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A bstract

Wireless channels are often m u ltipa th  channels. In  a m u ltip a th  channel, a pa th  can 

be defined as a copy of the transm itted  signal a rriv ing  at the receiver w ith  a pa rticu la r 

delay and am plitude. I f  the m ultipa ths are resolvable, R A K E  receivers can collect the 

energy o f d is tinc t paths. D S-C D M A systems, w ith  the ir low auto-correlation spreading 

sequences, enable resolving of the m ultipa ths and therefore the use of R A K E  recep­

tion. Each R A K E  finger, the elementary receiver in  R A K E  reception, is associated 

w ith  one o f the strongest incoming paths. The outputs o f those fingers are combined 

together to  detect the transm itted  symbols. The conventional R A K E  receivers have 

several weaknesses. This thesis focuses on the m ajor weaknesses o f sensitiv ity  to  in te r­

ference and channel estim ation error. I t  introduces a receiver model to  cope w ith  bo th  

o f them  for bo th  single and m u lti antenna (M IM O ) systems. We propose a new R A K E  

reception method, which is called the generalized decorrelating R A K E  receiver (GD- 

R A K E ). G D -R A K E  is obtained by the com bination o f two advanced R A K E  receivers: 

the decorrelating discrete tim e R A K E  receiver (D -D T R ) and the generalized R A K E  

receiver (G -R A K E ). The method enables robust performance in  the presence o f chan­

nel estim ation errors and colored noise plus interference w ith  the help o f statistics on 

the channel, noise and interference. A dd itiona lly  the performance o f the new receiver 

is tested in  M IM O  channels.

Soon to  be commercialized u ltra  wideband (U W B ) systems use more than  500 M Hz 

bandw id th. Such a high bandw id th results in  many resolvable m ultipa ths and as such 

the employment of R A K E  receivers is very suitable. We tested the performance o f a 

G -R A K E  receiver w ith  decision feedback equalizers and showed th a t i t  can be used to  

im p ro v e  o vera ll p e rfo rm an ce  o f th e  system .
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Chapter 1

Introduction

Wireless com m unication is now a pa rt o f our da ily  life  w ith  our cellular phones and w ire­

less In ternet connections. One wireless communication technique, namely the spread 

spectrum, is quite popular, because of its  compelling advantages. For example, i t  is ro­

bust against interference and i t  enables spectrum sharing among m ultip le  users w ithou t 

any tim e or frequency d ivision m ultip lexing. Among the spread spectrum systems, the 

D S -C D M A  uses R A K E  receivers to  collect energy from  the m u ltipa th  wireless chan­

nels. In  a m u ltip a th  channel, reception o f m ultip le , possibly in terfering copies o f the 

same signal is observed. A  conventional R A K E  receiver is a com bination o f elementary 

receivers called R A K E  fingers. Each finger is associated w ith  one path  o f the m u lti- 

pa th  signal. The outputs o f the R A K E  fingers are combined to  detect the transm itted  

symbols.

The conventional R A K E  receivers have several drawbacks. For example, conventional 

R A K E  receivers assume th a t the interference is uncorrelated and correlated (colored) 

interference could be a m ajor source o f degradation in  system performance. Bottom ley 

et al. proposed a generalized R A K E  receiver in  order to  have correlated interference 

suppression [2]. The weakness of the G -R A K E  is the nonrealistic assumption o f having

1

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



Introduction 2

a perfect channel state in form ation  at the receiver.

For the conventional R A K E  receiver another drawback arises from  the tim e-varying 

nature o f the wireless channels. Conventional R A K E  receivers use an acquisition sys­

tem  (or searcher) to  detect new paths w ith  significant power, and a tracking system 

to  fo llow  the continuously tim e-varying delays o f the paths [3, 4]. The acquisition and 

tracking systems have two m ain weaknesses. F irs t, the assumption th a t the m ultipa ths 

are resolvable is often unrealistic [4]. Secondly, the acquisition and tracking systems 

can neither distinguish nor fo llow  paths separated by less then a chip period [5, 6]. 

To elim inate the need for complex acquisition and tracking devices and to  avoid the ir 

drawbacks, the conventional discrete-time R A K E  receiver (C -D TR ) has been proposed 

in  [7]. I t  is obtained by sampling a transm it filtered version o f the channel impulse 

response. The main drawback o f the C -D T R  is its  sensitiv ity to  channel estim ation 

errors. Furthermore, some paths taken in to  consideration are m ain ly  due to  noise, and 

they reduce the overall performance of the C -D TR . To cope w ith  these weaknesses of 

the C -D TR , several in tu itive  methods have been presented in  [7]. Whereas the deriva­

tio n  o f an optim um  structure of the discrete-time R A K E  receiver, com plying w ith  the 

m axim um  a posteriori (M A P ) criterion, has been made in  [4], This optim um  structure, 

referred to  as the decorrelating discrete-time R A K E  (D -D TR ), exploits the covariance 

m a trix  of the channel values at R A K E  fingers to  obta in robustness against channel 

estim ation errors. The D -D T R  is designed w ith  the assumption th a t bo th  therm al 

noise samples and the interference samples are uncorrelated. As mentioned above, th is 

assumption is invalid for many cases.

The system we are proposing, the generalized decorrelating R A K E  (G D -R A K E ), com­

bines the complementary advantages of the G -R A K E  and the D -D TR . I t  could suppress 

the interference, and i t  takes in to  consideration the channel estim ation errors. In  th is 

work, we simulate the discrete-time versions o f the G -R A K E  and the G D -R A K E  and
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Introduction 3

therefore we use the abbreviations G -D TR  (Generalized D iscrete-Tim e R A K E ) and 

G D -D T R  (Generalized Decorrelating D iscrete-Time R A K E ).

For the optim um  performance o f the G D -R A K E , we require the eigenvalues and eigen­

vectors o f the covariances matrices o f the channel and noise plus interference. Usually 

those matrices are estimated and then the eigenvalues and eigenvectors are obtained 

by Karhunen-Loeve Transform  (K LT ). K L T  increases the system complexity, especially 

when the number o f fingers is high. In  th is  work, we evaluate through simulations the 

effect o f the estim ation errors of those matrices. Furthermore we im plement a method, 

which estimates the eigenvalues and eigenvectors d irectly  from  data to  reduce the over­

a ll com plexity o f the system.

The performance simulations of the receivers are done in  a system loosely based on the 

up lin k  o f U M TS W C D M A  (Universal mobile telecommunications system W ideband 

C D M A ), one of the 3G wireless communication systems. O ur sim ulation results show 

th a t the G D -R A K E  and the D -D T R  improve the performance compared to  the con­

ventional R A K E  receiver, whereas the G -R A K E  can cause performance degradations 

under certa in conditions.

A nother area we are considering is m u lti inpu t m u lti ou tpu t (M IM O ) systems. As a 

generalization of the G -R A K E  princip le to  M IM O  systems, G rant et al. have proposed 

two methods in  [8], namely the JD -G R A K E  and the M M S E -G R A K E  . The JD -G R A K E  

jo in t ly  decodes the symbols spread by the same spreading code and transm itted  from  

different antennas. The M M S E -G R A K E  is an alternative system which is less complex 

than the JD -G R A K E . Instead of being jo in t ly  decoded, the symbols in  the M M SE- 

G R A K E  are decoded one by one, by trea ting  the rest of the symbols as interference. 

Such a decoding decreases the com plexity at the price of a decrease in  performance. 

In  th is  w ork we are proposing a M IM O  D -D T R  receiver. We also propose a M IM O  

G D -R A K E  receiver, which is based on the combination of the discrete-time version of
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the JD -R A K E  receiver and M IM O  D -D TR .

The G -R A K E  receiver can be used in  other communication systems as well. In  our 

thesis, we selected u ltraw ideband (U W B ) systems to  test the performance o f G -R A K E . 

U W B  systems are orig inated from  impulse radio systems and a high number of m u lti­

paths is observed in  the ir associated channels. D uring the standardization process of 

u ltraw ideband systems for wireless personal area networks, one o f the standard propos­

als for U W B  was DS-UW B. Due to  its use o f D S-C D M A w ith  short spreading codes at 

the transmission and the m ultipa ths in  the channel, interference has a m ajor effect in  

its  performance. Therefore we believe using G -R A K E  system could improve the system 

performance.

1.1 Contributions

The m ain con tribu tion  o f the thesis is the in troduction  of the G D -D T R  receiver. Fur­

thermore we d id  detailed simulations of the D -D TR , G -D T R  and G D -D T R  systems 

in  diffuse m u ltip a th  channels for bo th  single and m u lti antenna systems. O ur simu­

lations show th a t the G -D T R  receiver may degrade the system performance, whereas 

the G D -D T R  improves it. Another con tribu tion  o f the thesis is the study o f the esti­

m ation methods of the covariance matrices o f the channel and noise plus interference. 

We introduced a method which does not require K L T  transform . We also studied the 

performance of G -R A K E  system in  U W B  channels.
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Introduction 5

1.2 O utline

The outline  o f the thesis is as follows. Chapter 2 treats the properties o f the basic 

m u ltip a th  channel and different types of m u ltip a th  channels and the theory behind the 

conventional R A K E  receiver, the C -D TR , the D -D T R  and the G -R A K E .

In  C hapter 3 the G D -R A K E  is introduced for m u ltipa th  channels w ith  channel esti­

m ation errors and colored noise.

The performance of the receivers we introduced heavily depend on the estim ation of 

channel statistics and noise statistics. In  Chapter 4 we study the methods to  estimate 

and update those statistics.

C hapter 5 provides performance results of the R A K E  receivers in  different sim ulation 

scenarios w ith  perfect and estimated statistics.

C hapter 6 covers the study of R A K E  reception methods in  M IM O  systems, as well as 

includes the performances of the introduced systems.

C hapter 7, the fina l chapter of the thesis, is devoted to  a summary o f the results and 

fu tu re  work.

A ppendix A studies the U W B systems and the performance o f G -R A K E  in  those 

systems.
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Chapter 2 

M ultipath W ireless Channels and 

RAK E Reception M ethods

2.1 M ultipath  W ireless Channels

In  a com m unication system, channel is the medium tha t is used to  transfer the in fo r­

m ation [9]. The characteristics o f a channel could l im it  the performance o f the system 

and most o f the tim e they cannot be changed by the system designer. Th is statement 

is also valid for the wireless communication systems. Another defin ition  of communi­

cation channel is, th a t i t  provides the connection between transm itte rs and receivers. 

Therefore not only free space or atmosphere between mobile users and base stations 

bu t every object th a t affects communication signals is a part o f the channel. Examples 

o f these objects are mountains, large buildings, homes and cars as seen in  Figure 2.1, 

where we illus tra ted  a wireless communication system, w ith  base stations and mobile 

users.

In  terms o f the ir effect to  the signals, the objects encountered can be divided in to  two 

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

6
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Figure 2.1: T im e varying m u ltipa th  fading channel for cellular wireless systems.

base stations and mobile un its like mountains or skyscrapers, which reflect the signals 

like a m irro r. Due to  these reflections, the signals follow different paths to  reach the 

antennas o f receivers and in  the lite ra tu re  every reflection is called a pa th  or a m u lti- 

path. Large differences in  the arriva l tim e of these m ultipa ths cause the observation 

o f specular m u ltip a th  channel. In  cellular wireless systems, the same frequency band 

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

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

Figure 2.2: The impulse response o f two path  m u ltipa th  channel model w ith  specular 
paths (a), and the diffuse version o f 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 o f objects, are objects nearby o f the antennas, which 

are re la tive ly  small such as houses or vehicles. They scatter the signal w ith  different 

am plitudes and phases. Due to  the short distance between the scatterers and anten­

nas, the difference between the arriva l tim e o f the m ultipa ths is small. Therefore the 

m u ltipa ths cannot be separated by the receiver and a diffuse channel is observed. In  

Figure 2.2 we present the impulse response o f a specular m u ltip a th  channel w ith  two 

paths and its  diffuse version due to  scatterers.

For the specular channel, i t  is easy to  locate the positions of the paths in  tim e, b u t for 

the diffuse channel we observe a continuous impulse response and distinguish ing any 

pa th  is hard.

The effect o f m otion is also im portan t in  wireless channels. The relative m otion be­

tween a base sta tion and mobile antennas such as the m otion of a user or the m otion 

o f scatterers changes the channel coefficients in  time. Therefore the receivers use p ilo t 

symbols or other methods to  update the channel estimates.

F o r th e  t im e  b e in g , w e d is regard  th e  t im e  v a ry in g  n a tu re  o f th e  ch an n el an d  co n c e n tra te  

only on a specific tim e instant. Assume we have a specular channel at th a t tim e instant
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M ultipath Wireless Channels and R A K E  Reception M ethods 9

w ith  pa th  delays Tj and the complex path  gain coefficients hj, the impulse response of 

the channel can be w ritte n  as

H t ) =  Y . hA T ~ Ti)-  (2 -1 )
j =o

In  (2.1), J  and 5 { t )  denote the number of paths and the dirac delta function respectively. 

We have summarized the properties o f the m u ltipa th  channels and presented a channel 

impulse response. In  the next section, we w ill explain, how a R A K E  receiver collects 

energy from  m u ltipa th  channels.

2.2 Conventional R A K E receiver

D S -C D M A  systems use R A K E  receivers to  collect energy from  the m u ltip a th  wireless 

channels. Hence, we choose a basic equivalent baseband D S-C D M A system model w ith  

R A K E  reception, as shown in  Figure 2.3.

In  D S-C D M A, the spread spectrum is obtained by m u ltip ly ing  the symbol w ith  a spread­

ing sequence waveform. In  our model the u n it energy symbol skii is spread by the 

waveform akii(t). We assume th a t ak<i(t) has perfect correlation properties, i.e,

/ • d o  f 1 if  r  =  0
Ra(t) =  /  ak>i(t +  T)a*k i (t)dt =  { . (2.2)

00 [  0 i f  r  7  ̂ 0

I f  ak,i{t) is selected properly, th is is a reasonable assumption and used by many re­

searchers for example in  [3],[7] and [10]. I t  allows the inter-sym bol interference (IS I) 

to  be neglected w ith  respect to m ultip le  access interference and therm al noise. We w ill 

la ter relax th is  assumption and consider spreading waveforms w ithou t perfect correla­

tio n  in  Chapter 6. A fte r the spreading, the signal is transm itted  th rough a m u ltipa th
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Figure 2.3: System model w ith  R A K E  reception.
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Multipath ChannelTransmitter RAKE ReceiverNoise plus

channel. We assume th a t the channel is specular and has the impulse response given 

in  (2.1). In  Figure 2.3 we show each path  separately. The signal is received after being 

corrupted by noise and interference. A t the fron t end of the R A K E  receiver, we have 

the signal r ( t )

r ( t )  =  h (t ) <g> (Sfc,»afcii( t )) +  n(t), (2.3)

where <g> represents the convolution operator and n(t)  denotes the noise plus in te rfe r­

ence. The conventional R A K E  receiver uses elementary receivers called the R A K E  

fingers. In  our model we employ L  R A K E  fingers. Since the aim  of the conventional 

R A K E  receiver is collecting energy, the receiver matches the R A K E  fingers to  the most 

powerful L  paths. The conventional R A K E  receiver assumes n(t)  as additive w hite  

gaussian noise (AW G N) and therefore employs a form  o f matched filte ring , which is
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the optim um  receiver under AW GN. From [9], the sampled ou tpu t of a matched filte r, 

matched to  the j t h  path, can be w ritte n  as:

zj = f  3 r ( t ) (h ja kii(t -  T j ) ) * d t ,  (2.4)
Jri

where Ts denotes the symbol period. The integral starts at t j ,  since for the jtb. pa th  

the received signal is nonzero between r 3 and Ts +  t 3 . By m anipu la ting  (2.4) we can 

obta in

zj = hi [  r it + Ti)alAt)dt- (2'5)J o

The equation above shows the steps done in  the R A K E  fingers. In  the firs t 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 pa th  such tha t,

di =  Tt , I =  0 ,...., J  -  1, (2.6)

where d; denotes the associated delay o f Ith. finger. Then the signal should be despread 

by m u ltip ly in g  the delayed signal w ith  the complex conjugate o f ak,i(t) and in tegra ting  

between 0 and Ts such tha t

V i=  f  r ( t  +  di)a*k i {t)dt. (2.7)
Jo ’

The perfect correlation property of elim inates any effect from  m ultipa ths other than 

the matched one. Therefore yi has a signal component i f  and only i f  d; is equal to  one

of the pa th  delays. The idea behind the R A K E  reception was the combining each path

separately and th is is obtained.

For th is  section, we keep the perfect correlation property assumption and in  the next
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section, we w ill give an example how the channel gains are m odified i f  there is correlation 

between the shifted versions of akti(t).

To detect the symbol Sk,i, we need to  combine the outputs o f the R A K E  fingers. The 

weighting coefficients w  =  [tuo, Wi, —, wl- i ] t  are used for th is purpose and the decision 

s ta tis tic  z is formed such tha t,

L - l
z =  £  wiy i =  wHy> (2-8)

1=0

where y  =  [y0, 2/1---, 2 / l- i ] t  is the vector o f the finger outputs. Prom (2.5), the weights 

are equal to  the channel coefficients, such tha t,

wi =  hi, I =  0 ,. . . . ,L  -  1. (2.9)

The decision sta tis tic  2 can be used to  detect the symbols or bits. For example i f  gray- 

coded QPSK m odulation is used, the hard decisions o f in-phase and quadrature b its 

are obtained v ia  sgn(5ft(2:)) and sgn(3 (z)). ?ft and 9  denote the real and im aginary part 

operators respectively.

For a conventional R A K E  receiver, i f  the number o f available fingers is larger than  the 

number o f the m ultipa ths (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 R A K E  receiver.

In  th is  section the conventional R A K E  receiver has been treated. We made the as­

sumptions:

1. The noise is AW GN. Therefore matched filte ring  is used.

2. The channel is specular, so th a t each path  can be distinguished.

3. The channel gains are known a t the receiver.
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In  the next section, we w ill change the firs t assumption and show how the generalized 

R A K E  receiver can benefit from  extra available fingers.

2.3 G eneralized R A K E Receiver

The generalized R A K E  receiver has the same structure shown in  Figure 2.3, bu t i t

has d ifferent combining weights and delays. To explain the weights in  the generalized

R A K E  receiver, we should w rite  the vector of finger outputs more exp lic itly , such tha t,

y  =  hsfc +  u, (2.10)

where h  corresponds to  the channel vector and u  embraces the noise plus interference. 

We changed u  being AW G N assumption to u  being complex valued colored gaussian 

noise vector w ith  covariance R „= E [u u f f ]. The coloration could be due to  the in terfer­

ence from  other users in  the system, the pulse shaping filte r or as we w ill see in  la ter 

chapters im perfect autocorrelation property o f the spreading code. For such a system, 

the m axim um  like lihood detector for Sk has the weight vector,

w  =  R u_1h, (2.11)

i f  h  is given, i.e. the channel is known at the receiver [2], We can check the o p tim a lity  

of the weights using a basic example. The p robab ility  density function  (pd f) of the 

vector u  can be w ritte n  as:

=  T ip  i e x p ( -u HR u“ 1u ), (2.12)
7T |Ru|

which is equal to:
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p {y  -  hfifc) =  * e x p ( - ( y  -  h s fc)HR u ^ y - h s * ) ) ,  (2.13)
7r |±v.u|

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

P (y |h ,sk) =  ", e x p ( - ( y  -  h s fc)f fR u_1(y  -  h s fc)). (2.14)
7r |xi,u|

I f  the symbol values for sk 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  o f the above equation,

ln p (y |h , Sk) =  In( * ) -  ( (y  -  h s fc) / /R u“ 1(y  -  hs fc)). (2.15)
7T |±VU|

M axim iz ing  (2.14) is equal to m axim izing (2.15), since logarithm  is a m onotonica lly 

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

- ( ( y  -  hs fc)f fR u_1(y  -  hsk)), (2.16)

which is equal to

23fJ(sfchHR u-1y ) -  y HR u_1y  -  |sfc|2h HR u_1h. (2.17)

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

schemes. Therefore a decision sta tis tic  for those modulations is equal to:

A (sk) =  SR(sfch HR u- 1y )  =  3e (4 (R u_1h )Hy )  =  K(SfeWHy ) (2 .18 )
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Furtherm ore, i f  gray-coded QPSK m odulation is used, the hard decisions o f in-phase 

and quadrature b its are obtained v ia  sgn(3?(wf fy ) )  and sgn (A (w / fy )) . A c tu a lly  th is  

com bining scheme is well-known and used in  antenna arrays to  detect the symbols [11] 

and in  linear M M SE equalizers [12], We specified the combining scheme above, however 

we d id  not specify how to  set the delays of the correlator. For th is purpose we require 

the signal to  noise ra tio  (SNR)  a t the ou tpu t of the combiner. Assuming u n it energy 

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

S N R  =  E
w Hh h Kw w f,hhffw

w ffR uw (2.19)

In  the above equation, since w  and h vectors are constant, the expectation operation 

is done on ly on u vectors. I f  the weights of the G -R A K E  are pu t in  the equation, we 

obta in

S N R  -  h *(R u- ‘)»R „R u- h  ' (2'20)

which is equal to

hff(Ru- 1)ffhhffR lT 1h l f f n . ,
S N R =  h « ( i r 1 ) " h  ~  " h  h - <2 ' 2 1 >

Therefore i f  L  R A K E  fingers are available, the G -R A K E  chooses L  paths which m axi­

mize the S N R  [2]. The chosen paths do not necessarily correspond to  paths w ith  energy. 

They could as well be the paths w ith  zero channel gain. Basically, paths chosen w ith  

zero gains are used for interference suppression, and the rest o f the paths are for energy 

collection. The performance depends on choosing the optim um  combination. We w ill 

show how the conventional R A K E  and the G -R A K E  work w ith  a simple example.
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2.3 .1  E xam ple: T he C onventional R A K E  and th e  G -R A K E  

W eights in a M u ltip a th  C hannel

For th is  example, we have the channel shown in  Figure 2.4. I t  is a two pa th  channel 

w ith  one strong and one weak path  gain. The dura tion  between the paths is a rb itra ry  

since G -R A K E  is a continuous tim e receiver. We select real pa th  gains to  ease the 

dem onstration. 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 o f the 

G -R A K E  weighting. T h a t finger location can be considered as a path  w ith  zero gain.

For the G -R A K E  performance demonstration, we need the correlation coefficients be­

tween the noise plus interference values o f the paths. They are shown in  Figure 2.4 

w ith  arrows. Assuming the noise plus interference has u n it energy at each finger, the 

diagonal elements o f the m a trix  R u (variance of the elements u ) w ill be 1. In  Figure 

2.4, the noise plus interference values o f the zero path and the strong path  have the 

corre lation of 0.5, therefore the second element of the firs t row and firs t element o f the 

second row o f R u should be 0.5. Using the other values in  Figure 2.4, we can w rite  R u 

as,

' l 0.5 0.1

Ru = 0.5 1 0.2

0.1 0.2 1

Let us find  the S N R  values for the conventional R A K E  and the G -R A K E  receivers 

w ith  2 fingers. For the optim um  performance of the conventional R A K E  receiver, the 

weight vector is equal to  iu = [ l  0.5]. The S N R  of the conventional R A K E  is therefore,
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a) Path gains of the channel.

0.5

b) The energies of the noise plus interference 
samples and the correlation coefficients 
between them.

0.2

0.1

Figure 2.4: A  simple channel model w ith  real gains and colored noise plus in terfer­
ence. The correlation coefficients between noise plus interference values are shown w ith  
arrows.

[1 0.5]

S N R  =

[1 0.5]

' 1 0.5 ' 1 '

0.5 0.25 0.5
' 1 0.2 ' 1

0.2 1 0.5 _

=  1.0775 -> 0.324dB (2.23)
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The weight vector of the G -R A K E  receiver matched to  the same paths w ill be

w  =  R u : h

-\ - a consequence and using the equation (2.21), the S N R  is equal to

■ 1 0 .2 ' - l ‘ 1 ' '0 .9375'

0.2 1 0.5 0.3125
(2.24)

S N R  =  h.l i R a~1h =  [1 0.5]
' 1 0 .2 ' - l ' 1

0.2 1 . 0.5
=  1.0937 -»  0.389dB. (2.25)

For the G -R A K E , another option  is choosing the strong path  and the zero path. In  

th is  case, the weights are

w  =  R u xh  =

and the S N R  ra tio  is,

' 1 0.5' - l 'O ' '-0 .6 6 6 7 '

0.5 1 1_ 1.3333
(2.26)

S N R  =  1.3335 1.25dB (2.27)

For the G -R A K E  receiver, we increase the S N R  around 0.85dB by choosing the R A K E  

finger containing a zero path  instead o f a nonzero path. For the above example, in te r­

ference suppression is more im portan t than collecting energy from  a weak path. Even 

i f  we had a th ird  finger, the S N R  o f the conventional R A K E  receiver is the same, bu t 

for the G -R A K E  we w ill have the weights

' 1 0.5 0.1'
- l ' 0 " '-0 .6 6 6 7 '

w  =  R u xh  = 0.5 1 0.2 1 = 1.2708

0.1 0.2 1 0.5 _ 0.3125
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■ ■ -  ■ conv RAKE 
-a—  G-RAKE last two paths 
h —  G-RAKE first two paths 
•<;> G-RAKE all paths

cc
z
C/3
3
Q.
3o

0.1 0.2 0.40.3 0.5 0.6 0.7 0.8 0.9
Correlation coefficient between the zero path and the strong path

Figure 2.5: O u tpu t S N R  values o f the conventional R A K E  and the G -R A K E  receivers 
a t d ifferent correlation coefficient values between the zero path  and the strong path.

and the SNR,

S N R  =  1.4256 -*■ 1.54dB. (2.29)

In  th is case, the S N R  is the m aximum  and i t  is 1.2 dB higher than  the conventional 

R A K E  receiver. In  Figure 2.5, we present the effect of the correlation to  the ou tpu t 

SNR, by changing the correlation coefficient between the zero pa th  and the strong 

path. A fte r 0.3 correlation, the performance of the G -R A K E  matched to  the firs t two 

paths exceeds the performance o f the G -R A K E  matched to  the last two paths. I f  the 

corre lation coefficient is equal to 0.7, the gain o f the 3 finger G -R A K E  receiver is around
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2.5 dB  w ith  re sp ec t to  conven tional R A K E  receiver.

Another numerical example can be given from  our simulations. The a rb itra ry  chan­

nel coefficient vector h  is from  a sim ulation, in  which there are 5 ha lf chip spaced 

R A K E  fingers and the channel has the rms delay spread value equal to  0.25 of the chip 

duration.

'-0 .4 5 4  +  0.384?'

-0 .407  +  0.560? 

h =  0.188 +  0.241? , (2.30)

0.550 -  0.085?

0.274 -  0.021?

Includ ing the effect o f the pulse shaping w ith  root raised cosine filte r w ith  ro ll off 

factor a  =  0.22, the delay spread o f the channel observed by the receiver is given in  

Figure 2.6.

In  the next chapters we w ill explain the sim ulation parameters in  detail. For th is  

section we need only the given channel vector h  and the m a trix  R u during th a t simu­

la tion , which is equal to,

R u

0.11 0.05 0 -0 .0 2 0

0.05 0.11 0.05 0 -0 .0 2

0 0.05 0.11 0.05 0

-0 .02 0 0.05 0.11 0.05

0 -0 .0 2 0 0.05 0.11

(2.31)

The instantaneous S N R  o f the conventional R A K E  receiver for the above values w ill 

be equal to  7.27 dB, whereas the G -R A K E  w ill have an S N R  o f 7.86dB. I f  we had a 

6 finger G -R A K E  we would have an S N R  equal to  8.03 dB and an 8 finger G -R A K E  

would have 8.05 dB SNR.
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0.9

0.8

0.7

0.6

cd
|  0.5 
a.

0.4

0.3

0.2

■2 -1.5 -0.5 0 0.5 1.5 2
Tc

Figure 2.6: The observed power delay profile of the channel w ith  rms delay spread value 
0.25TC includ ing the effect of roo t raised cosine pulse shaping filte r w ith  ro llo ff factor 
equal to  0.22.

2.4 Conventional D iscrete-T im e R A K E R eceiver

Before the D -D TR , we w ill explain the conventional discrete-time R A K E  (C -D TR ) 

receiver o f [7]. We stated th a t the conventional R A K E  receiver assumes th a t the channel 

has specular paths. However i f  the paths arrive in  a short period of tim e (less than  the 

chip period), we observe diffuse channels and i t  is hard to  d istinguish the paths. The 

C - D T R  solves th is  p ro b le m  b y sa m p lin g  th e  received  s ignal r ( i )  a t  tw ic e  th e  ch ip  ra te  

and processing the sampled version. The D T R  can be seen as a conventional R A K E
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receiver w ith  L  fingers, whose Zth finger has the delay element d0 +  I T J 2. Here d0 is 

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

the C -D TR .

Data Spreading

Sk.i h(r) " 0 "

«(i)

Finger
Delays Despreading weights

r(i)

f
do+%!2

d^(L-\)% !2

o U t)

w,

w I-1

Transmitter Diffuse Noise plus 
Multipath Interference 
Channel

RAKE Receiver

Figure 2.7: Equivalent system model o f the C -D T R  system.

Since the finger locations are set, the R A K E  receiver does not need to  locate every 

single pa th  one by one bu t to  set only the firs t delay element. The price paid by 

the C -D T R  is increased sensitiv ity to  channel estim ation errors. We can expla in th is 

sensitiv ity  w ith  the sampled version o f the simple channel used in  the previous example 

as shown in  Figure 2.8. Assume th a t the C -D T R  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 a ll the gains are estimated, 

the estimations of the zero channel gains w ill be due to  only noise and thus w ill degrade 

the performance o f the overall system. I f  perfect channel state in fo rm ation  is available
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then the weights o f the C -D TR  w ill be equal to  the conventional R A K E  receiver, i.e. 

the channel gains o f the paths.

0.5

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

2.5 D ecorrelating D iscrete-T im e R A K E Receiver

To improve the performance o f the C -D TR , Siala proposed the D -D TR . B u t the way 

to  obta in  the combining weights in  the D -D T R  is also applicable to  the conventional 

continuous tim e R A K E  receiver w ith  channel estim ation errors.

In  (2.10), the D -D T R  assumes th a t u  is made up of zero mean complex w hite  

gaussian noise samples w ith  variance E 2 =  2N 0/T c, where N0 is the power spectral 

density o f the complex noise before sampling. The D -D TR , unlike other receivers we 

mentioned, takes in to  consideration th a t only an estimate h  o f the channel vector is 

available, such tha t

h  =  h  +  e (2.32)

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

assume in  th is  work th a t h  is estimated w ith  Np p ilo t symbols and the estimated
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channel vector is equal to:

t' i' 711= U

where Ep is the energy of p ilo t symbols, y m is the received vector o f the m th  p ilo t 

sym bol and sm’s are the p ilo t symbols. We w ill trea t separately the y  and h  vectors to

(2.33)

form  the decision s ta tis tic  2 . Such an approach is helpful to  understand the idea behind 

the D -D T R . The D -D T R  starts by decorrelating the channel gains in  the received vector 

y , using the eigenvectors o f the channel covariance m a trix  R h = E [h h 7/] such tha t,

where U  is the m a trix  consisting o f the eigenvectors of Rh- Decorrelating is applied to 

h  as well, since h contains the correlated channel gains. As the th ird  step, the weights 

m a trix  W ,  a diagonal m a trix  w ith  the 1th diagonal entry being the weighting factor wi, 

is computed. I f  the data and p ilo t symbols have the energy E s, then wt is equal to

where a2= E 2/ (NPE S) and R  is the eigenvalue corresponding to  the Rh eigenvector of 

Rh- In  [4], i t  is shown th a t the above weights are optim um  under the assumptions of 

the D -D T R . In  the last step, the D -D T R  obtains the decision sta tis tic  2 by,

In  the previous sections, we had a weight vector w  to  combine the elements o f y  for 

bo th  the conventional R A K E  and the G -R A K E , so th a t 2 =  w Hy. For the D -D TR , 

we can obta in  such a vector by m anipulating the equations (2.34) and (2.36) and i t  is

(2.34)

2 =  (U f l h )HW y . (2.36)
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equal to:

w  =  U W U ^ h .  (2.37)

The core o f the weight vector is the m a trix  W . Let us focus on the behavior o f W  at 

d ifferent values of Np and Tt. F irs t, we set Np to  in fin ity , to  see the weights at perfect 

channel state in form ation. From (2.35), W  becomes iden tity  m a trix  and since U  is 

inverse o f its  herm itian  transpose, w  becomes

w  =  U W U f fh  =  h  =  h, (2.38)

which is equal to  the weights o f the conventional R A K E  receiver. Now assuming N p

is given and we focus on T;. For small values o f F;. the values o f wt are close to  zero,

whereas for large values o f Ti, the values o f wi are close to  1 /(1  +  (1 /N p)). Therefore 

we can conclude, the weak gains in  the decorrelated channel are attenuated more than 

the strong gains. To maxim ize the recovered energy from  the channel, the D -D T R  sets 

the delays so th a t h Hw /7y  is maxim ized [4], However since finger positioning is done 

usually per frame, instead h ^ w ^ h  can be used. In  the next subsection, we w ill give a 

numerical example on the weights o f the D -D T R  receiver.

2.5 .1  E xam ple: T h e D -D T R  W eights in a M u ltip a th  C hannel

In  the previous section, we gave a two path  channel w ith  one strong and one weak path 

gain in  Figure 2.4 and its sampled version in  Figure 2.8. We decided to  use the firs t 

version o f the channel in  th is  example, since the D -D T R  weights are applicable in  the 

conventional R A K E  receivers too. Assume th a t the channel vector has the covariance 

m atrix :
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R h = E[hhH1

' 0  0 O '

0 1 0 .  (2.39)

.0 0 0.25 _

Rh shows th a t 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 th a t we use 4 p ilo t symbols to  estimate the channel, then the weights o f the 

D -D T R  is equal to:

(2.40)

O ur comments regarding the weights are verified w ith  the above example. The zero 

path  w ill get zero weight, whatever the estimated value is and the estimated value for 

the weak pa th  is attenuated more than  the strong path. In  the next section, we w ill 

in troduce the Generalized Decorrelating R A K E  Receiver.

'0 0 0 ■

W =  W h = 0 1

1 + 'i
0

0 0 1
!+? ■

2.6 G eneralized D ecorrelating R AK E R eceiver

In  the section o f the conventional R A K E  receiver we made the assumptions tha t:

1. The noise plus interference is not correlated.

2. The channel gains are known at the receiver.

B o th  o f these assumptions are not valid in  many realistic scenarios. As mentioned, 

interference could be correlated and pulse shaping correlates bo th  the noise and in te r­

ference. Therefore the va lid ity  of the firs t assumption is damaged. Due to  the change 

o f the channel gains in  tim e and lim ited  number of p ilo t symbols, only an estimate of
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the channel gain is available at the receiver. The G D -R A K E  is designed to  operate in  

m u ltip a th  channels w ith  colored noise and estimated channel coefficients.

The structure  o f the G D -R A K E  is the same o f the conventional R A K E  receiver which 

is shown in  Figure 2.3. In  conventional R A K E  receiver, we had the y  vector o f R A K E  

finger outputs as

y  =  hsfc +  u, (2.41)

For the G D -R A K E , we assume th a t u, the vector o f noise plus interference, has the 

covariance R u like the G -R AKE. The assumptions about h are the same assumptions 

made in  the D -D T R  part: the channel vector h has the covariance R h, and only the 

estimate o f h, i.e. h, is available at the receiver. To explain the G D -R A K E , we treat 

y  and h separately, bu t at the end of the section, we w ill combine the processes and 

obta in  one weight vector w .

The G D -R A K E  firs t decorrelates the colored noise u  in  y  by using the eigenvectors and 

eigenvalues o f the R u_1 such tha t,

y ' =  AQHy  =  AQH(hsk +  u), (2.42)

where A  is the diagonal m a trix  o f the square roots o f the eigenvalues o f R u x and Q 

is the eigenvector m a trix  o f R u_1- On the other hand, h is m u ltip lied  w ith  the same 

decorrelating m a trix  such tha t,

h' =  AnHh. (2.43)

T h e  d e c o rre la tin g  o f noise changes th e  co variance m a tr ix  R .h to  R / h as w e ll,
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R 'h  =  A f r  R hQA. (2.44)

A t th is  po in t the system has white  gaussian noise samples w ith  u n it energy ( jV o = l),

since we used the eigenvalues of the R u-1 in  the noise decorrelating process. A d d itio n ­

ally, the channel vector has the new covariance m a trix  R 'h . Since the above s itua tion  

matches the assumptions of the D -D TR , th a t method can be applied directly.

2  = ( U 'h 'f w u y ,  (2.45)

where U ' consists o f the eigenvectors o f R 'h  and W ' is a diagonal m a trix  w ith  the Zth 

diagonal entry being the weighting factor w[, which is equal to

(2.46)
1 +  i v ^ 1 +  r [ i j )

where TJ is the Zth eigenvalue o f R 'h- Again the whole process can be w r itte n  in  the 

form  o f 2  =  w Hy , where the weight vector w  is equal to

w  =  O A U 'W 'U '^ A Q ^ h  (2.47)

The G D -R A K E  chooses the delays so th a t w f fw  is maximized, due to  the decorrelation 

o f the noise, we need only to  focus the energy recovered from  the channel. To check 

the va lid ity  o f the G D -R A K E  approach, we set Np =  oo to  find  the weights of the 

G D -R A K E  w ith  perfect channel state in form ation. In  th is case, the weight vector o f 

the G D -R A K E  should be equal to  the weight vector o f the G -R A K E . From (2.46) W ' 

and therefore U 'W 'U 'ff becomes the iden tity  m a trix  i f  Np =  oo. Remaining f !A 2Q7/ is 

equal to  R u_1 by defin ition. Since the channel estim ation error becomes 0, h  is equal 

to  h. As a result, the weight vector is equal to:
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w  =  R u xh, (2.48)

which is the weight vector o f the G -R A K E , so our method is valid for no channel 

estim ation error case. In  th is  section we w ill ob ta in  the theoretical performance o f the 

G D -R A K E  for QPSK m odulation as well. We s ta rt by m odify ing (2.45) so tha t,

-z =  (h  +  e)HW 'h s k +  u, (2.49)

where h  and e are the channel and estim ation error parts in  (U 'h ')  respectively and u  

is s t il l a whitened noise plus interference vector w ith  u n it variance. Let the complex

baseband symbols o f QPSK be yjEa/ 2(±1  ±  j ) ,  assuming th a t \ j E sj 2(1 +  j )  is sent, 

the p robab ility  of error o f the inphase component can be w ritte n  as:

Pe =  p (V/^ 5 R {(h  +  e ) * W '( h ( l  +  j ) y f E j 2  +  u } )  <  0) (2.50)

The scalar product in  the above expression can be w ritte n  as a sum m ation such tha t,

[(h  +  e ) * W '( h ( l  +  j ) ^ E j 2  +  u ) l =  £  (2.51)
L J 1=0

where

X/ =  ^ \hi\2 +  +  hlu i)  +  § $ ( e ? / , ( l  +  j ) +

e j i* {  1 -  j ) )  +  +  etu^), for 1=  0 ,1 ,..., L  -  1
(2.52)

The variables hi, ui and e; are independent zero-mean complex Gaussian random  vari­

ables w ith  variances TJ, 1 and 1 / (N PES), respectively. I f  we perform  variable changes
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h, = (2.53)

and

ei =  et/  \JKpE s, (2.54)

where e; and hi are Gaussian random variables w ith  u n it variances, we can w rite  the 

random  variable 2Xi/w'i in  a quadratic form , using the H erm itian  m a trix

K* =  r)i

1

i +.i
2 yj NpVl 

1
Vvi

-LzL
2  V  Npm 

0 

i

where

i
•fni

i

0

(2.55)

Vi =  E sT'f (2.56)

Tw o eigenvalues of K/, which are not equal to  zero, are

=  -7 = f  1 ±  , / l  +  2 ( -  +  - J -  +  —!- j '  
V2 V V hi Npr]i Npr] f '

(2.57)

Assuming a ll the eigenvalues are d is tinc t (re* for 1=0,.., L  — 1) and a ll nl are negative 

and a ll re* are positive, we can w rite  the p robab ility  of error as [4]

L —l  L —1

p . = E n
^ 0 ™=owiKi

In  Chapter 4 we w ill compare the theoretical performance w ith  the sim ulation re­

sults. Before concluding th is  chapter, we illus tra te  how to  compute the weights of 

G D -R A K E  receiver.

L- 1n w'l^l (2.58)

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



M ultipath Wireless Channels and R A K E  Reception M ethods 31

2.6 .1  E xam ple: T h e G D -R A K E  W eights in a M u ltip a th  C han­

nel

For the example the same two path  channel w ith  one strong and one weak pa th  gain 

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

(2.59)

' 1 0.5 0.1

R u =  0.5 1 0.2

0.1 0.2 1

The channel vector has the covariance m atrix :

' 0  0 O '

R h =  0 1 0 (2.60)

.0 0 0.25 _

To find  the weights m a trix  o f the G D -R A K E , we should obta in  the R 'h , which is equal 

to
0.3112 -0.01086 -0 .5424

-0.01086 0.2502 -0 .1982 . (2.61)

-0 .5424 -0 .1982 1.074

We assume, th a t 4 p ilo t symbols are used to  estimate the channel. Using the eigenvalues 

o f the R 'h , i.e. (TJ) and (2.46), we can obta in  the diagonal weight m a trix  W '.

"0.6990 0 0

W ' =  0 0 0

0 0 0.4450

Then the weights o f the G D -R A K E  are equal to:

(2.62)

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



M ultipath Wireless Channels and R A K E  Reception M ethods 32

w =  QAU'W 'U'^Af^h

0.2291 -0 .4645 0.0311

-0.4645 0.9606 -0 .1573

0.0311 -0 .1573 0.4755

h (2.63)

To make a comparison, we compute R u , which is used by the G -R A K E ,

R iT 1 =

1.3333 -0 .6666 0

-0.6666 1.375 -0 .2083

0 -0 .2083 1.0417

(2.64)

Com paring the last coefficient o f the matrices above, shows the difference between the 

G D -R A K E  and the G -R A K E . T ha t coefficient corresponds to  the con tribu tion  of the 

weak pa th  to  the weight coefficient o f itself. The G D -R A K E  have the value 0.4755 

whereas the G -R A K E  has 1.0417. The reason is th a t the G D -R A K E  tries to  attenuate 

the con tribu tion  of weak paths, since they are more vulnerable to  channel estim ation 

errors.

2.7 Chapter Summary

In  th is  chapter, we have introduced the G D -R A K E  receiver and explained the G- 

R A K E  and the D -D T R  receivers. W hile  the G -R A K E  receiver improves the system 

performance by using the coloration in  the noise plus interference vectors, the D -D T R  

increases the robustness to  channel estim ation errors and G D -R A K E  combines the ad­

vantages to  those receivers. The price for those improvements is increased com plexity 

and the requirement o f the channel statistics and /or the noise plus interference statis­

tics. Beside giving weight examples for every receiver type, we have form ulated raw b it 

error rate p robab ility  for the G D -R A K E  receiver, i f  QPSK m odula tion  is used. Next
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chapter focuses on how to  estimate those statistics.
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Chapter 3 

Estim ation of the Channel and 

N oise Statistics

In  the previous chapter, we explained how to  construct the weights for the D -D T R  and 

G D -R A K E  receiver. D uring the calculation o f the weights, we assumed th a t the channel 

and noise plus interference covariance matrices (R h and R u) are known. However, in  

real life  situations those matrices should be estimated from  the incom ing signals. In  

th is  chapter, we concentrate on th is  problem, s ta rting  w ith  the estim ation o f R h  for 

D -D TR .

3.1 E stim ation of the Channel Statistics for D -D T R

For the optim um  weights of the D -D TR , we need to  estimate the noise variance and 

eigenvalues and eigenvectors o f the channel covariance m a trix  Rh- In  [4], Siala de­

rived the m axim um  like lihood estimate for R h for the case o f R U= E 2I  and assumed 

th a t  K a rh u n e n -L o e v e  tra n s fo rm  is ta k e n  to  fo rm  th e  eigenvalues an d  eigenvectors . In  

the previous chapters we assumed th a t for every channel realization we have N p p ilo t

34
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symbols and therefore N p correlator ou tpu t vectors (y n). I f  the correlator outputs and 

the channel estimate vectors for M  channel realizations (tim e slots) are available, the 

D -D T R  estimates E 2 and R h by using the equations:

j  m -  1 / n p-  1 \

^  =  (.Np -  1 )L M  2 , [  -  NPEP ^ m j  (3.1)

i  M - 1 v 2

^ h=: M ^  “  W W 1 3̂'2̂1V1 m=0 J VP-L /P

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

of R h  and E 2, such th a t

£ f Np- X \
z 2m =  ( i -  ijj;;.,-, + _ 1)L I y  y"„y   -  I (3.3)

R f  =  (1 -  s ) * ; - 1 +  £ (hmh j  -  j | h l )  (3.4)

where R h is the estimate for the m th  tim e slot. Siala used the above update a lgorithm  

in  [4], In  our simulations, we w ill call th is a lgorithm  as the K L T  algorithm , since 

the a lgorithm  we w ill present next does not require the K LT . In  [13], Champagne 

presented three algorithm s to  estimate the eigenvalues and eigenvectors of a covariance 

m a trix . In  lite ra tu re  there exist more advanced versions o f these algorithm s (e.g [14],

[15], [16]). However, our simulations indicate th a t the th ird  and simplest a lgorithm  

of [13] is efficient enough to  track bo th  eigenvalues and eigenvectors. In  [16], W illin k , 

while extending the a lgorithm  to  track bo th  le ft and righ t eigenvectors, s im plified the 

notation . We w ill fo llow  W ill in k ’s nota tion  to  explain the a lgorithm . I t  starts w ith  the 

update equation in  terms o f the eigenvalues and eigenvectors of Rh,
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U mf roU "  =  (1 -  +  e (hmh £  -  - ^ 1 ) .  (3.5)
iVplLip

In  the above equation U m and r m denote the matrices consisting o f the eigenvectors and 

eigenvalues o f R ^' respectively. Updated can be w ritte n  as a firs t order pe rtu rba tion  

such tha t,

R h =  R r 1 +  E  (3.6)

where,

E ^ s ^ h ^ - ^ I - R ™ - 1). (3.7)

A nother way to  w rite  the pertu rba tion  equation is

Rh =  U m_ ! ( f  m_ ! .+ B ) U ^ _ 1 (3.8)

where B  =  U ^ _ 1E U m_ i, i.e. from  (3.7),

B  =  e ( V g _ 1h m h % V m- 1 -  j ^ - L  -  r m_ i). (3 .9 )

Denoting the i th  column of U m_ i by the ( i , j ) t h  element of B  is given by

bi,j ~  (3.10)

Using m a tr ix  pertu rba tion  theory, the eigenvalues of the perturbed m a trix  R£* can be 

approxim ated by

fm , i  ~  F m _ h i +  bij, (3 -1 1 )
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Using the de fin ition  o f b ij, we can w rite  the update equation as

E 2
r m ,i =  (1 -  +  X i X *  -  £———, (3.12)

Tvphjp

where x ?; =  This ends the eigenvalue update pa rt o f the a lgorithm . The

m ain equation to  update the eigenvectors is

U m =  U m_ i( I  +  A ) ,  (3.13)

where A  is the update m atrix . Since U m- i  is unitary, up to  a firs t order approxim ation

A  +  A h  =  0 (3.14)

The (i, j ) t h  element o f A  is aitj  =  for i  ^  j  and ai;i =  0. W illin k  showed in

[16] th a t a j j  can be approxim ated by

=  ^  i < 3  (3.15)
m —1 ,2 m —l,i

and a ^ i = — a*,j from  3.14. Using the defin ition  of x (i)  and the above approxim ation of 

we can w rite  the update equation for the *th  eigenvector as,

E  i 3 v  ̂ i 3 /n i £?\p h m - l , j  /  , p h m —l,j  (3 .16)
j= i+ l  m-l,i j =i t m - l j

For an efficient update a lgorithm  W illin k  introduced two vectors p , and q ; w ith  the 

fo llow ing relationships

L
p 0 =  5Z X j/im -i j  =  x /e h ^  (3.17)

1=1
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Pi 'y Kjhrn—lij P i—1 1,1 1 — 1; ---j L  (3.18)
j = i+1

and q i =  0,

Qi+1 ^   ̂ p  Mm—1 j  Qj 4" p  Mm—1,* 1 — 1, ..., L  1 (3 .19)
j  = 1 m—l,i J- m —l,i

Using the definitions o f p 2 and q, the update a lgorithm  can be w ritte n  as

Mm,i Mm—l,i T  Xj ( Qi) (3.20)
L m,i

Follow ing the update, the eigenvectors are normalized. The whole a lgorithm  is shown 

in  Table 3.1.

Table 3.1: The eigenvector and eigenvalue update algorith m  for D -D TR . 
In itia liza tion
h ;n
P =  hm
q  — o
% =  l
Recursion 

x i =  Mm—l,t
P =  P Xj/Xm_i
Mm =  Mm—1 T  (p /T m- i, i  q)
q  =  q  +  (X j/T m _ 1

r 'm .i ( 1  ^ ) ^ m - l , i  T  X jX j  £

Mm =  Mm/yM^Mm 
i  =  i  +  1

In  our simulations we w ill call th is a lgorithm  as the update a lgorithm , since i t  

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

K L T . "Coming section expands bo th  K L T  and update algorithm s to  the G D -D T R  case 

by inc lud ing the estim ation of R u.
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3.2 E stim ation of the Channel and N oise S tatistics  

for G D -R A K E

For the optim um  weights of the G D -R A K E , we should estimate the covariance matrices 

R h  and R u . As mentioned in  the previous section, in  [4] Siala derived the M L  estimate 

fo r R h and R u assuming th a t R U= E 2I ,  where I  is the id e n tity  m a trix . We extend 

below the above estimations for any a rb itra ry  R u,

■p   /C m = 0  0 (y n ,m  ^ n ,ro R t ,m ) ( y n ,m ^n,m,h.niTO) ^  . .

(Np - 1 )M  ( >

1 M- X .  „ 1 .

R h =  M  J J 0 hm h™ “  A ^ Ru (3 '22)

I f  a fo rge tting  factor e is used to  update the estimated R u and Rh, the equations w ill 

have the form:

TJiri ! 1 ~ \TD m -l i £ S n = 0 (y n,m sn,m hn>m) ( y n mR u = ( l - e ) R u + ---------------------------------------Y)---------------------------- (3.23)

R £  =  (1 -  1 +  s (h roh "  -  ^ p r l C )  (3-24)

where R™ and R ^1 are the estimates for the m th  tim e slot. The K L T  a lgorithm  finds 

the eigenvector and eigenvalues of those matrices .

The update a lgorithm  for G D -R A K E  starts by the update equation in  terms o f the 

eigenvalues and eigenvectors of R u,

1
ClmNmClm =  (1 — e)f2m_ iA m_ i f im_1 +  e . _  i \ (3.25)

V i v P l ) n-0
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In  the above equation Clm and A m denote the matrices consisting o f the eigenvectors 

and eigenvalues of R™ respectively. The vector u n,m is equal to

f^n,m Yn,m  £ro,mhn,m* (3.26)

A t th is  po in t, we are at the equivalent state of (3.5) and the update a lgorithm  explained 

in  the previous section is applied firs t to  update Clm and A m. Then, we need to  use 

the eigenvectors T  and square roo t o f eigenvalues T  o f R u ” 1, which is necessary for the 

G D -R A K E  algorithm . From the m a trix  theory,

H =  4/, (3.27)

and

A -1 =  X T . (3.28)

Using above equations we obtain

h ' =  m H h .  (3.29)

The eigenvalues T  and eigenvectors U  of the covariance m a trix  R 'h =  E [h 'h 'H] 

should be updated as well. For th is  purpose the a lgorithm  is repeated w ith  the para­

meters h ', r  and U . Then the weights can be computed and the system can obta in  the 

decision variable. According to  [16] the update a lgorithm  has the com plexity o f order 

0 ( L 2), since K L T  transforms for the matrices, whose com plexity is in  the order o f 18L3 

to  30L 3, i f  Jacobi transform ations is used according to  [17]. The update a lgorithm  has 

an com plexity advantage.
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3.3 Chapter Summary

In  th is  chapter, we extended the update a lgorithm  of Siala for the channel statistics 

o f D -D T R  to  the update a lgorithm  of channel and noise statistics o f the G D -R A K E . 

Siala’s a lgorithm  requires K L T  transform  to  form  the weights. We introduced another 

update scheme, which d irec tly  updates the eigenvectors and eigenvalues, which has a 

com plexity advantage.
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Chapter 4

Simulation Results

4.1 Introduction

In  th is chapter we w ill present the performances of the systems introduced in  the previ­

ous chapters in  a simple D S-C D M A system. Siala [4] obtained the performance o f the 

D -D T R  in  a D S -C D M A  system based on a diffuse channel model w ith  the assumptions:

1. The channel is a quasi sta tic diffuse m u ltipa th  Rayleigh fading channel. The 

channel impulse response changes independently from  one realization to  another, 

bu t the m u ltipa th  in tensity  profile o f the channel does not change.

2. The m u ltip a th  in tensity  profile of the channel ^ ( t )  is exponentia lly decaying 

w ith  the rms delay spread Tm such tha t

3. T ransm it shaping f ilte r is the square root raised cosine filte r w ith  the ro llo ff factor

(4.1)

w h e re  0 ) is th e  average ch an n el pow er.

42
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a  — 0.22 w ith  the impulse response g (r).

The assumptions about the received signal were:

1. The received signal is firs t filtered by an antialiasing filte r and then sampled at 

a rate o f Tc/2  i.e. a t twice the chip rate. Due to  the sampling, we w ill have a 

discrete-time version o f the G D -R A K E  and therefore we changed its  acronym to  

G D -D TR .

2. The vector h  at the inpu t o f the R A K E  receiver denotes the to ta l effect o f the 

channel and transm it shaping filte r.

3. The elements of R h (i.e covariance m a trix  o f h ) are found by

/ OO

0 h ( r ) g ( d x -  t ) g * (d y -  r ) d r , (4.2)
-O O

where dx and dy are the delays o f the fingers I — x  and I — y.

4. The spreading sequences assumed to  have perfect correlation properties.

5. The noise is assumed to  be AW G N w ith  variance Y? — 2N a/T c, due to  samp lin g , 

where N 0 is the power spectral density o f the complex noise and there are no 

intereference present in  the system.

We use a ll the above assumptions o f [4], except the last one. In  our system, noise 

plus interference are accounted for. The noise plus interference vector uk have the 

covariance m a trix  R „ .  In  our system, the (x, y ) th  element o f the R u which corresponds 

to  the covariance between the interference values o f the correlators w ith  discrete delays 

dx and dy can be approximated as:

/ OO

g ( d x - T ) g * ( d y - T ) d T ,  (4.3)
-O O
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where E i and 6X>J denote the power spectral density o f the interference and the K ro - 

necker delta function, respectively. The number o f interferers and the effectiveness o f 

the power control could affect the values o f E j.  The therm al noise contributes to  the 

covariance m a trix  w ith  T,2SXiV. In  our simulations, to  set the power o f the interference, 

we define a noise rise coefficient 77, which is equal to

V — {E i +  N 0) /N 0. (4.4)

The noise rise coefficient is also related to  the system load x  th rough x =  (tj — l) / r j .  

The system load shows the percentage of energy coming from  interference sources to  

the to ta l energy of noise plus interference in  the system [18]. I f  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 sim ulation results w ith  known channel 

and noise statistics.

4.2 Sim ulations w ith  Known Channel and N oise Sta­

tistics

To show the performance o f the G D -D TR , the firs t channel we simulated has the rms 

delay spread o f Tm=0.25Tc, which is observed in  UM TS channels in  [19] by Foo et al. 

Since we are going to  simulate channels w ith  Tm=0.5Tc and Tm=0.125Tc too, we are 

presenting a ll o f the delay profiles o f those channels in  F ig 4.1.

The number of correlators L  is equal to  9. Th is system collects %99 o f the average 

received energy according to  [4], We assumed tha t, the number o f data b its  N d and 

p ilo t symbols per channel realization Np are 36 and 4 respectively. Th is assumption is
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T = T /8m c
T = T /4  m c
T =T 12
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Tc

Figure 4.1: The observed power delay profiles o f the channels w ith  rms delay spread 
values 0.5Tc,0.25Tc and 0.125Tc including the effect o f root raised cosine pulse shaping 
filte r w ith  ro llo ff equal to  0 .2 2 .

taken from  UM TS specifications [20]. To simulate a h igh ly loaded system we set 77=  10. 

The reason behind working in  a heavily loaded system is th a t optim izations are m ainly 

sought to  increase the capacity for the  same maximum load. The results for the systems 

are shown in  Figure 4.2. In  our work, a ll performance curves from  top to  bottom  at 

the le ft edge follow the same order of the legend of the ir figure. As can be seen from  

Figure 4.2, the analytical and simulated performances o f G D -D TR  coincide and the 

gain of the G D -D TR  compared to  the C -D TR  is about 0.7 dB at a b it  error rate (BER) 

of 1 0 '2. Thus, employing the G -D TR  causes a performance loss, whereas the D -D T R
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Figure 4.2: BER  performances o f G -DTR, C -DTR, D -D T R  and G D -D TR , where L —9, 
Np=4, a —0.22, Tm=0.25Tc, T] — 10 and Es denotes the average received symbol energy. 
(The performance curves from  top to  bottom  follow the same order of the legend)

has almost 0.4 dB gain compared to  the C -D TR. For the rest of our work, we w ill not 

show the analytical performance results o f the G D -D TR  for the c la rity  of presentation. 

We choose 10~ 2 BER  for comparison because i t  is usually the target uncoded b it error

rate.

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

Tm=0.5Tc. Such an increase in  the delay spread increases the diversity order of the 

channel and therefore the performances of a ll the receivers (Figure 4.3) compared to 

the firs t simulation set (Figure 4.2). I f  we focus only on the results in  the second set, we
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Figure 4.3: BER  performances of G -DTR, C -DTR, D -D T R  and G D -D TR , where L= 9 , 
iVp= 4, Tm=0.5Tc.

observe th a t at a BER  of 10~ 2 the performances o f the C-DTR, the D -D T R  are almost 

the same, whereas the G D -D TR  has 0.4 dB gain compared to  the C -DTR. Another 

observation is th a t higher SNR’s improve the performance of the G -D TR  the most, 

such th a t at 27 dB the G -D TR  has the same performance of the C -D TR  and D -D TR .

The th ird  set of simulations shows the results for the delay spread value of the 

channel equal to  Tm=0.125Tc. This decrease in  the delay spread results in  poorer 

performances of a ll receivers compared to  the firs t and second sim ulation sets as seen in 

Figure 4.4, as expected. A dd itiona lly  the performance gap between the G D -D TR  and
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Figure 4.4: BER  performances o f G -DTR, C -DTR, D -D T R  and G D -D TR , where L = 9, 
Np= 4, Tm=0.125Tc.

C -D TR  widens such th a t at a BER o f 10- 2  the G D -D TR  has 0.9 dB gain compared to 

the C -DTR.

To study the effect of pulse shaping, we increased the ro ll o ff factor to  a=0.5 , while 

taking the Tm=0.25. As seen in  Figure 4.5, the gain of the G D -D TR  compared to  the 

C -D TR  increased w ith  respect to  Figure 4.2 and now is equal to  1 dB at a B E R  of 

10~2. The performance difference between the D -D T R  and the C -D TR  decrease. Such 

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

the ro llo ff factor decreases the correlation between the noise plus interference samples,
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D-DTR
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Figure 4.5: BER  performances o f (from  top to  bottom  at 18dB SNR, in  th a t order) 
G -DTR, C -D TR , D -D T R  and G D -D TR , where L = 9, Np= 4, a=0.5, Tm=0.25Tc.

i t  reduces the correlation o f the channel samples as well. The G -D TR  benefits from  

th is reduction and has better performance than the C -D TR  after 18.1 dB and at 27 dB 

the performance of the G -D TR  is equal to  the performance of the D -D TR .

The last set of sim ulation w ith  QPSK m odulation is designed to  show the effect o f the 

number of p ilo t symbols on the performance of different R A K E  reception methods. We 

use the simulation parameters o f the firs t simulation, i.e. L = 9, Tm=0.25Tc. The SNR of 

the system is set to  A a//V0=24dB. The number o f p ilo t symbols changes from  1 to  8 . As 

seen in  Figure 4.6, for a BER  o f 10~2, the G D -D TR  needs only 2 p ilo t symbols whereas
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Figure 4.6: BER  performances of G -DTR, C -DTR , D -D T R  and G D -D TR , where L —9, 
Tm=0.25Tc, Es/N 0= 24dB.

the D -D T R  and the C -D TR  require 3 and 4 p ilo t symbols, respectively. Another po in t 

is th a t the performance of the G -D TR  is worse than th a t C -D TR  even i f  8 p ilo t symbols 

per channel realization are utilized.

The last two simulations of th is section finds out the performance of the receivers 

in  higher order modulations. For the 8PSK m odulation scheme, we use gray coding 

and choose the simulation parameters o f the firs t simulation, i.e. L = 9, Tm=0.25Tc, 

Np =  4. The results can be seen in  Figure 4.7. The gain of the G D -D TR  compared to 

the C -D TR  is about 0.4 dB at a b it  error rate (BER) of 10~2. A t the same b it error rate
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Figure 4.7: BER  performances of (from  top to  bo ttom  at 22dB SNR, in  th a t order) 
G -DTR, C -D TR, D -D T R  and G D -D TR  w ith  8PSK modulation, where L = 9, 7Vp=4, 
a=0.22, Tm=0.25Tc.

bo th  the D -D T R  and the G -D TR  have gains around 0.1 dB compared to  the C-DTR. 

Compared to  QPSK results D -D T R  and G D -D TR  have less gain and G -D TR  has no 

loss bu t gain. To understand those results we should keep in  m ind, th a t to  achieve a 

specific BER, 8PSK requires more SNR than the QPSK and the p ilo t symbols in  our 

simulations have the same energy w ith  the data symbols. Therefore the qua lity  of the 

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

above results.

We finish th is section, w ith  the simulation o f 16QAM m odulation (Figure 4.8). The
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Figure 4.8: BER  performances of (from  top to  bottom  in  th a t order) G -DTR, C- 
D TR , D -D T R  and G D -D TR  w ith  16QAM m odulation, where L = 9 , Np=4, a=0.22, 
Tm=0.25Tc.

simulation parameters are unchanged. A t a BER  of 10-2 , we observe th a t the gain of 

the G D -D TR  compared to  the C -D TR  is about 0.5 dB. Unlike the 8PSK we observe a 

loss for G -D TR  and a 0.2 dB gain for D -D T R  compared to  the C -D TR , which could 

be explained w ith  the increase of the sensitiv ity to  channel estimation errors due to  the 

increase of the m odulation order.

The next section w ill be about the estimated channel and noise statistics.
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4.3 Sim ulations w ith E stim ated Channel and N oise  

Statistics

We sta rt our simulations w ith  the K L T  algorithm , in  which firs t the covariance matrices 

are estimated and then eigenvalues and eigenvectors are obtained by the use o f the K L T  

transform . A bou t the obtained eigenvalues, in  [4] a ll of them  are used to  set the weights. 

However our simulations show th a t due to  the nature o f the estim ation, the estimated 

covariance matrices could be ill-conditioned and have negative eigenvalues. Therefore 

setting the weights o f the negative eigenvalues equal to  0 , w ill improve the performance 

o f the D -D T R  and G D -D TR .

D uring  the simulations, we generate channel realizations 10ms/15 apart, since in  

U M T S /F D D  systems the p ilo t symbols are pu t in  tim e slots o f 10ms/15 duration. The 

channel has the Doppler spread corresponding to  a speed o f 120 k m /h  at a carrier 

frequency o f 2 GHz ( / d=222Hz). In  Figure 4.9, we present the performance o f the 

conventional discrete-time R A K E  receiver and the D -D T R  for the case o f uncorrelated 

noise, i.e noise rise coefficient is equal to  77=1. The sim ulation parameters are: the rms 

delay spread, which is equal to  Tm=0.25Tc, the number o f correlators, L = 9, and the 

S N R  E s/N 0= U d B .

The im portan t result o f the sim ulation is th a t i f  only positive eigenvalues are used, 

the performance of the D -D T R  is better than the C -D T R  at a ll e values up to  e = \. 

B u t i f  a ll eigenvalues (including the negative ones) are employed, the performance of 

the D -D T R  is worse than  the C -D TR  i f  e is larger than 0.04. A t e=0.1 we observe the 

worst performance o f the D -D TR . A fte r £=0.1 the performance improves and a t s—1 

i t  is almost equal to  the performance of the C -DTR.

In  Figure 4.10, we present the sim ulation results o f the G D -D TR . We set 77= 1 0 , to  

have m axim um  noise correlation for stable system operation. The rest o f the sim ulation
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Figure 4.9: The BER performances o f C -D TR , D -D T R  w ith  estimated statistics 
(K L T  algorithm ), D -D T R  w ith  estimated statistics employing only positive eigenvalues 
(K L T  algorithm ) and D -D T R  w ith  known statistics where E s/A r0=14dB, L = 9, Np= 4, 
Tm=0.25Tc.

parameters are the same w ith  the previous simulation, except for E s/No, which is equal 

to  23dB.

As seen in  Figure 4.10 there is a monotonic decrease in  the performance of the GD- 

D T R  w ith  positive eigenvalues w ith  the increase of e and after e=0.01 its  performance 

is worse than the C -DTR. However i f  a ll the eigenvalues are employed we observe a 

local maximum for the b it error rate at e = 0.01  and the global m aximum is at e = l.  

The reason behind the poor performance o f the G D -D TR  at large values o f e, is the
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Figure 4.10: BER  performances o f C -DTR, G D -D TR  w ith  estimated statistics (K L T  al­
gorithm ), G D -D TR  w ith  estimated statistics employing only positive eigenvalues (K LT  
algorithm ) and G D -D TR  w ith  known statistics, where L = 9, N p= 4, Tm~Q.25T(.

inaccurate estimation o f the R u, which affects the performance.

In  the last sim ulation w ith  the K L T  algorithm , we show the performance of the D- 

D TR , G D-DTR , G -D TR  and C -D TR  w ith  the above simulation parameters fo r compar­

ison purpose. The estimation of R u affects the performance of bo th  the G D -D TR  and 

G -DTR. As seen in  Figure 4.11 after e=0.1 the D -D T R  has the best performance since 

i t  is not affected by the estimation o f R u. Nevertheless £= 0 .1  is equivalent to  a very 

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

to  £ = 0.01  is given as 2 .2  meters for 120 k m /h  mobile speed (99 tim e slots). Typ ica lly
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Figure 4.11: The BER  performances o f G -DTR, D -D TR , G D -D TR  w ith  estimated 
statistics (K LT  algorithm ) and C -D TR , where L = 9, Np=-4, Tm=0.25Tc

in  such a short distance neither the medium scale channel effects nor the average power 

o f interference changes and for £=0.01 the G D -D TR  has the best performance among 

a ll the systems. This ends the simulation results w ith  the K L T  algorithm .

Our simulations w ith  the update algorithm  begin w ith  the performance of the D- 

D TR . In  Figure 4.12, we present the performance of the conventional discrete-tim e 

R A K E  receiver and the D -D T R  w ith  known and estimated statistics. The simulation 

parameters are the rms delay spread is equal to  Tm=0.25Tc, number o f correlators L = 9, 

mobile speed 120km /h  and e =  0 .0 1 .
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Figure 4.12: The BER performances o f C -DTR, D -D T R  w ith  the update algorithm, 
D -D T R  w ith  the K LT  algorithm  and D -D T R  w ith  known statistics, where L = 9, N p= 4,
Tm—Q.25TC, r)= l and e=0.01.

In  Figure 4.12 the performance difference between the estimated and known statis­

tics is very small. Since the update a lgorithm  is less complex than the K L T  algorithm , 

i t  can be efficiently used to  update the eigenvalues and the eigenvectors.

In  the next simulation we observe the performance of the update a lgorithm  at d if­

ferent values of e. The simulation parameters are the same as the previous simulation, 

except th a t Es/N 0 is fixed to  14 dB.

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

to  the value o f the e than the K L T  algorithm . However we observe again th a t at
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Figure 4.13: The BER  performances o f C -DTR, D -D T R  w ith  the update algorithm , 
D -D T R  w ith  the K L T  algorithm , D -D T R  w ith  known statistics, where L = 9, 7Vp=4, 
Tm=0.25Tc, £ s/jV0=14dB.

£ =  0 .0 1 , the update a lgorithm  can follow the eigenvalues and the eigenvectors.

The update a lgorithm  performs well w ith  the G D -D TR  receiver too. In  Figure 

4.14, we present the performance o f the conventional discrete-time R A K E  receiver and 

the G D -D TR  w ith  known and estimated statistics w ith  the update algorithm . The 

simulation parameters are: the rms delay spread, which is equal to  Tm=0.25Tc, number 

of correlators L = 9 , r/= 1 0  and e =  0.001. Number of p ilo t symbols is set to  4 to  show 

the performance gain of the G D-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, G D -D TR  w ith  the update algorithm , GD- 
D T R  w ith  known statistics, where L = 9, iVr,=4, Tm=0.25Tc, r]=10 and e=Q.0Ql.

tics is very small. In  the next sim ulation we observe the performance o f the update 

a lgorithm  at different values of e. The sim ulation parameters are the same w ith  the 

previous simulation except tha t the E s/N 0 is fixed to  23 dB.

The results shown in  Figure 4.15 proves one more time, th a t the update algorithm  

is sensitive to  the value of the e more than the K L T  algorithm. We observe th a t i f  the 

values of e is higher than 0.003, the update algorithm  cannot follow the eigenvalues 

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

as 7.5 meters for 120 k m /h  mobile speed (333 tim e slots), which is s till a small value
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Figure 4.15: BER  performances o f C -D TR, G -D TR  w ith  the update algorithm , G -D TR  
w ith  known statistics, where L= 9 , Np= 4, Tm=0.25Tc, tj—10 and Es/N 0= 23dB.

for the change o f the channel and interference characteristics. In  conclusion, we can 

say th a t the system can work in  real life  scenarios. In  the next section we revisit the 

modeling of interference based on U M TS downlink.

4.4 Simulations in UM TS downlink

The focus o f th is section is remodeling the interference according to  UM TS downlink. 

Bottom ley et al. showed how the weights can be computed for the downlink o f UM TS
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in  [2]. We w ill go through the ir example and then provide the performance of bo th  

G -R A K E  and G D -R A K E . We w ill call the systems G -R A K E  and G D -R A K E  in  th is 

section, since the simulations are done for chip spaced sampling. In  the dow nlink of 

the U M TS  system, the base station spreads each user’s symbol w ith  a user and symbol 

specific spreading waveform.We assume th a t there are K  users in  the system and th a t 

the zth symbol o f user k is spread using the spreading waveform ak<i(t). The transm itted  

signal for the user k can be w ritte n  as:

%k{t') \JRk }  * zT),), (4.5)
i= —oo

where E k is the symbol energy and Tk is the symbol dura tion  for user k. The spreading 

waveform ak,%{t) consists o f a complex chip sequence convolved w ith  the chip pulse 

shape g(t)

^ J V - 1

r r f  5Z c k ,i ,n 9 { t  n T c) , (4-6)
v A  n=o

where ck^ n is the n th  chip of the complex chip sequence, which is obtained by the 

m u ltip lica tio n  o f the user specific orthogonal spreading code w ith  the complex base 

sta tion  and symbol specific scrambling code. B o th  codes have u n it energy. O rthogonal 

spreading codes provide the transmission o f different users data simultaneously w ith o u t 

interference, whereas scrambling codes improve the m u ltipa th  performance and reduce 

in trace ll interference. For g(t), a roo t raised cosine pulse shaping is used. A fte r the 

spreading operation, the signals are added synchronously and transm itted  through the 

m u ltip a th  channel, whose model was given previously. To explain the system, we w ill 

take the Oth symbol o f the user 0 as the desired symbol. We can w rite  the received 

signal a t the receiver o f user 0 as:

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



Simulation Results 62

J - 1 K - 1 J - 1
r ( t ) =  hjX0(T - r t) + J 2 ^ 2  hi x kiT ~  Tj )  +  nr ( t )  (4.7)

j =0 fc=1 j=0

where nT(t) denotes the therm al noise w ith  one sided power spectral density N 0. A t

the mobile receiver, each R A K E  finger despreads the received signal w ith  the spreading

waveform a0,o(t)- The ou tpu t o f a R A K E  finger w ith  delay t  can be expressed as

y{t) =  f  r ( r  +  t)a0fi(T)dr (4.8)
J o

which is equal to

K - 1 J - 1  oo

2/00 =  V EkhjSk( i)R k:i(t — %T — tj) +  yjNon'(t) (4.9)
k=0 j=0 i=—oo

In  the above equation y/N^n'(t) denotes the noise after despreading, and Rk,i{t) is the 

crosscorrelation function between the waveform of the zth symbol o f the /cth user and 

the desired symbol (Oth symbol o f the 0 th  user). This function, which is im po rtan t to 

find  the covariance m a trix  of noise plus interference, is equal to,

R k . i / OO

a fe,i(i +  T)ao,o(T)^T- (4.10)
-OO ’

In  [2], i t  is given by

i  N- 1

f t t , i ( t )  =  -rj  Ck,i(m)Rg{t +  mTc) (4.11)
m=l-N

where Rg(t) =  g{t+T)g*(r)dT  is the autocorrelation function o f the chip pulse shape 

and Ck,i{m) is the crosscorrelation function  between complex spreading sequence o f the 

fcth u s e r’s i t h  sy m b o l an d  th e  desired  sym b o l. For th e  assumed spreading sequences 

(complex random  scrambling codes and user specific spreading sequences) C fcj0(0) —
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0, k ^  0, Co,o(0) =  N  and

=  0 , m ^ n (4.12)

'0 ,  i  =  m =  0, k 0

E[\Ckti(m)\2] =  < N 2 i  =  m =  k =  0 (4.13)

s N  — | m  | otherwise

From (4.9), we can sp lit the R A K E  filte r ou tpu t to  four terms: the desired component

yd{t), the  self interference component y is i{ t ) ,  the m ultiuser interference component

VMUi(t)> and the therm al noise component n'(t). T ha t is,

y(t) — \[E q yd(f)so,o +  \J~Eq y is i( t )  +  \J~Ei VMUi{t) +  \/A o  u '( f)  (4-14)

where

j - i

Vd(t) =  X  hjRofi(t -  Ti) 
3=0

(4.15)

J — 1 OO

Visi(t) = X X hjSo(i)Ro,i(t — iT  — Tj)
7—0 t= —oo î O

(4.16)

K—1 ____J - l  oo

?/Mr//(f) = XI /Efc X  X  hjSk(i)RKi{t -  iT  -  Tj) (4.17)
f c = l  j=0 *=—oo

and E i  =  Y,k=i Ek is the to ta l symbol energy of in trace ll interference. From (4.14) the 

ou tpu t vector o f the R A K E  fingers y  can be w ritte n  as
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y  — \ [E q YdSofi +  \[E q y is i +  \ [ e î  Ym u i  +  0 W  (4.18)

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

h  =  J E qy d (4.19)

and u  in  (2.10) corresponds to;

u  =  y is i  +  \ [E i Ym u i  +  \/No n ' (4.20)

Assuming Yis I i Ym u i  and n ' are uncorrelated, the covariance m a trix  R u is equal to:

R u =  Eo R i s i  +  E i  Rmc// +  N 0 R(, (4-21)

where R is i  =  E {y ISi y l S[}. As an example, consider the R A K E  finger I =  1 w ith  delay

d\ and I — 2 w ith  delay dy  we can compute the ir corresponding element in  the m a trix

R is i  by

J— 1 J — 1 OO

R is i (d i ,d 2) =  E E E h jh^E iR o^d i - i T -  r M / t h  -  iT  -  Tq)} (4.22)
j=0 a—0 i=-oo & 0

Expanding the above equation w ith  (4.11) and (4.13) gives,

RISi{ d l ,  d2) =  ^  E /=o E ^ , 1 E S -o . h f t  E l Z l - A N  -  \m\)1 v J * i^o *
x R g(di +  mTc — iT  — Tj)R*(d2 +  mTc — iT  — r q)

(4.23)
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In  (4.21) R m u i =  E {yMUIy\,W !] and sim ilar to  the above equation, the elements of 

R m u i can be computed as

R M U i ( d 1, d 2) =  &  E /Jo 1 E 9J=oX E S - o o  hqh* E %Z\_n (N  -  \m\)

x R g(di +  mTc — i T  — r q)R*(d2 +  mTc — i T  — t j ) (  1 — S(m)6(i))

(4.24)

In  (4.21) R'n -  ^ [n 'n 4 ] and

^ N - 1

Rn>(di,d2) =  — C0fl{m )Rg(d1 -  d2 +  mTc) (4.25)
^  m = l ~ N

For the elements of y^, we have

^ J- 1 J V - l

Vd(di) =  Co,o(m)Rg(di -  Tj +  mTc). (4.26)
•/ V  j=0 m—l —N

Using the above equations and appropriate delay values, a ll the elements o f y d and R u 

can be found. y<i{di) and R'n are functions of the desired signals spreading code auto­

corre lation function  Co,o(m). We can use the average o f the autocorre la tion functions

as an approxim ation, which is equal to

E[C0,o(m)} =  N6(m)  (4.27)

Replacing w ith  the above equation in  (4.25) and (4.26), we obta in  R „/ an

approxim ation o f R n/, and yd (d i )  an approxim ation of y d( d \ )  such tha t,

R n i ( d i , d 2) — R g(d \  — d2) (4.28)
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j - 1

Vd(di) =  J 2  hi Rg(di -  Tj) (4.29)
j=o

W ith  the last two equations, we have a ll the elements needed to  calculate R u, h and 

consequently w  in  the down lin k  system.

To compare w ith  the results available in  the lite ra ture , we have chosen a specular 

rather than  a diffuse channel w ith  3 chip spaced m ultipa ths as in  [2]. The paths have 

the re lative average power of 0, -0.75, -1.5 dB. The simulated system resembles the 

dow nlink o f W C D M A . Every user’s data are spread firs t by a user specific Walsh- 

Hadam ard orthogonal code then m u ltip lied  by the base station specific scrambling 

code. The number o f users is 24. The spreading gain is 128. The m odula tion  scheme 

is QPSK. The number o f p ilo t symbols is 4. The finger locations are aligned w ith  the 

paths for conventional R A K E  receiver, i.e the delays are [0 -1 -2] chip periods. We set 

the delay o f the firs t pa th  to  zero as a reference. The results are shown in  Figure 4.16. 

In  contrast to  a ll previous simulations, the G D -R A K E  has the worst performance among 

a ll the receivers. The performance o f the G -R A K E  is very close to  G D -R A K E . The 

D -R A K E  and the conventional R A K E  receivers have 1.5 dB advantage at a B E R  of 

10~2 and have a smaller error floor. A lthough i t  can not be seen in  the Figure, the D- 

R A K E  has a minuscule gain compared to  the conventional R A K E . W hy d id  we observe 

such results? There are several explanations, firstly, the three paths are close to  have 

a un ifo rm ly  d is tribu ted  delay spread. The th ird  path  have 70% as much energy as the 

firs t path. Secondly, since the paths are separated by a chip period, the interference is 

less correlated then the ha lf chip spaced version. However the m ain performance loss 

o f the G -R A K E  and G D -R A K E  is due to  the m iscalculation o f R u. Since the R u is a 

fu n c tio n  o f h, th e  c a lc u la tio n  w ith  th e  e s tim a te d  h leads to  p o o r p erfo rm an ce .

In  Figure 4.17, we show the performance o f the same systems w ith  an extra  finger
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Figure 4.16: B it error rate curves for (from  top to  bottom  at 25dB) G D -R AKE, G- 
R A K E , C -R AKE, D -R A K E  receivers w ith  relative finger delays of [0 -1 -2] chip periods. 
The paths in  the simulation have the relative delays o f [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 firs t finger of the previous simulation, i.e. finger 

locations are [1 0 -1 - 2 ] ,  For both R A K E  and D -R A K E  receivers, such a selection is 

illogical since i t  cannot improve the performance. There is no channel gain at the new 

finger location bu t 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 w ith  Figure 4.17 shows th a t there is no loss in  the case of the 

D -D T R  and more than 6 dB for the conventional R A K E  receiver. In  the case of the
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Figure 4.17: B it  error rate curves fo r (from  top to  bottom  at 25dB) R A K E , G -RAKE, 
G D -R AKE, D -R A K E  receivers w ith  finger delays [1 0 -1 -2 ]. The paths in  the simulation 
have the relative delays o f [0 -1 -2] chip periods and they have the relative average powers 
of [0 -0.75 -1.5] dB.

G D -R A K E  and G -RAKE, although adding a finger improves the ir performances, they 

axe s till worse than the D -R A K E . Therefore we believe employing the G D -R A K E  and 

G -R A K E  in  systems, where R u depends on the channel is not a clever choice. In  the 

next chapter, we re turn  to  the discrete-time systems and introduce the M IM O  versions 

of the receivers.
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4.5 Chapter Summary

In  th is  chapter we presented sim ulation results of the receivers for different scenarios. 

According to  the sim ulation results, where we assumed perfect spreading codes and 

known statistics, the gain of G D -D T R  compared to  C -D TR  increases w ith  the decrease 

o f the delay spread and the number o f p ilo t symbols and the increase o f ro ll o ff factor and 

the number of R A K E  fingers. Our simulations show th a t the  G -D T R  is very sensitive 

to  channel estim ation errors and could have the worst performance among the R A K E  

receiver a t low SNR’s. The D -D T R  guarantees a better performance than the C -D T R  

in  a ll considered situations, bu t its  gain w ith  respect to the C -D T R  is very lim ited. 

O ur sim ulations w ith  8PSK and 16QAM  modulations show th a t the gain o f G D -D T R  

compared to  C -D T R  is less compared to  QPSK m odulation a t the same b it  error rate, 

w ith  the m ain reason o f higher SNR’s required for the same b it error rates by 8PSK 

and 16QAM. We d id  simulations w ith  the statistics estim ation algorithm s (K L T  and 

update algorithm s), introduced in  the previous chapter. B o th  algorithm s could trace 

the statistics, i f  the fo rgetting factor is small enough. Since the update a lgorithm  has a 

slight com plexity advantage, i t  can be more advantageous for estim ation o f the statistics, 

however the K L T  a lgorithm  is less sensitive to  forgetting factor and for D -D T R  it  

guarantees a better or the same performance o f C -D TR . The last pa rt o f the chapter 

was dedicated to  dow nlink D S-C D M A simulations in  which, noise plus interference 

sta tistics are a function of the channel realizations. Since channel estim ation errors 

affect the qua lity  of statistics estimation, bo th  G D -R A K E  and G -R A K E  perform  worse 

than  the D -D T R . Therefore our suggestion is to  use the G D -D T R  system only in  up link  

scenarios.
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Chapter 5

R AK E Receivers in MIMO System s

5.1 Introduction

M IM O  systems have become popular in  wireless communication standards because of 

the ir h igh capacity. Due to  this popularity, single antenna systems are generalized 

to  M IM O  systems in  literature. For the generalized R A K E  receiver, th is  is done by 

G rant et al.. In  [8], G rant et al. have proposed two methods: the JD -G R A K E  and 

the M M S E -G R A K E  . The JD -G R A K E  jo in t ly  decodes the symbols spread by the same 

spreading code and transm itted  from  different antennas. The M M S E -G R A K E  is an 

a lternative system which is less complex than  the JD -G R A K E . In  the M M S E -G R A K E  

the symbols are decoded one by one, by trea ting  the rest of the symbols as interference. 

Such a decoding decreases the com plexity at the price o f a decrease in  performance. 

The extension o f the D -D T R  to  M IM O  systems is done in  th is  chapter. We derive the 

equations, which take in to  account the channel estim ation errors in  M IM O  systems. 

A fte rw ard  we combine one o f the discrete-time version o f the JD -G R A K E  system w ith  

the M IM O  D -D T R  to  obta in  the M IM O  G D -D T R  system. We s ta rt th is  chapter w ith  

the explanation of the M IM O  G -R A K E  systems.

70
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5.2 M IM O G-RAK E

G rant et al. applied generalized R A K E  reception method to  M IM O  systems in  [8]. They 

assume a D S-C D M A system w ith  N T transm it antennas and the number o f available 

spreading waveforms is K .  To maxim ize the spectral efficiency, every waveform is used 

in  a ll transm it antennas as shown in  Figure 5.1. A t the receiver site, there are N r

Nt

Transmit

Antennas

RAKE receiver

Wr-1
RAKE receiver

Multipath 
Channels between 

the Antennas

n r

Receive

Antennas

Figure 5.1: M IM O  R A K E  reception model at the i th  symbol period w ith  N T transm it 
and N r receive antennas. Every receive antenna feeds to  an L  finger R A K E  receiver.

receive antennas. Suppose the desired symbols are the symbols during the Oth symbol 

period th a t share the spreading waveform ao,o- The received vector after despreading 

can be w ritte n  as:
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y  =  H s 0,o +  u 0,o (5.1)

where the vector s0,o =  [so,0, so,0 ; ' " j  sô o _1]T contains the desired symbols. Assume th a t 

there are L  fingers per R A K E  receiver (i.e. per receive antenna), the size o f the M IM O  

channel m a trix  H  is (N r L ) x  N t - The vector uo,o denotes the noise plus interference 

w ith  respect to  so,o- We denote the covariance m a trix  o f Uo,o w ith  R u =  jE[uo,o(uo,o)w].

G ran t et al. propose two methods for the M IM O  G -R A K E  reception, the jo in t-de tection  

G -R A K E  (JD -G R A K E ) and the M M S E -G R A K E . The JD -G R A K E  decodes jo in t ly  the 

same code symbols from  different antennas So,o- Using such a decoding strategy, the 

JD -G R A K E  eliminates most of the interference in  the system since the same waveform 

symbols are m ain source o f interference. The interference from  symbols spread by other 

waveforms was dim inished in  the despreading symbols. To detect a ll the symbols sent 

during a sym bol period, the JD -G R A K E  should compute K\G \Nt metrics, where |C| is 

the size o f the signal constellation.

The M M S E -G R A K E  is an a lternative system which is less complex than  the JD- 

G R A K E . In  the JD -G R A K E  the symbols are decoded jo in tly , whereas in  the M M SE- 

G R A K E  the symbols are decoded one by one, by trea ting  the rest of the symbols as 

interference. For the M M S E -G R A K E , assuming the symbol Sq 0 is the desired symbol, 

the received vector can be w ritte n  as:

y  =  h 0So,o +  u °>°

where h0 is the channel vector from  the 0 th  transm it antenna and u^o is equal to
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N t - 1

u 0,0 =  u 0,0 +  (5-3)
m= 1

where Ug 0 is the noise plus interference vector for s{J0. I t  includes not only u0>0, the 

noise plus interference from  therm al noise and symbols w ith  different codes, bu t also 

the rest o f the symbols w ith  spreading waveform a0)0- Since the symbols are decoded 

one by one, th is  system has the to ta l m etric computations K N t \C \  and therefore is less 

complex.

The authors of [8] cla im  th a t i f  the channels are dispersive and /o r the number o f receive 

antennas is larger than  the number o f transm it antennas, then the performance o f the 

M M S E -G R A K E  is acceptable, bu t the JD -G R A K E  performs well in  ligh t dispersion 

cases too.

This ends the in troduction  of M IM O  G -R A K E  systems. In  the next subsection, we

introduce the M IM O  D -D TR .
i

5.3 M IM O D -D T R

The decorrelating discrete-time R A K E  receiver was proposed for R A K E  reception sys­

tem  w ith  channel estim ation errors. We explained the system in  Chapter 3. The 

assumptions o f the system were th a t the channel is estimated at the receiver and the 

only noise source in  the system is AW GN.

For the M IM O  D -D TR , we kept these assumptions. The system model o f the M IM O  

D -D T R  is shown in  Figure 5.2. In  the system, there are N t  transm it and N r receive 

antennas. Each receive antenna employs a R A K E  receiver w ith  L  fingers. A t  the 

transm itte r site, we take only one spreading waveform in to  consideration to  e lim inate 

interference from  different waveforms. Therefore, for a given tim e instant a ll the trans­
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m it antennas use the same spreading waveform to  spread the symbols. D uring  the 

transmission, the signals are chip synchronized.

sk,i

M O

N,-l
**k,i

Nt Trans mit Antennas

M O ___

<!(0Discrete-Time 
RAKE Receiver (0)

Decoder

Discrete-Time 
RAKE Receiver 

Wk-1)

noise

Nr Receive Antennas with 
Discrete-Time RAKE Receivers 

Each RAKE Receiver has L fingers

Figure 5.2: M IM O  D -D T R  reception model w ith  N T transm it and N R receive antennas. 
Every receive antenna employs an L  finger D -D TR .

The channels between the transm it and receive antennas are independent and have 

the same delay profile and therefore the same Rh- The received signal vector after 

despreading at the n th  receive antenna is equal to

y« — +  u„, (5.4)

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



R A K E  Receivers in M IM O Systems 75

where H n is the channel m a trix  between the transm it antennas and n th  receive antenna, 

and s consists o f the symbols from  transm it antennas. The M IM O  D -D T R  follows the 

decoding method o f the D -D TR . F irs t, the channels in  y „  are decorrelated using U , 

the eigenvector m a trix  of R h, such th a t

y 'n  =  U " y „ .  ' (5.5)

Like in  the D -D TR , we assume th a t the channels are estimated in  the M IM O  D -D TR . 

The number o f p ilo t symbols per transm it antenna is denoted by Np. The p ilo t symbols 

are sent sim ultaneously on a ll transm it antennas using orthogonal p ilo t sequences such 

as those o f Walsh-Hadamard. The estimate of H „  is denoted by H „ .  The M IM O  

D -D T R  applies the decorrelating process to  the H „  too, such tha t,

H ;  =  U " H „ .  (5.6)

A t th is  po in t we have decorrelated channels and we can s ta rt the derivation process. 

Since a ll transm it-receive antenna pairs have the same covariance m a trix  R h , corre­

sponding to  decorrelated channels ( h '’s) w ith  the pdf:

P ( h ' ) =  n ^ r e x p ( - i ^ L ) .  (5.7)
i=o w 1 1 L1

The estimate, h ', o f h ' has the conditional pdf,

O / l  l O  T T  1  ( \ t i l - h ' i \ 2\
p(h i h ) = n ^ < * p (  ,2  ).

conditional on the vector h ' [4]. In  the above equation a2 is 

The estimate h ' is gaussian d is tribu ted  and has the p d f
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(5£,)

From the Bayes rule, we can w rite

.  ^ 1 , 1  I s  / I h'i -  h'i\2 I h \ \2 \h'i\2 \
p (h |h ')=  n - ( -  +  - ) e x p (  - 2------------- _  +  - r - T - ) . (5,10)

Now we focus on the p d f’s of p (y „|s , HJJ and p (y „|s , H'n), where H'„ and denote 

respectively the decorrelated channel m a trix  between a ll transm it antennas and the 

n th  receive antenna and the estimate o f H'n. The m th  column o f H'n, the decorrelated 

channel vector from  the m th  transm it antenna, is denoted by h'nrn. The p d f p (y n |s, H'n) 

is equal to

p(y„|s, H 'n) =  I I  W  e xp (—ly "  +  : " +  (5 n )

From the theory o f p robab ility  we can w rite  the p d f p (y „|s , H'n) as

p(y„|s, H„) =  /  ■ ■ ■  p(y«|s, H'n)p(h ' n N T _1 1h ' n N r _i )dh'nwT- i • • •
^h'nO nNj'— 1

p(h'n0|h'„o)dh'„o (5.12)

We solve (5.12) using (5.10) and (5.11), s ta rting  w ith  the innermost integral. We obta in

p (y » is ,H '„ )  =  n 7 h, . „ ' ' 7 h. . „ T. J ^ exp( E b |y" - <s“ h '" w +
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+SNT-2R'n{NT-2)l +
SjV7, - l h /w(jyr _ i ) j  ,

“)1 +  <J2/ T i

P ( R  n N j '—2 | h  n N j ,—2 ) r f h  n A ^  —2 * ' * P ( b  nO | h  ro o )^ h 'no ,

(5.13)

where 1/A  is equal to:

1 U  +  f?
A  l  +  ^ ( f  +  ^ ) '

A fte r solving the second innermost integral, we obta in

(5.14)

P(y„|s,HV) =  n /h, „ - +
SNT-2h'„(NT-2)l , g W r - l h n C J V r - i ) ;  ,2 ^  w

l + a 2/ r t l  +  <r2/ r J 1 ) { >

p (ti tiN t —3 I ^  n N x  —3 ) ^ ^  n N j ’—Z ' ’ ' P ( h  nO | h  n o ) r f h  n 0 -

A fte r solving a ll the integrals, we obtain,

S N t  — l h  n ^ N j1 — l ) i  \ |2 \

l  +  ^ / r ,  j l  r
(5.16)

The M IM O  D -D T R  chooses the symbol vector s which maximizes the follow ing quan tity  

among a ll possible symbol vectors:

N r -  1

n  p (y 'n |s ,H ;) .  (5.17)
n= 0

The s im ulation results for the M IM O  C -D T R  and the M IM O  D -D T R  are shown in  

Figure 5.3. The properties o f the m u ltip a th  channel are taken from  the simulations in  

chapter 5 (Tm =  0.25Tc, L = 9, r)=1, Np= 4). To reduce the overall com plexity we used 

BPSK as the m odula tion  scheme. As i t  can be seen from  Figure 5.3, the gain o f the 

M IM O  D -D T R  is about 2 dB a t a b it error rate o f 10~2.

p(yn|s, H'n) n  W2 2 A N T eXP( £2A N t  ly "  ( 1 +  a2/F/ +  ‘ ‘ ‘ +
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C-DTR
D-DTR
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(E
LU
£0
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Figure 5.3: The BER performances of the M IM O  conventional D T R  and the M IM O  
D -D T R  for a 2 x  2 system, where L  =  9, Tm=0.25Tc, ATP=4.

In  th is section, we introduced the M IM O  D -D T R  system. In  the next section we w ill 

combine i t  w ith  the discrete-time version o f the JD -R A K E  to  obta in the M IM O  GD- 

DTR.

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



R A K E  Receivers in M IM O Systems 79

5.4 M IM O G D -D T R

The M IM O  G D -D T R  jo in t ly  decodes the incoming symbols and takes in to  consideration 

the noise plus interference m a trix  R u like the JD -R A K E . However i t  is a discrete-time 

receiver and the weights o f the receiver depend on the channel estim ation errors as well. 

The M IM O  G D -D T R  follows the steps o f the G D -D TR . I t  starts w ith  the decorrelation 

process o f the noise plus interference using the matrices A  and Cl resulting from  the 

decomposition of the covariance m a trix  R u, such tha t,

z „  =  AClHy n =  AOH (H „s fc -I- u „ ) ,  (5.18)

and F n= A D i f H „ ,  where H  is the estim ation o f H . A fte r the decorrelating process o f 

the channels are applied to  zn, as:

z 'n =  XJ,Hzn, (5.19)

and to  F „ ,  such tha t

h ;  =  U 'HF „ ,  (5.20)

where U ' is the eigenvector m a trix  o f R 'h  =  A D ^R hD A , as explained in  Chapter 2. 

Since z'n above has the same d is tribu tion  w ith  y 'n in  (5.5), the derivation in  the previous

section is va lid  for the G D -D T R  case as well. However for the G D -D T R  system, due to

the noise decorrelating process, E 2= l  and a2= l / N pE s. The M IM O  G D -D T R  chooses 

the symbol vector s which maximizes the follow ing quantity:

J V - l

n > ( z >  =  § ,£ ; ) ,  (5.21)
n=0
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w ith  respect to  a ll possible s vectors. The soft ou tpu t of the b it  from  the m th  transm it 

antenna, Am, can be obtained from  the above equation, such tha t:

A _  l p(z'n\sm —

” - l o s  =  i , h ^ )  ’  ( 5 ' 2 2 )

Up to  th is  po int, we assumed th a t there is no correlation between the receive anten­

nas. I f  i t  exists, then we should process the signal at different antennas together such 

tha t,

y  =  Hsfc +  u, (5.23)

where y  and u  consist of a ll received signals and noise plus interference values respec­

tive ly  and the m a trix  H  is N RL  by N T channel m atrix . Since, we assumed correlation 

between the receive antennas the interference values at different antennas w ill be cor­

related as well, thus the R u w ill be changed. Let us rem ind tha t, now the size of 

the covariance matrices bo th  R u and R f  w ill be N rL  by N rL. Like the uncorrelated 

M IM O  system, we apply firs t the noise plus interference decorrelation process

z =  AQHy  =  AQH(Fsk +  u ), (5-24)

and F = A Q f fH , where H  is the estim ation of H . A fterw ard the decorrelating process 

o f the channels is applied to  z,

t!  =  U  z, (5.25)

and to  F , such tha t

H ' =  U 'h F (5.26)
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The p robab ility  of receiving z', given the transm itted  symbol vector sk and H ',  is equal 

to:

A t e - i L - i  i  1 +  ±,/N r E ‘  

p{z '|s fe,H ')  =  [ I  n ~ ( — r  " ' +,+1) e x p ( -X n L + m ) (5.27)
n = 0 1=0 n  W n L + l+ 1

where corresponding X nL+i+1 is equal to

M~l h' o 9m,n,l*>m,k r  / _  0 Q \

1 , 1 /NVES | •
m=0 r +  f 3—c---

1 nL + /+ 1

In  the above equations r ^ L+;+1 and are obtained using the new covariance

matrices. Since the com plexity o f singular value decomposition exponentia lly increases 

w ith  m a tr ix  size, th is  system could be too complex for practical purposes. A lb e it we 

w ill give some examples o f performance in  our simulations.

To show the performance of the M IM O  G D -D TR , we firs t choose a 2 transm it and 

2 receive antenna (2 x  2) system. Like the M IM O  D -D T R  sim ulation, the m odula tion  

scheme is BPSK. The channel connecting one transm it antenna to  one receive antenna 

has an exponential delay profile w ith  rms delay spread o f Tm=0.25Tc. The number of 

correlators, L, is equal to  5. Th is system collects %95 of the average received signal

energy, according to [4]. The number o f p ilo t symbols per transm it antenna, N p, is equal

to  2. The noise rise coefficient is 77= 1 0 . The sim ulation results are shown in  Figure 

5.4. As i t  can be seen from  Figure 5.4, the gain of the M IM O  G D -D T R  is about 0.65 

dB at a B E R  of 10~2, compared to  the M IM O  C -D TR . Em ploying the M IM O  G -D T R  

actua lly  causes a performance loss, whereas the M IM O  D -D T R  has a very lim ited  gain 

compared to  the M IM O  C-D TR . The loss o f the M IM O  G -D TR  is a ttr ib u te d  to  the 

poor c h a n n e l e s t im a tio n  a n d  th e  lim ite d  g a in  o f  th e  M IM O  D -D T R  is d u e  to  th e  h ig h ly  

correlated noise.

__/ '. .y — a

^-nL-K-h 1 I 1
w:nL4-l+l
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Figure 5.4: BER  performances of the M IM O  C-D TR , the M IM O  D -D TR , the M IM O  
G -D TR  and the M IM O  GD-DTR, for a 2 x  2 system, where L = 5, Np= 2, a=0.22, 
Tm=0.25Tc, r7=10.

In  the next simulation, we increase the number o f 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  th is  case, the gain of the M IM O  G D -D TR  compared to  M IM O  

C -D TR  is increased to  about 1.4 dB at a BER  of 10~2. Figure 5.5 shows th a t as the 

number of Rake fingers increase, the performance of the M IM O  D -D T R  and G D -D TR  

are improved while the performance of the M IM O  C -D TR  and G -D TR  are degraded. 

Here, additional correlators correspond to  weak path  gains where channel estimation 

errors has greater impact, and since the M IM O  C -D TR  and G -D TR  do not combine
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Figure 5.5: BER  performances o f the M IM O  C-DTR, the M IM O  D -D TR , the M IM O  
G -D TR  and the M IM O  G D -D TR  for a 2 x  2 system, where L = 9, Np= 2, a=0.22, 
Tm=0.25Tc, 77=10.

the channel gains optim ally, the ir overall noises increase and the ir performances drop.

The last set of simulations for the 2x2  M IM O  system is done w ith  perfect channel 

state inform ation at the receiver, to  quantify maximum gain available from  the M IM O  

G -D TR  receiver. The performances are shown in  Figure 5.6. According to  th is figure, 

the gain of the M IM O  G -D TR  is lim ited  to  0.25 dB at a BER  of 10~2 compared to  

M IM O  C-DTR. A lthough not shown in  the figure, the M IM O  G D -D TR  has the same 

performance as the M IM O  G -D T R  and the M IM O  D -D T R  has the same performance 

as the M IM O  C -D TR  as expected.
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Figure 5.6: BER performances o f the M IM O  C-DTR , the M IM O  D -D TR , the M IM O  
G -D TR  auu Die IvIIMO G D -D TR  for a 2 x  2 system, where the receiver have the perfect 
channel state inform ation and L = 9, a=0.22, Tm=0.25Tc,

In  our simulations w ith  a 3x3  M IM O  system, we observe a slight increase in  the 

gain o f the M IM O  G D -D TR  w ith  respect to  the M IM O  C-DTR. For example, in  Figure 

5.7, which shows the performance w ith  Np= 2 and L = 9, the gain of the M IM O  G D -D TR  

is around 1.7 dB at a BER  of 10 2, compared to  the M IM O  C-DTR.

To see the effect of the channel delay spread on the performance, we set Tm=T c 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 M IM O  G D -D TR  decreased compared to  the M IM O  C-DTR.
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Figure 5.7: BER  performances o f the M IM O  C-DTR, the M IM O  D -D TR , the M IM O  
G -D TR  and the M IM O  G D -D TR  for a 3 x  3 system, where L = 9, Np= 2, a=0.22, 
Tm=0.25Tc

The last simulation set considers, th a t there is correlation between the receive an­

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

the covariance m a trix  of

' 1 0.9 0.81'

R r = 0.9 1 0.9

0.81 0.9 1

for 3 receive antennas. O ther parameters axe set to be L =

(5.29)
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Figure 5.8: B E R  performances o f the M IM O  C-D TR , the M IM O  D -D TR , the M IM O  
G -D TR  and the M IM O  G D -D TR  for a 3 x  3 system, where L=9, Np—2, a=0.22, Trn—Tc

A ll the advanced R A K E  receivers take in to  account the correlation between the receive 

antennas. The simulation results are shown in  Figure 5.9. We observe th a t the M IM O  

G D -D TR  has 3.4 dB gain compared to  the M IM O  C -D TR  receiver at a B E R  of 10 ~2. 

The M IM O  D -D T R  system has almost the same performance of the M IM O  D -DTR. 

The M IM O  G -D TR  has the second best performance for a ll Eb/No 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 M IM O  C-DTR, the M IM O  D -D TR , the M IM O  
G -D TR  and the M IM O  G D -D TR  for the case of correlated receive antennas ( 3 x 3  
system), where T —5, Np=2, a —0.22, Tm—0.25TC, rj—10

5.5 Chapter Summary

We can conclude from  our simulations th a t the gain o f the M IM O  G D -D T R  w ith  respect 

to  the M IM O  C -D TR  increases w ith  a decrease of the delay spread and w ith  an increase 

o f the number o f R A K E  fingers and the number o f antennas. The M IM O  G -D TR  system 

gives the worst results in  a ll simulations w ith  channel estimation errors bu t the one w ith  

correlated receive antennas. Even i f  the perfect channel state inform ation is available, 

the gain o f the M IM O  G -D TR  is very lim ited. The performance of the M IM O  D -D TR
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receiver is always between the M IM O  G D -D T R  and the M IM O  C -D TR . T his ends 

sim ulations w ith  M IM O  G D -D T R  receiver.
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Conclusions

In  th is  thesis, we have introduced the G D -D TR , a new R A K E  reception method. I t  

combines two complementary advanced R A K E  receivers the D -D T R  and the G -R A K E . 

G D -D T R  requires the estim ation o f channel and noise plus interference statistics. We 

came up w ith  a statistics estim ation method, which does not require K L T  transform . 

O ur simulations show th a t the sta tis tic  estim ation methods work effic iently enough for 

G D -D T R  to  have a gain compared to  a norm al R A K E  receiver.

We d id  several simulations to  see the effect o f different parameters. Am ong those 

parameters, the increase in  the ro ll o ff factor and number o f R A K E  fingers and the 

decrease in  the delay spread and number o f p ilo t symbols cause an increase in  the 

gain o f G D -D T R  compared to  C -D TR . A nother im portan t result o f our simulations is 

the ind ica tion  of G -D T R ’s sensitiv ity to  channel estim ation errors. In teresting ly  the 

G -D T R  could have the worst performance among the R A K E  receiver at low SNR’s. 

O ur sim ulations w ith  8PSI< and 16QAM modulations show th a t the gain o f G D -D T R  

compared to  C -D T R  is less when compared to  its gain in  QPSK m odulation. The 

sim ulations in  dow nlink D S-C D M A simulations resulted w ith  poor performance o f GD- 

D T R , due to  the high effect o f channel estim ation errors to  the estim ation o f noise plus
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interference statistics. Therefore our suggestion is to  use the G D -D T R  system only 

in  u p lin k  scenarios. The thesis include a chapter dedicated to  the R A K E  receivers in  

M IM O  systems. The M IM O  G D -D T R  system, which we have introduced, show tha t, 

the increase in  the number of antennas o f the M IM O  G D -D T R  system increase the 

gain o f the receiver as well. M IM O  G -D TR  system performed poorly  in  a ll o f the 

sim ulations except when there correlation between the receiver antennas. The M IM O  

D -D T R  system has a performance always better than the M IM O  C -D TR .

As a fu tu re  research, we would suggest to  focus on op tim iza tion  o f system per­

formance i f  the covariance m a trix  o f noise plus interference is a function  o f channel 

coefficients. O ur simulations showed th a t the G D -D T R  is sensitive to  the estim ation 

o f noise plus interference covariance m a trix , i t  is a good idea to  investigate possible 

ways to  reduce this sensitivity. Appendix o f th is  thesis include sim ulation results o f a 

G -R A K E  receiver in  U W B  systems. We believe th a t the performance o f the G D -R A K E  

should be tested in  U W B  systems as well.
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G -RAK E in UW B D S-C DM A

system s

In  th is  p a rt we w ill give the defin ition  of the u ltra  w ideband systems and state some of 

the ir characteristics to  be used in  wireless personal area networks. A fte rw ard  we w ill 

m ention the properties of U W B channels, including high number o f m ultipa ths, which 

enables R A K E  reception. As an advanced R A K E  reception m ethod we simulated G- 

R A K E  in  U W B  channel and present our in it ia l results here.

The FCC defines u ltra-w ideband as any signal th a t occupies more than  500 M Hz band­

w id th  in  the 3.1 to  10.6 GHz band and th a t meets the spectrum mask specified in  

[21].

U W B  systems have some features, which are well suited to  wireless personal area 

networks W PANs. W PANs are intended for small number o f people in  a sm all radius. 

Basically any wireless data communication in  a room could be in  the focus o f W PANs. 

The firs t generation o f W P A N ’s is the B luetooth  system, bu t its  data rate is very low  

for some applications such as high speed connection between a router and a laptop. The 

advantage of U W B  systems comes from  the well known capacity form ula o f Shannon:
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Capacity =  Bandw id th  x  lo g ( l +  SNR) (A . l)

A lthough  the power of U W B  systems is lim ited  by FCC, since the bandw id th  of 

U W B  systems is very large, they can support very high data rates especially in  short 

distances. Using these high rates, applications such as video transfer, m u ltim edia  shows, 

data backup can be supported w ithou t any need of wires. The restric tion  o f transm it 

power in  U W B  systems could be an advantage for them, since those systems w ouldn ’t  

need high power amplifiers and the ir ba tte ry  life  w ill be longer.

There are many papers in  lite ra tu re  related to  the modeling o f U W B  channels, such 

as [22, 23, 24]. IE E E  standardization committee for W PANS came up w ith  a channel 

model based on the Saleh-Valenzuela indoor model [1]. Saleh-Valenzuela model assumes 

th a t the m u ltip a th  signals come in  clusters, the arriva l rate o f clusters and the arriva l 

rate o f the rays in  a cluster are bo th  Poisson d istribu ted. The energy o f clusters decay 

exponentially. The energy of the rays in  a cluster decays exponentia lly as well. The 

gain m agnitude of the rays for a specific tim e is Rayleigh d istribu ted. In  Figure A . l  we 

show a representation o f the model.

In  IE E E  802.15 W P A N  u ltra  wideband channel specifications 4 channel models are 

specified. CM1 is based on line o f sight (LOS) measurements (0-4m). CM 2 is based 

on no line of sight (NLOS) measurements (0-4m). CM3 is based on LOS measurements 

(4-10m). CM 4 is generated for a 25 ns rms delay spread to  represent an extreme NLOS 

m u ltip a th  channel. The details of these models is given in  Appendix B. The M atlab  

functions to  generate those channels are included in  the IE E E  channel report [1], For 

example Figure A .2 depicts one of the channel realizations o f CM1. As seen in  Figure 

A . 2, th e  ch an n e l values span  a  long  t im e . W e  ca n n o t see d ire c tly  th e  c lu s te rin g  b u t  a t  

the 8th ns a strong ray could be seen and th a t ray can be accepted as a firs t ray of a
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Rayleigh distributed rays

Exponentially decaying 
— cluster power
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______________ 7 power

Poisson distributed 
ray arrivals

Poisson distributed 
cluster arrivals

Figure A . l :  Saleh-Valenzuela model representation.

cluster. To see the effect o f pulse shaping we convolved th is  channel w ith  the square 

roo t raised cosine filte r w ith  ro ll-o ff factor a —0.5. The results are presented in  Figure 

A .3. As we can see, different m u ltipa th  components are s t ill resolvable bu t in  clusters. 

For example at the 5th ns we see a cluster w ith  4 elements, 2 w ith  magnitudes around 

-0.6 and the other two around -0.2.
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Im p u ls e  re s p o n s e  re a l iz a t io n s
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Figure A.2: A  U W B  channel realization of the C M 1  type.

We have explained the properties of U W B  channels. In  the next section we explain 

our sim ulations w ith  the U W B  channels

A .l  U se of th e R A K E receivers in U W B  system s

The firs t R A K E  reception analysis w ith  the accepted IE E E  802.15 standard channel is 

made by Rajeswaran et. al in  [25]. However there were also some papers w ith  other 

channel models such as, [26]. In  [25] and [27] no interference from  other users or other 

systems is assumed. We w ill assume bo th  realistic IS I and m ultiuser interference in  our
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Figure A .3: A  U W B  channel realization of the C M 1  type convolved w ith  square root 
raised cosine filte r w ith  ro ll off factor 0.5 (w ith  the sampling instants).

simulations.

A . 1.1 S im ulations w ith  G -R A K E  R ecep tion

In  th is  section we present some of our sim ulation results done w ith  a U W B  system pro­

posals, namely DS-UW B. The DS-UW B system is developed by O K I communications 

and Communications Research Lab of Japan and supported by M otorola. D S-U W B 

can be seen as an impulse radio since i t  uses d irect sequence spreading o f a b inary  phase 

sh ift keyed U W B  pulses. Therefore one symbol is sent using a pulse (chip) sequence. To
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support d ifferent data rates in  the system, authors proposed variable sequence lengths 

and also different coding rates. The difference from  an impulse radio is th a t DS-U W B 

divides the allocated spectrum in to  two bands, one band nom inally occupying the spec­

tru m  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 o f DS-U W B is th a t i t  re­

quires very simple transm itte rs since i t  sends baseband pulses. I t  is good for short 

ranging applications due to  larger bandwidths o f U W B  pulses and the silicon chips o f 

D S-U W B are ready for implem entation. The main problems o f DS-UW B are in  the 

reception part. Due to  m u ltipa th  there is intersym bol interference, hence equalization 

is necessary. Also to  collect energy from  the channel R A K E  reception is needed. A  16 

finger R A K E  is used in  the proposal to  show the system performance. We don’t  have 

the new version bu t in  the early DS-U W B proposals two decision feedback equalizers 

(D FE ) are mentioned. The firs t one has 5 symbol span and the second one has 10 

symbol span. B o th  have 2 feed forward coefficients.

The equalization system is the classical one, where the outputs of the R A K E  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 transm itte r and receiver are the stan­

dard channels o f IE E E  (having no phase in form ation) for 4-10 meter distance and no line 

o f sight case. Before presenting the results, let us lis t the properties o f the simulations:

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

U W B  channels (NLOS 4-10 meter distance).

2. We in it ia lly  assume th a t the power o f the interferer is equal to  ha lf of the desired 

signal power.

3. BPSK m odulation is used.
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Figure A .4: Decision feedback equalization for U W B  systems.

4. The chip sequences are chosen from  the proposal of DS-U W B w ith  chip dura tion  

o f 0.36 ns.

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

s t il l the longest chip sequence length o f DS-UW B. The desired chip sequence is 

equal to  [-1 1 -1 -1 1 -1 -1 1 -1 0 1 0 -1 -1 1 1 1 -1 1 1 1 -1 -1 -1],

6. Equalizer coefficients are calculated assuming perfect channel knowledge.

7. As in  the case o f the IE E E  standard proposals [28], the average o f the best 90 

performances out o f 100 channel realizations is shown.

The sim ulation results are depicted in  Figure A.5. In  th is firs t s im ulation results, 

the number of fingers is equal to  5.

As seen in  Figure A. 5, G -R A K E  outperforms R A K E  by 3 dB a t a b it  error rate of 

5 x  10-3 and have a lower error floor o f 5 x  10-4 . Another sim ulation is done for 10 

finger receivers. Figure A .6 shows the results. As expected, the performances o f bo th  

the G -R A K E  and R A K E  improve w ith  increasing number of fingers. Comparing Figure
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RAKE
G-RAKE,-4

Eb/No

Figure A.5: B it  error rate curves o f the 5 finger receivers, where interference power is 
ha lf o f the desired signal power.

A.5 and A.6 shows th a t the improvement is about 2 dB at a b it  error rate o f 5 x  10~3 for 

the G -R A K E  receiver. The performance improvement of the R A K E  receiver is higher 

then the G -RAKE, therefore the SNR gain o f the G -R A K E  decreases to  0.5 dB at a 

b it error rate of 5 x  10~3 compared to  the R A K E  receiver. Nevertheless, the G -R AKE 

has a lower error floor than the R A K E  receiver.

In  the fina l 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 o f bo th  receivers are degraded. In  th is  case the b it  error
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Figure A.6: B it  error rate curves o f the 10 finger receivers, where interference power is 
ha lf of the desired signal power.

rate o f 5 x  10 3 is actually below the error floor o f R A K E  receiver and G -R A K E  not 

only achieves tha t b it error rate at 23 dB SNR, its error floor is beyond 28 dB SNR.

A .2 Summary

We have shown tha t G -R A K E  system can improve the DS-UW B system performance. 

We believe intensive research could reveal more advantages o f G -R A K E  reception in  

U W B systems.
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Figure A . 7: B it  error rate curves o f the 5 finger receivers, where interference power is 
equal to  the desired signal power.
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IEEE W PA N  System  Specifications 

and U W B Channel M odel

The IE E E  802.15 H igh Rate A lte rna tive  P H Y  Task Group (TG3a) for Wireless Per­

sonal Area Networks (W PANs) was established to  define a standard in  u ltra  wideband 

spectrum. The specifications of IE E E  are listed in  the Table B . l.

Table B . l:  IE 5E Specifications for W PAN  System.
D ata  rates 55 Mbps,110Mbps (10 m eter),220 Mbps(4 meter) 

480 M bps(optional)
E IR P FCC regulations
Power Consumption 100 m W  (Cmos tech.)
Co-located piconets 4
P E R  (1024 byte packets) <  8%
Interference Robust against IE E E  802.11,B luetooth,etc
Cost S im ilar to  B luetooth
Scalab ility C om pa tib ility  w ith  802.15
Signal Acqu is ition <  20 microsecond Preamble
Location  awareness Location in form ation to  be propagated
Antenna p ractica lity Size and form  consistent

The demands o f IE E E  perfectly fits  the properties of U W B  systems, low power, high

101
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data rate, location awareness. Since U W B  systems are very low power, interference may 

degrade the performance and IE E E  demands th a t the standard should be robust to  at 

least to  other IE E E  standards. A lthough IE E E  Task group managed to  decide on a 

Channel M odel and reduce 23 standard proposal to  2 proposals, none o f the last 2 

proposals (M u ltiband  O FD M  and DS-UW B) could get enough vote to  be selected. As 

January 2006 the task group is dissolved. Nevertheless firs t consumer products w ill 

be on the m arket in  year 2006. Regarding the U W B  channel, the follow ing excerpt is 

from  the fina l report o f the channel committee [1] and explains the basics o f the U W B  

channels o f IEEE:

‘Based on th is clustering phenomenon observed in  several channel measurements, 

we propose an U W B  channel model derived from  the Saleh Valenzuela model w ith  a 

couple of s light m odifications. We recommend using a lognormal d is tr ib u tio n  rather 

than  a Rayleigh d is tribu tion  for the m u ltipa th  gain magnitude, since our observations 

show th a t the lognormal d is tribu tion  seems to better f i t  the measurement data. In  

add ition , independent fading is assumed for each cluster as well as each ray w ith in  the 

cluster. Therefore, the m u ltipa th  model consists o f the following, discrete tim e impulse 

response:

W  = -4 i)  (b-1)
1=0 fc=0

where h’k , are the m u ltipa th  gain coefficients, T /  is the delay o f the Ith cluster, r kl is 

the delay of the kth m u ltip a th  component relative to the Ith cluster arriva l tim e T /,A , 

represents the log-norm al shadowing, and i  refers to  the i th realization. F inally, the 

proposed model uses the follow ing definitions:

T j — th e  a r r iv a l  t im e  o f th e  f irs t  p a t h  o f th e  I th’ c lu s te r ;

k , l =  the delay of the kth pa th  w ith in  the /^c lus te r relative to  the firs t pa th  arriva l
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tim e, Ti\

A— cluster arriva l rate;

A =  ray arriva l rate, i.e., the arriva l rate o f path  w ith in  each cluster.

B y defin ition , we have t0j =  0 . The d is tribu tion  o f cluster arriva l tim e and the ray 

arriva l tim e  are given by

p (T i\T i- i)  =  A e xp [—A(T; -  Ti-{)}p(TK l\T{k^ l)tl) =  A e x p [-A (r fc)i -  T (fc_ i y )]  (B.2)

The channel coefficients are defined as follows:

h , i =  Pk,£A ,h  20 logw (£i(3k,i) oc N orm al^*,,;, +  a%) (B.3)

where n i  oc Normal(0,cr^) and n 2 oc N o rm a lfO ,^ ) are independent and correspond to 

the fading on each cluster and ray, respectively,

E[\CiPk,i\2} =  exp(—T ;/T ) e x p ( - tm / 7 ) (B.4)

where Ti is the excess delay of b in  I and Uq is the mean energy of the firs t pa th  of 

the firs t cluster, and pk,i is equiprobable + /-1  to  account for signal inversion due to 

reflections. The j ik j is given by

_  101n(Qo) -  lO T j/ r  -  10tm /7  {crj +  cr|) ln(10)
ln(10) 20  ̂ ^

In  the above equations, £/ reflects the fading associated w ith  the Ith cluster, and Pk,i 

corresponds to  the fading associated w ith  the kth ray of the Ith cluster. Note th a t, a 

c o m p le x  ta p  m o d e l w as n o t ad o p te d  here. T h e  co m p lex  baseb an d  m o d e l is a  n a tu ra l  f i t  

for narrow band systems to  capture channel behavior independently o f carrier frequency,
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b u t th is  m o tiva tion  breaks down for U W B systems where a real-valued s im ulation at R F 

may be more natura l. F inally, since the log-normal shadowing o f the to ta l m u ltip a th  

energy is captured by the term , X t , the to ta l energy contained in  the terms h it  is 

norm alized to  u n ity  for each realization. Th is shadowing term  is characterized by the 

following:

20log10(X j)  oc N orm al(0, er^) (B.6)

According to  above equations 4 different channel types are generated. Before g iv ing the 

characteristics o f these channel le t us define the im portan t parameters o f the s im ulation 

model one more time.

A =  cluster arriva l rate

A = ray a rriva l rate, i.e., the arriva l rate o f path  w ith in  each cluster 

T =  cluster decay factor 

7 =  ray decay factor

0*1=  standard deviation o f cluster lognormal fading term  (dB)

0*2=  standard deviation of ray lognormal fading term  (dB)

<jx=  standard deviation o f lognormal shadowing term  for to ta l m u ltip a th  realization 

(dB)

These parameters are found by try in g  to  match im portan t characteristics o f the chan­

nel. Table B.2 lists some in it ia l model parameters for a couple o f d ifferent channel 

characteristics th a t were found through measurement data. In  the table CM1 is based 

on LOS measurements (0-4m). CM2 is based on NLOS measurements (0-4m). CM 3 is 

based on LOS measurements (4-10m). CM 4 is generated for a 25 ns rms delay spread 

to  represent an extreme NLOS m u ltipa th  channel.’
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Table B.2: IE E E  M u ltip a th  channel characteristics and corresponding model parame­
ters [1].

Target Channel Characteristics CM 1 CM 2 CM 3 CM 4
Mean excess delay (ns) (rm) 5.05 10.38 14.18
RMS delay (ns) (rrms ) 5.28 8.03 14.28 25
Num ber o f Paths w ith in  10 dB 
o f strongest path, NP(10dB)

35

Num ber o f Paths to  capture 
%85 o f signal energy, NP(85%)

24 36.1 61.54

M odel Param eters
A ( l/n s ) 0.0233 0.4 0.0667 0.0667
A ( l/n s ) 2.5 0.5 2.1 2.1
r 7.1 5.5 14.00 24.00

7 4.3 6.7 7.9 12
<ri (dB) 3.3941 3.3941 3.3941 3.3941
CT2 (dB) 3.3941 3.3941 3.3941 3.3941
CTj; (dB) 3 3 3 3
M odel Characteristics
Mean excess delay (ns) ( rTO) 4.9 9.4 13.8 26.8
RMS delay (ns) ( r rms ) 5 8 14 26
N P(10dB) 13.3 18.2 25.3 41.4
NP (85%) 21.4 37.2 62.7 122.8
Channel energy mean (dB) -0.5 0.1 0.2 0.1
Channel energy std (dB) 2.9 3.3 3.4 3.2
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