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Abstract
High radio capacity is one of the main targets in wireless network planning. The characteristics of the
broadband radio channel pose serious challenges for achieving this goal. This thesis views the
capacity problem from two frameworks. In the first, the effective user capacity in advanced direct
sequence wideband code-division multiple-access (DS-CDMA) radio networks is evaluated.
Sensitivity to various imperfections in key system parameters is studied. The analysis is based on a
mathematical foundation that presents complex signal models and enables evaluation of the
performance losses due to parameter estimation errors and multipath fading. The effective number of
users supported in a cell is restricted by the multiple access interference (MAI) in the same cell
(intracell interference) and overall background noise. The studied wideband CDMA receiver
structures comprise conventional rake receivers with both the maximal ratio combining (MRC) and
equal gain combining (EGC) schemes that can be supplemented with either linear decorrelating or
nonlinear successive cancellation-based multiuser detectors and M-antenna spatial diversity. 

The second framework focuses on direct sequence spread spectrum-based ultra wideband (UWB)
indoor communications. Cochannel interference limited capacity is evaluated against the outage
probability criterion in exponentially decaying lognormal multipath fading channels. Distance-
dependence and spatial distribution of users is taken into account at different spatial cell
configurations. Only moderate complexity partial rake receivers with noncoherent combining are
employed. Total interference is composed of interpath, multipath, intracell, and intercell interference
contributions. Lognormal sum approximations and simulations are used to evaluate distributions of
the desired and interfering signals. The impact of the timing errors at the receiver monopulse
correlation is studied.

The numerical results for the wideband CDMA framework show that effective user capacity and
sensitivity depend critically on the joint impact of nonidealities in system parameters (e.g., channel
profile, severity of fading, receiver algorithms). User capacities of the studied multiuser enhanced
receivers were more prone to these impairments than those of the simpler single user receivers. The
results should be used for network planning and optimization. 

The numerical results of the UWB framework suggest that, even in the multipath rich channel, the
optimal number of rake fingers can be less than half of the significant multipaths. Differences
between circular, square, and hexagonal cell models proved to be minor with respect to link distance
distributions. The derived link distance statistics are useful tools in the analytic piconet dimensioning
and optimization.

Keywords: decorrelator, fading multipath channel, imperfections, interference
cancellation, lognormal fading, outage probability, rake receiver
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 Symbols and abbreviations  

a  side of a square cell 
A  generic amplitude scaling constant 
A (K×K)-element diagonal matrix of transmitted amplitudes of all users 

at one symbol interval  
A (NbK×NbK)-element diagonal matrix of transmitted complex 

amplitudes of all users over all symbol intervals 
Ac  circular cell area 
Ah  hexagonal cell area 
Ak  transmitted signal amplitude of user k 
Ak L0-element vector of imperfect rake combining coefficients of user k 
aklm received complex signal amplitude of user k over the lth path and mth 

antenna 
Aklm  received signal amplitude of user k over the lth path and mth antenna 
Akr  channel amplitude of user k at receiver branch r 
As  square cell area 
al  real-valued amplitude of the lth multipath 
b  data bit 

)(n
ikb   in-phase channel data bit of user k over the nth symbol interval    

)(n
qkb   quadrature channel data bit of user k over the nth symbol interval 

BL  tracking loop bandwidth 
c  vector of interference cancellation coefficients 
cc  control channel spreading code 
cd  data channel spreading code 
cik  in-phase part of the chip waveform of user k after chip pulse shaping 

)(n
ikgc  gth chip of spreading code of user k in in-phase channel over symbol 

interval n 
Cklm  interference cancellation coefficient of user k at path l and antenna m 
cqk  quadrature part of the chip waveform of user k after chip pulse shaping 

)(n
qkgc  gth chip of spreading code of user k in quadrature channel over symbol 

interval n 



cs  scrambling code 
cls  long scrambling code 
c0  propagation slope constant before the breakpoint 
c1  normalization constant to ensure continuity of the dual-slope model 
c2  propagation slope constant after the breakpoint 
ℂ  set of complex numbers 
d  link distance 
d   generic K-element vector of transmitted data symbols 
d NbK-element vector of data symbols of all users over all symbol 

intervals 
Dab complex multiuser data vector with I- and Q-branch combinations a ∈ 

[i, q] and b ∈ [i, q] 
( )nd   K-element vector of transmitted data symbols at symbol interval n 

dbreak  breakpoint distance of the dual-slope path loss model 
dc  control channel information bit 
dd  data channel information bit 

x
desd   desired link distance with percentiles x ∈ [10, 100] 

di I-branch NbK-element vector of data symbols of all users over all 
symbol intervals 

dik  in-phase part of the bit waveform of user k after bit pulse shaping 
x
interd   intercell link distance with percentiles x ∈ [10, 100] 
x
intrad   intracell link distance with percentiles x ∈ [10, 100] 
( )n
kd   transmitted data symbol of user k at symbol interval n 

dmax  maximum link distance 
dmin  minimum link distance 
dq Q-branch NbK-element vector of data symbols of all users over all 

symbol intervals 
dqk  quadrature part of the bit waveform of user k after bit pulse shaping 

x
scen j

d
0

 scenario dependent link distance 

Eb  bit energy 
Ebk  received bit energy of user k 

)(αf   intracell interference density 
fD  maximum Doppler shift 
g  chip index 
G  processing gain, number of chips per symbol 
h NbK-element vector of data-amplitude products of all users over all 

symbol intervals 
H generic (KLM×K)-element matrix of channel coefficient vectors 
H (NbKLM×NbK)-element matrix of the channel coefficient vectors of all 

users over all symbol intervals 
h(t)  channel impulse response 

( )nH  (KLM×K)-element matrix of channel coefficient vectors of all users at 
symbol interval n 



( )n
kH  LM-element vector of channel coefficients of user k at symbol interval 

n 
)()( tn

kh   vector channel impulse response of user k over symbol interval n  
)(n

klh  vector of complex channel gains of user k over the lth path at symbol 
interval n  

)(n
klmh  complex channel gain of user k over the lth path and mth receive 

antenna at symbol interval n 
)(

,
n
lmkH  user k lth path and mth antenna element of ( )n

kH  at symbol interval n 

)()( th n
km  the mth row of )()( tn

kh  
)(n

klH  magnitude of the complex vector channel gain of user k over the lth 
path at symbol interval n 

)(n
klmH  magnitude of the complex channel gain of user k over the lth path and 

mth receive antenna at symbol interval n 
i  index 
I  cochannel interference power 
Ie  interference element in ΔR 
IINTER  intercell interference power 
IINTRA  intracell interference power 
IIPI  interpath interference power 
IMPI  multipath interference power 
Ioc  power density of intracell interference 
Ioic  power density of intercell interference 
Ioin  power density of overlay type of internetwork interference 
I0  interference power density 
I0(·)  zeroth order Bessel function of the first kind   
I1(·)  first order Bessel function of the first kind 
j  imaginary unit, index 
k  user index 
K  number of active users 
k’  user index  
KDEC  effective user capacity with imperfect decorrelator 

max
DECK   maximum user capacity with decorrelator 

KNL  effective user capacity with imperfect nonlinear multiuser detector 
max
NLK   maximum user capacity with nonlinear multiuser detector 

KMF  effective user capacity with imperfect rake receiver 
max
MFK   maximum user capacity with rake receiver 

l  multipath index 
L  number of multipaths 
l’  multipath index 
Lw  wall loss in dB scale 
L0  number of rake fingers 
m  Nakagami fading parameter 



m  antenna index 
M  modulation alphabet size 
M  number of receive antennas, modulation alphabet size 
m’  antenna index 
md  area mean desired signal power  
mg  mean of the Gaussian interference distribution 
mIPI  mean value of the interpath interference components  
mIPM  mean value of the inverted multipath profile components 
mMPI  mean value of the multipath profile components 
mPL  signal mean value in dB scaled by the path loss 
mz  area mean total cochannel interference power  
m0  signal mean value in dB without path loss 
n  NbKLM-element Gaussian output noise vector 

( )nn   KLM-element Gaussian output noise vector at symbol interval n  
n  discrete symbol interval index, index 
N  maximum number of intracell interferers 
Nb  number of symbols in the data packet 
ni  NbKLM-element Gaussian output noise vector in the I-branch 
nq  NbKLM-element Gaussian output noise vector in the Q-branch 
nr  Gaussian approximated residual noise vector 
N0  overall noise density 
Pact interference source activity factor 

)(dpc
c  link distance probability density function in a single circular cell with 

centralized topology 
)(dpd

c  link distance probability density function in a single circular cell with 
distributed topology 

)(dpc
cc  intercell link distance probability density function in a centralized 

circular multiple cells scenario 
PCDF(·) cumulative distribution function of link distance 
Pe bit error probability 

)(dpc
h  link distance probability density function within a single hexagonal cell 

)(dpc
hh  link distance probability density function in a centralized hexagonal 

multiple cells scenario 
Pn(n) cochannel interference probability density function of n active 

interferers 
Pout(·) outage probability 

( )nIPout  conditional outage probability on n active cochannel interferers 
pPDF(·) probability density function of link distance 

)(dpc
sa

 link distance probability density function in a centralized single square 
cell Scenario a   

)(dpc
sb

 link distance probability density function in a centralized single square 
cell Scenario b  



)(dpc
sc

 link distance probability density function in a centralized single square 
cell Scenario c  

)(dpd
sd

 link distance probability density function in a distributed single square 
cell Scenario d  

)(
01

dpc
s  intercell link distance probability density function between cells #0 and 

#1 in a centralized multiple square cell scenario   
)(

02
dpc

s  intercell link distance probability density function between cells #0 and 
#2 in a centralized multiple square cell scenario   

)(
)2&1(0

dpc
s  intercell link distance probability density function between cell #0 and 

union of cells #1 and #2 in a centralized multiple square cell scenario   
PL(d)  path loss as a function of link distance d 
r  diversity order index 
R  simplified expression of crosscorrelation function 
r diversity order vector 
R generic (KLM×KLM)-element crosscorrelation matrix of signature 

waveforms 
R (NbKLM×NbKLM)-element matrix of crosscorrelations of signature 

waveforms for all multipath components of all users over all symbol 
intervals 

ℝ  set of real numbers 
( )( )inabR  extension of ( )( )inR  to in-phase and quadrature branch elements 

Rab I- and Q-branch mixes of (NbKLM×NbKLM)-element matrix of 
crosscorrelations of signature waveforms for all multipath components 
of all users over all symbol intervals 

abℜ  extension of matrix product RHA to in-phase and quadrature branch 
elements 

( )( )inR  (KLM×KLM)-element crosscorrelation matrix of signature waveforms 
with delay i at symbol interval n 

R2(·) squared autocorrelation function of the Gaussian pulse waveform 
Rb  bit rate 
Rc  chip rate 

DECℜ   sensitivity function of the decorrelator 
rdz  correlation between desired signal and total interference 
Rh  hexagonal cell radius 

)( 0L
kr  rake receiver efficiency of user k with L0 diversity branches 

+
kkR  kkth element of inversed correlation matrix 1ˆ −R  

( )( )inab
kk ',R  (LM×LM)-element in-phase and quadrature terms crosscorrelation 

matrix of signature waveforms of users k and k’ with delay i at symbol 
interval n 

( )( )
''

)(
', mlm,l
nab

kk iR  element of matrix ( )( )inab
kk ',R  



( ) ( )in
kk ',R  (LM×LM)-element crosscorrelation matrix of signature waveforms of 

users k and k’ with delay i at symbol interval n 
rm(t) complex envelope of the received continuous-time signal at the mth 

receive antenna 
MFℜ   sensitivity function of the rake receiver 

rmpi  multipath correlation 
NLℜ   sensitivity function of the nonlinear interference cancellation 

R1  circular single cell radius 
R2  radius of a circular cell whose area covers nine single cells  
S  received power of the useful signal 
S(L0)  desired signal power combined by L0 rake fingers 
Sik  in-phase component of the spread data waveform of user k  
sk  complex envelope of the signal transmitted by user k 
Sk  complex spread data bit of user k 

)()( ts n
k  continuous-time complex envelope of the signal transmitted by user k 

at symbol interval n 
Sqk  quadrature component of the spread data waveform of user k 

)()( tS n
k   combined data and signature waveform of user k at symbol interval n 

sε  carrier phase estimation error 
sρ  code phase estimation error 
SNRL  tracking loop signal-to-noise ratio 
S/I  signal-to-interference power ratio 
(S/I)tar  signal-to-interference power ratio target 
t  continuous-time index 
T  symbol duration 
Tb  bit duration 
Tc  chip duration 
Tm  maximum delay of the channel 
Tp  Gaussian pulse duration 
u  index 
U  number of active intercell interference sources 
v  integration variable 

)(tw
nG   nth derivate Gaussian pulse waveform 

wk  L0-element vector of rake combining coefficients 
wkr  kth user rth diversity branch rake combining coefficient 
x  index, integration variable 
y  index, signal-to-noise ratio 
y  NbKLM-element complex matched filter output sample vector 

)(ny  KLM-element complex matched filter output sample vector at symbol 
interval n 

aby  I- and Q-branch mixes of NbKLM-element complex matched filter 
output sample vectors 

Ybk received bit signal-to-noise ratio of user k  



yi I-branch output sample vector of NbKLM-element complex matched 
filter 

)(n
iky  LM-element vector of I-branch matched filter output of user k at 

symbol interval n 
)(n

iklmy  I-branch matched filter output of user k over the lth path and mth 
receive antenna at symbol interval n 

)(n
ky  LM-element complex sum vector of I- and Q-branch matched filter 

outputs of user k at symbol interval n 
yk signal-to-noise ratio of user k 
yq Q-branch output sample vector of NbKLM-element complex matched 

filter 
)(n

qky  LM-element vector of Q-branch matched filter output of user k at 
symbol interval n 

)(n
qklmy  Q-branch matched filter output of user k over the lth path and mth 

receive antenna at symbol interval n 
Y0 signal-to-noise ratio target 
z index 
zm(t) complex continuous-time zero-mean additive white Gaussian noise at 

the mth receive antenna 
0KLM  all-zero matrix of size KLM×KLM 
1  vector of all ones 
 
α  average power of the multipath components 
α
G

  vector of exponential multipath profile path gains 
α
H

  reversed vector of exponential multipath profile path gains 
kα   vector of channel power coefficients of user k 

klmα  (Κ×LM)-element vector of channel power coefficients of user k over 
paths l and antennas m 

αklm  channel power coefficient of user k at path l and antenna m 
αkr  channel power coefficient of user k at the rth receiver branch  

lα   mean channel power coefficient of the lth multipath 

( )tl εα  mean channel power coefficient of the lth multipath as a function of the 
normalized timing offset εt 

lmα   mean channel power coefficient of the lth multipath and mth antenna 
δ(t)  Dirac’s delta function 
ΔAkr  difference of user k amplitude and its estimate at receiver branch r  
ΔR  additional Gaussian noise component in correlation matrix 
ΔR  difference of the actual and estimated crosscorrelation matrix 
Δε  phase estimation error term 
Δφ  phase estimation error 
Δφ1  user 1 phase estimation error 
Δφ2  user 2 phase estimation error 



Δρ  correlation function error 
Δτ1  user 1 delay estimation error 
Δτ2  user 2 delay estimation error 
ε  phase difference, estimation error 
εa  relative amplitude estimation error 
εb  bit offset 
εc  chip offset 
εt  normalized timing error 
εk’l’m’,klm  phase difference   
εθkr  carrier phase synchronization error of user k at receiver branch r  
ετ  difference of two delay estimation errors 
φ0  frequency downconversion phase error 
φ1  user 1 phase 
φ2  user 2 phase 
φkl  channel phase of user k over path l 
φk0  transmitted signal carrier phase 
φklm phase of the complex channel coefficient of user k at path l and antenna 

m  
Φklm phase of the received signal of user k at path l and antenna m  

klmΦ
~   estimated phase of the received signal of user k at path l and antenna m 

η  thermal noise power density after decorrelation 
ηth  thermal noise power density 
η0 overall Gaussian noise power density including thermal noise, intercell 

and internetwork interference 
ϕ(t)  bit waveform 
λl  temporal (delay) decay parameter 
λm  spatial decay parameter 
θkr  carrier phase of user k at receiver branch r 
ρ  crosscorrelation function 

'ρ   correlation function slope at the zero delay estimation error 
ρx,y  crosscorrelation of x and y 
σ standard deviation of the complex zero-mean additive white Gaussian 

noise process 
σd  desired signal standard deviation 
σg  standard deviation of the Gaussian interference distribution 
σIPI  standard deviation of the interpath interference components 
σIPM  standard deviation of the inverted multipath profile components 

( )tl εσ2  variance of the path l received signal as a function of normalized timing 
offset ε t 

σMPI standard deviation of the multipath profile components 
2
nσ   Gaussian noise variance 
2
nΣ   Gaussian noise variance after decorrelation 
2
rσ   Gaussian approximated residual noise variance 



2
rΣ   variance contribution due to system imperfections after decorrelation 

σz  standard deviation of the total cochannel interference 
2

RΔσ  variance of the additional Gaussian noise component in correlation 
matrix due to estimation imperfections 

2
φσ   Gaussian phase estimation error variance 
2

'ρσ  squared magnitude of the correlation function slope at the point of zero-
delay error 

2
τσ   Gaussian delay estimation error variance 

τk  delay of the kth user’s signal 
τl  delay of the lth multipath 
τklm  delay of user k at path l and antenna m 

)(n
klτ   delay of user k at path l over symbol period n 

ς0  squared sum of rake combining coefficients over L0 diversity branches 
ω0  angular carrier frequency 
ξ  index 
Ξ  modulation symbol alphabet 
ψ(t)  chip waveform 
ℑx(⋅)   x-element vector 
 
AWGN  additive white Gaussian noise 
BEP  bit error probability 
BER  bit error rate 
BPSK  binary phase shift keying 
CDF  cumulative distribution function 
CDMA  code division multiple access 
CM  channel model 
CWC  Centre for Wireless Communications 
DPSK  differentially coherent phase shift keying 
DS  direct sequence 
EGC  equal gain combiner/combining 
EKF  extended Kalman filter 
FCC  the Federal Communications Commission 
FDD  frequency-division duplex 
FDMA  frequency division multiple access 
fpc  full power control 
FW  Fenton−Wilkinson 
GPS  global positioning system 
GSM  global system for mobile communications 
I  in-phase 
IC  interference cancellation 
IEEE  the Institute of Electrical and Electronics Engineers, Inc. 
IR  impulse radio 
ISI  intersymbol interference 
LMMSE  linear minimum mean squared error 



LOS  line-of-sight 
LSG  log shifted gamma 
MAI  multiple access interference 
MBO  multiband OFDM 
MGF  moment generating function 
MIMO  multiple-input multiple-output 
MIP  multipath intensity profile 
ML  maximum-likelihood 
MMSE  minimum mean squared error 
M-PPM  M-ary pulse position modulation 
MPSK  M-ary phase shift keying 
MRC  maximal ratio combiner/combining 
MSIC  multistage successive interference cancellation 
MUD  multiuser detection 
MUI  multiple user interference 
NLOS  non-line-of-sight 
npc  no power control 
OFDM  orthogonal frequency division multiplexing 
OOK  on-off keying 
PC  power control 
PDF  probability density function 
PDP  power delay profile 
PIC  parallel interference cancellation 
ppc  partial power control 
PPM  pulse position modulation 
PSK  phase shift keying 
Q  quadrature 
QoS  quality-of-service 
RLS  recursive least squares 
rpc  rake power control 
SC  selection combiner/combining 
SIC  successive interference cancellation 
SNR  signal-to-noise ratio 
SS  spread spectrum 
ST  space-time 
STDL  stochastic tapped delay line 
SY  Schwartz−Yeh 
TDMA  time division multiple access 
TH  time hopping 
UMTS  universal mobile telecommunications system 
UWB  ultra wideband 
WCDMA wideband code division multiple access 
WILHO  wireless technology in hospital operation management  
ZF  zero-forcing 
 
* convolution 
(·)(n) value at the nth symbol interval 



1−A  inverse of A 
AT transpose of A 
Â  estimate of A 
A  average of A 
( ) ji,A   ith row and jth column element of matrix A 
diag(···)  diagonal matrix with elements ··· on the main diagonal 
E(·) expectation 
erfc(·) complementary error function 
ln(·) natural logarithm 
Q(·) zero-mean, unit-variance Gaussian complementary distribution 

function 
Re(·)  real part 
sgn(·)  signum function 
var(·)  variance 
vec(·)  vector 

⋅   magnitude, absolute value 

⋅   Euclidean norm 

⎣ ⎦x   largest integer less than or equal to x  
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1 Introduction 

1.1  Motivation 

The capacity of cellular systems is of paramount importance to mobile operators, 
vendors, and system providers. Therefore, it is important to develop analytical tools to 
assess the capacity of wireless networks. There are practical, well-established, and 
generally accepted models and techniques available for the first and second generation 
wireless mobile networks. This has been possible because these systems are targeted for 
low data rate speech services keeping them relatively simple. Third generation wideband 
CDMA (code division multiple access) networks need to support variable rate services 
with different quality of service requirements. This means that they have become rather 
complex, heterogeneous, and difficult to analyze. Narrowband CDMA has been 
thoroughly studied during the last few decades. However, when the bandwidth is 
increased and state-of-the-art signal processing techniques are used, the former analysis 
and simulation methods become inadequate. 

This study proposes new models for capacity analysis, taking into account 
imperfections in multiuser detection, multipath combining, and parameter estimation. 
These models quantify implementation losses in the system. The system model is based 
on the conventional multipath rake combiner that is enhanced with multiuser detection 
techniques and spatial diversity.  

Ultra wideband (UWB) technology is emerging radio technology for short-range 
wireless communications (mainly indoors). Conceptually, UWB technology is not so 
much different from wideband CDMA technology. The second part of the thesis is 
devoted to the capacity studies in direct sequence ultra wideband (DS-UWB) single and 
multiple cell configurations. Similarities to the first framework are mainly in the adoption 
of exponential multipath channel profiles and rake reception. Simple or moderate 
complexity UWB devices (e.g., sensors) are assumed, which may lead to high appliance 
densities in small coverage areas.  
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1.2  Author’s contributions 

For the sake of clarity this thesis is written as a monograph. However, the main body of 
the manuscript is based on three original journal publications [1−3] and five conference 
papers [4−8]. Effective capacity evaluation in the thesis can be divided into two main 
analytical frameworks. The first research theme is based on the advanced broadband 
cellular CDMA systems. Contributions [1] and [2] set up the framework for effective 
capacity and sensitivity analysis of wideband CDMA networks. In [1], it is assumed that 
a nonlinear interference canceler is utilized at the receiver along with the rake receiver. 
Imperfections in equal gain and maximal ratio combining and interference cancellation, 
and fading in exponentially decaying multipath channel profiles are incorporated. 
Publication [2] extends the framework to cover a linear decorrelating detector and 
exploitation of spatial (antenna) diversity at the receiver. Conference papers [4] and [5] 
complement and summarize these studies by comparative performance analyses. 
Chapters 3 and 4 rely to large extent on these publications. However, numerical examples 
especially have been revised and the manner of representation has been unified according 
to the common assumptions and parameters over the framework. 

The other main research theme and framework is built upon cochannel interference 
limited ultra-wideband communications, lognormal multipath fading and outage 
probability evaluation. References [3, 6−8] include results on this particular research 
topic. Paper [6] applies the conditional outage probability criterion to UWB 
communication system and studies the sensitivity to parameter variations. The framework 
is further modified to include square-shaped spatial topologies and relative path losses 
according to the cell geometry in [7]. Detailed link distance probability distribution 
derivations and descriptions of the interference aggregation from multiple sources are 
given in [3]. The latest contribution [8] compares different cell models and lognormal 
sum approximations in correlated multipath channels. Chapter 5 of the thesis is firmly 
based on the work conceived in the aforementioned publications.   

The author of this thesis is the main author in all contributions but [1], where the first 
author, professor Savo Glisic provided the ideas and the scope for the article. The co-
author complemented and further developed the ideas and created the numerical results. 
Most of the content for [2] was generated by the present author. The co-author, professor 
Savo Glisic, provided ideas, gave comments and supervised the writing process of the 
manuscript. Reference [3] was solely conceived by the author. Professor Jari Iinatti 
provided valuable comments to the manuscript.  

1.3  Thesis outline  

The rest of the thesis follows the organization given below. Chapter 2 provides an 
overview of the relevant literature in the research fields dealt with in the thesis. The main 
topics in the literature review are: CDMA capacity evaluation with single and multiuser 
detection techniques, multipath and spatial combining diversity techniques, ultra 
wideband communications, and lognormal sum approximations. Chapter 3 defines 
mathematical models for complex wideband CDMA signal and channel waveforms 
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including various imperfections. Chapter 4 provides effective user capacity analysis and 
numerical results for three receiver structures: imperfect space-time rake receiver, 
imperfect space-time rake receiver enhanced with linear decorrelator, and imperfect 
space-time rake receiver enhanced with nonlinear interference canceller. Chapter 5 
includes the framework and numerical user capacity evaluations for UWB spread 
spectrum networks in lognormal multipath fading. Finally, some concluding remarks are 
given in Chapter 6, after which the references are listed.  



2 Literature review 

This chapter provides relevant background information or parallel work within the scope 
of the thesis. Section 2.1 reviews capacity evaluations of the second and the third 
generation CDMA systems. Section 2.2 summarizes multiuser detection related 
milestones with the special emphasis in user capacity. Section 2.3 is devoted to various 
diversity reception and multipath combining techniques. Section 2.4 presents some 
important steps in the ultra wideband research. Finally, a review of the methods of 
solving lognormal power sums is given in Section 2.5. 

2.1  CDMA capacity 

Prominent overviews of wireless spread spectrum and code division multiple access 
(CDMA) systems can be found in [9−11]. During the development of second generation 
cellular networks many narrowband CDMA research publications were issued. CDMA 
capacity analysis is covered in a number of papers, e.g., [12−36]. One of the landmark 
papers in this field is the work of Gilhousen et al. [12] that inspired and prompted many 
other researchers to simulate capacity of CDMA systems. Their analysis uses outage 
criterion, and includes voice activity monitoring, sectorization (3 sectors), perfect uplink 
power control and assumes a Gaussian approximation for multiple access interference 
(MAI) statistics. Paper [33] discusses analytically frequency reuse efficiency issues for 
CDMA and comes to the conclusion that a fully loaded multiple cell capacity is about ¾ 
of the single cell capacity. Cellular CDMA radio capacity framework of [11] is in part 
corrected and enhanced in [35].   

The effect of imperfect power control (PC) on CDMA capacity has also been studied 
actively in the literature, e.g., [37−52]. The main conclusion that can be drawn from those 
references is that CDMA network capacity is very sensitive to closed loop PC errors, i.e., 
the capacity decreases rapidly as a function of power control error. PC errors are usually 
modeled as lognormal random variables in dB scale.  

Proper modeling and parameterization of signal propagation phenomena is an 
important aspect in CDMA network capacity studies. In general, radio channel effects can 
be divided into elements due to propagation path losses, slow fading (shadowing) and fast 
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fading. Path losses depend on the geographical environment (e.g., urban, rural, hilly) and 
cell size (macro, micro, pico) and type (outdoor, indoor). Average attenuation grows as a 
power law of distance. A path loss exponent of four is widely adopted in the literature. It 
is valid in a typical urban environment. A shadowing effect is usually analyzed at the 
system level, and the lognormal distribution provides generally a good fit. Fast fading can 
be taken into account at the link level as a required signal-to-noise ratio (SNR) for the 
predefined quality-of-service (QoS). The stronger the fading, the more signal-to-noise 
ratio is required for a given required bit error rate (BER). The influence of these 
propagation parameters is discussed, e.g., in [47].  

The effects of user mobility on the CDMA capacity have been studied in [53]. In that 
work the results are based on simulations that take into account shadowing, call statistics, 
voice activity, cell sectorization and user mobility. Perfect power control and ideal 
antenna directivity are assumed. The presented concepts are general and they can be 
applied to any asynchronous CDMA cellular networks.  

The impact of the carrier phase and chip timing errors to DS-CDMA capacity is 
evaluated in [54]. The joint effects of imperfections due to power control, channel 
parameter estimation, and spreading code estimation are taken into consideration in the 
performance evaluation of high chip rate CDMA system with multipath diversity 
combining in [55]. Paper [56] promises hot-spot traffic relief in cellular CDMA network 
by using tilted antenna approach. In [57], adaptive sectorization and non-uniform traffic 
are taken into consideration in the capacity evaluation. 

A discussion of the Erlang capacity in a power controlled CDMA system is presented 
in [58]. Similar capacity gains, as reported in [12], are expected in the Erlang capacity as 
well. Reverse link Erlang capacity under nonuniform cell loading is documented in [59]. 
The effects of adaptive base station antenna arrays on CDMA capacity have been studied, 
e.g., in [46, 60, 61]. The results show that significant capacity gains can be achieved with 
quite simple techniques. Additional analysis of the outage probability in cellular CDMA 
is presented in [62, 63]. Both Nakagami and Rician fadings coupled with lognormal 
shadowing have been taken into account in the propagation model. Additionally, the 
voice activity factor is included in [62]. Paper [64] provides a simple generalization of 
the reverse link CDMA capacity under different spreading and interference conditions. 
Expressions of average external interference are discussed in [65]. The impact of power 
control to other-cell interference is evaluated in [66]. In [67], the effect of cochannel 
interference to CDMA capacity in a two-tier cellular system is studied.  

The combined effects of soft handover, power control errors, and shadowing 
correlation are included in the CDMA performance studies of [68]. Soft handoff impact 
to CDMA capacity and coverage is evaluated in [69] and the relative portion of the other-
cell interference of the total interference in a power-controlled cellular CDMA system in 
[70]. Capacity and radio resource sharing in hierarchical macro/micro-cell structures is 
studied in [71]. 

Paper [72] is devoted to the analysis of multiple cell DS-CDMA system performance 
with diversity reception. Multipath diversity is utilized in [73] for three differentially 
coherent receiver structures. A rake receiver was shown to improve the performance 
substantially in a moderately dispersive channel. Reverse link capacity in a power-
controlled CDMA system, in the presence of multipath fading, is analyzed in [74]. 
Uniform and exponentially decaying power delay profiles have been assumed in single 
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and multiple cell scenarios. The numerical results indicate interesting tradeoffs in 
performance between these set-ups, depending on the chosen key parameters. Link 
reliability with multipath diversity is assessed in [75]. References [76, 77] also analyze 
CDMA performance in multipath channels. Bit error rate and user capacity of rake 
reception with maximal ratio combining (MRC) and equal gain combining (EGC) is 
evaluated in [78] in Nakagami fading. Imperfections in MRC are also modeled. In [79], a 
generalized rake receiver is proposed for interference mitigation in the wideband CDMA 
downlink. This receiver can use some of the fingers for interference suppression instead 
of increasing diversity. Significant performance and capacity gains over conventional 
rake receivers are reported. A two-dimensional rake receiver that utilizes both the spatial 
antenna diversity and the temporal multipath diversity is analyzed in [80]. Independent 
and correlated fading among receive antennas is assumed in a Nakagami-m fading 
environment. 

A recent contribution [81] studies the effectiveness of spatial multiplexing in MIMO-
CDMA systems with linear spatial receivers. It is shown that the (multiple-input multiple-
output) MIMO outage capacity is severely degraded by the enhancement of the other-cell 
interference. Conventional single band (carrier) CDMA systems have gradually evolved 
to multicarrier implementations. The performance of single and multicarrier DS-CDMA 
is compared in [82]. System capacities in conventional DS-CDMA, multicarrier DS-
CDMA and uplink synchronized multicarrier DS-CDMA systems are compared in [83]. 
The latter system is shown to clearly outperform the former schemes in a single cell 
capacity comparison with fast transmit power control. 

In most of the previous references, it has been assumed that the service of interest is 
low rate speech. However, in the third generation and beyond systems mixed services, 
including multiple service classes (e.g., integrated voice/data, variable data rates), have to 
be taken into account. The performance of this kind of systems is evaluated, e.g., in [84 
−93]. Additional studies on the capacity of the third generation UMTS/WCDMA systems 
can be found in [94−102]. In references [103−110], the outage probability criterion is 
used as a metric to assess system capacity of CDMA radio networks. 

The extensive list of references above demonstrates that CDMA capacity related 
research has been intensive during the last two decades. This thesis contributes to this 
area by presenting an analytical framework for the effective user capacity evaluation that 
addresses complex wideband CDMA signals, multipath fading, temporal and spatial 
diversity, enhanced receiver structures, and most of all takes into account the various 
system imperfections that are inevitable in the practical implementation.   

2.2  Multiuser detection 

Advanced wireless CDMA systems employing multiuser receivers have gained a lot of 
attention in the latest two decades. This research area has gradually emerged from a 
purely academic topic towards practical implementation. The third generation wideband 
CDMA (WCDMA) standard [111, 112] can be supplemented with this technology. A 
number of overview papers [112−120] discuss basic features of multiuser detection 
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(MUD) and interference cancellation (IC) techniques. They also offer classifications of 
different multiuser receiver structures.  

Among linear interference cancellation schemes, decorrelating detectors [121−123] 
represent one important sub-category of multiuser receivers. The basic idea of the 
decorrelator is to use the inverted crosscorrelation matrix to remove interference caused 
by other active users, i.e., multiple access interference (MAI). With a perfect knowledge 
of crosscorrelations (based on the knowledge of code sequences and timing of all active 
users) the effect of all MAI can be eliminated at the cost of noise enhancement. One 
important benefit of the ideal decorrelator is that it does not require knowledge of the 
users' power levels (or amplitudes) and is thus resistant to power fluctuations. On the 
other hand, the complexity and the need for matrix inversion updates can create a 
bottleneck at high user loads and in fast fading environments. The crosscorrelation matrix 
must be estimated, which will lead to further impairments. An analogy with the operation 
of the zero-forcing equalizer and the decorrelating detector can be identified.   

The capacity of decorrelating detectors is discussed in [124−134]. Papers [124, 125] 
analyze bit error performance and user capacity of linear multipath-decorrelating 
receivers in frequency-selective fading channels. Multipath-decorrelating maximal ratio 
and equal gain combiners are shown to outperform the plain rake receiver. The so-called 
pseudo-decorrelating multiuser receiver is introduced in [126]. It is evaluated in 
asynchronous multiple access case in the presence of synchronization errors in AWGN 
channel. The capacity of the linear decorrelating detector for quasi-synchronous CDMA 
is evaluated in [127]. It reports that at large processing gains the impact timing offset is 
very detrimental to the system capacity. As a low complexity alternative to multiuser 
detection, [128] proposes a hybrid diversity combining structure that is based on a one-
shot decorrelating detector. Iterative implementation of the decorrelator for multipath 
combining in slowly-varying frequency-selective fading channel is investigated in [129]. 
Performance limits for full and partial decorrelation are assessed in [130]. The quasi-
decorrelating detector is dealt with in [131, 132] where the impact of the specific 
spreading code families to bit error performance is quantified. In [133], an approximate 
decorrelator is analyzed based on the first order approximation to the inverse 
crosscorrelation matrix. In [134], Kawahara and Matsumoto analyze the asymptotic 
efficiencies of path-by-path and channel-matched decorrelators in asynchronous CDMA 
system with channel estimation. The impact of a fraction of chip time offset on the 
decorrelator capacity in AWGN channel is studied in [135]. Moreover, the performance 
of various spreading code sets is compared in this context. 

In [136, 137], a CDMA system that is based on joint detection data estimation with 
coherent receiver antenna diversity is described and analyzed. This system can be used as 
a hybrid multiple access scheme with time division multiple access (TDMA) and 
frequency division multiple access (FDMA) components. Outage probability bounds 
when using a zero-forcing (ZF) multiuser detector are presented in [138]. Significant 
capacity gains are reported for ZF detectors over conventional single-user receivers. 

Other linear multiuser receivers include minimum mean square error (MMSE) 
detectors [139−142] and linear implementations of interference cancellation [144−149]. 
According to the system capacity evaluation presented in [143], the MMSE detector can 
provide moderate gains over single user receiver, while the decorrelator is even inferior to 
the conventional receiver. In [144], a linear interference canceller is applied to a 
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microcellular CDMA and uplink capacities are estimated for different propagation 
scenarios. 

Successive interference cancellation (SIC) and multistage SIC (MSIC) are discussed 
with respect to DS-CDMA system capacity in [150−159]. In addition, adaptive 
interference cancellation is described in [160]. 

Upper and lower bit error bounds for optimum multiuser detection are estimated in 
[161] on AWGN and fading channels for synchronous and asynchronous CDMA systems. 
Wiener filtering and parallel interference cancellation (PIC) are compared as interference 
suppression methods in [162]. Multistage PIC is utilized in [163] for the bit error 
probability analysis at the base station of a DS-CDMA system. The impact of phase jitter 
and timing errors is incorporated in the study. Paper [164] focuses on resource allocation 
and capacity studies of CDMA multiuser receivers that support multiple traffic classes 
(data rates, bit error rate requirements). 

Combined effects of link and system level simulation results for wideband CDMA 
uplink capacity are investigated in [165, 166]. Nonlinear PIC multiuser detection is 
compared to the conventional rake reception with dual-antenna diversity and closed loop 
power control. The results show that with MUD efficiency of 65%, roughly a two-fold 
increase in capacity is achieved in comparison to a conventional receiver. The effect of 
the fractional cell load on the coverage of the wideband MUD-CDMA in the same 
framework is presented in [167]. The coverage of the uplink was observed to be less 
affected by the variation in cell loading than in conventional systems. Downlink capacity 
enhancements are discussed in [168]. 

Multiuser capacity versus bit error rate of various MUD structures with beamforming 
antenna arrays is compared in [169]. Spatial equivalence classes are employed, and the 
capacity is studied in AWGN and Rayleigh fading channels. Spatial diversity is used in 
[170] as well to enhance decorrelating detector performance in single path and multipath 
fading channels. The demonstrated capacity improvements are proportional to the number 
of receive antennas. Paper [171] presents a framework for the performance analysis of 
linear multisensor multiuser receivers. The potential correlation between antenna 
elements is accounted for. Already two diversity antennas are seen to be advantageous, 
especially if the the channel is not multipath rich. A space-time MMSE (ST-MMSE) 
detector is offered in [172] as a solution to synchronous CDMA in multipath channels 
where conventional receivers perform poorly. Adaptive implementations are studied and 
multiuser performance is compared to that of single user bound and single user detector 
with correlated and uncorrelated antennas. 

A noteworthy comparative overview of the simulated performances of several MUD 
receivers under similar assumptions is published in [173]. The chosen receiver structures 
are: 1) decorrelator, 2) MMSE receiver, 3) multistage PIC receiver, 4) SIC receiver, and 
5) decorrelating decision feedback receiver. Estimation errors and complexity issues are 
also addressed. The results indicate that nonlinear MUD techniques provide the best 
performance when estimation is not an issue. Otherwise, the linear receivers perform 
better. Another comparative framework is shown in [174] where the spectral efficiency is 
the performance measure for alternative linear MUD receiver implementations. 
Information-theoretic aspects and large system analyses for multiuser detectors are 
conducted in [175−177]. 
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The performance of the multiuser detector depends heavily on the channel parameter 
estimation. For these reasons, parameter estimation in multiuser communications has 
become an important research area, aiming at finding feasible solutions for practical 
MUD applications. The performance of linear decorrelating detectors in the presence of 
time delay, carrier phase and carrier frequency errors is analyzed in [178]. The low-
complexity amplitude and phase estimation methods with known or unknown delays are 
analyzed in [179]. Joint signal detection and parameter estimation schemes (amplitudes 
and phases) are evaluated in [180]. Adaptive symbol and parameter estimation algorithms 
based on recursive least squares (RLS) and extended Kalman filters (EKF) have been 
studied in [181]. The sensitivity of multiple-access channels to various mismatches due to 
imperfect carrier recovery, timing jitter, and channel truncation is studied in [182]. The 
impact of timing (delay) errors to the performance of linear MUD receivers is illustrated 
in [183, 184]. Mostly the same authors have also considered the whole estimation 
problem in [185]. Sensitivity analysis of near-far resistant DS-CDMA receivers to 
propagation delay estimation errors in [186] shows that even quite small errors will 
destroy near-far resistance of the decorrelating detector. Joint amplitude and delay 
estimation is evaluated in [187] by using the extended Kalman filter and the same authors 
study quasi-synchronous CDMA systems applying linear decorrelators in [188]. 

The above references mainly study the link performances at quite limited code lengths 
and user populations. This is often necessary to ensure analytical tractability of the 
performance evaluation or to keep the complexity of simulations at a reasonable level. In 
a large-scale capacity evaluation, however, some simplifying assumptions and 
approximations are usually unavoidable in order to obtain results for heavily loaded 
systems utilizing long spreading codes. This thesis proposes some solutions for these 
conditions so that large user capacities can be quantified in favorable situations. The 
imperfections of the multiuser detection and interference cancellation are modelled and 
reflected in the numerical user capacity and sensitivity results. 

2.3  Diversity methods 

Paper [189] offers a useful introduction to multipath combining and basic principles of 
rake reception. A comprehensive review and classification of multipath diversity receiver 
techniques can be found in [190]. In addition, the well-known text book by Proakis [191] 
includes a sub-chapter of diversity techniques for fading multipath channels. 

Equal gain combining is studied in [192−197]. Bit error rate performances of dual-
branch M-ary phase shift keying (MPSK) diversity receivers with equal gain and 
selection combining in the presence of cochannel interference and various fading 
channels are evaluated in [192]. In addition, the accuracy of Gaussian approximation for 
the interference is assessed and confirmed to be good for small to medium range of SNR. 
Paper [193] provides an analytical framework to the expressions of equal gain diversity 
in Rayleigh, Rician, and Nakagami fading channels. Error performance in Rayleigh 
fading channels is investigated in [194−196], whereas [197] focuses on Doppler-spread 
Rician fading and differentially coherent PSK modulation. 
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Maximal ratio combining is discussed for example in [124, 198−215]. Linear 
multipath-decorrelating receivers in frequency-selective fading channels have been 
compared to the conventional rake receiver in [124]. It concludes that decorrelators can 
avoid error floors demonstrated by plain rake receivers. Performance of rake combining 
techniques (selection, equal gain and maximal ratio diversity) in the presence of chip and 
phase synchronization errors is reported in [198, 199]. As expected, the maximal ratio 
combiner outperforms other schemes and quite drastic capacity losses are seen due to 
synchronization errors and fading. Diversity methods in Rayleigh fading have also been 
evaluated and compared in [200, 201]. In [202], a novel method is applied to the 
performance evaluation of diversity reception with two correlated Rayleigh fading 
signals. A transformation is derived to convert two correlated signals to two independent 
signals. A moment generating function based numerical outage probability analysis is 
performed in [203] for the MRC and postdetection EGC diversity systems in generalized 
fading channels. Paper [204] presents simple iterative methods for blind MRC methods. 
Hybrid selection/maximal ratio combining is discussed in [205−208]. In [205], a so-
called virtual branch technique is used to find out the mean of the combiner output SNR 
for any number of branches out of the total number of available diversity branches. 
Closed-form expressions for the symbol error probabilities in flat Rayleigh fading 
channels are derived in [206]. The impact of Gaussian distributed weighting errors on the 
performances of hybrid selection/MRC combiners is examined in [207]. Tradeoffs 
between diversity gain and performance losses are shown at variable orders of diversity 
branches. Additional results on this topic are provided in [208], where the upper and 
lower bounds of SNR penalty are evaluated in detail. The impact of fading correlation 
and unequal branch gains on the Shannon capacity is investigated in [209]. Average 
channel capacity for rake receivers is studied also in [210]. A tutorial paper [211] outlines 
a unified approach to performance assessment of digital communication over generalized 
fading channels. References [212−214] cover bit error rate studies for MRC diversity in 
correlated fading with channel estimation errors, weighting errors, and unequal mean 
powers. The impact of noisy channel estimates on MRC, EGC, and selection combiner 
(SC) is studied also in [215]. Three variations of MRC rake receivers are compared in 
[216] over Nakagami fading multipath environments. 

The effect of tap spacing and chip waveform on the performance of DS spread 
spectrum rake receiver is analyzed in [217]. The multipath combining rule is based on a 
maximum-likelihood criterion. In [218], the generalized selection combining is studied in 
Rayleigh fading channels in terms of average combined SNR, outage probability, and 
average error rate. The more recent contribution [219] focuses on low-complexity 
combining in diversity-rich environments. The proposed scheme is called generalized 
switch and examine combining that can conserve the complexity as the number of 
available diversity paths increases. The combined benefit from the selective rake and best 
SNR scheduling diversity is evaluated in [220]. 

An extensive overview of space-time signal processing techniques in wireless 
communications is given in [221]. Smart antenna techniques and their potential 
applications are reviewed in [222]. The joint effect of transmit and receive diversity is 
studied in [223] by means of outage probability in a shadowing environment. Monte 
Carlo simulations confirm the closed-form derivations. A simple two-dimensional rake 
structure to increase capacity in antenna array CDMA systems is proposed in [224]. Paper 
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[225] evaluates the effect of finite antenna separation on the performance of MRC and 
EGC spatial (uniform linear antenna array) diversity receivers. A closed-form expression 
for the correlation as a function of antenna spacing in adaptive arrays is derived in [226]. 
Hotelling’s generalized distribution is applied to the performance analysis of dual-
antenna rake receivers in [227]. Letter [228] proposes an interference blocking space-
time rake receiver to combat the strong interference in CDMA systems over multipath 
fading channels. 

This work utilizes equal gain combining, maximal ratio combining, spatial diversity, 
and noncoherent partial rake combing. The novel contribution is related to the modeling 
of system parameter imperfections in the operation of these diversity techniques in fading 
multipath channels.  

2.4  UWB systems 

The online source [229] introduces and outlines milestones in the history of ultra 
wideband (UWB) technologies and applications. It lists down the early UWB references 
and patents from the 60s and 70s. In [230], a timely overview of ultra wideband wireless 
systems is given. It discusses, e.g., the Federal Communications Commission (FCC) 
allocation of 7.5 GHz (3.1−10.6 GHz) unlicensed band for the UWB devices. The 
potential UWB modulation schemes, multiple access issues, single vs. multiband 
implementation, and link budgets are also dealt with. Paper [231] is frequently referred to 
and gives a brief introduction to the basics of impulse radio systems. It describes the 
characteristics of impulse radio and gives analytical estimates of the multi-access 
capability under idealistic channel conditions. The potential scenarios anticipated for 
UWB technology are described in [232] from the European research and development 
perspective. A tutorial article [233] outlines the main features and elements in the 
physical layer of the UWB communication system. In addition, the article discusses some 
aspects of network topology. More information on the higher layer protocols, such as 
medium access control and packet scheduling, is available in [234]. A recently published 
doctoral thesis [235] also includes a review of the steps in UWB technology deployment, 
standardization, and regulation. 

Some new channel capacity results for M-ary pulse position modulation (M-PPM) 
time hopping UWB systems are presented in [236]. It is demonstrated that the previous 
results based on the “pure PPM model” have overestimated the real UWB capacity. The 
proposed model is extended with the correlator and soft decision decoding. The capacity 
is evaluated in the single-user case and with asynchronous multiple user interference 
(MUI) when the inputs are equiprobable. It is found that larger M leads to increased 
capacity only at the high bit SNR region. Furthermore, optimal time offset values for 
each M are independent of the bit SNR. The MUI influence is detrimental for the 
capacity, especially at high bit SNRs. 

Paper [237] focuses on the UWB indoor channel modeling issues. The measurement 
data is collected from an extensive campaign in a typical modern office building with a 2 
ns delay resolution. The model is formulated as a stochastic tapped delay line (STDL). 
The energy statistics due to small-scale effects seem to follow a Gamma distribution for 
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all bins. Large-scale parameters can be modeled as stochastic parameters that can change, 
e.g., from room to room. UWB propagation channels are the topic of [238]. Based on the 
modified CLEAN algorithm, estimates of time-of-arrival, angle-of-arrival, and waveform 
shape are derived. Key parameters of the model are intercluster decay rate, intracluster 
decay rate, cluster arrival rate, ray arrival rate, and standard deviation of the relative 
azimuth arrival angles. Intercluster signal decay rate is generally determined by the 
architecture of the building. Intracluster decay rate, on the other hand, depends on the 
objects close to the receive antenna (e.g., furniture). Relative azimuth arrival angles were 
best suited to a Laplacian probability density function. Saleh and Valenzuela [239] 
present a model that has become a frequently referred to and adopted source in indoor 
multipath propagation channel modeling. They propose a statistical indoor radio channel 
model that 1) has the flexibility to reasonably fit with the measured data, 2) is simple 
enough to be used in simulation and analysis, and 3) can be extended by adjusting the 
parameters to represent various buildings. In the developed statistical model the rays of 
the received signal arrive in clusters. The ray amplitudes are independent Rayleigh 
random variables with exponentially decaying variances with respect to the cluster delay 
and the ray delay. The clusters and the rays within the cluster form Poisson arrival 
processes with different, fixed rates. The modification of the Saleh-Valenzuela model to 
UWB propagation channel models is introduced in [240]. Paper [241] characterizes 
measurement-based ultra-wide bandwidth wireless indoor channels from the 
communications theoretic viewpoint. The bandwidth of the signal used in the 
measurement is over 1 GHz resulting in less than 1 ns time resolution. The robustness of 
the UWB signal to multipath fading is quantitatively evaluated through histograms and 
cumulative distributions. Two rake structures are introduced: the all rake serves as the 
best-case (benchmark) receiver and the maximum-energy-capture selective rake is a 
realistic sub-optimal approach. The multipath components of the measured waveforms 
are detected using a maximum-likelihood estimator based on a separable specular 
multipath channel model. 

The performance of PPM and on-off keying (OOK) binary block-coded modulation 
formats using a maximal ratio combining rake receiver is studied analytically in [242]. 
The trade-off between receiver complexity and performance is examined. Several 
suboptimal receivers in indoor multipath AWGN channels have been employed. Results 
indicate that the robust performance may require increase in rake complexity. This 
implies allocation of more rake fingers and tracking of the strongest multipaths to help in 
the selection combining. Rake performance for a pulse-based high data rate UWB system 
in an Intel Labs indoor channel model is addressed in [243]. It is noted that at low input 
SNR values (0−10 dB) and with a low number of rake fingers, it is more beneficial to add 
rake fingers for energy capture rather than for intersymbol interference (ISI) mitigation. 
In the presence of channel estimation errors, equal gain combining can be more tolerant 
than maximal ratio combining, and therefore yield better performance [243]. In order to 
quantify the trade-off between rake receiver energy capture and diversity order, [244] 
presents a partly quasi-analytical and partly experimental analysis suited to dense 
multipath propagation environments. Numerical results show that a diversity level of less 
than 50 is adequate in typical indoor office conditions. Paper [245] studies the optimal 
number of rake fingers to be employed in time hopping (TH) and direct sequence 
selective rake UWB systems at various multipath combining techniques. The impact of 
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exponentially decaying power delay profile to the performance of selective rake 
combining in Rayleigh fading is evaluated in [246]. In addition, partial band interference 
effects are studied.  

In [247], a method to evaluate bit error rate (BER) performance of time hopping PPM 
in the presence of multiuser interference and AWGN channel is proposed. Gaussian 
quadrature rules are used in this approach. Paper [248] concentrates on the signal design 
for binary UWB communications in dense multipath channels. The aim is to find signals 
with good distance properties leading to smooth BER performance that both depend on 
the time shift parameter. The performance of UWB correlation receivers for equal mean 
power Gaussian monocyles is studied in [249]. Channel conditions vary among ideal 
single user AWGN, non-ideal synchronous, multipath fading and multiple access 
interference. It is shown that the pulse shape has a notable impact on the correlation 
receiver performance. The effects can be seen in the autocorrelation function, especially 
in the mainlobe. The autocorrelation is closely related to the SNR gain of the output and 
to interference resistance properties. The special characteristics of the Gaussian 
monocycles include the following descriptions: 1) higher order derivatives have higher 
SNR gain in single user and in asynchronous multiple access channels, but are less robust 
to interference than lower order derivatives, 2) narrower pulses have higher SNR gain in 
asynchronous multiple access channels at the cost of inferior interference resistance 
ability. Exact bit error rate performance of TH-PPM UWB systems in the presence of 
multiple access interference is analyzed and simulated in [250]. Furthermore, it is shown 
that with a moderate number of MAI sources the standard Gaussian approximation 
becomes inaccurate at high SNRs. The usage of space-time coding in single band UWB is 
analyzed in [251], where performance gains against single link scheme are reported. In 
addition, high resistance to timing jitter is observed. Three different UWB modulation 
schemes are compared in a multipath environment in [252]. These modulation techniques 
are based on timing hopping and direct sequence schemes with either bit flipping or 
pulse-position modulation. The numerical results confirmed that bit flipped modulation is 
better in terms of average BER and outage probability. 

The main principles for multi-access in UWB systems are discussed in [253]. A 
functional medium access, radio link and radio resource control architecture is proposed 
and open issues for future activities are addressed. Numerical throughput and delay 
performance results in radio resource sharing are shown. Uncoded and coded 
performance analyses for TH-UWB systems are covered in [254], where a practical low-
rate error correcting coding scheme that does not require bandwidth expansion, is 
presented. The Gaussian assumption for multiuser interference is shown to be invalid for 
high uncoded data rates. The user capacity increases radically with the proposed coding 
scheme. Contribution [255] extends the analysis to general M-ary PPM modulation and 
quantifies exact MUI and Gaussian approximated MUI results in capacity versus symbol 
error rate results. M-ary signals ranging from M = 2 up to M = 256 are used in [256], 
together with PPM signal formats in the UWB multiple access capacity analysis. 
Performance is analyzed in free-space propagation conditions, where the number of 
supported users depends on the given bit error rate, SNR, transmission rate, and 
modulation alphabet size. Furthermore, performance and receiver complexity trade-off is 
discussed. Upper bounds are derived for the combinations of user capacity and total 
transmission rate. According to the numerical examples, it is possible to achieve a system 
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with high capacity and data rate, low bit error probability, and yet only moderate receiver 
complexity.  

Reference [257] is one of the first pivotal UWB papers outlining the potential of time 
hopping impulse radio multiple access communications. It describes the basic building 
blocks of the impulse transmitter and receiver, and their mathematical formulations. It 
also shows an example of the bit error rate versus user capacity estimate at variable data 
rates. Finally, some drawbacks of the high time-resolution impulse radio systems are 
mentioned: 1) the need for up to thousands of rake fingers in the multipath receiver, and 
2) complex initial clock acquisition. In [258], a quite comprehensive overall description 
of time hopping UWB system physical layer issues is given. Achievable transmission 
rates and multiple access capacities are estimated for analog and digital modulation 
formats. Numerical results indicate that the digital implementation has potential to nearly 
one order of magnitude higher user densities than the analog one. Paper [259] defines a 
signal-to-(noise+interference) ratio based framework for the analysis of TH-UWB 
communication systems. Specific attention is paid to hopping sequences and 
synchronization issues in AWGN and lognormal fading channels.  

The authors of [260−262] have established a reference scenario and framework for 
indoor master-slave UWB network and evaluated outage probability restricted system 
capacity with and without power control. Performances of high data rate direct sequence 
spread spectrum (DS-SS) and multiband OFDM1 (MBO) UWB piconets are compared in 
[263] in terms of link outage probability and average aggregate network throughput. 
Numerical examples indicate that DS-SS modulated scheme has a better link reliability at 
small number of frequency hops, while the MBO outperforms it with a large number of 
hops. The multiuser DS-UWB system performance, with random ternary sequences, is 
analyzed in [264]. Such issues as processing gain, jamming margin, coding gain, and 
multiuser interference are studied for a single-user matched filter receiver. Antipodal DS-
UWB system performance and capacity is analyzed in [265] under imperfect power 
control. Space-time selective rake combining and finger allocation strategies are 
proposed and compared in [266]. One of the evaluated methods is specifically targeted to 
narrowband interference mitigation. Variable bit rate multiclass time hopping [267] and 
direct sequence [268] UWB systems are analyzed in terms of outage probability and bit 
error rate. DS-UWB is characterized in [269] in the presence of multipath, multiuser, and 
narrowband interference. The impact of the various spreading code families to the system 
performance and capacity is also evaluated. An overview to the candidate multiplexing 
techniques for multiple UWB piconets is given in [270]. The main conclusion in the 
article is that code division multiplexing seems to be the most promising alternative 
between multiple piconets. Papers [271−273] are related to the multiple access 
performance assessment and code selection in synchronous and asynchronous UWB 
networks. Reference [271] compares performance of time hopping modulation and 
signaling variants, whereas [272, 273] include binary direct sequence modulation too. 
The problem of time hopping code design is addressed in [274], having cyclic correlation 
as a performance measure. The multiple access capacity of a novel delay-hopped 
transmitted reference UWB system in rich multipath environment is discussed in [275]. 
The relation of binary time hopping sequences correlation function and MAI is analyzed 
                                                           
1 OFDM = orthogonal frequency division multiplexing 
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and simulated in [276]. Secure wireless sensor networks are evaluated in [277]. Binary 
direct sequence spread spectrum and pulse position modulated UWB schemes are 
compared. Localization aspects for future sensor networks are discussed in [278]. 

Reference [279] is focused on MUD possibilities for direct sequence UWB systems. It 
is demonstrated that the adaptive MMSE MUD receiver outperforms the rake receiver 
both in energy capture and in the interference rejection sense. The studied interference 
sources are narrowband IEEE 802.11a interference and multiuser UWB interference. 
Ideally, an MMSE receiver can achieve AWGN bit error rate within a 1−2 dB margin 
even in dense multipath channels. In heavily loaded conditions the penalty of 6 dB is 
experienced, but at the same time the rake receivers suffer from unacceptable error floors. 
An iterative partial PIC is applied to the UWB multiuser system in [280]. The matched 
filter, maximum-likelihood, and linear minimum mean squared error receivers are also 
used in the performance comparison. In this paper, multiuser detection is combined with 
error control coding. The UWB system includes only one pulse per symbol and AWGN 
channel is assumed. The numerical results show that it is possible to attain the coded 
single user BER bound for 8−15 users in a heavily loaded system without any processing 
gain. As the number of users increases and the bandwidth to pulse repetition frequency 
decreases, MAI is expected to adversely affect system capacity and performance. As a 
consequence, a framework for the design of multiuser detectors for UWB multiple access 
communications systems is presented in [281]. Optimum multiuser detector is also 
proposed. As an alternative to impulse radio, [282] discusses a multistage frequency 
hopping multiple access scheme that allows for dividing the huge pool of potential users 
to smaller groups that are free of interference from the other groups. Paper [283] focuses 
on synchronization, channel estimation, and detection issues in biphase DS-CDMA 
impulse radio systems. Both the time and frequency domains are used in the reception 
process. It is shown that the interference cancellation receivers can significantly 
outperform conventional rake receivers that do not have an interference suppression 
property. The applicability of minimum variance multiuser detection for UWB systems is 
evaluated in [284]. The same authors investigate subspace MUD in [285].   

The coexistence of UWB systems with some other radio systems is studied in [286]. 
The study includes the evaluation of interference caused by the UWB system to the other 
radio systems, and vice versa. The coexisting radio concepts are GSM900, 
UMTS/WCDMA, and global positioning system (GPS). Several short Gaussian based 
UWB pulses are employed. According to the numerical results, convenient selection of 
pulse waveform and width leads to interference resistance up to a certain limit. The pulse 
shape is in interaction with the data rate. High-pass filtered waveforms are preferred in 
the case of short UWB pulses, whereas generic Gaussian ones are favorable if long pulses 
are utilized. Interference caused by narrowband systems is the most detrimental to UWB 
if it is located at the UWB system’s nominal center frequency. In the GPS band the DS 
based UWB system interfered less than the time hopping system. This reference is one of 
the key contributions in [235] where coexistence of UWB with selected existing radio 
systems is discussed even more thoroughly. 

Channel estimation for time hopping UWB communications is dealt with in [287], 
where multipath propagation and MAI are taken into consideration. Maximum-likelihood 
estimation is applied in data-aided and nondata-aided scenarios. Numerical results show 
that the performance is reasonable if the number of simultaneous users is below 20. The 
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impact of the timing jitter and tracking to the impulse radio system performance is 
investigated in [288] using binary and 4-ary modulations. According to these studies, 
both modulations suffer from the jitter, however 4-ary being better. Timing jitter is also 
discussed in [289] where static and Rayleigh fading channels are assumed. Orthogonal 
PPM, optimum PPM, OOK and BPSK modulations are compared in performance 
evaluation. Similar performance degradation is noted for BPSK and PPM schemes, while 
OOK is more susceptible to large jitter. Probability density function of timing jitter due to 
rake finger estimation is simulated. The results depend on the pulse shape and SNR. The 
worst case distribution is shown to provide an upper bound for BER performance. 

The present thesis provides a framework for multiple access capacity assessment in 
indoor DS-UWB cellular configurations. New models for link distance statistics in 
different cell shapes and network topologies are derived and simulated. In addition to 
multiple access interference the contributions of multipath, desired user interpath 
interference, path loss, and timing errors are uniquely modeled in this framework. 

2.5  Lognormal sum approximations 

Lognormal power sums need to be resolved often in mobile radio communications. Long-
term shadowing effects in many practical cellular systems agree closely with a lognormal 
model. Furthermore, short-term channel amplitude fluctuations may also fit into 
lognormal distribution (e.g., in the case of ultra wideband). Sums of multiple signals will 
be realized in the presence of cochannel interference.  

Closed-form solutions for the sum distributions of multiple lognormal signals are not 
known. Therefore, several approximations have been derived for this purpose. Perhaps 
the best-known proposals are the Fenton−Wilkinson (FW) [290] and Schwartz−Yeh (SY) 
[291] methods. Both schemes model the sum of multiple lognormal random variables by 
another lognormal random variable. The FW approach is attractive due to its simplicity. 
As a drawback, this method provides reasonable accuracy for the first two moments 
(mean and variance) at small dB spreads (< 4 dB) only. However, some practical 
problems (such as outage probability) require merely the right-tail distribution where the 
FW method can give a good match, even at larger dB spreads. The SY approximation 
provides the exact mean and standard deviation for the sum of two lognormal random 
variables. Then, nesting and recursion techniques are used to estimate the power sum for 
greater number of signals. In many instances, the SY procedure is more accurate than the 
FW approach. It suits signals with large standard deviations also. The main drawback of 
this method is the complexity associated with the calculus. These approximations have 
been used in cellular radio performance assessment, e.g., in [292]. The original 
approximations were intended to sums of uncorrelated random variables. Extensions to 
correlated random variables have been presented in [293−295]. In [293], Ho also 
introduces a computationally efficient numerical integration routine as a modification to 
the SY approximation.  

Cardieri and Rappaport [296, 297] have done statistical analysis and comparison of 
FW and SY approximations for lognormal summands having different mean values and 
standard deviations, also accounting for the possible correlation between signal 
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components. Their results indicate that the FW approximation is poor when the standard 
deviations of the summands are clearly different. The SY approximation shows excellent 
accuracy in wide range of the numerical examples. In [298], the author of this thesis has 
examined the applicability of the FW and SY methods for power sums of correlated 
random variables with different means and variances. It was found that both 
approximations can become highly inaccurate in the case of heterogeneous sets of 
correlated summands. Contributions [299] and [300] are related to the user signal-to-
interference ratio calculations in the presence of generically correlated lognormal 
interferers. In the same context, extensions to the FW and SY approaches have been 
derived. 

In addition to these frequently cited approaches, there are some other noteworthy 
approximations for the sums of lognormal components. Farley’s approximation [291, 
301−303] is one of these. In [301], it is stated that Farley’s approximation is a strict lower 
bound for the cumulative distribution function (CDF) of a sum of independent lognormal 
random variables. This implies that if Farley’s estimate of a CDF value is larger than any 
other estimate, it is more accurate. Furthermore, it is claimed in [291] that this method is 
easy to apply and is appropriate for lognormal distributions with large dB spreads (i.e., 
standard deviation σ > 10 dB). 

Schleher’s cumulants matching approach was originally presented in [304]. It is based 
on the division of the sum CDF to a few regions and applying lognormal approximations 
in each region. The approximation method is a generalized Gram-Charlier series. Six 
error correction terms are included in the original scheme: however in [294] they were 
omitted due to convergence problems. The extension to the case of correlated lognormal 
random variables is presented in detail in [294]. The cumulants matching approach is 
rather complex to apply but it is accurate for lognormal sums with small and medium 
standard deviation components (σ ≤ 6 dB). However, the FW method gives almost 
identical results in that range. 

A general method for arbitrary distributions is described in [305]. It is based on the 
computation of the probability density function (PDF) of a power sum of two random 
variables that is referred to as logarithmic convolution. Recursion can be used to extend 
the method for larger number of components as in the SY approximation. In [305], the 
method was compared to the SY and the FW methods and results were crosschecked with 
Monte Carlo simulations in the case of lognormal component distributions. The results 
showed an almost perfect match with theoretical and simulated sum PDFs. The method 
seems to be very practical and it is not restricted to any specific PDFs or dB spreads. This 
approach is particularly useful when a large number of components exists and an 
effective integration routine is available. 

The authors of [306] and [307] have expressed a simplified method to account for the 
cochannel effects of lognormal shadowing and Rayleigh fading. In the case of lognormal 
fading only, their approach has been compared to SY approximation and Monte Carlo 
simulations. A fairly close match was found with respect to both methods. 

Recently, a new accurate and simple closed-form approximation to lognormal sum 
densities and cumulative distributions has been published [308]. This new paradigm is 
based on a low order curve fitting on lognormal probability paper. The idea is a further 
development of the minimax approximation discussed in [309] and [310]. 
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Another novel approximation for the sum of independent non-identically distributed 
lognormal signals is described in [311]. Instead of matching the first two moments of the 
lognormal components, the idea is simply to match the moments of inverse exact sum. 
The new approximation is shown to outperform FW and SY approximations in the 
selected numerical examples. 

Paper [312] discusses a case where both the desired signal and interference is 
composed of multiple correlated components. A simple method for estimating the 
correlation coefficient between total useful and total interfering signals, as a function of 
the correlation between the individual components, is derived. 

A novel method to lognormal sum calculation of independent, but not necessarily 
identical summands, is given in [313]. There the lognormal sum is approximated by 
matching the moment generating function (MGF) of the sum with that of a single 
lognormal random variable suitably parameterized. Approximate Gauss-Hermite 
expansion of the lognormal MGF is used. The computational complexity is claimed to be 
comparable to the SY approach. Flexibility to emphasize accuracy in either head or tail of 
the distribution is one of the inherent advantages of this method in comparison to the FW 
and SY schemes. 

Log shifted gamma (LSG) lognormal sum approximation is proposed in [314]. Its 
main idea is to use a shifted Gamma distribution in logarithmic domain to derive a 
probability density function to approximate the sum of multiple components. Cumulative 
distribution functions are compared with simulations, SY & FW methods, minimax 
approximation, and Farley’s approximation. The results indicate that the LSG 
approximation outperforms others, especially when the number of summands and/or 
divergence of their statistics is large.  

Additional theoretical insights to lognormal sums can be found in [315−318]. As an 
example, paper [315] defines upper and lower bounds on the distribution function of a 
sum of independent lognormal random variables.   

This work makes use of the FW and SY approximations in such UWB scenarios that 
they have seldom been used so far. They require intricate combinations of signal 
components due to large number of users and multipath rich channel that brings on many 
multipath and interpath interference components to encounter for in the resulting sum of 
lognormal contributions. Luckily, the simple FW approximation turns out to be accurate 
enough in most of the studied numerical cases. In the exceptional cases (such as 
correlated multipaths), Monte Carlo simulations are used to verify the results.  



3 Signal and channel models for the wideband CDMA 
framework 

This chapter presents mathematical models for the transmitted and the received complex 
wideband CDMA signals (Section 3.1). The applied multipath channel profile modeling 
is briefly discussed in Section 3.2. The derivations in this chapter follow closely the 
structure presented in [2], which is an extension of the system model in [1].  

3.1  Transmitted and received waveforms 

The complex envelope of the signal transmitted by user { }Kk ,...,2,1∈  in the nth symbol 
interval [ ]TnnTt )1(, +∈  is written as 
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In equations (1)−(6), )(n
ikb is the data bit of the in-phase (I) channel and )(n

qkb is the data bit 

of the quadrature (Q) channel, cTTG = is the number of chips per symbol, i.e., the 
processing gain due to direct sequence spreading, )(tϕ  represents the bit pulse shape and 

bε  is the relative bit offset of the Q-channel with respect to the I-channel. Parameters 
)(n

ikgc  and )(n
qkgc  are the gth chips of the kth user pseudo-noise spreading codes in the I- and 

Q-channel, respectively. )(tψ is the chip pulse shape and cε  is the chip offset of the Q-
channel relative to the I-channel. In practical applications, bε  and cε  will have values 
either 0 or ½.  

Equations (1)−(6) are general and different combinations of the signal parameters 
cover most of the signal formats of practical interest. E.g., in the WCDMA frequency-
division duplex (FDD) mode the uplink signal format can be expressed as  

lssccdd ccdjcdc )( + , (7) 

where dc  and cc  are data and control channel codes, dd  and cd  data and control 
channel information bits and, sc  and lsc  scrambling and (optional) long scrambling 
codes. Equation (7) can be written in the form of (2) with the following mapping 
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Due to antenna diversity and multipath propagation, the vector channel impulse response 
consists of discrete multipath components represented as 
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where L is the number of multipath components of the channel, 
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same component, and )(tδ  is the Dirac delta function. It is assumed that Tm is the 
maximum delay of the channel. In the following analysis, indices n will be dropped 
whenever it is possible without ambiguity. It is also assumed that condition Tm < T is 
satisfied, meaning that harmful intersymbol interference (ISI) can be avoided. 

Let us assume a generic spatial diversity system having M receive antennas. In this 
case, the overall received signal during Nb symbol intervals in the mth antenna, m ∈ {1, 
2, …, M}, can be represented as 
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klmk AHA =)( , klmkklm φ−φ+φ=Φ 00 , 0φ  is the frequency downconversion phase error 
and zm(t) is a complex zero-mean additive white Gaussian noise process with two-sided 
power spectral density 2σ  and 0ω  is the angular carrier frequency. In the following, the 
noise term will be dropped for the sake of simplicity, and the focus will be only on the 
proper representation of multiple access interference (MAI). For a correct representation 
of the overall signal, the noise term will be reintroduced again in (39).  

The complex matched filter of user k will create two correlation functions for each 
path and antenna. By omitting the noise terms, the I-channel signal becomes 
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where klmΦ
~  is the estimate of klmΦ  and  
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Similarly, for the Q-channel the correlation function can be formulated as  
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Terms yx,ρ  are crosscorrelation functions between the corresponding code components x 
and y. A scaling factor ½ is dropped in the above equations for simplicity. Basically, 
dropping this coefficient for both the signal and the noise will not affect the signal-to-
noise ratio (SNR) that determines the system performance. Each of these components is 
defined with four indices. Parameter baba Φ−Φ=ε

~
, , where a and b are defined with 

three indices.  
Let the LM-element vectors )(⋅ℑLM  of matched filter output samples for the nth 

symbol interval be defined as 
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)()()( n
qk

n
ik

n
k jyyy += , (18) 

)( )()( nT
k

Kn yy ℑ=  ∈ℂKLM, (19) 

)( )(nTNb yy ℑ=  ∈ℂNbKLM. (20) 

Let in general ( )( ) ( ] KLMKLMn i ×−∈ 1,1R  be a crosscorrelation matrix with the following 
partition 
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∈ℝKLM×KLM (21) 

For the final representation of the complex matched filter output signal, to be given later 
by (53) and (54), four specific matrices in the form of (21) will be defined with the 
following notation 

( )( ) ( )( )ii nii
kk

Knii )(
',RR ℑℑ= , (22) 

( )( ) ( )( )ii nqi
kk

Knqi )(
',RR ℑℑ= , (23) 

( )( ) ( )( )ii niq
kk

Kniq )(
',RR ℑℑ= , (24) 

( )( ) ( )( )ii nqq
kk

Knqq )(
',RR ℑℑ= , (25) 

where matrices ( )inab
kk

)(
',R ∈ℝLM×LM, { }Kkk ,,2,1', …∈∀  in (22)−(25) have elements 
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n
qkklmmlkmllm
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', cos , (29) 

{ }Lll ,,2,1', …∈∀  and { }Mmm ,,2,1', …∈∀ . 
In order to simplify notation, (26) is presented as ερ= cosR  and its estimate as 

ερ= ˆcosˆR̂ , (30) 

where ρ represents crosscorrelation. In general, the estimated phase difference ε̂  between 
two users (e.g., users with indices k = 1 and k = 2) can be represented as 
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εΔ+ε=φΔ−φ−φΔ−φ=ε 2211ˆ , (31) 

where 21 φ−φ=ε  and )( 21 φΔ+φΔ−=εΔ . 
If φΔ  is a Gaussian process with zero-mean and variance 2

φσ , then εΔ  is a zero-mean 
Gaussian process with variance 22 φσ . The estimated correlation function can be 
represented as  

( )ρ
τ

τ +ρ=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ρ
ερ

+ρ=ερ+ρ≅ρΔ+ρ=ρ s1'1'ˆ , (32) 

where 'ρ  is the slope of the ρ  function at the point of zero delay estimation error and  

21 τΔ−τΔ=ετ  (33) 

is the difference between the two delay estimation errors. For a given class and code 
length 'ρ  is a parameter [319]. If τΔ  is a zero-mean Gaussian variable with variance 2

τσ  
then τε  is a zero-mean Gaussian variable with variance 22 τσ . 

The second component of (30) can be represented as  

,cos)1(
sincos)2/1(

sinsincoscos)cos(ˆcos
2

ε+=
εεΔ−εεΔ−=

εΔε−εΔε=εΔ+ε=ε

εs
 (34) 

where 

)tan2/( 2 ε⋅εΔ+εΔ−=εs . (35) 

Now, (30) becomes 

RRR Δ+=ˆ , (36) 

where 

.)(cos
,cos

ρερε ++ερ=Δ
ερ=

ssssR
R

 (37) 

Whenever kk ≠' , the average value of the crosscorrelation 0=ρ . It can be shown by 
simulation (see Fig. 11) that parameter RΔ  can be considered to be an additional noise 
component having a Gaussian distribution with zero-mean and variance 

]/2)23)(/21([ 222
'

24222
'

22 ρσσ+σ+σρσσ+ρ=σ τρφφτρΔR , (38) 
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where 2
'ρσ  is the squared magnitude of the correlation function derivative (slope) at the 

point of zero-delay error defined in (32). Similar expressions can be derived for the 
estimations of (27)−(29). 

If the delay spread is large it can cause severe ISI and the overall received signal 
model should be modified accordingly. However, when the delay spread is limited to less 
than one symbol interval, in asynchronous network the vector (19) can be expressed as 
[115, 122] 
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 (39) 

where 

( )KAAA ,,,diag 21 …=A ∈ℝK×K (40) 

is a diagonal matrix of transmitted amplitudes, 

( ) ( ) ( ) ( )( )n
K

nnn HHHH ,,,diag 21 …= ∈ℂKLM×K (41) 

is the matrix of channel coefficient vectors 

( ) ( ) ( ) ( ) ( ) ( )( )Tn
LMk

n
k

n
Mk

n
k

n
k

n
k HHHHH ,21,1,12,11, ,,,,,, ……=H ∈ℂLM (42) 

and 

( ) ( ) ( ) ( )( ) Kn
K

nnn ddd Ξ∈=
T

21 ,,, …d  (43) 

is the vector of the transmitted data and ( )nn ∈ℂKLM is the output vector due to noise. This 
component is due to processing the second term of (11) that was dropped for simplicity in 
the derivation of (12)−(38). It is easy to show that ( )( ) 2, >∀= ii KLM

n 0R  and 
( )( ) ( )( )ii nn 1T +=− RR , where 0KLM  is an all-zero matrix of size KLM×KLM. Thus, the 

concatenation vector of the matched filter outputs (20) has the expression 

nhndd +=+= RHRHAA,H,R, )(y , (44) 

where 
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R ∈ℝNbKLM×NbKLM, (45) 

( ) ( ) ( )( )110 ,,,diag −= bNHHH …H ∈ℂNbKLM×NbK, (46) 

( )AAA ,,,diag …=A ∈ℝNbK×NbK, (47) 

( ) ( ) ( )( ) KNN bb Ξ∈= − T1T1T0T ,,, ddd …d , (48) 

dh A= is the data-amplitude product vector, and n is the Gaussian noise output vector 
with zero-mean and covariance matrix R2σ . If we define  

)( i
ii dA,H,,Ryy =ii , (49) 

)( q
qi dA,H,,Ryy =qi , (50) 

)( i
iq dA,H,,Ryy =iq , (51) 

)( q
qq dA,H,,Ryy =qq , (52) 

then we have 

qiiii yyy += , (53) 

qqiqq yyy += . (54) 

Based on these equations a complex decorrelator receiver structure is derived in the 
Appendix. 

3.2  Space-time multipath intensity profile 

The exponential multipath intensity profile (MIP) channel model is a widely used 
analytical model and is realized as a tapped delay line [320]. It can flexibly model 
different realistic propagation scenarios. The decay of the profile and the number of taps 
can be varied. In [321], it is shown that the exponential decay model is valid also for the 
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spatial autocorrelation of the azimuth and delay spread. Therefore, the averaged power 
coefficients in the space-time multipath intensity profile can be presented as 

0,,,00 ≥λλα=α λ−λ−
ml

ml
lm mlee ml , (55) 

where λl is the temporal (delay) decay parameter, λm is the spatial decay parameter of the 
profile, l is the multipath delay index, and m is the spatial diversity index. The spatial 
decay parameter enables modeling of full or reduced (e.g., correlated antennas) diversity 
gains. Power coefficients in the model can be normalized as 

∑ ∑
−

=

−

=

λ+λ− =α
1

0

1

0

)(
00 .1

L

l

M

m

ml mle  (56) 

For λl = 0 there would be equal gain in every multipath component, whereas very large λl 
would result in essentially 1-path channel in delay dimension. The number of resolvable 
multipaths depends on the chip rate and the channel delay spread.  



4 Wideband CDMA performance analysis 

This chapter discusses effective user capacity assessment of wideband CDMA systems, 
including various practical imperfections. The general framework for performance 
analysis is defined in Section 4.1. Section 4.2 is devoted to space-time rake combining 
issues. Section 4.3 shows numerical examples for the conventional rake receiver. A linear 
decorrelating multiuser detector is utilized in Section 4.4. Nonlinear interference 
cancellation is investigated in Section 4.5. Finally, Section 4.6 shows capacity 
comparison for these three alternative receiver structures. 

The major body of the content of this chapter can also be found in the original 
publications [1, 2, 4, 5]. 

4.1  CDMA system capacity 

The starting point in the evaluation of CDMA system capacity is the received signal 
energy per symbol divided with the overall noise density in a given reference receiver 
with index k. In the general case this quantity can be represented as 

thoinoicoc

bk
bk III

ST
N
EY

η+++
==

0
, (57) 

where Ioc, Ioic, and Ioin are power densities of intracell, intercell and overlay type 
internetwork interference, respectively, and thη  is thermal noise power density. 
Parameter S is the overall received power of the useful signal and T = 1/Rb is the 
information bit interval (Rb is the bit rate). Contributions of Ioic and Ioin to N0 have been 
discussed in a number of papers, e.g., [58]. In order to minimize repetition in the analysis 
we will parameterize this contribution by introducing a joint Gaussian variable 

thoinoic II η++=η0 . (58) 
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In this framework, closer attention is paid to the intracell interference Ioc in the analysis of 
a wireless CDMA network which is based on an imperfect rake receiver that may be 
enhanced by a linear decorrelator or nonlinear iterative interference canceller for MAI 
mitigation. An extension of the analysis to include more detailed intercell and 
internetwork interference models is straightforward. A general block diagram of the 
receiver is shown in Fig. 1, where the block ‘Multiuser receiver’ refers to the decorrelator 
or nonlinear interference canceler. This block is marked with the dashed line because it is 
optional. Without MUD unit the receiver is supressed to the conventional rake receiver 
structure that is used as a reference in the capacity evaluation. 
 

Bank of
matched
filters

Other users

Rake 
receiver
of user k

demodulation
        &
   decoding

Information
output

Parameter estimation

Multiuser
receiver

1

M

 

Fig. 1. General receiver block diagram. 

The analysis will begin with the rejection combiner that chooses the first multipath signal 
component in the first antenna of the kth user and rejects (suppresses) the other signal 
components. In this case, (57) for the I-channel becomes 
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 (59) 

where )''',11and1,11,11for(),( mlkkzikiqkiikxzx ==α  is the power coefficient, 

defined as Szyz xx /])([E)( 2
ε=α , S is the normalized power level of the received signal 

and parameters )(zyx  are in general defined by (12) and (53). Expression ][E ⋅ε  stands 
for expectation, i.e., averaging with respect to corresponding phases ba,ε  defined by 
(12)−(15). Based on this, we have 
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where ][E,)'''( 2
1,'''

2
1,'''

22
1,'''

2
1,'''

2
1 ikmlqkikmlikikmlqkikmlikik mlk ρ+ρ=ρρ+ρ=ρ ρ  and after 

normalization .2/2/ 2
'''

22
''' mlkmlk AA ⇒ρ  

A similar equation can be obtained for the Q-channel. It has been assumed that all 
‘interference per path’ components are independent. In the following, the notation is 
simplified by dropping all indices ik1 leading to klmik mlk α⇒α )'''(1 . With no power 
control (npc) klmα  will depend only on the channel characteristics. In partial power 
control (ppc) only the first multipath component of the signal is measured and used in the 
power control (open or closed) loop. Full power control (fpc) will normalize all 
components of the received signal and rake power control (rpc) will normalize only those 
components combined in the rake receiver. The rpc seems to be more feasible because 
these components are already available. These concepts for ideal operation are defined by 
the following equations 

mlknpc klmklm ,,, ∀α=α⇒ , (61) 

kppc k ∀=α⇒ ,111 , (62) 
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1 1

, (63) 

krpc
L

r
klm ∀=α⇒ ∑

=

,1
0

1
, (64) 

where L0 is the number of rake fingers in the receiver. The contemporary theory in this 
field does not recognize these options, which causes a lot of misunderstanding and 
misconceptions in the interpretation of the power control problem in the CDMA network. 
Although fpc is not practically feasible, the analysis including fpc should provide the 
reference results for the comparison with other, less efficient options. 

Another problem in the interpretation of the results in the analysis of the power control 
imperfections is caused by the assumption that all users in the network have the same 
problem with power control. Hence, the imperfect power control is characterized by the 
same variance of the power control error. This is more than a pessimistic assumption and 
yet it has been used very often in analyses published so far. If we now introduce matrix 

kα  with coefficients mlkklm ,,,∀α , except for αk11 = 0, and use notation 1 for the vector 
of all ones, (59) becomes 
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Compared with (59), the index i is dropped, indicating that the same form of equation is 
valid for both the I- and Q-channels defined by (53) and (54). 

4.2  Space-time rake combining in the multipath channel 

If an 0L -finger space-time (or 2-D) rake receiver ( 0L  ≤ LM) with combiner coefficients 
wkr (r = 1, 2, ..., 0L ) and an imperfect decorrelator is used, the signal-to-noise ratio for 
the kth user will become 
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where  
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is due to Gaussian noise processing in the rake receiver, and the noise density 0η , after 
decorrelation, becomes η . The relation between these two parameters is elaborated later 
in (86)−(89). The parameter )( 0L

kr  in (66) is called the rake receiver efficiency and is 
given by 
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with ( )TkLkLkkkkk 00
cos,,cos,cos 2211 αεαεαε= θθθ …A . Parameter krkrkr θ−θ=εθ

ˆ  

is the carrier phase synchronization error of user k at the receiver branch r. Indices in the 
subscript are dropped whenever it does not cause any confusion. In the sequel, the 
following notation will be used: 2/2

krkr A=α , krÂ  is the estimate of krA , 

krkrkrkrkra AAAAA /)ˆ(/ −=Δ=ε  is the relative amplitude estimation error, and θε  is the 
carrier phase estimation error. 

4.2.1  Equal gain combining 

For the equal gain combiner (EGC) the combiner coefficients are given as 1=krw . 
Having in mind the notation used so far, index k will be omitted for simplicity. By using 
the notation 11 // αα= rr AA , averaging (68) gives for EGC 
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 (69) 

4.2.2  Maximal ratio combining 

For the maximal ratio combiner (MRC) the combiner coefficients are based on estimates 
as 
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For MRC the average rake efficiency becomes 
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One should note that although 1ˆ1 =w , the value of the first term in the above sum is 
11cos αεθ , which takes into account the error in the estimation of the phase for the first 

finger. In order to avoid dealing with the fourth power terms of the type 42 )2/1( rθε− in 
the evaluation of the first term in (73), limits will be used. The upper limit follows from 
the substitution 

2
1

2
θθ ε⇒ε r . (74) 
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Using (74) leads to a further simplification 
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and the first term of (73) becomes [322] 
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For the lower limit, the substitution 

22
1 rθθ ε⇒ε  (77) 

is used and the first term of (73) becomes 
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For a complex signal, the parameter rθεcos  should be replaced by 

rrr b θθθ ερ+ε⇒ε sincoscos , (79) 

where b is the information in the interfering channel (I or Q), and ρ is the crosscorrelation 
between the codes used in the I- and Q-channels. For small tracking errors this term can 
be approximated as  

2/1sincos 2ε−ρε+≈ερ+ε θθ bb rr , (80) 

where the notation is further simplified by dropping the subscript θr. By using (80) in 
(70)−(78), similar expressions can be derived for the complex signal format. 

4.2.3  Channel parameter estimation errors  

From the prior imperfect rake derivations we can see that expressions for the carrier 
phase estimation errors, and in the MRC case also for the amplitude estimation error, are 
needed for the further numerical evaluation on the impact of these imperfections to the 
effective CDMA user capacity. A performance measure of any estimator is the parameter 
estimation error variance that should be directly used in equation (84) for equivalent 
noise variance and (69)−(80) for the rake combiner. If joint parameter estimation is used, 
based on maximum-likelihood (ML) criterion, then the Cramér−Rao lower bound could 



54 

be used for these purposes [323−327]. For Kalman filter estimators [323, 328] the error 
covariance matrix is available for each iteration of estimation. This work, however, is 
restricted to the independent estimation of channel parameters. Simple phase-locked and 
delay-locked loop estimators are assumed, where the error variance is inversely 
proportional to the estimator loop signal-to-noise ratio. For carrier phase and code delay 
estimation error a simple relation LSNR/12

, =σ τθ  is adopted where LSNR  is the signal-to-
noise ratio in the tracking loop. For LSNR , the noise power is, in general, given as N = 
BLN0. In this case, the noise density N0 is approximated as a ratio of the overall 
interference plus noise power divided by the signal bandwidth. The loop bandwidth BL is 
proportional to the maximum Doppler shift fD that depends on the velocity and defines 
the severity of fading. In addition to this 
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where τε  is the spreading code delay estimation error and AAAAAA /ˆ1/)ˆ( −=−=ε is 
the relative amplitude estimation error. E.g., for noncoherent estimation, there is an 
expression [332] 
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where I0(⋅) and I1(⋅) are the zeroth and first order modified Bessel functions, respectively, 
and y is the signal-to-noise ratio. 

4.3  Imperfect rake receiver 

As a well-established benchmark for capacity evaluation, a conventional rake receiver 
[329] is employed. It is based on matched filtering at each diversity branch. Branch 
weighting is based either on equal gain or maximal ratio combining, as described in the 
previous section. 

4.3.1  User capacity and sensitivity 

For a conventional single-user rake receiver, (57) can be rewritten into form 
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 (83) 

where )( 0L
kr  refers to the rake efficiency of the desired user (i.e., received energy by the 

rake, index 0L  is the number of rake fingers), G is the processing gain, MFK  is the 
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average number of active users that can be served at the predefined SNR target 0Y , 
[ ] α== LMLwIf kroc 0

2E)(α  is the intracell interference (MAI) density, krw  is the rake 
combiner coefficient and α = 1/(LM) is the average power of the multipath components.  

The maximum number of simultaneous active users, i.e., user capacity at 0Yyk = , can 
be solved from (83) to be 
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where ⎣⋅⎦ refers to the floor function rounding KMF downwards to the largest integer. The 
maximum capacity max

MFK is achieved from (84) in the absence of estimation errors, i.e., 
while the maximum Doppler frequency and estimation error variances are zero. Then the 
sensitivity function that represents the relative user capacity lost due to imperfections can 
be expressed as 

max

max

MF

MFMF
MF K

KK −
=ℜ . (85) 

4.3.2  Numerical examples 

Table 1 summarizes the most relevant parameters assumed in the upcoming numerical 
capacity and sensitivity results. The chosen processing gain corresponds to the WCDMA 
concept [111] chip rate 3.84 Mcps at the coded data rate of 15 kbps. For MRC, the upper 
limit derived in Section 4.2.2 is adopted. It should be noted that the upper and lower 
limits turned out to be so tight that only at the largest normalized Doppler frequencies, 
minor visible differences in capacity appear. Therefore, the upper MRC limit is used 
exclusively in the upcoming numerical examples.  

Table 1. Key parameters for the numerical illustrations. 

Processing gain G 256 (24 dB) 
Required signal-to-noise ratio Y0 3.98 (6 dB) 
Data modulation BPSK 
Number of multipaths L 4 
Number of receive antennas M 2 
Temporal MIP decay parameter λl 0.5, 0.75 
Spatial MIP decay parameter λm 0.5, 0.75 
Normalized max. Doppler shift fDT [0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2]×10-2 

Number of utilized diversity branches L0 1, 2, 3, 4, 5, 6, 7, 8 
Phase and code delay error variance 2

,τθσ  1/SNRL 
Amplitude estimation error (MRC) εa According to (81) and (82) 



56 

Table 2 shows the relative channel tap gains of the examined space-time multipath 
intensity profiles2 (normalized with respect to the first branch) in dB scale. 

Table 2. Multipath intensity profiles considered in the numerical examples. 

λ l = λ m 
00α  [dB] 01α , 10α  [dB] 11α , 20α  [dB] 21α , 30α  [dB] 31α  [dB] 

0.5 0 −2.17 −4.34 −6.51 −8.69 
0.75 0 −3.26 −6.51 −9.77 −13.03 

Fig. 2 shows user capacity surface as a function of diversity order and fading rate in the 
case of equal gain rake combiner with the multipath intensity profile parameters λl = λm = 
0.5. It is clearly seen that without impairments the number of supported users/cell 
increases gradually with the diversity order. However, at large normalized Doppler 
spreads the capacity flats out or even degrades at high diversity orders. Fig. 3 illustrates 
the same setup for maximal ratio rake combiner. Now the achievable user capacities are 
slightly higher than in the case of EGC. Even with the imperfections the capacity steadily 
increases with the number of combined diversity branches. 

With more impulsive (i.e., less diversity gain) MIP with λl = λm = 0.75, the capacities 
diminish as expected. This is demonstrated in Fig. 4 (EGC) and in Fig. 5 (MRC). In this 
scenario, the EGC performs poorly at full diversity (L0 = 8) while the imperfections are 
maximal (fDT = 0.02). 

Capacity sensitivity to impairments is plotted in Fig. 6 for EGC, λl = λm = 0.5. 
Sensitivity increases with the fading rate. Over 40% of the maximum capacity is lost at L0 
= 8 and fDT = 0.02. For MRC in Fig. 7, the sensitivity surface is quite similar, except 
somewhat lower absolute values. Fig. 8 shows the sensitivity with EGC, λl = λm = 0.75 
and Fig. 9 with MRC, respectively. Of these cases, the highest sensivity function value is 
recorded in Fig. 8 where it nears 60%. This means that 60% of the capacity is lost due to 
imperfections. Sensitivity can be reduced with better estimators at the cost of higher 
complexity and energy consumption. Careful optimization and tradeoff analysis with 
respect to these topics is required. Adaptive implementation techniques can be applied to 
deal with these important issues.   

 

                                                           
2 These channel profiles have been chosen as appropriate representatives of different, yet realistic propagation 
channels. 
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Fig. 2. User capacities with the rake receiver (EGC, λl = λm = 0.5). 
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Fig. 3. User capacities with the rake receiver (MRC, λl = λm = 0.5). 
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Fig. 4. User capacities with the rake receiver (EGC, λl = λm = 0.75). 
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Fig. 5. User capacities with the rake receiver (MRC, λl = λm = 0.75). 
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Fig. 6. Sensitivity of the rake receiver (EGC, λl = λm = 0.5). 
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Fig. 7. Sensitivity of the rake receiver (MRC, λl = λm = 0.5). 
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Fig. 8. Sensitivity of the rake receiver (EGC, λl = λm = 0.75). 
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Fig. 9. Sensitivity of the rake receiver (MRC, λl = λm = 0.75). 
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4.4  Imperfect linear multiuser detector (decorrelator) 

In this section, a linear decorrelator is used for interference cancellation in the system. 
The detector will operate with the inverse of the estimated correlation matrix 1ˆ −R  where 
the observed correlation matrix of the system can be divided into the perfect estimate and 
difference (or error) components, i.e., RRR Δ+= ˆ . It is assumed that the elements of ΔR 
are Gaussian distributed with zero-mean and variance given by (38). This assumption is 
validated in the numerical examples. 

So, after decorrelation by using 1ˆ −R  the residual noise in the receiver will have 
variance  

)}(ˆvar{ 1 nnR +−
r , (86) 

where Gaussian noise components of vector n have variance 2
nσ . Gaussian approximated 

residual noise vector nr  has variance 2
rσ  that can be approximated as  

2

,,
,,

2
,, mlk

mlk
mlkr Δσα=σ ∑ . (87) 

The average value of this variance can be represented as 

22
Rr KLM Δσα≅σ , (88) 

where 2
RΔσ  is given by (38). After the rake combiner, the overall noise variance becomes  

2222
0

2 )( nrnrkkR Σ+Σ=σ+σς≅σ + , (89) 

where +
kkR  is the kkth component of 1ˆ −R . In (89), 2

rΣ  is contribution of system 

imperfections due to the overall noise variance 2σ  and 2
nΣ  is contribution of Gaussian 

noise after decorrelation (noise enhancement). So, the equivalent noise variance is 
expressed in terms of phase and code delay estimation errors (see (38)).  

If decorrelation is performed prior to parameter estimation, N0 is obtained from the 
equivalent noise having the variance defined by (89). If parameter estimation is used 
without decorrelation, then the overall noise consists of MAI and Gaussian noise. 
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4.4.1  User capacity and sensitivity 

Formulation of effective user capacity will be started with the average signal-to-noise 
ratio that can be expressed as 

)(
)(
)(

2

)(

2

)( 00

KY
K

GKSrGSrY b

LL

b =
σ

=
σ

=  (90) 

where the rake efficiency )( 0Lr  was given in Section 4.2, 2σ  is given by (89) and G is the 
processing gain. Rake receiver efficiency and overall noise variance depend on the 
number of active users K in the desired cell. Assuming that a certain quality of 
transmission is accepted, i.e., bit error probability/rate Pe = e−10 . This performance can 
be achieved with given signal-to-noise ratio )(0 DECb KKYY == , where KDEC is the user 
capacity. Then, in the case of the perfect channel estimation, the maximum user capacity 
per cell (reference) is obtained as 
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Similarly, in the case of the imperfect channel estimation the effective user capacity 
becomes 
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Based on (91) and (92) the system sensitivity function can now be defined as 

max

max

DEC

DECDEC
DEC K

KK −
=ℜ . (93) 

4.4.2  Numerical examples  

This section presents some practical numerical examples to illustrate user capacity and 
sensitivity functions for the decorrelator, based on the definitions presented in the 
previous sections. The main system parameters are compatible with Table 1 and Table 2 
given in Section 4.3.2 for the plain 2-D rake receiver.  

Validity of the Gaussian zero-mean approximation for the additional noise component 
ΔR in (37) was tested through simulations. Totally 500000 samples of each parameter 
were generated in these simulations. Parameters ρ, ετ and Δε were modeled as zero-mean 
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Gaussian random variables with variances 1/G, 0.01 and 0.01, respectively. Parameter ε 
was assumed to be uniformly distributed over [0, 2π). The squared magnitude of the 
correlation slope represented in (38) was fixed to 12

' =σρ . 
Fig. 10 shows the simulated histogram according to (37) for a single interference 

component. The shape of the Ie = ΔR distribution in the presence of estimation errors 
appears to be zero-mean and peaky resembling a Laplace distribution. Fig. 11 depicts the 
same case for the sum of eight independent and identically distributed (i.i.d.) parameters 
corresponding, e.g., the joint effect of one user with four multipaths and two receiver 
antennas (Ie = KLMΔR = 8ΔR). It can be observed that even so few components are 
enough for the Gaussian approximation to hold. In practice, there are far more elements 
to be summed up.  

In contrast to the previous results, the actual correlation matrix was generated 
according to the asynchronous multiuser model (e.g., [122]) with random binary 
spreading codes of length 256. The resulting noise enhancement due to crosscorrelation 
matrix inversion is demonstrated in Fig. 12 as a function of the number of users. Circles 
in the plot are simulated points and the solid line denotes the second order polynomial 
fitted to the simulation results. It can be noted that with relatively low user loads the 
noise enhancement increases almost linearly. However, when the load approaches the 
spreading code length the noise enhancement explodes rapidly.  

Equal gain combined user capacity surface at λl = λm = 0.5 is depicted in Fig. 13. 
Capacity losses of the estimated cases increase according to the normalized maximum 
Doppler shifts. The optimal number of combined diversity branches is in the range of 
three to five at large Doppler shifts (that result in large estimation errors). Without 
estimation errors the maximum capacity is reached when all available diversity is 
utilized. For the maximal ratio combiner (Fig. 14) in the same scenario the capacity 
surface is almost identical in shape. Only the absolute user capacities are slightly higher. 

Equal gain combined user capacity surface for multipath intensity profile λl = λm = 
0.75 is plotted in Fig. 15. In comparison to the previous figures the edges of the plane are 
now sharper. Clearly, the optimal diversity order diminishes as the MIPs become steeper.  

The relative sensitivity function defined in (93) is another way to consider capacity 
losses. Fig. 17 shows the sensitivity function versus the normalized maximum Doppler 
shift value with λl = λm = 0.5 and the number of combined diversity branches being a 
parameter. The sensitivity of the system increases substantially when the diversity order 
and/or the Doppler spread increases. The difference between EGC and MRC is minimal. 
Similar illustrations for parameter setting λl = λm = 0.75 in Fig. 19 and Fig. 20 reveal that 
almost all capacity can be lost in fast fading channels due to combining many weak 
multipaths. In other words, the significant potential capacity gain of the decorrelator 
(over plain rake) may completely vanish due to the imperfections in a practical 
implementation.  
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Fig. 10. Simulated histogram for a single interference component (Ie = ΔR). 
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Fig. 11. Histograms for the sum of 8 i.i.d. interference elements (Ie = 8ΔR). 
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Fig. 12. Simulated and fitted noise enhancement of the decorrelator. 
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Fig. 13. User capacities with the decorrelator enhanced rake receiver (EGC, λl = λm = 0.5). 
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Fig. 14. User capacities with the decorrelator enhanced rake receiver (MRC, λl = λm = 0.5). 
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Fig. 15. User capacities with the decorrelator enhanced rake receiver (EGC, λl = λm = 0.75). 
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Fig. 16. User capacities with the decorrelator enhanced rake receiver (MRC, λl = λm = 0.75). 
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Fig. 17. Sensitivity of the decorrelator enhanced rake receiver (EGC, λl = λm = 0.5). 

 

1
2

3
4

5
6

7
8

0
0.0025

0.005
0.0075

0.01
0.0125

0.015
0.0175

0.02
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Maximal ratio combiner

Number of combined diversity branches
Normalized max. Doppler shift

S
en

si
tiv

ity

 

Fig. 18. Sensitivity of the decorrelator enhanced rake receiver (MRC, λl = λm = 0.5). 
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Fig. 19. Sensitivity of the decorrelator enhanced rake receiver (EGC, λl = λm = 0.75). 
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Fig. 20. Sensitivity of the decorrelator enhanced rake receiver (MRC, λl = λm = 0.75). 
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4.5  Imperfect nonlinear multiuser detector 

Let us revise the signal-to-noise ratio modeling started in Section 4.2. If L0 -fingers rake 
receiver (L0 ≤ LM) with combiner coefficients wkr (r = 1, 2, ..., L0) and interference 
canceller are used, the signal-to-noise ratio (65) will become  
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where ς0 has already been defined in (67) and is due to Gaussian noise processing in the 
rake receiver, and the noise density 0η becomes η  due to additional signal processing. 
The intracell multiuser interference is of the form 
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with klmα  being a matrix of size K×LM with coefficients )1( '' lmklmk C−α  except for 
0)1( =−α krmkrm C  and Cklm is efficiency of the canceller. The following equation relates 

bit error probability Pe to the average bit values b and their estimates b̂ as 

ePbb 21ˆ −= . (96) 

For the system performance evaluation a model for the canceller efficiency is needed. 
Linear multiuser structures have restrictions in the use for mobile communication 
systems applying long spreading codes. An alternative approach is nonlinear (multistage) 
multiuser detection that would include channel estimation parameters too. This would be 
based on interference estimation and cancellation schemes (OKI standard-IS-665/ITU 
recommendation M.1073 or UMTS defined by ETSI) [329, 330].  

In general, if the estimates of (53) and (54) are denoted as iŷ  and qŷ  then the residual 
interference after cancellation can be expressed as 

}{vec,ˆ,ˆ ξΔ=Δ+Δ=Δ−=Δ−=Δ yj qiqqqiii yyyyyyyyy , (97) 

where index mlk ,,⇒ξ  spans all combinations of k, l and m. By using (97) each 

component )1( klmklm C−α  in (95) can be obtained as a corresponding entry of 

⎭⎬
⎫

⎩⎨
⎧ Δ ξ

2
vec y . To further elaborate these components a simplified notation and analysis 

will be performed. 
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After frequency downconversion and despreading, the received signal of user k 
through path l at the antenna m would have the form 

( ) ( )klmklmkklmklmklmkklmklm bAAbAS θε+θΔ+=θ= cosˆˆcosˆˆˆ  (98) 

for a single signal component and 

klmkqklmklmkiklm
i
klm bAbAS θ+θ= ˆsinˆˆˆcosˆˆˆ , (99) 

klmkqklmklmkiklm
q
klm bAbAS θ+θ−= ˆcosˆˆˆsinˆˆˆ  (100) 

for a complex (I&Q) signal structure. In a chosen receiver branch, components i
klmŜ  and 

q
klmŜ  correspond to iklmyΔ  and qklmyΔ . Parameter Aklm includes both amplitude and 

correlation functions. In (98), ΔAklm is the amplitude estimation error and klmθε  is the 
phase estimation error. The canceller will create klmklmklm SSS Δ=− ˆ  and the power of this 
residual error would be 

22 ])cos(ˆ)(cos[E])[(E klmklmkklmklmklmkklmklm bAAbAS θθθ ε+θΔ+−θ=Δ , (101) 

where ][E ⋅θ  stands for averaging with respect to klmθ  and bk. Parameter 2)( klmSΔ  
corresponds to 2

klmyΔ . This can be represented as 

]cos)21)(1(2)(1[1])[(E 22
θθ ε−ε+−ε++α=Δ eaaklmklm PS . (102) 

From this equation we have 

])[(E11 2
klm

klm
klm SC Δ

α
=− θ  (103) 

and 

2)1(cos)21)(1(2 aeaklm PC ε+−ε−ε+= θ . (104) 

By expanding θεcos  to a truncated series 2/1 2
θε−  and averaging gives 

22 )1()1)(21)(1(2 aeaklm PC ε+−σ−−ε+≅ θ . (105) 

For zero-mean θε  

/2][E 22
θθ ε=σ  (106) 
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is the carrier phase tracking error variance. For the complex (I&Q) signal structure, 
cancellation efficiencies in the I- and Q-channels can be represented as 

1)1(2)1)(21)(1(4 22 −ε+−σ+−ε+= θ aea
i
klm PC , (107) 

1)1(2)1)(21)(1(4 22 −ε+−σ+−ε+= θ aea
q
klm PC . (108) 

So, in this case the canceller efficiency is expressed in terms of amplitude, phase and data 
estimation errors. These results should be now used for analysis of the impact of large 
scale of channel estimators on overall CDMA network sensitivity. The estimator 
dependent parameter estimation error variance should be directly used in (105), (107), 
and (108) for the cancellation efficiency and in (69)−(80) for the rake receiver. Again, 
previously defined expressions for carrier phase, code delay, and amplitude estimation 
error variances can be applied. If interference cancellation is performed prior to the 
parameter estimation, N0 is obtained from Ioc(⋅) defined by (95). If parameter estimation is 
done without interference cancellation the same Ioc(⋅) is used with 0=klmC .  

4.5.1  Approximations 

If the channel estimation is assumed to be perfect ( 0=ε=ε θa ) the cancellation 
efficiency Cklm becomes 

eeklm PPC 411)21(2 −=−−=  (109) 

with ( ) ( )2exp21 yPe −=  for differentially coherent phase shift keying (DPSK) 

modulation [191] and ( )yPe erfc)2/1(=  for coherent phase shift keying (PSK) [191] in 
AWGN channel. Similarly, in uncoded flat Rayleigh fading 1-path channel 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−=
y

yPe 1
1

2
1  for differentially coherent [191] and ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
−=

y
yPe 1

1
2
1  for coherent 

PSK [191] are valid. For these modulation formats (109) becomes 

y
klm eC −−= 21  for DPSK in AWGN, (110) 

( )yCklm erfc21−=  for PSK in AWGN , (111) 

1
1

2 −
+

=
y

yCklm  for DPSK in Rayleigh channel, and (112) 
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1
1

2 −
+

=
y

yCklm  for PSK in Rayleigh channel. (113) 

Fig. 21 illustrates theoretical bit error probabilities for the aforementioned modulation 
formats and channel models. The corresponding interference cancellation efficiencies 
(110)−(113) are depicted in Fig. 22. From Fig. 22 it is easy to observe that at large SNRs, 
cancellation coefficients approach a value of 1. At small SNRs, cancellation efficiencies 
asymptotically approach −1. Let us look at DPSK modulation in AWGN as an example. 
From (110), we can simply approximate for small y, ye y −≅− 1 , which leads to 

12 −≅ yCklm . Therefore, while y → 0, Cklm → −1. This can be presented as 
12 −= bkklm YC , where bkY  is given by (94). Bearing in mind that bkY  depends on Cklm, 

the whole equation can be solved through an iterative procedure starting up with an initial 
value of mlkCklm ,,,0 ∀= . Similar approximations can be obtained for 2

θσ  and aε . 
From a practical point of view, an attractive solution could be a scheme that would 
estimate and cancel only the strongest interference (e.g., successive interference 
cancellation schemes [157, 114]). 
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Fig. 21. Theoretical bit error probabilities for different modulation formats and channels. 
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Fig. 22. Comparison of interference cancellation efficiencies in (110)−(113). 

4.5.2  Outage probability 

We will start from (94) and look at the average system performance for G/12 =ρ  where 
bRWG =  is the system processing gain and W is the system bandwidth (chip rate). The 

average signal-to-noise ratio will be expressed as 

SWKI
GrY

oc

L

b /')( 0

)( 0

ης+
=

α
. (114) 

Again, assume that there is a performance criterion for the quality of transmission (Pe = 
e−10 ) that can be achieved with the given SNR = Y0. Then the equivalent average 

interference density, in the absence of intracell interference, becomes η0 = Ioic + Ioin + ηth , 
and the signal-to-noise ratio will be 

0

)(

0

0

η
=

GrY
L

. (115) 

While the outage probability Pout is used as a performance criterion, we need to evaluate 
[12] 
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 (116) 

where δ is given as 

S
W

Y
Gr L η

−=δ
0

)( 0

. (117) 

It can be shown that this outage probability, Pout, can be represented by the Gaussian 
complementary distribution function as  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

σ

−δ
=

g

g
out

m
P Q , (118) 

where gm  and gσ  are the mean value and the standard deviation of the overall 
interference, respectively. For brevity, the outage analysis is not carried out in this 
framework.  

4.5.3  User capacity and sensitivity 

From (114) we have the maximum system capacity without nonidealities as 

⎥
⎥
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⎥

⎢
⎢
⎣

⎢ ης
−=

)()( 0

0

00

)(
0max

0

αα ococ

L

NL SI
W

IY
GrK . (119) 

Due to imperfections in the operation of the rake receiver and interference canceller the 
maximum capacity will be reduced to 

⎥
⎥
⎦

⎥

⎢
⎢
⎣

⎢ ης
−=

)(
'

)(
0

0

)( 0

αα ococ

L

NL SI
W

IY
GrK , (120) 

where the ideal parameters )(
0

0Lr  and )(0 αocI  are now replaced by real parameters )( 0Lr  
and )(αocI  that take into account imperfections in MAI cancellation and rake combining. 
The system sensitivity function is defined the same principle as in (85) for the rake 
receiver and in (93) for the decorrelator, leading to 
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where 

)()( 0
)()(

0
)( 000 αα oc

L
oc

LL IrIrr −=Δ , (122) 

)()()( 0 ααα ocococ III −=Δ . (123) 

4.5.4  Numerical examples 

In this section some numerical results are presented to illustrate effective user capacities 
and sentitivity functions for the combined use of rake and interference cancellation 
receiver. The results are obtained under the common parameters outlined previously for 
the rake receiver only in Section 4.3.2 on Table 1 and Table 2. Parameter estimation is 
made before interference cancellation (worst case). Cancellation efficiency for maximum 
capacity is calculated according to (113). When estimation errors are included, 
cancellation efficiencies are calculated according to (105). 

Fig. 23 shows the user capacity versus the number of rake fingers and the normalized 
maximum Doppler shift for the equal gain combiner (EGC). The multipath intensity 
profile has decay parameter values λl = λm = 0.5. One can see that when the number of 
combined diversity branches becomes large enough, the capacity starts to saturate due to 
imperfections in the parameter estimation. The situation is more critical if the normalized 
fading rate (fDT) is higher.  

Similar capacity surface for maximal ratio combiner (MRC) is plotted in Fig. 24. 
Without any parameter estimation errors the MRC can utilize full diversity order, yielding 
very high peak capacity. However, in the presence of estimation errors, the capacity 
values do not deviate so much from the EGC comparables.  

A more steeply decaying MIP, λl = λm = 0.75, is evaluated in Fig. 25 with an equal 
gain combining receiver. The capacity surface resembles the previous case but now the 
user capacity breaks down at a lower diversity order when the estimation errors increase. 
Again, the maximal ratio combiner represented in Fig. 26 offers gain over EGC without 
any estimation errors for L0 = 8. Otherwise, the performance of EGC and MRC is in a 
close match. 

To better illustrate sensitivity to capacity losses, the sensitivity function is used. In Fig. 
27, user capacity sensitivity function versus the number of combined diversity branches 
and normalized maximum Doppler shift is plotted for EGC, λl = λm = 0.5. The sensitivity 
increases fairly linearly as a function of fDT. Moreover, for large L0 the sensitivity 
(percentage of lost capacity) is slightly increased due to imperfections in the parameter 
estimation process.  
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In the case of MRC, the sensitivity surface is shown in Fig. 28. In comparison to the 
EGC, the main difference is noted at high diversity orders (L0 > 4). There the sensitivity 
rises very rapidly and becomes nonlinear with respect to fDT. It is interesting to note, that 
at worst, the capacity loss can exceed 90%. When the estimation imperfections are large 
the MRC loses its performance more than the EGC because of the amplitude estimation 
errors. 

Sensitivities for MIP with λl = λm = 0.75 are shown in Fig. 29 (EGC) and in Fig. 30 
(MRC). Now the slopes in the surfaces are even steeper. 

Figs. 31−34 illustrate intracell MAI cancellation coefficient Cklm values versus the 
number of EGC combined diversity branches and the number of users. In Fig. 31 and Fig. 
32, the MIP is parameterized as λl = λm = 0.5 and the normalized maximum Doppler shift 
fDT = 0 and fDT = 0.02, respectively. In Figs. 33 and 34 λl = λm = 0.75. These results 
indicate that in perfect conditions the cancellation efficiency improves as a function of 
receiver diversity order. However, imperfections due to increased user load and faster 
fading are reflected in deteriorated performance. In the extreme conditions Cklm will be 
negative, which means that interference will be increased rather than decreased.  
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Fig. 23. User capacities with the nonlinear interference cancellation enhanced rake receiver 
(EGC, λl = λm = 0.5). 
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Fig. 24. User capacities with the nonlinear interference cancellation enhanced rake receiver 
(MRC, λl = λm = 0.5). 
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Fig. 25. User capacities with the nonlinear interference cancellation enhanced rake receiver 
(EGC, λl = λm = 0.75). 
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Fig. 26. User capacities with the nonlinear interference cancellation enhanced rake receiver 
(MRC, λl = λm = 0.75). 
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Fig. 27. Sensitivity of the nonlinear interference cancellation enhanced rake receiver (EGC,  
λl = λm = 0.5). 
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Fig. 28. Sensitivity of the nonlinear interference cancellation enhanced rake receiver (MRC, 
λl = λm = 0.5). 
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Fig. 29. Sensitivity of the nonlinear interference cancellation enhanced rake receiver (EGC,  
λl = λm = 0.75). 
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Fig. 30. Sensitivity of the nonlinear interference cancellation enhanced rake receiver (MRC, 
λl = λm = 0.75). 
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Fig. 31. Interference cancellation efficiency (EGC, λl = λm = 0.5, fDT = 0). 
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Fig. 32. Interference cancellation efficiency (EGC, λl = λm = 0.5, fDT = 0.02). 
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Fig. 33. Interference cancellation efficiency (EGC, λl = λm = 0.75, fDT = 0). 
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Fig. 34. Interference cancellation efficiency (EGC, λl = λm = 0.75, fDT = 0.02). 
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4.6  Performance comparison 

This section includes capacity comparison under unified parameter settings when plain 
space-time rake receivers, decorrelating space-time rake receivers, and nonlinear 
interference canceller enhanced space-time rake receivers are utilized as the receiver 
alternatives. 

Fig. 35 shows user capacities at three normalized maximum Doppler shifts fDT = 0.01, 
0.015, and 0.02 for equal gain combining at λl = λm = 0.5. Clearly, the multiuser detectors 
outperform plain rake in most of the cases. For one or two combined diversity branches 
the decorrelator provides highest capacity. When the diversity order is increased the 
nonlinear interference cancellation becomes more efficient than decorrelation. However, 
both schemes suffer from significant losses as the fading worsens. It is also noteworthy to 
observe that the decorrelator can actually do worse than the plain rake combiner when the 
estimation errors are large. 

Fig. 36 presents a similar comparison in the case of maximal ratio combining. 
Absolute user capacities are now slightly higher than with equal gain combining. 
Otherwise, similar behavior and relations between receiver variants is observed. 

Figs. 37 and 38 illustrate EGC and MRC user capacities for channel profiles with λl = 
λm = 0.75. Due to the steeper decay than in the previous plots, less diversity is needed for 
the maximum capacity. Impairments accumulate severely when the diversity order is 
increased. As a result the capacity drop for multiuser receivers becomes more pronounced 
than in the previous examples. For the conventional rake receiver the capacity does not 
degrade so dramatically, if at all. For MRC, it is beneficial to maximize the available 
diversity order, even in the presence of channel impairments.    

Fig. 39 depicts relative EGC capacities of the decorrelator (KDEC − KMF)/KMF and 
nonlinear detector (KNL − KMF)/KMF with respect to plain rake receiver capacity with 
various degrees of fading rates (comparable to Fig. 35). Quite high gains (up to 7) can be 
realized. However, in most of the ranges the multiuser receiver gain varies between one 
and three. The horizontal thick line at zero level corresponds to the reference capacity 
obtained with the plain rake receiver.  

Fig. 40 respectively shows the corresponding capacity gains while the maximal ratio 
combining is employed at the receivers. Somewhat higher gains can be noticed. 
Otherwise, the EGC and MRC curves manifest strong similarity.  

In the steeply decaying MIP the capacity gains are even more concentrated at low 
numbers of rake fingers. This is clarified in Fig. 41, which plots relative EGC capacities 
of Fig. 37. In order to maintain the gain at high diversity orders, more robust estimators 
against imperfections would be required.  
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Fig. 35. Comparative user capacities (EGC, λl = λm = 0.5). 
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Fig. 36. Comparative user capacities (MRC, λl = λm = 0.5). 
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Fig. 37. Comparative user capacities (EGC, λl = λm = 0.75). 
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Fig. 38. Comparative user capacities (MRC, λl = λm = 0.75). 
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Fig. 39. Relative capacity gains of multiuser receivers over plain rake (EGC, λl = λm = 0.5). 
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Fig. 40. Relative capacity gains of multiuser receivers over plain rake (MRC, λl = λm = 0.5). 
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Fig. 41. Relative capacity gains of multiuser receivers over plain rake (EGC, λl = λm = 0.75). 
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Fig. 42. Relative capacity gains of multiuser receivers over plain rake (MRC, λl = λm = 0.75). 
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4.7  Chapter summary 

Wideband CDMA system effective capacity was studies in this chapter. Conventional 
rake receiver was used as a reference receiver. Linear and nonlinear multiuser receivers 
were utilized as enhancements over the reference structure. Imperfections in the EGC and 
MRC diversity schemes were derived and applied in the numerical capacity and 
sensitivity examples. Finally, capacities for the three receiver structures were compared in 
the same context. 

Numerical results for the plain rake receiver showed that moderate capacities, in the 
order of 0−50 users/cell, can be achieved in the studied setups. The benefit of MRC over 
EGC became apparent at the steeper MIP. At the same time, sensitivity to imperfections 
was not very high for these simple reference receivers.  

When the rake receiver was supplemented with the decorrelator, the capacity was 
shown to increase up to 250 users/cell in non-fading conditions. However, increasing the 
fading rate resulted in substantially reduced capacities due to escalating implementation 
losses.  Thereupon, capacities diminished to the levels comparable to the reference 
receiver case. Capacity losses were also clearly demonstated in the values of the 
sensitivity function. In the worst case, over 90% of the maximum capacity was lost.    

The cancellation efficiency of the nonlinear interference cancellation receiver was 
illustrated to be sensitive to the modulation format and the operation point in the SNR 
region. This property was clearly seen in the best case MRC user capacity results (fDT = 
0, L0 = 8), which were approximately threefold (600 versus 200) in comparison to 
corresponding EGC results. Elsewhere, MRC and EGC produced almost parallel results. 
The sensitivity increased quite steadily as a function of diversity order and normalized 
maximum Doppler shift. 

The final comparative numerical capacity assessment enabled direct performance 
comparison between the studied schemes in relatively fast fading cases. The decorrelator 
could have 7-fold gain in effective user capacity over the plain rake receiver at fDT = 
0.01. The relative capacity gain for the nonlinear IC receiver remained below 4. But 
again, due to imperfections, the gains dropped significantly as a function of L0. For L0 = 7 
or 8 the capacities of multiuser receivers could even fall under the level obtainable by the 
plain rake receiver. 



5 Ultra wideband spread spectrum framework 

This chapter focuses on the evaluation of DS-UWB user capacity in lognormal fading 
multipath channels. The framework is introduced in Section 5.1. Section 5.2 describes the 
system model, including propagation channel modeling, derivation of link distance 
probability statistics for different cell topologies, and impact of UWB pulse waveform 
timing inaccuracies at the receiver. A procedure for outage probability analysis is 
explained in Section 5.3. A set of numerical results is presented in Section 5.4. Finally, a 
summary is provided in Section 5.5. 

This chapter includes results of the research work performed towards the original 
publications [3, 6−8]. 

5.1  Introduction 

Ultra wideband technology offers competitive solutions to high-rate short range wireless 
communication applications (e.g., home multimedia) [333]. Also, numerous practical 
applications for UWB are foreseen in the area of low data rate, low cost and complexity 
devices providing location and tracking capabilities [334] (e.g., wireless hospital 
applications). Inherent characteristics of UWB, such as high multipath resolution, low 
energy consumption, and peaceful coexistence with other radio frequency systems, are 
also favorable properties that will help the emergence of UWB. Impulse based UWB 
techniques can be seen as a special case of spread spectrum (SS) techniques. Both can 
utilize direct sequence (DS) and time hopping (TH) modulation. Matched filters and rake 
receivers can be used for energy collection from the multipath rich channel. This study 
assumes a generic DS-UWB system3 that requires some processing gain (integration of 
several pulses) to achieve the required quality of service.  

System capacity can be measured by the number of users/devices/nodes that can be 
simultaneously supported within a predefined geographical area (cell). Capacity is 
therefore limited by the cochannel interference generated at the vicinity of the desired 
link receiver. Outage probability is a measure that links the aggregate interference to the 
                                                           
3 DS-UWB was shown in [235] to outperform TH-UWB in multipath fading and in the presence of interference. 
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quality of service. Channel amplitude is modeled to fluctuate according to a lognormal 
distribution. In the air-channel several signals overlap and sum up, which implies 
calculation of power sums of multiple lognormal signals. Unfortunately, there is no 
known closed-form solution for that case. However, several approximate methods have 
been presented in the literature, and been discussed in Section 2.5. Inherent frequency 
diversity of the extremely wide bandwidth UWB system helps to average out the signal 
fading. It is stated in [294] that the Fenton−Wilkinson approximation is fairly accurate at 
the tails of the distribution function (e.g., low outage probabilities) and with small 
standard deviations. For these reasons, and for simplicity, the Fenton−Wilkinson method 
is extensively applied in this study.  

The main contributions of this segment of the framework can be summarized thus: 1) 
the adopted multipath channel model is described, 2) the dual-slope path loss model is 
incorporated, providing flexibility to model a wide range of physical environments (line-
of-sight/non-line-of-sight) and wall penetration losses, 3) the spatial link distance 
distributions in circle-, square-, and hexagon-shaped cellular configurations are derived, 
simulated, and illustrated for centralized and distributed single and multiple cell 
configurations, and 4) the outage probability based user capacities are evaluated in these 
scenarios with various system parameter combinations.  

5.2  System Description 

5.2.1  Multipath channel model 

Saleh and Valenzuela [239] have proposed a multicluster, exponentially decaying (per 
cluster), statistical channel model for indoor multipath propagation. Although the original 
model was proposed before UWB systems had gained real popularity, it provides a firm 
foundation for UWB channel modeling. The modified Saleh−Valenzuela models for 
UWB wireless personal area networks are described in [240, 335]. The UWB channel 
measurements analyzed in [335] indicate that a lognormal distribution fits better than a 
Rayleigh distribution for the multipath gain magnitudes. A lognormal fading model has 
been used, e.g., in [336] and [337]. The Nakagami distribution has also been reported to 
have high correlation with the measured data. Irrespective of the instantaneous short-term 
distribution, after some time averaging, the long-term distribution (shadowing) generally 
tends to be lognormal.  

This thesis concentrates on system level studies and thus a simplified version of the 
modified Saleh−Valenzuela UWB model is employed. Adopting a tapped delay line 
model the channel impulse response can be written as 

( ) ( )∑
−

=

τ−δ=
1

0

L

l
ll tath , (124) 

where l is the multipath delay index, L is the number of paths, al is the real-valued 
amplitude with lognormal distributed absolute value, and τl is the path delay of multipath 
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l. A generic exponentially decaying multipath intensity profile is assumed. MIP can also 
be referred as a power delay (or decay) profile (PDP). By using notation lla α=][E 2 , the 
mean power coefficients in a single cluster MIP with regular known tap delays can be 
expressed as  

0,0 ≥λα=α λ−
l

l
l le l , (125) 

where λl is the temporal (delay) decay parameter. The number of multipath components 
and the decay exponent may be varied according to the propagation environments. Total 
power of the L-path MIP is normalized to unity as 

.1
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0
0 =α∑

−

=

λ−
L
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lle  (126) 

5.2.2  Path loss model 

The distance dependence of the average received power is taken into account in the path 
loss model. Dual-slope path loss model [338] is applied with the extension of the 
potential wall loss encountered at the breakpoint. The basic model in dB scale becomes 
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where distance d is in meters and c0, c1, and c2 are constants that depend on the 
propagation environment. Distance dbreak denotes the breakpoint of the path loss slopes 
and Lw accounts for the wall loss. Parameters c0 and c2 define the slopes at short and 
longer distances, respectively. It can be assumed that line-of-sight (LOS) conditions are 
valid at short link distances inside one room, when there are no walls or large objects 
obstructing the connection. Several UWB indoor channel measurement campaigns 
indicate that c0 = 17 is a realistic value in this case [339]. Beyond the breakpoint the 
likelihood for non-line-of-sight (NLOS) conditions increases drastically (due to walls or 
other obstacles), leading to c2 = 35, or even more. Constant ( )breakdcc 1001 log=  
guarantees continuity of the model at the breakpoint in the absence of wall loss. 

Fig. 43 demonstrates graphically the effect of the dual-slope path loss model (127) 
when the breakpoint is altered. The wall loss is excluded in this illustration. It shows that 
up to 30 dB path loss can be experienced within the distance of 10 m with the chosen 
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parameter values. The wall loss would further increase the dynamic range of the 
attenuation.  
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Fig. 43. The impact of path loss at variable breakpoint values without the wall loss. 

5.2.3  Square cell network topologies and link distance distributions 

5.2.3.1  Single cell scenarios 

A rectangular cell shape is a reasonable assumption for indoor cells (rooms). A square-
shaped cell is a special case of rectangular shape, and it has been chosen here for 
simplicity for further analysis. The methodology, however, can be extended to other 
regular or arbitrary cell shapes. Also, the following analysis is restricted to a two-
dimensional plane, but can easily be generalized to a three-dimensional space. The size of 
the cell is dependent on the side of the square (denoted by a) that has been set to 5 m in 
the numerical examples. The desired and interfering users are assumed to be located 
within a square indoor cell (room) of the size 5 m × 5 m. Four different spatial scenarios 
are considered. The first three are centralized (or master-slave, star topology) while the 
fourth is a distributed (or peer-to-peer, ad hoc) configuration. In the centralized model the 
fixed master node location is varied. Scenario a in Fig. 44 is optimized with respect to 
coverage by placing the master node at the center of the cell. Sub-optimum placements of 
the master node include the middle of the square side (Scenario b) and any corner of the 
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two sides (Scenario c). It is assumed that slave nodes are uniformly distributed over the 
cell area. In the distributed topology, (Scenario d), all nodes are treated equally (location 
uniformly distributed over the cell area) and they form peer-to-peer connections. A 
sample illustration of these topologies is depicted in Fig. 44. Solid lines correspond to the 
desired link and dashed lines represent three interfering links as an example. 
 

2 5

2 2

 

Fig. 44. Four different spatial topologies within a square cell. 

Probability density functions for the link lengths have been solved in closed-form for 
certain regular cell topologies (e.g., [340−343] and references therein). For the 
centralized topology links, i.e., having the other end fixed and the other end randomly 
(uniformly) picked within a predefined regular area, the link distance PDF can also be 
derived in a straightforward manner. The generic link length PDF will be equal to arc 
length normalized by the sectional area [341]. With this rule, and basic school 
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trigonometry and geometry, it is possible to resolve distance PDFs within polygon and 
circular cell configurations. According to these principles, the PDF for the link distance 
in the centralized Scenario a of Fig. 44 can be expressed as 
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Subscript s in (128) refers to the square, sub-subscript denotes the scenario from Fig. 44 
and superscript refers to the centralized topology.  

The PDF for the link distance in Scenario b is slightly more complicated because it is 
composed of three segments. After some graphical geometry sketching and trigonometric 
calculations, the following formula was derived 
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In Scenario c, the probability density function closely resembles the one derived for 
Scenario a, and it becomes 
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Similarly, for the distributed peer-to-peer topology in a square cell, the corresponding 
PDF has been used in the random waypoint mobility model [342] and square line picking 
[343], and it is written as  
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The probability density functions (128)−(131) are plotted in Fig. 45 for a = 5 m. The 
validity of these equations has been cross-checked against PDFs extracted from the 
Monte Carlo simulations. In these simulations, 100000 randomly generated positions 
were generated for the square cell configurations of Fig. 44, from which the probability 
density histograms were created. It can be noted that the simulation results agree very 
well with the derived analytical expressions.  
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Fig. 45. Link distance PDFs for different topologies within a square cell. 

These PDFs correspond to the arc length at each link distance divided by the covered 
area. As an example in the Scenario a the PDF of link distance grows linearly in 
proportion to the circumference of the circle until the breakpoint a/2 which is the longest 
distance allowing a circle to fit inside the square cell. The largest link distances can only 
be realized when the slave nodes are near some of the corners. The corresponding 
probability mass function (arc length) diminishes rapidly as a function of link length. The 
median link distances in Scenario b and Scenario c increase clearly in comparison to 
Scenario a. Drawbacks of these less favorable access point positions may be 
compensated with directional antennas.  

The smooth shape of the distributed topology (Scenario d) distance PDF is evident 
because of the randomness in the generation of both ends of the link. The small tail of 
this distribution represents the longest link distances that can only be realized when both 
ends of the link are located at the vicinity of opposite corners. 

Cumulative link distance distribution functions (CDF) can be calculated by integrating 
the PDFs over the whole range of possible link distances, e.g., 
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where dmin = 0 in the case of (128)−(131). 
Variations due to the different spatial configurations can now be quantified by taking 

percentile segments of the link distance CDF. This method helps to avoid the time-
consuming Monte Carlo simulations in the further analysis that needs link distance 
dependent path losses. Even if the link distance PDF and CDF are generated through 
simulation the sufficient statistics can be extracted from only one simulation per scenario. 
Table 3 summarizes the link distances at each tenth of the cumulative distribution 
function in single square cell scenarios a) − d).  

Table 3. Single square cell link distances according to CDF percentiles.  

CDF [%] Scenario a Scenario b Scenario c Scenario d 
10 0.89 m 1.26 m 1.78 m 0.97 m 
20 1.26 m 1.78 m 2.53 m 1.44 m 
30 1.55 m 2.18 m 3.10 m 1.83 m 
40 1.78 m 2.51 m 3.58 m 2.20 m 
50 1.99 m 2.91 m 4.00 m 2.56 m 
60 2.19 m 3.34 m 4.38 m 2.93 m 
70 2.36 m 2.79 m 4.72 m 3.31 m 
80 2.52 m 4.25 m 5.05 m 3.75 m 
90 2.67 m 4.73 m 5.58 m 4.29 m 
100 3.54 m 5.58 m 7.07 m 7.07 m 

The path loss model (127) in decibels scales the mean value of each desired and 
interfering lognormal signal component by 

( )x
scenPL j

dPLmm
00 −= , (133) 

where m0 is the mean of the initial signal and x
scen j

d
0

 is the link distance whose subscript 
specifies the spatial scenario (c denotes the centralized and d denotes the distributed 
topology), sub-subscript indices 0 and j ∈ [0, 1, 2, (1&2)] set the link ends to the 
respective cells and the superscript denotes the chosen link distance CDF percentile x ∈ 
[10, 100] extracted from (132). 

5.2.3.2  Multiple cell scenarios 

Single cell analysis can be extended to larger networks, including multiple cells that will 
act as a source of intercell interference. In cellular systems, several surrounding layers 
may be required for a reliable estimate of the intercell interference statistics. However, 
due to the nature of the indoor environment and the very low transmission powers 
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assumed in this study, it is unlikely that significant cochannel interference would 
originate from distant cells. Signals will be even more isolated if there are thick walls 
between rooms. For these reasons, and because of complexity restrictions, only one 
surrounding layer of square cells is modeled as a potential origin of intercell interference. 
An illustrative example of the centralized multicell interference scenario is depicted in 
Fig. 46.  
 

50
02cd

50
01cd

50
00cd

 

Fig. 46. Centralized multiple square cell configuration. 

The central cell in Fig. 46, marked with #0, is the desired cell incorporating the link of 
interest and intracell interference links. The surrounding eight cells are divided into 
subgroups #1 (light grey) and #2 (dark grey), both including four square cells. Three 
circles with radii 50

00cd , 50
01cd , and 50

02cd  represent median link distances4 between a 
destination node in cell #0 and source nodes in cells #0, #1, and #2, respectively. Due to 
geometrical symmetry only these three cells are adequate to fully characterize the link 
distance distributions of the scenario. 

Interfering intercell link distance PDFs can be calculated the same way as in the single 
cell case. Restricting oneself only to the centralized topology of Fig. 46, the link distance 

                                                           
4 The circles drawn at median link distances divide the source cell in two equal area segments.  
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PDF between the fixed central node in cell #0 and a uniformly distributed node position 
in cell #1 can be derived as 
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Similarly, between the fixed central node in cell #0 and a random node position in cell #2, 
the link distances the PDF becomes 
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Finally, without division into subgroups, the link distance PDF between the central node 
in cell #0 and a randomly placed node within the combined area of cells #1 and #2 is 
formulated as 
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These analytical PDF expressions are compared to the simulated distributions in Fig. 47. 
Generally, a good match between theoretical and simulation results is shown. Only the 
middle segment of link 01 simulation has not been fully averaged out with the chosen 
number of samples. It is worth noting that the shapes of link distance PDFs for links 01 
and 02 differ drastically. However, it is easy to understand these differences intuitively by 
visually examining the cell geometry and the way the arc length changes along the 
distance. The link distance 0(1&2) PDF falls naturally between the other curves as 
expected. 
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Fig. 47. Intercell link distance PDFs for centralized square cell topologies. 

For the distributed topology the intercell link distance statistics have not been derived. 
Instead, statistics based on simulations have been extracted. An example of simulated link 
distance CDFs according to (132) and topologies in Figs. 44 and 46 is depicted 
graphically in Fig. 48 and numerically in Table 4. It can be seen that, in general, the 
centralized scenario CDFs are steeper than distributed scenario counterparts because of 
the more limited range in distances. As a result, the main differences between centralized 
and distributed topologies are at the low and high regions of CDFs. Around median link 
distances there are only moderate deviations between them. 
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Fig. 48. Simulated link distance CDFs for different square cell topologies. 

Table 4. Square intercell link distances according to CDF percentiles.  

Centralized topology Distributed topology CDF [%] 
Link 01 Link 0(1&2) Link 02 

 
Link 01 Link 0(1&2) Link 02 

10 3.33 m 3.78 m 5.19 m  2.88 m 3.55 m 4.73 m 
20 3.79 m 4.55 m 5.91 m  3.73 m 4.56 m 5.64 m 
30 4.25 m 5.20 m 6.45 m  4.37 m 5.30 m 6.28 m 
40 4.72 m 5.78 m 6.92 m  4.91 m 5.93 m 6.85 m 
50 5.21 m 6.31 m 7.33 m  5.41 m 6.56 m 7.39 m 
60 5.69 m 6.79 m 7.70 m  5.92 m 7.18 m 7.93 m 
70 6.18 m 7.25 m 8.05 m  6.49 m 7.84 m 8.50 m 
80 6.66 m 7.72 m 8.48 m  7.17 m 8.59 m 9.14 m 
90 7.15 m 8.48 m 9.07 m  8.06 m 9.56 m 9.95 m 
100 7.91 m 10.61 m 10.61 m  11.18 m 14.14 m 14.14 m 

5.2.4  Comparison of link distance statistics in different cellular models  

To study the effect of cell shape to link distance statistics two additional widely used non-
overlapping cell models are introduced, namely circular and hexagonal. Fig. 49 depicts 
the cellular structures that have been chosen for closer inspection.  
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Fig. 49. Three cellular configurations selected for the comparison. 

5.2.4.1  Single cell comparisons 

To ensure a fair comparison, the areas of each cell type in Fig. 49 are normalized. 

Therefore, the requirement 222
1 2

33
hhsc RAaARA =⇔=⇔π=  has to be satisfied. 

Taking the square a as a reference metric, relations aaR 564.01 ≈π=  and 

aaRh 620.0332 ≈=  can be derived.  
The simplest case to analyze is a single circular cell. Assuming the other link end 

(master node) is located at the center of the cell, link distance PDF from the center to 
spatially uniformly distributed link end can be expressed in closed-form as 
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where d is the link distance and R1 is the cell radius. 
Within the centralized hexagonal cell, the link distance PDF is of the form 
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There are also some closed-form expressions for distributed single cell topologies in the 
literature. For example, the online reference [344] discusses disc line picking that 
provides a link distance PDF solution for a circular cell as 
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Fig. 50 shows theoretical and simulated link distance probability density functions in a 
single circle, square, and hexagon cell with both the centralized and distributed node 
strategy. The simulations are based on 100000 randomly generated links in the area of 
interest. Distance statistics are collected into 100 histogram bins from which the required 
distributions are obtained. It can be noted that the effect of cell shape to the PDF curves is 
minor. On the other hand, the difference between master-slave and peer-to-peer 
configurations is evident. Simulated and theoretical results are in good agreement. 

Fig. 51 depicts the corresponding cumulative distribution functions (CDFs) that have 
been generated by integrating simulated PDFs over the whole range of link distances. 
Percentiles of link distance CDFs will be used in the numerical examples. Clearly, the 
impact of cell shape is almost negligible. For example, up to the 80th percentile contours 
in centralized configurations the curves are practically identical for all cell models. 
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Fig. 50. Intracell link distance probability density functions. 

 

distributed 

centralized 



104 

0 1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x [m]

P
ro

b.
(li

nk
 d

is
ta

nc
e 

<
 x

)

Single cell link distance cumulative distribution functions

 

 

Circle, centralized
Circle, distributed
Square, centralized
Square, distributed
Hexagon, centralized
Hexagon, distributed

Cell area = 25 m2

 

Fig. 51. Intracell link distance cumulative distribution functions. 

5.2.4.2  Multiple cell comparisons 

Accounting for the total area of cells depicted in Fig. 49 the normalization requires 9Ac = 
9As = 7Ah. Therefore, 2

2
29 Ra π= , resulting in aaR 693.132 ≈π= . It can be noted that 

the hexagonal model includes two cells less than the other models. This can be 
compensated in the total area by scaling the hexagonal cell radius as 

aaRh 703.0376 ≈= . 
The link distance PDF between the origo and random, uniformly distributed location 

in the disc area limited by the circles of radii R1 and R2, is expressed by 

( ) ( ) 21
2
1

2
2 ,2 RdRRRddpc

cc ≤<−= , (140) 

where the double subscript cc is used to distinguish single cell (intracell) links from the 
multiple cell (intercell) links. 

Finally, in the case of hexagonal centralized topology, the link distance PDF of the 
middle cell center and any random point in the surrounding cell layer will be defined. The 
resulting equation is determined in four pieces as 

distributed 

centralized 
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Fig. 52 shows the link distance PDF statistics and Fig. 53 the link distance CDF statistics 
for intercell links in multiple cell scenarios. Slightly more variation is seen in the PDFs 
and CDFs, which is partly due to the wider range of distances. Still, the analytical and 
simulation results overlap well. In link distance CDFs, the difference of cell shapes is 
again largest at the high-end of the distributions. 
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Fig. 52. Intercell link distance probability density functions. 
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Fig. 53. Intercell link distance cumulative distribution functions. 

5.2.5  UWB pulse waveforms and impact of timing errors 

A Gaussian monocycle is one of the most commonly assumed pulse waveforms in 
impulse radio (IR) based UWB systems. The basic (zeroth derivative) zero-mean pulse 
can be defined as [345] 

( ) ⎟
⎟
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⎞
⎜
⎜
⎝

⎛

σ
−

σπ
= 2

2

2
exp

20

tAtwG , (142) 

where σ is the standard deviation of the Gaussian distribution and A is a generic 
amplitude scaling constant. Derivative waveforms can be generated by direct 
differentiation of (142) with respect to time as 

( ) ( )tw
dt
dtw Gn

n

Gn 0
= , (143) 

where n indicates the order of the derivative. Higher nth order derivations can also be 
defined recursively from the two lower order (n − 2) and (n − 1) waveforms as 
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According to the studies in [345], the 5th time derivative of (142), i.e., ( )twG5
, is the 

lowest order waveform satisfying the Federal Communications Commission (FCC) 
indoor spectral emission mask requirements. Passing signal through an antenna can also 
be approximated as a first-order differentiation of the pulse waveform [346]. Therefore, 
the generated waveform at the transmitter should be at least the 4th derivative of (142). 
The waveform seen at the receiver antenna output would then be the 6th derivative of 
(142), yielding 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

σ
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

σπ

−σ+σ−σ
= 2

2

7

224466

2
exp

2
154515

6

ttttAtwG . (145) 

To ensure that most of the pulse energy will be captured, the pulse duration is set to Tp = 
10σ. Fig. 54 shows normalized timing offset versus squared autocorrelation function at 
the output of the correlation receiver for the basic Gaussian pulse (142) and its 6 first 
derivatives. Clearly, the susceptibility to timing errors increases as a function of 
derivation order as the main correlation lobe becomes narrower and narrower. If the time 
axis would be plotted further, the sidelobes of high-order derivative waveforms would 
appear and cause periodic fluctuation in squared autocorrelation magnitudes. 
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Fig. 54. Effect of timing errors of basic Gaussian pulse waveform and their derivatives.  
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The impact of timing errors (delay estimation, jitter) of the pulse waveforms in each 
receiver rake finger will be included by the following equations 

( ) ( ) lttl R αε=εα 2 , (146) 

( ) ( )( )
l

tltl R
α
α

ε−+σ=εσ 0222 1 , (147) 

where R2(εt) is the squared correlation function of the pulse waveform (145) with the 
normalized timing error εt  = t/Tp. Variance in (147) depends on the severity of shadowing 

2
lσ  per path, pulse autocorrelation, and power ratio of multipath components. Error 

variance, i.e., the latter term in (147), is assumed to be inversely proportional to the delay 
tracking loop signal-to-noise ratio. 

5.3  Outage probability analysis 

User capacity can be defined as the maximum number of admissible active cochannel 
interferers satisfying a predefined outage criterion. The conditional outage probability is 
expressed as  

( ) ( )
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0 , (148) 

where ( )0LS  is the desired signal power combined by L0 rake fingers, and (S/I)tar is the 
target link quality requirement. Cochannel interference sources are n active multiaccess 
users in the desired cell (intracell interference IINTRA) denoted by symbol n and u users in 
the neighboring cells (intercell interference IINTER). All these signals spread over multiple 
propagation paths (IMPI). The interpaths of the desired user link (IIPI) also produce 
interference that depends on the number of rake fingers deployed at the receiver. The 
system is assumed to be interference limited, i.e., the thermal noise power is significantly 
lower than the cochannel interference power, and therefore omitted. 

The overall outage probability can be calculated by unconditioning (148) with the 
probability density function of n intracell interferers being active while keeping u, L, and 
L0 fixed. Therefore, we can write 

( ) ( ) ( )∑
=

=
N

n
noutout nPLLunIPIP

1
0,,, ,  (149) 

where ( )IPout  denotes the outage probability that accounts for the interference probability 
density function of n active interferers ( )nPn . Assuming a binomial PDF [191] for ( )nPn , 
it becomes  
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where N is the maximum number of cochannel interferers and Pact is the activity factor of 
these interfering sources. 

In any spread spectrum system there is a simple relation between channel signal-to-
interference ratio and baseband bit energy-to-interference power spectral density. It can 
be formulated as  

PG
IE

IR
ER

I
S b

c

bb 0

0
== , (151) 

where PG = Rc/Rb is the processing gain, i.e., a ratio of the spread chip rate Rc and the bit 
rate Rb. The required Eb/I0 values depend on various link level parameters (e.g., data rate, 
modulation, bit error rate), and can be obtained via simulations. However, this study 
simply focuses on the generic S/I target.  

Fig. 55 shows a block diagram for the S/I and outage evaluation procedure. The 
desired signal with power S travels along the upper branch. It will be attenuated by the 
distance dependent path loss (block PL) and finally the strongest L0 fingers are combined 
in the selective rake receiver (L0 ≤ L) [241]. The lower branches represent interference 
that is a sum of N desired cell multiple access signals through L-path channels, U 
neighboring cell multiple access signals through L-path channels and interpath 
interference of the desired user through L0(L − 1) paths. The last block in the chain 
entitled unconditioning refers to calculus shown in (149). 
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Fig. 55. System model for signal-to-interference ratio and outage calculation. 
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Equation (148) depends on the mean and variance of the lognormal sum distribution. By 
further conditioning the outage probability on n intracell interferers, u intercell 
interferers, and L0 rake fingers, a slightly modified expression from [294] can be derived 
as 
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where ∫
∞

−

π
=

x

v dvex 22

2
1)Q(  is a zero-mean, unit variance Gaussian complementary 

distribution function [191], v is a dummy integration variable, ( )0Lmd  is the area mean 

desired signal power at the output of L0-finger rake, ( )0,,, LLunmz  is the area mean total 

cochannel interference power, ( )0Ldσ  is the standard deviation of the desired signal at 

the output of L0-finger rake, ( )0,,, LLunzσ  is the standard deviation of the total cochannel 

interference, and dzr  is the correlation coefficient of the desired signal and joint 

interference. 
The overall cochannel interference mean and standard deviation in (152) can be 

calculated through successive use of the lognormal sum approximation. Composite 
contributions in the total sum distribution can be divided into intracell, intercell, and 
desired link interpath interference components as 

( ) ( ) ( ) ( ))1(,,, 00 −++= ∑∑ LLmLmLmLLunm IPI
u

INTER
n

INTRAz , (153) 

( ) ( ) ( ) ( ))1(,,, 00 −σ+σ+σ=σ ∑∑ LLLLLLun IPI
u

INTER
n

INTRAz .  (154) 

Aggregate interference is calculated with respect to indices n = 1, …, N, and u = 1, …, U, 
i.e., the number of active intra- and intercell interference sources. All multipath profiles 
include L independent components. The number of interpath interference components 
depends on the diversity order L0 in the rake combiner in addition to the number of 
multipaths. Fig. 56 represents a flow chart on the mean and standard deviation of the 
interpath interference accumulation (last summands in (153) and (154)), depending on the 
number of rake fingers.  
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Fig. 56. Flow chart of the interpath interference statistics calculation. 

The lognormal sum statistics mMPI and σMPI are calculated from the MIP presented in 

(125). If the power coefficients of the exponential multipath profile are collected into 

vector [ ]1210 ... −− αααα= LLα  the argument explains how many strongest paths are 

summed up. For statistics mIPM and σIPM the process is otherwise similar with the 

exception that the path gain vector is reversed as [ ]0121 ... αααα= −− LLα
H

. Now the 

argument refers to the number of weakest paths contributing to the sum.  

5.4  Numerical examples 

A generic spread spectrum DS-UWB system is assumed, targeted for S/I = −17 dB. The 
basic assumption is that all signal components are uncorrelated. The selective rake 
receiver of the desired user combines L0 strongest paths as non-coherent5 lognormal 
power sum. Path loss breakpoints and wall losses are set for the desired cell links as dbreak 
= 100

00dd  that ensures the wall loss Lw = 0 dB inside the desired cell. For the intercell 
interference links, the corresponding parameters are dbreak = 10

)2&1(0dd and Lw = 10 dB. Table 
5 includes more parameters and variables chosen for the forthcoming numerical results. 
                                                           
5 Assuming simple, low-complexity energy detection based devices.  
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Bold-faced numbers are the default values. The exceptions and variations in these will be 
specifically pointed out in the upcoming illustrations.  

Table 5. Key parameters in the numerical examples. 

Number of multipaths L 246 
Number of rake fingers L0 1, …, 9, …, 24  
MIP decay parameter λl 1/4.3 ≈ 0.23256 
md(1) = mz(1) [dB] −6.8135 
σd(1) = σz(1) [dB]  2.4, 2.9, 3.4, 3.9, 4.4 
S/I target (S/I)tar [dB] −20, −19, −18, −17, −16, −15, −14 
Link distance CDF [%] 10, …, 50, …, 100 
Interferer activity factor Pact 0.1, …, 1 
Path loss constant c0 17 
Path loss constant c2 35 
Max. number of intracell interferers N 23 
Max. number of intercell interferers U 8×24 
Normalized timing error ε t  [t/Tp] 0, …, 0.045 
Multipath correlation rmpi 0, 0.25, 0.5, 0.75, 0.99 

Figs. 57 and 58 demonstrate the dependence of conditional outage probability on the 
number of rake fingers at the receiver. In Fig. 57, the centralized single cell topology is 
chosen (see Fig. 44a). The desired link and intracell interference link distances are set to 

50
00cd  ≈ 1.99 m. It can be seen that the optimum number of fingers is relatively insensitive 

to the varying load in the cell, staying between 7 and 10. Fig. 58 shows quite different 
system setting for a heavily loaded distributed multiple cell geometry. In this case, all the 
desired cell link distances are fixed to 50

00dd  ≈ 2.56 m. Link lengths from the surrounding 
cells are set to 10

)2&1(0dd  ≈ 3.55 m. The impact of all 192 intercell nodes is accounted for. 
The optimal selection of rake fingers remains tightly between 10 and 11. These quite 
different network configurations and outage levels produce very similar outcome. As a 
conclusion of both cases, it can be stated that only moderate complexity (approximately 9 
rake fingers) is needed for optimal noncoherent combining even in the multipath rich 
channel. Therefore, the number of rake fingers is fixed to 9 in most of the remaining 
numerical examples.  

 

                                                           
6 E.g., modified Saleh-Valenzuela model CM 1 [240, 335] has 24 significant multipaths. 
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Fig. 57. Number of rake fingers vs. conditional outage probability in a centralized single cell 
configuration. 
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Fig. 58. Number of rake fingers vs. conditional outage probability in a distributed multiple 
cell configuration (U = 192). 
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Fig. 59 depicts the differences of three centralized single cell geometries a) – c) from Fig. 
44 while the desired link distance CDF percentile varies between 10% and 90% contours 
and the interfering link distances are maintained at their respective spatial median (i.e., 
50%) values. Nine rake fingers are employed at the receiver. Some observations can be 
made from these curves. First, the variation in the conditional outage performance is 
largest for Scenario b and smallest for Scenario a, as expected. Second, Scenario a and 
Scenario c provide practically identical results at intermediate desired link lengths. Third, 
clear disparities in PDF statistics shown in Fig. 45 do not fully show up in outage based 
evaluation, because it is based on relative measure between the desired and interering 
signals instead of absolute one. 
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Fig. 59. Comparison of conditional outage probabilities in three single cell scenarios. 

Fig. 60 depicts the impact of intercell load to conditional outage probability at desired 
link distances 1010

00cdes dd =  ≈ 0.89 m, 5050
00cdes dd =  ≈ 1.99 m, and 9090

00cdes dd =  ≈ 2.68 m, 
while the intracell interferer link distances are maintained at 50

intrad  ≈ 1.99 m. On the other 
hand, the effect of intercell interference is emphasized by locating the surrounding cell 
layer nodes near the center cell border at link distances 10

interd  ≈ 3.78 m. It can be noted 
that as the load in the desired cell increases, the contribution of interference from other 
cells becomes less and less significant. At light intracell loading, however, the aggregate 
intercell interference affects substantially the desired link conditional outage probability. 
Naturally, the geometry of the link of interest plays a key role in the observed outage 
level so that the intercell interference effect is most profound in the worst-case scenario 
from the desired user point of view (i.e., at long distances). 
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Fig. 61 shows the impact of the desired link distance CDF and load variability to the 
conditional outage probability in a centralized multiple cell scenario. A reference plane is 
plotted at the conditional outage probability of 10-2 in order to better illustrate the cross-
section and shape of the surface. For comparison, a similar graphical illustration for a 
distributed configuration is represented in Fig. 62. Overall, there are no significant 
deviations between these figures. On closer examination we notice that at the tails of the 
cumulative distributions the distributed topology bears more dynamics. As a result, the 
outage probability gets higher using upper percentiles of distance CDF and slightly lower 
at the shortest distance contours.  
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Fig. 60. Impact of the intercell interference to the conditional outage probability. 
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Fig. 61. Impact of the desired link distance CDF to the conditional outage probability 
(centralized multiple cell configuration, U = 96). 
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Fig. 62. Impact of the desired link distance CDF to the conditional outage probability 
(distributed multiple cell configuration, U = 96). 
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Fig. 63 and 64 show how the outage probability (according to (148) and (149)) behaves 
as a function of desired link distance CDF percentile and intracell interference activity 
factor in centralized and distributed configurations. Nine rake fingers are deployed 
according to the previously shown results. Intercell interference sums up from the 8×12 
active links (50% load). Intracell interference link distances are set to 50

00cd  ≈ 1.99 m. 
Intercell interference link distances are 50

01cd  ≈ 5.21 m and 50
02cd  ≈ 7.33 m, respectively. 

As expected, the outage probability increases smoothly as a function of both variables. 
The difference in scenarios is minor but most evident at the lowest and highest link 
distance contours.  
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Fig. 63. Outage probability as a function of intracell interferer activity factor and desired link 
distance percentile in a centralized multiple cell scenario (N = 23, U = 96). 
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Fig. 64. Outage probability as a function of intracell interferer activity factor and desired link 
distance percentile in a distributed multiple cell scenario (N = 23, U = 96). 

Fig. 65 illustrates the impact of normalized timing errors in the reception of the 6th 
derivate of the Gaussian pulse according to delay estimation errors extracted from (146) 
and (147). All link distances are set to median values in the centralized multiple cell 
scenario. The intracell load is limited to N = 1, and intercell load is set to 50% (U = 
8×12). High sensitivity to offsets in receiver timing is observed. The optimal number of 
rake fingers remains unchanged in the presence of timing errors. The reference outage 
level is exceeded at any number of rake fingers for timing errors larger than 0.03Tp. 
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Fig. 65. Effect of timing error (Gaussian 6th derivative waveform, N = 1, U = 96). 

Sensitivity to the S/I target variation is illustrated in Fig. 66. We can observe that on the 
average, one dB change in the target performance scales Pout up or down one magnitude 
order at low probability values. Loosening (S/I)tar by 1 dB gains more than is lost by 
tightening the target by 1 dB. As shown in (151), the actual target will be a trade-off 
between several system parameters. 

Fig. 67 compares the sensitivity of conditional outage probability to the alternated 
single signal standard deviations. In addition to the FW approximation, the Ho’s modified 
SY approximation and Monte Carlo simulation results are depicted. All methods provide 
a close match in results for lognormal signals having standard deviations σ < 3 dB. In the 
default case, σ = 3.4 dB, the Monte Carlo simulation points fall between the FW and SY 
approximation results, yet closer to the SY curve. For larger initial variances the FW 
approximation becomes gradually more and more pessimistic. 
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Fig. 66. Impact of the signal-to-interference target variation to the conditional outage 
probability in a centralized multiple cell scenario (U = 96). 
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Fig. 67. Outage probability sensitivity to signal variance in a centralized multiple cell scenario 
with three different lognormal sum evaluation methods (U = 96). 
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Fig. 68 illustrates the impact of multipath correlation rmpi to the conditional outage 
probability at the centralized topology with 96 active intercell interferers. All link 
distances are set at the median values. The correlation coefficients are from top to bottom 
0.99, 0.75, 0.5, 0.25, and 0. It can be concluded that at low intracell loads (i.e., small 
outages) both approximations are highly pessimistic in the presence of correlated random 
variables. The gap between the methods decreases at higher loads. The lowest set of 
curves (rmpi = 0) shows a reasonably good match, especially between the SY and MC 
methods. 

The setup in Fig. 69 is changed to the distributed multicell case with 192 intercell 
interferers. The multipath correlation is fixed to 0.5. The desired link distance is varied 
between 30 and 70 percentile contours of the link distance CDF. For the shortest link the 
difference in outage is at its most prominent (even multiple orders of magnitude). In other 
cases, when the intracell load is high enough, the approximations coincide fairly with the 
simulation points. 

Fig. 70 depicts the surface plots of differences between simulated and FW 
approximated conditional outage probabilities in the same scenario as in Fig. 69. Now the 
desired link distance CDF is divided into 10 percentile segments in the range 10-100%. 
The absolute difference varies between −0.085 and 0.137. It should be noted that the 
relative difference can be several orders of magnitude as was shown in Fig. 69. Because 
the difference gets both the negative and positive values, and abrupt changes along the 
plane occur, the valid usage area of the FW approximation becomes highly restricted.  

Fig. 71 outlines the difference surface of the Ho’s version of SY approximation and 
Monte Carlo simulation in the same scenario. It can be noted that the shape of this plot is 
almost identical to Fig. 70. However, in the numerical range, there are some deviations. 
The absolute minimum value is encountered now to be −0.058 and the maximum 0.152.  

Fig. 72 shows a similar illustration of SY and FW outage results. The outage 
difference of these methods varies between −0.032 and 0.012. The magnitude is much 
less than when compared to the simulations. However, the shape of the plane resembles 
the previous examples (i.e., there is a cross-section where the magnitude order of the 
approximations switches). 
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Fig. 68. Conditional outage probabilities with correlated multipaths in a centralized 
configuration (rmpi = 0.99, 0.75, 0.5, 0.25, 0 from top to bottom, U = 96). 
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Fig. 69. Conditional outage probabilities with correlated multipaths (rmpi = 0.5) in a 
distributed configuration (U = 192). 
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Fig. 70. The difference of simulated and FW-approximated conditional outage probabilities in 
a distributed configuration (rmpi = 0.5, U = 192). 

 

1 3 5 7 9 11 13 15 17 19 21 23 10
20

30
40

50
60

70
80

90
100−0.1

−0.05

0

0.05

0.1

0.15

Desired link distance CDF [%]

Distributed multiple cell scenario

Number of intracell interferers

P
ou

t(s
im

.)
 −

 P
ou

t(H
o´

s 
S

Y
 a

pp
ro

x.
)

 

Fig. 71. The difference of simulated and SY-approximated conditional outage probabilities in 
a distributed configuration (rmpi = 0.5, U = 192). 
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Fig. 72. The difference of SY- and FW-approximated conditional outage probabilities in a 
distributed configuration (rmpi = 0.5, U = 192). 

5.5  Chapter summary 

Analytical evaluations of the cochannel interference limited outage probabilities in DS-
UWB systems were conducted. Square-shaped cell configurations with either centralized 
or distributed topologies were assumed, and link distance PDFs for these cell 
configurations were derived and simulated. Lognormal multipath propagation parameters, 
aggregate intra- and intercell multiuser interference, rake receiver finger allocation, and 
user activity were taken into account in the calculations. Numerical results showed that a 
moderate number of rake fingers (L0 = 9 in these examples) is enough even in dense 
multipath channel. The optimal number of rake fingers was observed to be rather 
insensitive to parameter variations. Relative distances and path losses of the desired link 
and interfering links had a strong impact on the detected outage probability. Intracell 
interference had a much stronger impact on outage performance than intercell 
interference. Sensitivity to UWB pulse waveform timing uncertainty was evident for the 
6th derivate Gaussian pulse template waveform at the correlator receiver (5th derivate 
waveform in the radio channel). Differences between centralized and distributed topology 
link distance probability density functions were obvious but much less notable in 
cumulative distribution functions and thereby in outage probability performance. 
Likewise, circular and hexagonal cell model geometries closely resembled the cellular 
model constructed of squares. In correlated multipath fading channels the studied 
lognormal sum approximations were not accurate in the outage probability assessment. 



6 Conclusions and future work 

6.1  Summary and conclusions 

Analytical frameworks for the effective capacity analysis of advanced wideband direct 
sequence CDMA and UWB networks were presented in the thesis. The first approach 
assessed system user capacity in the presence of various imperfections in the multipath 
channel with single user space-time rake receivers and their two multiuser detection 
enhancements. Chapter 2 reviewed the prior and parallel literature in the research areas 
closely related to the thesis. In Chapter 3, the wideband signal model was derived for 
complex transmitted signal. Mathematical formulas for the transmitted and received 
waveforms and radio channel were given. A generic exponentially decaying space-time 
multipath intensity profile was adopted for the analysis.  

Chapter 4 was devoted to the wideband CDMA performance analysis. CDMA system 
average capacity was approached from the overall signal-to-noise ratio point of view, 
where the desired cell multiple access interference was modeled in more detail, while 
other interference was embedded into an additional Gaussian noise component. Models 
for equal gain and maximal ratio combiners accounting for parameter estimation errors 
were derived. Then, effective user capacitities and sensitivity functions for the relative 
capacity loss were defined for three chosen imperfect space-time receiver structures: 1) 
rake, 2) rake+decorrelator, and 3) rake+nonlinear interference canceller. Numerical 
capacity and sensitivity examples for each receiver type were presented at two multipath 
intensity profiles as a function of diversity order and normalized maximum Doppler shift. 
In these examples the carrier phase, code delay, and amplitude estimation errors were 
assumed to rely on phase- and delay-locked loop characteristics. Performance 
comparison demonstrated that both multiuser receiver structures can achieve multifold 
capacities compared to the plain single user rake receiver at slow fading channels and at 
low diversity orders. However, the gap diminished or vanished completely at high fading 
rates and/or at large number of combined diversity branches.  

Chapter 5 outlined the second capacity analysis framework that concentrated on 
indoor DS-UWB personal area networks. User capacity was studied as a function of 
cochannel interference induced outage probability. Spatial cell configurations, based on 
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circular, square, and hexagonal shapes, were considered. Closed-form expressions were 
derived for the link distance probability density functions in centralized single- and multi-
cell network topologies. Simulations were used to determine link distance statistics in 
distributed topologies and to confirm all analytical derivations. By utilizing these 
statistics, resorting to simulations can be reduced in search of the network performance 
limits. The desired link interpath interference and multipath interference from interfering 
links was modeled and taken into consideration in the numerical calculations. Lognormal 
power sum statistics were extracted mostly through the simple Fenton−Wilkinson 
method. In some cases, the Schwartz−Yeh approximation and Monte Carlo simulations 
were also included in the performance assessment. An easily scalable dual-slope path loss 
model was utilized with an option to account for wall losses.  

Numerical results showed that the actual cell shape is not very decisive in the link 
distance statistics. On the other hand, the number of rake fingers, loading in the desired 
cell vs. surrounding cells, relative distances of the desired link and interfering links, path 
losses, timing errors, signal-to-interference target, fading statistics, and multipath 
correlation are major factors in the capacity and quality-of-service trade-off. It was also 
demonstrated that the SY and FW approximations fail to represent outage statistics in the 
presence of correlated multipaths. In such cases the Monte Carlo simulations or other 
more sophisticated approximations are viable alternatives to be exploited. 

6.2  Future research directions 

As discussed in Section 4.2.3 the numerical results in the thesis rely on simple suboptimal 
parameter estimators. Therefore, it would be interesting to extend the analysis to more 
advanced and complex estimation algorithms (e.g., joint maximum-likelihood based or 
Kalman filtering). It is expected that sensitivity to system impairments could be reduced 
significantly by utilizing these algorithms. However, the associated drawbacks would be 
increased implementation complexity and higher energy consumption. Further analysis 
and comparison of the power control algorithms listed in Section 4.1 would also be worth 
considering. Spatial diversity in the numerical examples was restricted to dual-antenna 
diversity in the numerical examples of the thesis. An approach towards generic MIMO 
concept with multiple transmit and receive antennas would be one way to extend the 
framework.  

In the development of wireless personal area and sensor networks [347], one of the 
promising application scenarios is related to the concept of wireless hospital [348]. UWB 
technologies can offer wireless short range data communication links as well as accurate 
location and tracking services for hospital and healthcare needs. CWC is included in the 
WILHO (wireless technology in hospital operation management) consortium and 
program whose main goal is to enhance hospital management processes by using wireless 
technology. Two hospitals in Oulu are involved in running the related piloting projects. 
Participation in WILHO offers practical and meaningful platforms to apply theoretical 
results in real environments and use cases.  
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 Appendix Complex multiuser receiver structure 

As a starting point we represent equations (53) and (54) as 
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where  
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and use an additional step to produce 
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111 −−−
ℜ++ℜℜ=ℜ qiy . (161) 

From (158)−(161) one can show that the data estimates should be obtained as 

qi ddd ˆjˆˆ   +=  (162) 

{ }qqqiqi yDyD += sgnˆ
qd  (163) 

( ) ( ) ( ) 1111 −−−−
ℜ

⎭⎬
⎫

⎩⎨
⎧ ℜℜ−ℜℜ= qiiqqqiiqi

qiD  (164) 

( ) ( ) ( ) 1111 −−−−
ℜ

⎭⎬
⎫

⎩⎨
⎧ ℜℜ−ℜℜ−= qqiqqqiiqi

qqD  (165) 

and similarly 

{ }qiqiii yDyD += sgnˆ
id  (166) 
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( ) ( ) ( ) 1111 −−−−
ℜ

⎭⎬
⎫

⎩⎨
⎧ ℜℜ−ℜℜ= iiqqiqqiii

iiD  (167) 

( ) ( ) ( ) 1111 −−−−
ℜ

⎭⎬
⎫

⎩⎨
⎧ ℜℜ−ℜℜ−= iqqqiqqiii

iqD . (168) 

Bearing in mind that all current wideband CDMA standards are based on using complex 
signal formats future research in the field of multiuser detectors should be focused on the 
structures defined by (155)−(168). 
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