RAKE receiver. During the calculation of the weights, we assumed that the channel
and noise plus interference covariance matrices (Ry, and R,,) are known. However, in
real life situations those matrices should be estimated from the incoming signals. In

this chapter, we concentrate on this problem, starting with the estimation of Ry, for

D-DTR.

3.1 Estimation of the Channel Statistics for D-DTR

For the optimum weights of the D-DTR, we need to estimate the noise variance and
eigenvalues and eigenvectors of the channel covariance matrix Ry. In [4], Siala de-
rived the maximum likelihood estimate for Ry for the case of Ry=%2I and assumed
that Karhunen-Loeve transform is taken to form the eigenvalues and eigenvectors. In

the previous chapters we assumed that for every channel realization we have N, pilot

34
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symbols and therefore N, correlator output vectors (yy). If the correlator outputs and
the channel estimate vectors for M channel realizations (time slots) are available, the

D-DTR estimates ©2 and Ry, by using the equations:

- 1 M3 Pt .
2. - _
(Np _ 1)LM — ng Yn,mynwm NpEphmhm (31)
. 1 M1 22
Ry=— h,hf — .
n M m=0 " NPEPI (3 2)

In a realistic system, usually a forgetting factor ¢ is used to update the estimated values

of Ry, and $32, such that

Np-1
$2=(1-e)82  + — B Vam — N,E,hEh .
m ( E) m—1 + (Np _ l)L :L:B Yn,my 0 NP thhm (3 3)
»m 3 m—1 i nH 22
R =(-eR™ +e(hnby - 1) (3.4)
p=p

where RK is the estimate for the mth time slot. Siala used the above update algorithm
in [4]. In our simulations, we will call this algorithm as the KLT algorithm, since
the algorithm we will present next does not require the KLT. In [13], Champagne
presented three algorithms to estimate the eigenvalues and eigenvectors of a covariance
matrix. In literature there exist more advanced versions of these algorithms (e.g [14],
[15], [16]). However, our simulations indicate that the third and simplest algorithm
of [13] is eflicient enough to track both eigenvalues and eigenvectors. In [16], Willink,
while extending the algorithm to track both left and right eigenvectors, simplified the
notation. We will follow Willink’s notation to explain the algorithm. It starts with the

update equation in terms of the eigenvalues and eigenvectors of f{h,
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22
NPEP

A ~

Uml"meTHn =(1- e)ﬂm-lf‘m_lfjg_l + s(ﬁmﬁg —

). (3.5)

In the above equation U,, and I', denote the matrices consisting of the eigenvectors and

eigenvalues of I?{Q respectively. Updated R{l” can be written as a first order perturbation

such that,
R =R +E (3.6)
where,
E = ¢(h,,h;;, — —R77Y). .
e(hy,h,, NpEpI Ry (3.7)

Another way to write the perturbation equation is

R = Upoi(Dyeey + BYUZ (3.8)
where B = U#_ EU,, 4, i.e. from (3.7),

A A 3.2 .
B =¢(UH_ h,hEU,,_, - I-Ty). (3.9)
114m 1 NpEp 1

m—

Denoting the ith column of U, by fim-1,, the (7,7)th element of B is given by

bij = Hpm—1,Bim-1 (3.10)

Using matrix perturbation theory, the eigenvalues of the perturbed matrix f{{," can be

approximated by

P & Dy + by, (3.11)
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Using the definition of b; ;, we can write the update equation as

A

22

Fmvi = (1 - E)I-‘m—l,i + IiI: - 5@)

(3.12)

where z; = \/Eu,Hn_Lihm. This ends the eigenvalue update part of the algorithm. The

main equation to update the eigenvectors is

U, = Ui (I+ A), (3.13)

where A is the update matrix. Since U,,_; is unitary, up to a first order approximation

A+A" =0 (3.14)

The (4, j)th element of A is a;; = pf_ ;pm,; for ¢ # j and a;; = 0. Willink showed in

16] that a;; can be approximated b
J Y

ORI N LI (315
i -1 Tmoiy tsJ ( )

and a;;=—a;j; from 3.14. Using the definition of z(:) and the above approximation of

a;4, we can write the update equation for the ith eigenvector as,

L * i—1 *
TiZj TiZj
M = fmi+ D FE w1 = 2 o Hme1 (3.16)
j=ti+1 - m—Li j=1+m=-1j

For an efficient update algorithm Willink introduced two vectors p; and q; with the

following relationships

L
Po = ijﬂm—l,j = Veh,, (3.17)
j=1
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L
Pi= D Tjhm-1j=DPi-1 — Ljfm-1; t=1,.,L (3.18)
=i
and q; = 0,
LTIz, T .
Qiv1 = Z T . Um—1; = + = fim-1; t=1,...,L—1 (3.19)
m—1, | RS .

=1

Using the definitions of p; and q; the update algorithm can be written as

Pi
Fm,i

Pm,i = Pm—14 + 25 ( -q;) (3.20)

Following the update, the eigenvectors are normalized. The whole algorithm is shown

in Table 3.1.
Table 3.1: The eigenvector and eigenvalue update algorithm for D-DTR.

Initialization
Dy = /Ehm,
p=h,
q=0
1=1
Recursion

~

Iy = y"an—l,ihm

P=DP — Tilm-1

HUm = MUm—-1 + x;(p/r‘m—l,i - q)
q=q+ (zi/Tm-13)ptm-1 )
Tmi = (1 — €)Tmi1y + Tt} — e

NPEP
tm = fm [\ B fom

1=1+1

In our simulations we will call this algorithm as the update algorithm, since it

updates the eigenvalues and eigenvectors rather than recalculating them, using the

KLT. Coming section expands both KLT and update algorithms to the GD-DTR case

by including the estimation of R,.
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3.2 Estimation of the Channel and Noise Statistics

for GD-RAKE

For the optimum weights of the GD-RAKE, we should estimate the covariance matrices
Ry and Ry. As mentioned in the previous section, in [4] Siala derived the ML estimate
for Ry and R, assuming that R,=X?I, where I is the identity matrix. We extend

below the above estimations for any arbitrary R,

. M o (Yngm = Sngnbingm) Vnm = Snmbinm)?
Ru — m=0 n=0 Yn,m Sn,m ,m yn,m nminm )
N, - )M (3:21)
. 1M L 1
Ry=— Y h,h? - u :
" M mzzo ™ NPEPR (3 22)

If a forgetting factor e is used to update the estimated R, and flh, the equations will

have the form:

RY = (1 - )Ryt + 220 O = snplnn)(Yom = smmfinm)® (g
(Np - 1)
" N ~ o~ 1 -
R = (1 -¢)RP! 4+ ¢(h,h - —R™) (3.24)
h h m NpEp u

where R?} and ﬁ{f are the estimates for the mth time slot. The KLT algorithm finds
the eigenvector and eigenvalues of those matrices .
The update algorithm for GD-RAKE starts by the update equation in terms of the

eigenvalues and eigenvectors of R,

o ) . . 1 Np—1 L
QA = (1 - &) A i Qe 3 Gl (3.25)
(Np - 1) n=0
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In the above equation Q,,, and A, denote the matrices consisting of the eigenvectors

and eigenvalues of R’ﬂf respectively. The vector i, is equal to

ﬁn,m =¥Ynm — sn,mﬁn,m- (326)

At this point, we are at the equivalent state of (3.5) and the update algorithm explained
in the previous section is applied first to update Q,, and A,,. Then, we need to use
the eigenvectors ¥ and square root of eigenvalues T of Ry ™!, which is necessary for the

GD-RAKE algorithm. From the matrix theory,

=10, (3.27)
and
ATt=TT. (3.28)
Using above equations we obtain
n’ =10 h. (3.29)

The eigenvalues I' and eigenvectors U of the covariance matrix R’y, = E[h’h™H|
should be updated as well. For this purpose the algorithm is repeated with the para-
meters b/, T and U. Then the weights can be computed and the system can obtain the
decision variable. According to [16] the update algorithm has the complexity of order
O(L?), since KLT transforms for the matrices, whose complexity is in the order of 18L*
to 30L3, if Jacobi transformations is used according to [17]. The update algorithm has

an complexity advantage.
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3.3 Chapter Summary

In this chapter, we extended the update algorithm of Siala for the channel statistics
of D-DTR to the update algorithm of channel and noise statistics of the GD-RAKE.
Siala’s algorithm requires KLT transform to form the weights. We introduced another
update scheme, which directly updates the eigenvectors and eigenvalues, which has a

complexity advantage.
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Chapter 4

Simulation Results

4.1 Introduction

In this chapter we will present the performances of the systems introduced in the previ-
ous chapters in a simple DS-CDMA system. Siala [4] obtained the performance of the

D-DTR in a DS-CDMA system based on a diffuse channel model with the assumptions:

1. The channel is a quasi static diffuse multipath Rayleigh fading channel. The
channel impulse response changes independently from one realization to another,

but the multipath intensity profile of the channel does not change.

2. The multipath intensity profile of the channel ¢,(7) is exponentially decaying

with the rms delay spread 7, such that

0;0)< >0
¢h(7') _ {¢H( ) Tm - , (41)
0 T<0

where ¢ (0;0) is the average channel power.

3. Transmit shaping filter is the square root raised cosine filter with the rolloff factor

42
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a = 0.22 with the impulse response g(7).
The assumptions about the received signal were:

1. The received signal is first filtered by an antialiasing filter and then sampled at
a rate of T,/2 i.e. at twice the chip rate. Due to the sampling, we will have a
discrete-time version of the GD-RAKE and therefore we changed its acronym to

GD-DTR.

2. The vector h at the input of the RAKE receiver denotes the total effect of the

channel and transmit shaping filter.

3. The elements of Ry, (i.e covariance matrix of h) are found by

Ru(@,9) = | on(rg(ds = )g"(d = 7)dr, (42)

where d; and d, are the delays of the fingers [ = z and [ = v.
4. The spreading sequences assumed to have perfect correlation properties.

5. The noise is assumed to be AWGN with variance ©? = 2N, /T, due to sampling,
where N, is the power spectral density of the complex noise and there are no

intereference present in the system.

We use all the above assumptions of [4], except the last one. In our system, noise
plus interference are accounted for. The noise plus interference vector u; have the
covariance matrix Ry. In our system, the (z,y)th element of the Ry, which corresponds
to the covariance between the interference values of the correlators with discrete delays

d, and d, can be approximated as:

Rul(®,y) = T,y + By | gdz = 7)g"(dy = 7)dr, (43)
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where E; and ¢, denote the power spectral density of the interference and the Kro-
necker delta function, respectively. The number of interferers and the effectiveness of
the power control could affect the values of F;. The thermal noise contributes to the
covariance matrix with $24,,. In our simulations, to set the power of the interference,

we define a noise rise coeflicient n, which is equal to

n = (Er + No)/No. (4.4)

The noise rise coefficient is also related to the system load z through z = (n — 1)/7.
The system load shows the percentage of energy coming from interference sources to
the total energy of noise plus interference in the system [18]. If the load is higher than
a specific value, the system does not accept new users. This concludes the system prop-
erties and in the next section, we present the simulation results with known channel

and noise statistics.

4.2 Simulations with Known Channel and Noise Sta-
tistics

To show the performance of the GD-DTR, the first channel we simulated has the rms
delay spread of T,,=0.25T,, which is observed in UMTS channels in [19] by Foo et al.
Since we are going to simulate channels with 7,,=0.57, and 7,,=0.1257, too, we are
presenting all of the delay profiles of those channels in Fig 4.1.

The number of correlators L is equal to 9. This system collects %99 of the average
received energy according to [4]. We assumed that, the number of data bits N; and

pilot symbols per channel realization /N, are 36 and 4 respectively. This assumption is
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Power

Figure 4.1: The observed power delay profiles of the channels with rms delay spread
values 0.5T'¢c,0.25T¢ and 0.125T¢ including the effect of root raised cosine pulse shaping
filter with rolloff equal to 0.22.

taken from UMTS specifications [20]. To simulate a highly loaded system we set n=10.
The reason behind working in a heavily loaded system is that optimizations are mainly
sought to increase the capacity for the same maximum load. The results for the systems
are shown in Figure 4.2. In our work, all performance curves from top to bottom at
the left edge follow the same order of the legend of their figure. As can be seen from
Figure 4.2, the analytical and simulated performances of GD-DTR coincide and the
gain of the GD-DTR compared to the C-DTR is about 0.7 dB at a bit error rate (BER)

of 1072. Thus, employing the G-DTR causes a performance loss, whereas the D-DTR
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BER,BEP

1072k

| e G-DTR Simulation
| e G-DTR Simulation
| === D-DTR Simulation }:
| =8~ GD-DTR Simulation|: ... ... ... ;... ... .3
4« GD-DTR Analytical

18 19 20 21 22 23 24 25 28 27
EN, (dB)

Figure 4.2: BER performances of G-DTR, C-DTR, D-DTR and GD-DTR, where L=9,
Ny=4, a=0.22, T,,=0.25T,, n = 10 and E; denotes the average received symbol energy.
(The performance curves from top to bottom follow the same order of the legend)
has almost (.4 dB gain compared to the C-DTR. For the rest of our work, we will not
show the analytical performance results of the GD-DTR, for the clarity of presentation.
We choose 102 BER for comparison because it is usually the target uncoded bit error
rate.

In the second set of simulations, we changed the delay spread of the channel to

Tm=0.5T,. Such an increase in the delay spread increases the diversity order of the
channel and therefore the performances of all the receivers (Figure 4.3) compared ta

the first simulation set (Figure 4.2). If we focus only on the results in the second set, we
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BER

Figure 4.3: BER performances of G-DTR, C-DTR, D-DTR and GD-DTR, where L=9,
Np=4, T,,=0.5T,.
observe that at a BER of 1072 the performances of the C-DTR, the D-DTR are almost
the same, whereas the GD-DTR has 0.4 dB gain compared to the C-DTR. Another
observation is that higher SNR’s improve the performance of the G-DTR the most,
such that at 27 dB the G-DTR has the same performance of the C-DTR and D-DTR.
The third set of simulations shows the results for the delay spread value of the
channel equal to T,,=0.125T,. This decrease in the delay spread results in poorer

performances of all receivers compared to the first and second simulation sets as seen in

Figure 4.4, as expected. Additionally the performance gap between the GD-DTR and
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Figure 4.4: BER performances of G-DTR, C-DTR, D-DTR and GD-DTR, where L=9,
Np=4, T,,=0.125T.

C-DTR widens such that at a BER of 1072 the GD-DTR has 0.9 dB gain compared to
the C-DTR.

To study the effect of pulse shaping, we increased the roll off factor to @=0.5, while
taking the T,,=0.25. As seen in Figure 4.5, the gain of the GD-DTR compared to the
C-DTR increased with respect to Figure 4.2 and now is equal to 1 dB at a BER of
1072, The performance difference between the D-DTR and the C-DTR decrease. Such

an effect was observed in [4] for uncorrelated noise as well. Although the increase of

the rolloff factor decreases the correlation between the noise plus interference samples,
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Figure 4.5: BER performances of (from top to bottom at 18dB SNR, in that order)
G-DTR, C-DTR, D-DTR and GD-DTR, where L=9, N,=4, a=0.5, T;,=0.25T...
it reduces the correlation of the channel samples as well. The G-DTR benefits from
this reduction and has better performance than the C-D'TR after 18.1 dB and at 27 dB
the performance of the G-DTR is equal to the performance of the D-DTR.

The last set of simulation with QPSK modulation is designed to show the effect of the
number of pilot symbols on the performance of different RAKE reception methods. We
use the simulation parameters of the first simulation, i.e. L=9, T,,=0.25T,. The SNR of

the system is set to E,/Ny=24dB. The number of pilot symbols changes from 1 to 8. As
seen in Figure 4.6, for a BER of 1072, the GD-DTR needs only 2 pilot symbols whereas
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BER
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Figure 4.6: BER performances of G-DTR, C-DTR, D-DTR and GD-DTR, where L=9,
T,,=0.25T;, E,/Ny=24dB.

the D-DTR and the C-DTR require 3 and 4 pilot symbols, respectively. Another point
is that the performance of the G-DTR is worse than that C-DTR even if 8 pilot symbols
per channel realization are utilized.

The last two simulations of this section finds out the performance of the receivers
in higher order modulations. For the 8PSK modulation scheme, we use gray coding
and choose the simulation parameters of the first simulation, i.e. L=9, T,,=0.25T,,
N, = 4. The results can be seen in Figure 4.7. The gain of the GD-DTR compared to
the C-DTR is about 0.4 dB at a bit error rate (BER) of 1072, At the same bit error rate
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BER

Figure 4.7: BER performances of (from top to bottom at 22dB SNR, in that order)
G-DTR, C-DTR, D-DTR and GD-DTR with 8PSK modulation, where L=9, N,=4,
o=0.22, T,,=0.25T,.

both the D-DTR and the G-DTR have gains around 0.1 dB compared to the C-DTR.
Compared to QPSK results D-DTR and GD-DTR have less gain and G-DTR has no
loss but gain. To understand those results we should keep in mind, that to achieve a
specific BER, 8PSK requires more SNR than the QPSK and the pilot symbols in our
simulations have the same energy with the data symbols. Therefore the quality of the

channel estimates is higher for 8PSK than the QPSK at the same BER and we observe

above results.

We finish this section, with the simulation of 16QAM modulation (Figure 4.8). The
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BER

Figure 4.8: BER performances of (from top to bottom in that order) G-DTR, C-
DTR, D-DTR and GD-DTR with 16QAM modulation, where L=9, Ny,=4, a=0.22,
Tn=0.25T.

simulation parameters are unchanged. At a BER of 1072, we observe that the gain of
the GD-DTR compared to the C-DTR is about 0.5 dB. Unlike the 8PSK we observe a
loss for G-DTR and a 0.2 dB gain for D-DTR. compared to the C-DTR, which could
be explained with the increase of the sensitivity to channel estimation errors due to the
increase of the modulation order.

The next section will be about the estimated channel and noise statistics.
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4.3 Simulations with Estimated Channel and Noise

Statistics

We start our simulations with the KLT algorithm, in which first the covariance matrices
are estimated and then eigenvalues and eigenvectors are obtained by the use of the KLT
transform. About the obtained eigenvalues, in [4] all of them are used to set the weights.
However our simulations show that due to the nature of the estimation, the estimated
covariance.matrices could be ill-conditioned and have negative eigenvalues. Therefore
setting the weights of the negative eigenvalues equal to 0, will improve the performance
of the D-DTR and GD-DTR.

During the simulations, we generate channel realizations 10ms/15 apart, since in
UMTS/FDD systems the pilot symbols are put in time slots of 10ms/15 duration. The
channel has the Doppler spread corresponding to a speed of 120 km/h at a carrier
frequency of 2 GHz (f;=222Hz). In Figure 4.9, we present the performance of the
conventional discrete-time RAKE receiver and the D-DTR for the case of uncorrelated
noise, i.e noise rise coefficient is equal to n=1. The simulation parameters are: the rms
delay spread, which is equal to T,,=0.25T,, the number of correlators, L=9, and the
SNR E,/Ny=144dB.

The important result of the simulation is that if only positive eigenvalues are used,
the performance of the D-DTR is better than the C-DTR at all € values up to e=1.
But if all eigenvalues (including the negative ones) are employed, the performance of
the D-DTR is worse than the C-DTR if ¢ is larger than 0.04. At e=0.1 we observe the
worst performance of the D-DTR. After €=0.1 the performance improves and at e=1

it is almost equal to the performance of the C-DTR.

I Figure 4.10, we present the simulation results of the GD-DTR. We set =10, to

have maximum noise correlation for stable system operation. The rest of the simulation
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Figure 4.9: The BER performances of C-DTR, D-DTR with estimated statistics
(KLT algorithm), D-DTR with estimated statistics employing only positive eigenvalues
(KLT algorithm) and D-DTR with known statistics where E,/Ny=14dB, L=9, N,=4,
T,=0.25T,.

parameters are the same with the previous simulation, except for E, /Ny, which is equal
to 23dB.

As seen in Figure 4.10 there is a monotonic decrease in the performance of the GD-
DTR with positive eigenvalues with the increase of £ and after £=0.01 its performance
is worse than the C-DTR. However if all the eigenvalues are employed we observe a
local maximum for the bit error rate at £=0.01 and the global maximum is at e=1.

The reason behind the poor performance of the GD-DTR at large values of ¢, is the
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Figure 4.10: BER performances of C-DTR, GD-DTR with estimated statistics (KLT al-
gorithm), GD-DTR with estimated statistics employing only positive eigenvalues (KLT
algorithm) and GD-DTR with known statistics, where L=9, N,=4, T,,=0.25T,
inaccurate estimation of the R,, which affects the performance.

In the last simulation with the KLT algorithm, we show the performance of the D-
DTR, GD-DTR, G-DTR and C-DTR with the above simulation parameters for compar-
ison purpose. The estimation of R, affects the performance of both the GD-DTR and
G-DTR. As seen in Figure 4.11 after £=0.1 the D-DTR has the best performance since
it is not affected by the estimation of R,. Nevertheless e=0.1 is equivalent to a very

short distance for statistics estimation. In [4] the mean averaging time corresponding

to €=0.01 is given as 2.2 meters for 120 km/h mobile speed (99 time slots). Typically
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Figure 4.11: The BER performances of G-DTR, D-DTR, GD-DTR with estimated
statistics (KLT algorithm) and C-DTR, where L=9, N,=4, T,,=0.25T,
in such a short distance neither the medium scale channel effects nor the average power
of interference changes and for é=0.01 the GD-DTR has the best performance among
all the systems. This ends the simulation results with the KLT algorithm.

Our simulations with the update algorithm begin with the performance of the D-
DTR. In Figure 4.12, we present the performance of the conventional discrete-time
RAKE receiver and the D-DTR with known and estimated statistics. The simulation

parameters are the rms delay spread is equal to T,,=0.25T,, number of correlators L=9,

mobile speed 120km/h and € = 0.01.
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Figure 4.12: The BER performances of C-DTR, D-DTR with the update algorithm,
D-DTR with the KLT algorithm and D-DTR with known statistics, where L=9, N,=4,
T,,=0.25T,, n=1 and £=0.01.

In Figure 4.12 the performance difference between the estimated and known statis-
tics is very small. Since the update algorithm is less complex than the KLT algorithm,
it can be efficiently used to update the eigenvalues and the eigenvectors.

In the next simulation we observe the performance of the update algorithm at dif-
ferent values of €. The simulation parameters are the same as the previous simulation,
except that E, /N, is fixed to 14 dB.

According to the results shown in Figure 4.13, the update algorithm is more sensitive

to the value of the & than the KLT algorithm. However we observe again that at
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Figure 4.13: The BER performances of C-DTR, D-DTR with the update algorithm,
D-DTR with the KLT algorithm, D-DTR with known statistics, where L=9, N,=4,
T,,=0.25T,, E,/Ny=14dB.

€ = 0.01, the update algorithm can follow the eigenvalues and the eigenvectors.

The update algorithm performs well with the GD-DTR receiver too. In Figure
4.14, we present the performance of the conventional discrete-time RAKE receiver and
the GD-DTR with known and estimated statistics with the update algorithm. The
simulation parameters are: the rms delay spread, which is equal to T;,,=0.25T,, number
of correlators L=9, =10 and £ = 0.001. Number of pilot symbols is set to 4 to show
the performance gain of the GD-DTR.

In Figure 4.14 the performance difference between the estimated and known statis-
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Figure 4.14: BER performances of C-DTR, GD-DTR with the update algorithm, GD-
DTR with known statistics, where L=9, Np=4, T,,=0.25T,, n=10 and ¢=0.001.
tics is very small. In the next simulation we observe the performance of the update
algorithm at different values of £. The simulation parameters are the same with the
previous simulation except that the E,/N; is fixed to 23 dB.

The results shown in Figure 4.15 proves one more time, that the update algorithm
is sensitive to the value of the £ more than the KLT algorithm. We observe that if the
values of ¢ is higher than 0.003, the update algorithm cannot follow the eigenvalues

and the eigenvectors. In [4] the mean averaging time corresponding to £=0.003 is given

as 7.5 meters for 120 km/h mobile speed (333 time slots), which is still a small value
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Figure 4.15: BER performances of C-DTR, G-DTR with the update algorithm, G-DTR
with known statistics, where L=9, N,=4, T,,=0.25T,, n=10 and E,/Ny=23dB.

for the change of the channel and interference characteristics. In conclusion, we can
say that the system can work in real life scenarios. In the next section we revisit the

modeling of interference based on UMTS downlink.

4.4 Simulations in UMTS downlink

The focus of this section is remodeling the interference according to UMTS downlink.

Bottomley et al. showed how the weights can be computed for the downlink of UMTS
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in [2]. We will go through their example and then provide the performance of both
G-RAKE and GD-RAKE. We will call the systems G-RAKE and GD-RAKE in this
section, since the simulations are done for chip spaced sampling. In the downlink of
the UMTS system, the base station spreads each user’s symbol with a user and symbol
specific spreading waveform.We assume that there are K users in the system and that

the ith symbol of user k is spread using the spreading waveform ay ;(t). The transmitted

signal for the user k& can be written as:

l‘k(t) = \/E f: skﬂ'ak,i(t - iTk), (4.5)

where Ej, is the symbol energy and T} is the symbol duration for user k. The spreading

waveform ay;(t) consists of a complex chip sequence convolved with the chip pulse

shape g(t)

1 N-1
a’k,i(t) == Ck,i,ng(t - nTc), 4:6)
v 2 (

where ¢k ;p is the nth chip of the complex chip sequence, which is obtained by the
multiplication of the user specific orthogonal spreading code with the complex base
station and symbol specific scrambling code. Both codes have unit energy. Orthogonal
spreading codes provide the transmission of different users data simultaneously without
interference, whereas scrambling codes improve the multipath performance and reduce
intracell interference. For g(t), a root raised cosine pulse shaping is used. After the
spreading operation, the signals are added synchronously and transmitted through the
multipath channel, whose model was given previously. To explain the system, we will
take the Oth symbol of the user 0 as the desired symbol. We can write the received

signal at the receiver of user 0 as:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Simulation Results : 62

hjzy(T — 75) + np(t) (4.7)

J-1 K-
(t)= ;)hijO(T—Tl Z

”M'

where nr(t) denotes the thermal noise with one sided power spectral density N,. At
the mobile receiver, each RAKE finger despreads the received signal with the spreading

waveform ag(t). The output of a RAKE finger with delay ¢ can be expressed as

Ts
y(t) = /0 r(7 + t)ago(r)dr (4.8)
which is equal to
K-1J-1 oo
y( = Z v/ Ekhjsk(i)Rk,i(t — T - Tj) + Non’(t) (49)
k=0 j=0 i=—o00

In the above equation /Nyn/(t) denotes the noise after despreading, and Ry ;(t) is the
crosscorrelation function between the waveform of the ith symbol of the kth user and
the desired symbol (Oth symbol of the Oth user). This function, which is important to

find the covariance matrix of noise plus interference, is equal to,

[o.9)
Ry i(t) = / akq(t + T)ago(T)dr. (4.10)
In [2], it is given by
N-1
Ryi(t) = Z Cri(m)Ry(t +mT,) (4.11)
m=1 N

where Ry(t) = [23 g(t-+7)g*(7)dr is the autocorrelation function of the chip pulse shape
and Cf ;(m) is the crosscorrelation function between complex spreading sequence of the
kth user’s ith symbol and the desired symbol. For the assumed spreading sequences

(complex random scrambling codes and user specific spreading sequences) Co(0) =
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0, k 7é O, 00,0(0) = N and

E[Cyi(m)Cyy(n)] = 0,m # n (4.12)
0, t=m=0,k#0
E[|Cra(m)*] = { N? i=m=Fk=0 (4.13)

—|m| otherwise
From (4.9), we can split the RAKE filter output to four terms: the desired component
ya(t), the self interference component yrs;(t), the multiuser interference component

ymur(t), and the thermal noise component n/(t). That is,

y(t) = \/EO yd(t)so,o + Eo yISI(t) + \/E] yMUI(t) + N() n’(t) (414)
where
J-1
=Y hjRoo(t — ) (4.15)
j=0
yrsi(t Z Z hjso(i)Roi(t —iT — ;) (4.16)
7=0 i=—o0
1#£0

1 K 1
yMUI(t) = \/Ek Z Z h; Sk sz t—’LT—’TJ) (417)

j=0i=—00
and E; = YK | E; is the total symbol energy of intracell interference. From (4.14) the

output vector of the RAKE fingers y can be written as
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Eo yasoo +\/ Eo yist + VEr ymur + No 1’ (4.18)

If we compare (4.18) and (2.10), h in (2.10) corresponds to;

and u in (2.10) corresponds to;
u=1\/Eyyisi +\Erymur +Non (4.20)
Assuming y;sr, ymur and n' are uncorrelated, the covariance matrix Ry, is equal to:
Ru=EyRysr + Er Ryur + No R, (4.21)

where Rrs; = Elyrsryls;]. As an example, consider the RAKE finger [ = 1 with delay
d; and [ = 2 with delay dy; we can compute their corresponding element in the matrix

Rysr by

Rysi(dy, dy) = Z Z Z hiht B[Ry (dy — iT — 7;) Ry 1(dy — iT — 7,)] (4.22)

: i=—o0

1£0

Expanding the above equation with (4.11) and (4.13) gives,

Rpsi(dl,d2) = X720 05 1——oe hihi Sl N(N —{m))
ng(dl +mT, — zT — 1) Ry (d2 + mT,, —iT — 7;)

(4.23)
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In (4.21) Rywr = Elymuryhw;] and similar to the above equation, the elements of

Rpsur can be computed as

Ruyuir(dy, dz) = Nz Z E({_(} =00 Rgh} moi-n(N — Im|)
X Ry(dy + mT, —iT — 1) Ry (dy + mT, —iT — 75)(1 — 6(m)6(3))

(4.24)
' In (4.21) R, = E[n'n"!] and
1 N-1
Rn (dl, dg N Z Co’() dl - d2 + mT) (425)
m=1-N
For the elements of y,, we have
J-1 N—1
ya(dy) = Z hi Y. Coo(m)Ry(dy —7; + mTy). (4.26)
j=0 m=1-N

Using the above equations and appropriate delay values, all the elements of y4 and Ry,
can be found. y4(d;) and R/ are functions of the desired signals spreading code auto-
correlation function Cggo(m). We can use the average of the autocorrelation functions

as an approximation, which is equal to

E[Coo(m)] = Ndo(m) (4.27)

Replacing Cyo(m) with the above equation in (4.25) and (4.26), we obtain R, an

approximation of R/, and §4(d;) an approximation of y4(d;) such that,

Rnl(dl, dg) = Rg(dl - dg) (428)
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J-1
ga(dy) = Z hiRg(di — ;) (4.29)

With the last two equations, we have all the elements needed to calculate Ry, h and
consequently w in the downlink system.

To compare with the results available in the literature, we have chosen a specular
rather than a diffuse channel with 3 chip spaced multipaths as in [2]. The paths have
the relative average power of 0, -0.75, -1.5 dB. The simulated system resembles the
downlink of WCDMA. Every user’s data are spread first by a user specific Walsh-
Hadamard orthogonal code then multiplied by the base station specific scrambling
code. The number of users is 24. The spreading gain is 128. The modulation scheme
is QPSK. The number of pilot symbols is 4. The finger locations are aligned with the
paths for conventional RAKE receiver, i.e the delays are [0 -1 -2] chip periods. We set
the delay of the first path to zero as a reference. The results are shown in Figure 4.16.
In contrast to all previous simulations, the GD-RAKE has the worst performance among
all the receivers. The performance of the G-RAKE is very close to GD-RAKE. The
D-RAKE and the conventional RAKE receivers have 1.5 dB advantage at a BER of
10~2 and have a smaller error floor. Although it can not be seen in the Figure, the D-
RAKE has a minuscule gain compared to the conventional RAKE. Why did we observe
such results? There are several explanations, firstly, the three paths are close to have
a uniformly distributed delay spread. The third path have 70% as much energy as the
first path. Secondly, since the paths are separated by a chip period, the interference is
less correlated then the half chip spaced version. However the main performance loss
of the G-RAKE and GD-RAKE is due to the miscalculation of R,. Since the Ry is a
function of h, the calculation with the estimated h leads to poor performance.

In Figure 4.17, we show the performance of the same systems with an extra finger
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Figure 4.16: Bit error rate curves for (from top to bottom at 25dB) GD-RAKE, G-
RAKE, C-RAKE, D-RAKE receivers with relative finger delays of [0 -1 -2] chip periods.
The paths in the simulation have the relative delays of [0 -1 -2] chip periods and they
have the relative average powers of [0 -0.75 -1.5] dB.

located on chip period before of the first finger of the previous simulation, i.e. finger
locations are [1 0 -1 -2]. For both RAKE and D-RAKE receivers, such a selection is
illogical since it cannot improve the performance. There is no channel gain at the new
finger location but only noise plus interference. The reason we have simulated them
is to show the amount of performance loss of them compared to previous simulation.
Comparing Figure 4.16 with Figure 4.17 shows that there is no loss in the case of the
D-DTR and more than 6 dB for the conventional RAKE receiver. In the case of the
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Figure 4.17: Bit error rate curves for (from top to bottom at 25dB) RAKE, G-RAKE,
GD-RAKE, D-RAKE receivers with finger delays [1 0-1-2]. The paths in the simulation
have the relative delays of [0 -1 -2] chip periods and they have the relative average powers
of [0 -0.75 -1.5] dB.

GD-RAKE and G-RAKE, although adding a finger improves their performances, they
are still worse than the D-RAKE. Therefore we believe employing the GD-RAKE and
G-RAKE in systems, where R,, depends on the channel is not a clever choice. In the

next chapter, we return to the discrete-time systems and introduce the MIMO versions

of the receivers.
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4.5 Chapter Summary

In this chapter we presented simulation results of the receivers for different scenarios.
According to the simulation results, where we assumed perfect spreading codes and
known statistics, the gain of GD-DTR compared to C-DTR increases with the decrease
of the delay spread and the number of pilot symbols and the increase of roll off factor and
the number of RAKE fingers. Our simulations show that the G-DTR is very sensitive
to channel estimation errors and could have the worst performance among the RAKE
receiver at low SNR’s. The D-DTR guarantees a better performance than the C-DTR
in all considered situations, but its gain with respect to the C-DTR is very limited.
Our simulations with 8PSK and 16QAM modulations show that the gain of GD-DTR
compared to C-DTR is less compared to QPSK modulation at the same bit error rate,
with the main reason of higher SNR’s required for the same bit error rates by SPSK
and 16QAM. We did simulations with the statistics estimation algorithms (KLT and
update algorithms), introduced in the previous chapter. Both algorithms could trace
the statistics, if the forgetting factor is small enough. Since the update algorithm has a
slight, complexity advantage, it can be more advantageous for estimation of the statistics,
however the KLT algorithm is less sensitive to forgetting factor and for D-DTR it
guarantees a better or the same performance of C-DTR. The last part of the chapter
was dedicated to downlink DS-CDMA simulations in which, noise plus interference
statistics are a function of the channel realizations. Since channel estimation errors
affect the quality of statistics estimation, both GD-RAKE and G-RAKE perform worse
than the D-DTR. Therefore our suggestion is to use the GD-DTR system only in uplink

scenarios.
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Chapter 5

RAKE Receivers in MIMO Systems

5.1 Introduction

MIMO systems have become popular in wireless communication standards because of
their high capacity. Due to this popularity, single antenna systems are generalized
to MIMO systems in literature. For the generalized RAKE receiver, this is done by
Grant et al.. In [8], Grant et al. have proposed two methods: the JD-GRAKE and
the MMSE-GRAKE . The JD-GRAKE jointly decodes the symbols spread by the same
spreading code and transmitted from different antennas. The MMSE-GRAKE is an
alternative system which is less complex than the JD-GRAKE. In the MMSE-GRAKE
the symbols are decoded one by one, by treating the rest of the symbols as interference.
Such a decoding decreases the complexity at the price of a decrease in performance.

The extension of the D-DTR to MIMO systems is done in this chapter. We derive the
equations, which take into account the channel estimation errors in MIMO systems.

Afterward we combine one of the discrete-time version of the JD-GRAKE system with
the MIMO D-DTR to obtain the MIMO GD-DTR system. We start this chapter with
the explanation of the MIMO G-RAKE systems.

70
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5.2 MIMO G-RAKE

Grant et al. applied generalized RAKE reception method to MIMO systems in [8]. They
assume a DS-CDMA system with Ny transmit antennas and the number of available
spreading waveforms is K. To maximize the spectral efficiency, every waveform is used

in all transmit antennas as shown in Figure 5.1. At the receiver site, there are Ng

RAKE receiver

REEAFANSNR

Ny
Ny . Receive
Transmit < Antennas

AUNABNAVNAVNAUNANANY

EVAUNANVARVRVOATVRUY

/ Y— RAXE receiver

[/

Antennas 0.
Np-1

:yﬁ,i <:%§>

: 14 Multipath
PR o Channels between
K10 &
i jr‘/ the Antennas
3 Y

Figure 5.1: MIMO RAKE reception model at the 7th symbol period with Nr transmit
and Np receive antennas. Every receive antenna feeds to an L finger RAKE receiver.

receive antennas. Suppose the desired symbols are the symbols during the Oth symbol
period that share the spreading waveform aggo. The received vector after despreading

can be written as:
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y = Hsopo + uoo ' (5.1)

where the vector s = [s59, s8¢, -, 504 '|¥ contains the desired symbols. Assume that
there are L fingers per RAKE receiver (i.e. per receive antenna), the size of the MIMO
channel matrix H is (N,L) x Nr. The vector uggy denotes the noise plus interference

with respect to sg0. We denote the covariance matrix of ugg with Ry = E{ugo(ugp)?].

Grant et al. propose two methods for the MIMO G-RAKE reception, the joint-detection
G-RAKE (JD-GRAKE) and the MMSE-GRAKE. The JD-GRAKE decodes jointly the
same code symbols from different antennas sgo. Using such a decoding strategy, the
JD-GRAKE eliminates most of the interference in the system since the same waveform
symbols are main source of interference. The interference from symbols spread by other
waveforms was diminished in the despreading symbols. To detect all the symbols sent
during a symbol period, the JD-GRAKE should compute K|C|¥* metrics, where |C| is
the size of the signal constellation.

The MMSE-GRAKE is an alternative system which is less complex than the JD-
GRAKE. In the JD-GRAKE the symbols are decoded jointly, whereas in the MMSE-
GRAKE the symbols are decoded one by one, by treating the rest of the symbols as
interference. For the MMSE-GRAKE, assuming the symbol 38’0 is the desired symbol,

the received vector can be written as:

Y= h038,0 + ug,o (5.2)

where hy is the channel vector from the Oth transmit antenna and ug, is equal to
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u870 =ugp + Ntz_ll hmsgfo, (5.3)
where ug, is the noise plus interference vector for s§,. It includes not only ugp, the
noise plus interference from thermal noise and symbols with different codes, but also
the rest of the symbols with spreading waveform agy. Since the symbols are decoded
one by one, this system has the total metric computations K N7|C| and therefore is less
complex.

The authors of [8] claim that if the channels are dispersive and /or the number of receive
antennas is larger than the number of transmit antennas, then the performance of the
MMSE-GRAKE is acceptable, but the JD-GRAKE performs well in light dispersion
cases t00.

This ends the introduction of MIMO G-RAKE systems. In the next subsection, we
introduce\ the MIMO D-DTR.

5.3 MIMO D-DTR

The decorrelating discrete-time RAKE receiver was proposed for RAKE reception sys-
tem with channel estimation errors. We explained the system in Chapter 3. The
assumptions of the system were that the channel is estimated at the receiver and the
only noise source in the system is AWGN.

For the MIMO D-DTR, we kept these assumptions. The system model of the MIMO
D-DTR is shown in Figure 5.2. In the system, there are Ny transmit and Ny receive
antennas. FEach receive antenna employs a RAKE receiver with L fingers. At the

transmitter site, we take only one spreading waveform into consideration to eliminate

interference from different waveforms. Therefore, for a given time instant all the trans-
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mit antennas use the same spreading waveform to spread the symbols. During the

transmission, the signals are chip synchronized.
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Figure 5.2: MIMO D-DTR reception model with Ny transmit and Ng receive antennas.
Every receive antenna employs an L finger D-DTR.

The channels between the transmit and receive antennas are independent and have

the same delay profile and therefore the same Ry. The received signal vector after

despreading at the nth receive antenna is equal to

Yn = Hns + Uy,

(5.4)
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where H,, is the channel matrix between the transmit antennas and nth receive antenna,
and s consists of the symbols from transmit antennas. The MIMO D-DTR follows the
decoding method of the D-DTR. First, the channels in y, are decorrelated using U,

the eigenvector matrix of Ry, such that

y, = Uy, © (5.5)

Like in the D-DTR, we assume that the channels are estimated in the MIMO D-DTR.
The number of pilot symbols per transmit antenna is denoted by N,. The pilot symbols
are sent simultaneously on all transmit antennas using orthogonal pilot sequences such
as those of Walsh-Hadamard. The estimate of H, is denoted by H,. The MIMO

D-DTR applies the decorrelating process to the H,, too, such that,

H, = U"H,. (5.6)
At this point we have decorrelated channels and we can start the derivation process.
Since all transmit-receive antenna pairs have the same covariance matrix Ry, corre-
sponding to decorrelated channels (h”’s) with the pdf:

() = TT —5 exp(- 720y (5.7
P =07 I‘l Fl . .

The estimate, Ir', of h' has the conditional pdf,

. L-1 q |W — ﬁ/l|2
Nt/\
p(h |h) - g 02 exp( o2 )J (58)
conditional on the vector h’ [4]. In the above equation o2 is equal to 2No/(T.E,Np).

The estimate h' is gaussian distributed and has the pdf
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)= T o exp(— (5.9)
p it w(e?+T) P o2+ T,/ '
From the Bayes rule, we can write
R L-17 1 |h,l _ };/llz |h/l|2 |ﬁ/l|2
! I — o — — —_
pW') = [ = (= + 55) exp(———; Tt o) (5.10)

=0

Now we focus on the pdf’s of p(yn|s, H,) and p(ya|s, H',), where H',, and H, denote
respectively the decorrelated channel matrix between all transmit antennas and the
nth receive antenna and the estimate of H’,,. The mth column of H',,, the decorrelated

channel vector from the mth transmit antenna, is denoted by h’y,,. The pdf p(y,|s, H'y)

is equal to
| |¥n = (sob'mot + - - + snp—1B'n(vp—1y1) 2
p(¥nls, H'n) = Eo — (- = LY. (511)
From the theory of probability we can write the pdf p(ya.|s, I:I;l) as
p(yn|s7 I:I;‘l) = // e // p(ynls7 H,n)p(h,nNT—l|ﬁ,nNT——1)dﬁ/nNT—1 e
ni) nNp~1
p(h/nOIhInO)dh,nO (5.12)

We solve (5.12) using (5.10) and (5.11), starting with the innermost integral. We obtain

fom

5 L 1 1
4 = . en — hl e
P(ynls, H'n) /h’no /h'nsz—2 ToZA eXp(Z)?A [ = (sob'nor +

=0
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/ SNp=1Wn(Np-1) 12
+SNp -2l n(Np—2) + m_fl_l ) X (5.13)
p(hlnNT—-2IﬁlnNT—2)dﬁlnNT—2 = 'p(h/n0|ﬁ/n0)dﬁln07
where 1/A is equal to:
_j{ __ G L;_l) — (5.14)
1+0%(5r + F)
After solving the second innermost integral, we obtain
. L-1 1 1
/ — /
p(ynls, Hn) = ll;% /'no ... //nNT_a iz X eXP(—_22A2 lyn — (soh/po; + - -
SNT—zﬁ’n(NT—Z)z SNT—lﬁ,n(NT—-l)lz
Ty, T+ o2, | ) (5.15)
p(h/nNT—SIﬁ/nNT—3)dﬁ,nNT-3 e p(h,nolﬁlno)dﬁlno.
After solving all the integrals, we obtain,
pCYals, Hu) = TT mgr 0 s — (oo . Sty )
niS ) = L SN SEANT Y T\ T 2T, 1+ 02/T, ‘
(5.16)

The MIMO D-DTR chooses the symbol vector § which maximizes the following quantity

among all possible symbol vectors:

Ng-1 R
11 p('sls Hy). (5.17)

n=0

The simulation results for the MIMO C-DTR and the MIMO D-DTR are shown in
Figure 5.3. The properties of the multipath channel are taken from the simulations in
chapter 5 (T,, = 0.25T,, L=9, n=1, Np,=4). To reduce the overall complexity we used
BPSK as the modulation scheme. As it can be seen from Figure 5.3, the gain of the

MIMO D-DTR is about 2 dB at a bit error rate of 1072.
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BER

Figure 5.3: The BER performances of the MIMO conventional DTR. and the MIMO
D-DTR for a 2 x 2 system, where L =9, T,,=0.25T,, N,=4.

In this section, we introduced the MIMO D-DTR system. In the next section we will
combine it with the discrete-time version of the JD-RAKE to obtain the MIMO GD-
DTR.
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5.4 MIMO GD-DTR

The MIMO GD-DTR jointly decodes the incoming symbols and takes into consideration
the noise plus interference matrix R,, like the JD-RAKE. However it is a discrete-time
receiver and the weights of the receiver depend on the channel estimation errors as well.
The MIMO GD-DTR follows the steps of the GD-DTR. It starts with the decorrelation
process of the noise plus interference using the matrices A and € resulting from the

decomposition of the covariance matrix R, such that,

z, = AQ%y, = AQ7 (H,s, +u,,), (5.18)

and F,=AQFH,, where H is the estimation of H. After the decorrelating process of

the channels are applied to z,, as:

z, =U"z,, (5.19)

and to F,,, such that

H =u?ff,, (5.20)

n

where U’ is the eigenvector matrix of Ry, = AQ7RLQOA, as explained in Chapter 2.
Since z’,, above has the same distribution with y’,, in (5.5), the derivation in the previous
section is valid for the GD-DTR case as well. However for the GD-DTR system, due to
the noise decorrelating process, £2=1 and o?=1/N,E;. The MIMO GD-DTR chooses

the symbol vector § which maximizes the following quantity:

N-1 )
II p(z'nis =8, H,), (5.21)

n=0
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with respect to all possible s vectors. The soft output of the bit from the mth transmit

antenna, A,,, can be obtained from the above equation, such that:

7):’=_01 p(zln|5m = _171212)
105 p(z'nlsm = 1,H,)

Ay, =log (5.22)

Up to this point, we assumed that there is no correlation between the receive anten-

nas. If it exists, then we should process the signal at different antennas together such

that,

y =Hs, +u, (5.23)

where y and u consist of all received signals and noise plus interference values respec-
tively and the matrix H is NgL by Np channel matrix. Since, we assumed correlation
between the receive antennas the interference values at different antennas will be cor-
related as well, thus the R, will be changed. Let us remind that, now the size of
the covariance matrices both R, and R will be NgL by NgL. Like the uncorrelated

MIMO system, we apply first the noise plus interference decorrelation process

z = AQTy = AQ¥ (Fs; + u), (5.24)

and F=AQFH, where H is the estimation of H. Afterward the decorrelating process

of the channels is applied to z,

7 = Uy, (5.25)

and to ¥, such that

H = Uk (5.26)
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The probability of receiving z’, given the transmitted symbol vector s, and H’, is equal

to:

Np-1L-11 1+ ;—/NLES—

p(@|se, H) = I] T1 _(—'-M)NT exp(—Xnrrs1)  (5.27)

'
n=0 1=0 " Wnriyiq1

where corresponding X141 is equal to

1/N,E R
S ——
1+1"’L Nr M-1 h’mnls k12
X = ( ———nLtitl Zipl — Z L L (5 28)
nL+i+1 o n,l 1/NpE, )
nL+1+1 m=0 1 + 2=

1—‘nL-+-l+1

In the above equations I',;,, ., and w,; ;. are obtained using the new covariance
matrices. Since the complexity of singular value decomposition exponentially increases
with matrix size, this system could be too complex for practical purposes. Albeit we
will give some examples of performance in our simulations.

To show the performance of the MIMO GD-DTR, we first choose a 2 transmit and
2 receive antenna (2 x 2) system. Like the MIMO D-DTR simulation, the modulation
scheme is BPSK. The channel connecting one transmit antenna to one receive antenna
has an exponential delay profile with rms delay spread of 7;,,=0.257,. The number of
correlators, L, is equal to 5. This system collects %95 of the average received signal
energy, according to [4]. The number of pilot symbols per transmit antenna, N, is equal
to 2. The noise rise coeflicient is n=10. The simulation results are shown in Figure
5.4. As it can be seen from Figure 5.4, the gain of the MIMO GD-DTR is about 0.65
dB at a BER of 1072, compared to the MIMO C-DTR. Employing the MIMO G-DTR
actually causes a performance loss, whereas the MIMO D-DTR has a very limited gain

compared to the MIMO C-DTR. The loss of the MIMO G-DTR is attributed to the
poor channel estimation and the limited gain of the MIMO D-DTR is due to the highly

correlated noise.
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Figure 5.4: BER performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
G-DTR and the MIMO GD-DTR for a 2 x 2 system, where L=>5, N,=2, a=0.22,
T,=0.25T,, n=10.

In the next simulation, we increase the number of correlators from 5 to 9 so as to
increase the average received signal energy collected from %95 to %99. The results are
shown in Figure 5.5. In this case, the gain of the MIMO GD-DTR compared to MIMO
C-DTR is increased to about 1.4 dB at a BER of 1072. Figure 5.5 shows that as the
number of Rake fingers increase, the performance of the MIMO D-DTR and GD-DTR
are improved while the performance of the MIMO C-DTR and G-DTR are degraded.
Ilere, additional correlators correspond to weak path gains where channel estimation

errors has greater impact, and since the MIMO C-DTR and G-DTR. do not combine
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Figure 5.5: BER performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
G-DTR and the MIMO GD-DTR for a 2 x 2 system, where L=9, N,=2, 0=0.22,
T,.=0.25T,, n=10.
the channel gains optimally, their overall noises increase and their performances drop.
The last set of simulations for the 2x2 MIMO system is done with perfect channel
state information at the receiver, to quantify maximum gain available from the MIMO
G-DTR receiver. The performances are shown in Figure 5.6. According to this figure,
the gain of the MIMO G-DTR is limited to 0.25 dB at a BER of 1072 compared to
MIMO C-DTR. Although not shown in the figure, the MIMO GD-DTR has the same
performance as the MIMO G-DTR and the MIMQO D-DTR has the same performance

as the MIMO C-DTR as expected.
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Figure 5.6: BER performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
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G-U i an vue v GD-DTR for a 2 x 2 system, where the receiver have the nerfect
channel state information and L=9, 0=0.22, T,,=0.25T,,

In our simulations with a 3x3 MIMO system, we observe a slight increase in the
gain of the MIMO GD-DTR with respect to the MIMO C-DTR. For example, in Figure
5.7, which shows the performance with N,=2 and L=9, the gain of the MIMO GD-DTR
is around 1.7 dB at a BER of 1072, compared to the MIMO C-DTR.

To see the effect of the channel delay spread on the performance, we set T,,=7, and
present the corresponding performance in Figure 5.8. The overall performance of all
the systems is increased in Figure 5.8 compared to Figure 5.7, whereas the SNR gain

of the MIMO GD-DTR decreased compared to the MIMO C-DTR.
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Figure 5.7: BER performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
G-DTR and the MIMO GD-DTR for a 3 x 3 system, where L=9, N,=2, a=0.22,
T,,=0.25T,

The last simulation set considers, that there is correlation between the receive an-

tennas. For example assuming 90% correlation between adjacent antennas, we obtain

the covariance matrix of

1 09 081
R,=[09 1 09 (5.29)
081 09 1

for 3 receive antennas. Other parameters are set to be L=>5, N,=2, n=10 and T,,,=0.25T.,.
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Figure 5.8: BER performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
G-DTR and the MIMO GD-DTR for a 3 x 3 system, where L=9, N,=2, a=0.22, T,,,=T,
All the advanced RAKE receivers take into account the correlation between the receive
antennas. The simulation results are shown in Figure 5.9. We observe that the MIMO
GD-DTR has 3.4 dB gain compared to the MIMO C-DTR receiver at a BER of 1072,
The MIMO D-DTR system has almost the same performance of the MIMO D-DTR.
The MIMO G-DTR has the second best performance for all E;/Ny values, which can

be explained by the high correlation coefficients between the receive antennas.
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Figure 5.9: BER. performances of the MIMO C-DTR, the MIMO D-DTR, the MIMO
G-DTR and the MIMO GD-DTR for the case of correlated receive antennas (3 x 3
system), where L=5, N,=2, a=0.22, T,,=0.25T.,, =10

5.5 Chapter Summary

We can conclude from our simulations that the gain of the MIMO GD-DTR with respect
to the MIMO C-DTR increases with a decrease of the delay spread and with an increase
of the number of RAKE fingers and the number of antennas. The MIMO G-DTR system
gives the worst results in all simulations with channel estimation errors but the one with

correlated receive antennas. Even if the perfect channel state information is available,

the gain of the MIMO G-DTR is very limited. The performance of the MIMO D-DTR
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receiver is always between the MIMO GD-DTR and the MIMO C-DTR. This ends our
simulations with MIMO GD-DTR receiver.
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Conclusions

In this thesis, we have introduced the GD-DTR, a new RAKE reception method. It
combines two complementary advanced RAKE receivers the D-DTR and the G-RAKE.
GD-DTR requires the estimation of channel and noise plus interference statistics. We
came up with a statistics estimation method, which does not require KLT transform.
Our simulations show that the statistic estimation methods work efficiently enough for
GD-DTR to have a gain compared to a normal RAKE receiver.

We did several simulations to see the effect of different parameters. Among those
parameters, the increase in the roll off factor and number of RAKE fingers and the
decrease in the delay spread and mimber of pilot symbols cause an increase in the
gain of GD-DTR compared to C-DTR. Another important result of our simulations is
the indication of G-DTR’s sensitivity to channel estimation errors. Interestingly the
G-DTR could have the worst performance among the RAKE receiver at low SNR’s.
Our simulations with 8PSK and 16QAM modulations show that the gain of GD-DTR

compared to C-DTR is less when compared to its gain in QPSK modulation. The
simulations in downlink DS-CDMA simulations resulted with poor performance of GD-

DTR, due to the high effect of channel estimation errors to the estimation of noise plus

89
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interference statistics. Therefore our suggestion is to use the GD-DTR system only
in uplink scenarios. The thesis include a chapter dedicated to the RAKE receivers in
MIMO systems. The MIMO GD-DTR system, which we have introduced, show that,
the increase in the number of antennas of the MIMO GD-DTR system increase the
gain of the receiver as well. MIMO G-DTR system performed poorly in all of the
simulations except when there correlation between the receiver antennas. The MIMO
D-DTR system has a performance always better than the MIMO C-DTR.

As a future research, we would suggest to focus on optimization of system per-
formance if the covariance matrix of noise plus interference is a function of channel
coefficients. Our simulations showed that the GD-DTR is sensitive to the estimation
of noise plus interference covariance matrix, it is a good idea to investigate possible
ways to reduce this sensitivity. Appendix of this thesis include simulation results of a
G-RAKE receiver in UWB systems. We believe that the performance of the GD-RAKE
should be tested in UWB systems as well.
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G-RAKE in UWB DS-CDMA

systems

In this part we will give the definition of the ultra wideband systems and state some of
their characteristics to be used in wireless personal area networks. Afterward we will
mention the properties of UWB channels, including high number of multipaths, which
enables RAKE reception. As an advanced RAKE reception method we simulated G-
RAKE in UWB channel and present our initial results here.

The FCC defines ultra-wideband as any signal that occupies more than 500 MHz band-
width in the 3.1 to 10.6 GHz band and that meets the spectrum mask specified in
[21].

UWB systems have some features, which are well suited to wireless personal area
networks WPANs. WPANSs are intended for small number of people in a small radius.
Basically any wireless data communication in a room could be in the focus of WPANS.
The first generation of WPAN’s is the Bluetooth system, but its data rate is very low
for some applications such as high speed connection between a router and a laptop. The

advantage of UWB systems comes from the well known capacity formula of Shannon:

91
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Capacity = Bandwidth x log(1 + SNR) (A1)

Although the power of UWB systems is limited by FCC, since the bandwidth of
UWB systems is very large, they can support very high data rates especially in short
distances. Using these high rates, applications such as video transfer, multimedia shows,
data backup can be supported without any need of wires. The restriction of transmit
power in UWB systems could be an advantage for them, since those systems wouldn’t
need high power amplifiers and their battery life will be longer.

There are many papers in literature related to the modeling of UWB channels, such
as [22, 23, 24]. IEEE standardization committee for WPANS came up with a channel
model based on the Saleh-Valenzuela indoor model [1]. Saleh-Valenzuela model assumes
that the multipath signals come in clusters, the arrival rate of clusters and the arrival
rate of the rays in a cluster are both Poisson distributed. The energy of clusters decay
exponentially. The energy of the rays in a cluster decays exponentially as well. The
gain magnitude of the rays for a specific time is Rayleigh distributed. In Figure A.1 we
show a representation of the model.

In IEEE 802.15 WPAN ultra wideband channel specifications 4 channel models are
specified. CM1 is based on line of sight (LOS) measurements (0-4m). CM2 is based
on no line of sight (NLOS) measurements (0-4m). CM3 is based on LOS measurements
(4-10m). CM4 is generated for a 25 ns rms delay spread to represent an extreme NLOS
multipath channel. The details of these models is given in Appendix B. The Matlab
functions to generate those channels are included in the IEEE channel report [1]. For
example Figure A.2 depicts one of the channel realizations of CM1. As seen in Figure
A.2, the chanuel values span a long time. We cannot see directly the clustering but at

the 8 ns a strong ray could be seen and that ray can be accepted as a first ray of a
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Figure A.1: Saleh-Valenzuela model representation.

cluster. To see the effect of pulse shaping we convolved this channel with the square
root raised cosine filter with roll-off factor a=0.5. The results are presented in Figure
A.3. As we can see, different multipath components are still resolvable but in clusters.

5th

For example at the ns we see a cluster with 4 elements, 2 with magnitudes around

-0.6 and the other two around -0.2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



G-RAKE in UWB DS-CDMA systems 94

Impulse response realizations
0.8 T T T T T T T T T

06k . L b S b S ST SV S L i

5 10 15 20 25 30 35 40 45 50
Time (nS)

Figure A.2: A UWB channel realization of the CM1 type.

‘We have explained the properties of UWB channels. In the next section we explain

our simulations with the UWB channels

A.1 Use of the RAKE receivers in UWB systems

The first RAKE reception analysis with the accepted IEEE 802.15 standard channel is
made by Rajeswaran et. al in [25]. However there were also some papers with other
channel models such as, [26]. In [25] and [27] no interference from other users or other

systems is assumed. We will assume both realistic ISI and multiuser interference in our
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Figure A.3: A UWB channel realization of the CM1 type convolved with square root
raised cosine filter with roll off factor 0.5 (with the sampling instants).

simulations.

A.1.1 Simulations with G-RAKE Reception

In this section we present some of our simulation results done with a UWB system pro-
posals, namely DS-UWDB. The DS-UWB system is developed by OKI communications
and Communications Research Lab of Japan and supported by Motorola. DS-UWB
can be seen as an impulse radio since it uses direct sequence spreading of a binary phase

shift keyed UWB pulses. Therefore one symbol is sent using a pulse (chip) sequence. To
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support different data rates in the system, authors proposed variable sequence lengths
and also different coding rates. The difference from an impulse radio is that DS-UWB
divides the allocated spectrum into two bands, one band nominally occupying the spec-
trum from 3.1 to 4.85 GHz (the low band), and the second band occupying the spectrum
from 6.2 to 9.7 GHz (the high band). The main advantages of DS-UWB is that it re-
quires very simple transmitters since it sends baseband pulses. It is good for short
ranging applications due to larger bandwidths of UWB pulses and the silicon chips of
DS-UWB are ready for implementation. The main problems of DS-UWB are in the
reception part. Due to multipath there is intersymbol interference, hence equalization
is necessary. Also to collect energy from the channel RAKE reception is needed. A 16
finger RAKE is used in the proposal to show the system performance. We don’t have
the new version but in the early DS-UWDB proposals two decision feedback equalizers
(DFE) are mentioned. The first one has 5 symbol span and the second one has 10
symbol span. Both have 2 feed forward coeflicients.

The equalization system is the classical one, where the outputs of the RAKE receiver
are combined and then symbol by symbol equalization is done, as shown in Figure A.4
for a 3 finger system.

In the simulations, the channels between the transmitter and receiver are the stan-
dard channels of IEEE (having no phase information) for 4-10 meter distance and no line

of sight case. Before presenting the results, let us list the properties of the simulations:

1. The channels for the interferer is generated randomly from the other standard

UWRB channels (NLOS 4-10 meter distance).

2. We initially assume that the power of the interferer is equal to half of the desired

signal power.

3. BPSK modulation is used.
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Figure A.4: Decision feedback equalization for UWB systems.
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4. The chip sequences are chosen from the proposal of DS-UWB with chip duration

of 0.36 ns.

5. The sequence length is 24 and every chip sequence has 2 zeros in it. Length 24 is

still the longest chip sequence length of DS-UWB. The desired chip sequence is

equalto[-11-1-11-1-11-1010-1-1111-1111-1-1-1].

6. Equalizer coefficients are calculated assuming perfect channel knowledge.

7. As in the case of the IEEE standard proposals [28], the average of the best 90

performances out of 100 channel realizations is shown.

The simulation results are depicted in Figure A.5. In this first simulation results,

the number of fingers is equal to 5.

As seen in Figure A.5, G-RAKE outperforms RAKE by 3 dB at a bit error rate of

5 x 10~ and have a lower error floor of 5 x 10~%. Another simulation is done for 10

finger receivers. Figure A.6 shows the results. As expected, the performances of both

the G-RAKE and RAKE improve with increasing number of fingers. Comparing Figure
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Ber

10

10

10

Figure A.5: Bit error rate curves of the 5 finger receivers, where interference power is
half of the desired signal power.

A5 and A.6 shows that the improvement is about 2 dB at a bit error rate of 5 x 1073 for
the G-RAKE receiver. The performance improvement of the RAKE receiver is higher
then the G-RAKE, therefore the SNR gain of the G-RAKE decreases to 0.5 dB at a
bit error rate of 5 x 107® compared to the RAKE receiver. Nevertheless, the G-RAKE
has a lower error floor than the RAKE receiver.

In the final simulation results of the section, we increased the interference power to
the level of the desired signal power. Figure A.7 shows the performance results. As

expected, the performances of both receivers are degraded. In this case the bit error
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Figure A.6: Bit error rate curves of the 10 finger receivers, where interference power is
half of the desired signal power.

rate of 5 x 1072 is actually below the error floor of RAKE receiver and G-RAKE not
only achieves that bit error rate at 23 dB SNR, its error floor is beyond 28 dB SNR.

A.2 Summary

We have shown that G-RAKE system can improve the DS-UWB system performance.

We believe intensive research could reveal more advantages of G-RAKE reception in

UWB systems.
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Figure A.7: Bit error rate curves of the 5 finger receivers, where interference power is
equal to the desired signal power.
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Appendix B

IEEE WPAN System Specifications

and UWB Channel Model

The IEEE 802.15 High Rate Alternative PHY Task Group (TG3a) for Wireless Per-

sonal Area Networks (WPANs) was established to define a standard in ultra wideband

spectrum. The specifications of IEEE are listed in the Table B.1.

Table B.1: IEEE Specifications for WPAN System.

Data rates 55 Mbps,110Mbps (10 meter),220 Mbps(4 meter)
480 Mbps(optional)

EIRP FCC regulations

Power Consumption 100 mW (Cmos tech.)

Co-located piconets 4

PER (1024 byte packets) | < 8%

Interference Robust against IEEE 802.11,Bluetooth,etc
Cost Similar to Bluetooth
Scalability Compatibility with 802.15

Signal Acquisition

< 20 microsecond Preamble

Location awareness

Location information to be propagated

Antenna practicality

Size and form consistent

The demands of IEEE perfectly fits the properties of UWB systems, low power, high

101
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data rate, location awareness. Since UWB systems are very low power, interference may
degrade the performance and IEEE demands that the standard should be robust to at
least to other IEEE standards. Although IEEE Task group managed to decide on a
Channel Model and reduce 23 standard proposal to 2 proposals, none of the last 2
proposals (Multiband OFDM and DS-UWB) could get enough vote to be selected. As
January 2006 the task group is dissolved. Nevertheless first consumer products will
be on the market in year 2006. Regarding the UWB channel, the following excerpt is
from the final report of the channel committee [1] and explains the basics of the UWB
channels of IEEE:

‘Based on this clustering phenomenon observed in several channel measurements,
we propose an UWB channel model derived from the Saleh Valenzuela model with a
couple of slight modifications. We recommend using a lognormal distribution rather
than a Rayleigh distribution for the multipath gain magnitude, since our observations
show that the lognormal distribution seems to better fit the measurement data. In
addition, independent fading is assumed for each cluster as well as each ray within the
cluster. Therefore, the multipath model consists of the following, discrete time impulse

response:

hi(t) = Xi XL: i hii8(t = T} — 7¢y) (B.1)
1=0 k=0
where hj,, are the multipath gain coefficients, 77 is the delay of the I** cluster, 7}, is
the delay of the k** multipath component relative to the [** cluster arrival time T},X;
represents the log-normal shadowing, and 4 refers to the i** realization. Finally, the
proposed model uses the following definitions:

T, = the arrival time of the first path of the I** cluster;

k,l = the delay of the k** path within the I**cluster relative to the first path arrival
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time, T;;

A= cluster arrival rate;

A= ray arrival rate, i.e., the arrival rate of path within each cluster.

By definition, we have 7o; = 0 . The distribution of cluster arrival time and the ray

arrival time are givén by
P(Ti|Ti-1) = Aexp[—A(Ty — Ti-)|p(Tka|7(e-1)0) = Aexp[—MTuy — Te-1)1)]  (B.2)

The channel coeflicients are defined as follows:

Piy = Pri&iBiy, 2010g,0(€18k,) o< Normal(ug,, 02 + o) (B.3)

where n; o« Normal(0,07) and no & Normal(0,02) are independent and correspond to

the fading on each cluster and ray, respectively,
E[|&1Bx1|°] = Qo exp(=T1/T) exp(—7x1/7) (B.4)

where 7T} is the excess delay of bin | and € is the mean energy of the first path of
the first cluster, and px; is equiprobable +/-1 to account for signal inversion due to

reflections. The py; is given by

_ 10In(Q) = 10T/T — 107s/y (0} + 03) In(10)
Hied = In(10) 20

(B.5)

In the above equations, & reflects the fading associated with the I** cluster, and Gy
corresponds to the fading associated with the k* ray of the [** cluster. Note that, a
complex tap model was not adopted here. The complex baseband model is a natural fit

for narrow band systems to capture channel behavior independently of carrier frequency,
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but this motivation breaks down for UWB systems where a real-valued simulation at RF
may be more natural. Finally, since the log-normal shadowing of the total multipath
energy is captured by the term, X; , the total energy contained in the terms Ry, is
normalized to unity for each realization. This shadowing term is characterized by the
following:

201og,,(X;) o Normal(0, o2) (B.6)

‘According to above equations 4 different channel types are generated. Before giving the
characteristics of these channel let us define the important parameters of the simulation
model one more time.

A= cluster arrival rate

A= ray arrival rate, i.e., the arrival rate of path within each cluster

I'= cluster decay factor

~= ray decay factor

o,= standard deviation of cluster lognormal fading term (dB)

o,= standard deviation of ray lognormal fading term (dB)

o,= standard deviation of lognormal shadowing term for total multipath realization
(dB)

These parameters are found by trying to match important characteristics of the chan-
nel. Table B.2 lists some initial model parameters for a couple of different channel
characteristics lthat were found through measurement data. In the table CM1 is based
on LOS measurements (0-4m). CM2 is based on NLOS measurements (0-4m). CM3 is
based on LOS measurements (4-10m). CM4 is generated for a 25 ns rms delay spread

to represent an extreme NLOS multipath channel.’
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Table B.2: IEEE Multipath channel characteristics and corresponding model parame-

ters [1].
Target Channel Characteristics | CM 1| CM 2 | CM 3 | CM 4
Mean excess delay (ns) (7,,,) 5.05 10.38 | 14.18
RMS delay (ns) (7rms ) 5.28 8.03 14.28 | 25
Number of Paths within 10 dB 35
of strongest path, NP(10dB)
Number of Paths to capture 24 36.1 61.54
%85 of signal energy, NP(85%)
Model Parameters
A(1/ns) 0.0233 | 04 0.0667 | 0.0667
N1/1s) 25 0.5 71 2.1
T 7.1 3.5 14.00 | 24.00
v 4.3 6.7 7.9 12
o1(dB) 3.3941 | 3.3941 | 3.3941 | 3.3941
o4(dB) 3.3941 | 3.3941 | 3.3941 | 3.3941
7,(dB) 3 3 3 3
Model Characteristics
Mean excess delay (ns) (7,,) 4.9 9.4 13.8 26.8
RMS delay (ns) (7pms ) 5 8 14 26
NP(10dB) 13.3 18.2 25.3 41.4
NP (85%) 914 | 372 | 627 |1228
Channel energy mean (dB) -0.5 0.1 0.2 0.1
Channel energy std (dB) 2.9 33 3.4 3.2
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