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Abstract 1]

Abstract

The Cloud RadicAccessNetwork (GRAN) has been proposed for the provision of
advanced fourth and fifth generation wireless communication services. -RA&NC
system have been shown to reduce costs, and can provide high spectral efficiency and
energy efficiency. The fronthaul such networks, defined as the transmission links
between Remote Radio Units (RRUSs) and a central Baseband Unit (BBU), usually has

high fronthaul load and constrained capacity.

In this thesis, we explore and investigate the badivABI system structure, bed on
which we propose two developedRAN systems. With each system we evaluate the
Bit Error Ratio (BER) performance and transmission efficiency in multiple scenarios,
and give advanced solutions to reduce the fronthaul Wadalscanalyse the effectfo
guantization on BPSK and QPSK modulation schemes, diitfierent detection

methods.

Error control in fronthaul transmission is consideredea®neous frames may be
received at the BBU. Error Detection Coding and Error Correction Coding approaches
can beapplied to the fronthaul network. They may increase the fronthaul latency, but

great improve the enb-end BER performance.

Source compression techniques such as Slapfalh (SW) coding can compress two
correlated sources separately anecdmpress tha jointly. Since each RRU serves
many user terminals, and some of them may also be served by another neighbour RRU,
which results similarly in correlation of the received data between two RRUSs. In this
thesis, we applied the SW code to th& 8N system anévaluate the compression rate

achieved in fronthaul networks.
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Chapter 1 Introduction

1.1.Background

The Cloud RadicAccess Network (€RAN) has been proposed for the provision of
advanced fourth generation and fifth generation wireless communication services.
The concept is that instead of full base station functionality being provided at each
antenna $e, the antenna should be equipped only with a Remote Radio Unit (RRU),
which contains onlyRadio FrequencyRF) processing equipment which converts the
radio signal to complex baseband (containing in phase and quadrature modulating
signals) plus an analag to digital converter (ADC) which quantizes the signals to
convert them to digital form. They are then transmitted over the fronthaul network to a
central Baseband Unit (BBU) which performs all processing of the complex baseband
signals (modulation/demathtion, coding/decoding, higher layer protocols, etc) from
antanna sites covering a wide ardduis may provide economies of scale in performing
the processing, and reduces the energy requirements at the antes;nposentially
saving energylt also dlows joint processing of signals from multiple antenna sites,
which has potential to greatly improve the performance of the radio access network.
Note that this operates in both up and ddink: in both cases the fronthaul network

carried quantized sigits rather than user data.

The disadvantage of-RAN is that the load on the fronthaul network is very large in
comparisorwith what would be required for the more conventional backhaul network
which is used in current radio access networks to conneet dtagons to the core

network.In principle each RRU requires a data rate proportional to the bandwidth of
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the signals and the number of antennas, regardless of howusensyare being served.
The load may easily be in the tens of Gbps per RRU, angisathy many times the

total data rate of the users being served.

1.2. Problems andObijectives

1.2.1.Problems

The primary problem of ®RAN in general is the very large fronthaul lo&dlis applies
particularly to the uplink, where very fine quantization, tretefore very long sample
word lengths, are required to accurately reproduce the sigraived by the RRUs
and the BBUThe problem is particularly severe when multiple antennas are provided

on the RRUs.

Quantization is a nehnear process, and wheapplied to mixed signals it generates

additional spurious components which interfere with the intended signals, and which
therefore give rise to an fAerror floorodo for
BER which remains significant howeveigh the signal to noise ratio (SNR) on the

radio access links. To bring this error floor down to an aetdplevel requires much

finer quantization, and hence a larger fronthaul load.

1.2.2.0bjectives

The overall objective of this thesis isreducethe uplink fronthaul load in a-®AN

system using multiple antenna RRUs.

| Investigatehe C-RAN model and its relatetechniques fronthetheoretical and
practical point of view.

! Build up the GRAN model in MATLAB andexplore the potential ways to
minimizethe fronthaul load and achietlee expected endo-end BER

performance.
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! Analyse thesystem performances and give the best solutions to reduce the

fronthaul loadand improve the transmission efficiency

1.3.Contributions

| Detection techniques in-RAN system
- Build up a GRAN simulationand nvestigatehe impact of quantization levels and

modulation schemes on the system BER performameclude thatt leastlO extra
bits are neeedto be transmitted in fronthd network to reach the expected eeend

BER level (10%).

! Analysis of effects of quantization
- Analyse the effect of quantization on BPSK and QPSK modulation schemes, with ML

and ZF detection methods. Conclude that quantization of the combined symbols
transmitted from multiple sources will causatage in fading, and hence an error floor

in the average BER performance

Evaluationof quantizationpositions in GRAN system

- Build upand develop th€-RAN system in a multiple carrier scheme with quantizer

in different positions: beforEast Fourietransform FFT) and after beamforming.

- Evaluatethe effect of quantization level on multiple modulation schemewith
different quantization position The esults shows that with quardiion after
beamformer, the system nesaduchfewer extra bitsto be transmitted, especialfgr

low modulation level.

- Develop the system with more antenna diversity at RRUs araluate the
performance We discover that higherantennadiversity at RRU can reduce the

fronthau load.
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- Analyse the simul@n resultsfor thetwo systems with differerdcenarios angrovide
advanced solutions to the systdfinally conclude that quantization after beamformer

improves transmission efficiency in multiple scenarios

| Design oferror control in fronthaul
- Proposdwo error control systems in frorgttl network

- Examine two error control systemat differenterror ratedor transmission between
RRUs and BBU, and evaluate their performaii@eally conclude thathefirst system
(error detectiorapproach)can beusedwith low fronthaud BER level (ess thanl0®)
andthesecond system (error correction approaeam be usedith high frontrad BER

level (more than 16).

- Develop the system with more antenna diversity at each RRU.

I Compression techniquesfionthaul
- Apply SlepianWolf code to the ERAN system.

- Evaluate the compression rate of SW code, showing that the similatityeen two

sources from RRUs affexthe compression rate achieved.

- Show that compression rate can be improved by sepawatpression ofthe most

significant bit (MSB), second significant bit (SSB) and least significant bit (LSB)
1.4. Thesis Outline

- Chapter 2 provides background information whithoduceghe basic concept of-C
RAN system in Fronthaul Network, and then taekground relates to the scenarios
and techniques used to build up thdR8N system, which include channels, carrier
schemes, quantization, combisend detection approaches. In the last part of this

chapter wantroduces the concept relates to sow@mmpression techniques.
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- In Chapter 3 a basic €GRAN system is set up, and several detection methods are
applied and tested. The performamgth transmitting quantized signals are given. The

problemsof the system are introduced.

- In chapter 4, two €RAN systems are proposed with multicarrier scherhasel on
chapter 3. The solutions for the probleerscounteredn chapter 3 are explored and

discovered. The BER performance of the systems in different scenarmsarated

- In chapter 5, two erroromtrol methods are introduced, and two fr@atterror control
systems are built up. The efmend BER performance antrougtput efficiency in

fronthau are evaluated and discussed.

- In chapter 6the SlepianWolf code is studied andesigned. Then ghcompression
rate in frontlad is evaluated. Furthermore, a more effitieompression scheme is

proposed, and the results are compared and destuss

- In chapter 7, we conclude the contributions and give sugges$tiofigure work.

1.5.List of Publications

R. Lei, A. Burr, T. CaandK. Leppanen, " Anetwork device and adsebandinit for a

telecommunication systetriEuropean PatentApplication, 4823197, 23 No2016.
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2.1. Introduction

The fronthaul inRadio Access NetworkRRAN) requires high capmaty, but is often
constrainedThis chaptepresents literature reviesef C-RAN in fronthautconstrained
networkswhich includes systemrchitectures and related key techniques. The structure

of this chapter is given below.

First of all, the definition and architectures ofRAN is given in section 2.2. Because
this project is primarily focused on MIMO systsrthe system will also be moltied

in different types of channel, thtise basic structure of traditional MIMO and channel
modekare given in section 2.3. Then, the detection techniques normally used in MIMO
systens are introducedn section 2.4. Quantization and combi are two man
proceses when modding the systemand thereforghar concepts arelescribedn
section 2.5 and 2.6. This projesill examne C-RAN with different carrier schemes
(especially OFDM)ithe background o$uchcarrier schenmgis given in section 2.7.
Furthemore, as one of the key techniques to alleviate the impact of constrained

fronthaul, source compression techniquesdgeussedn section 2.8.
2.2. C-RAN

Radio Access Networks (RAN) usually consist m@BUs. TheseBBUs covera
continuous area by coveg a group osmall regios with eachbase station (BSEach

BS processes and transmits the signal data from multiple mobile users and then forward
the data to the core network via the backhlukach BBU area, system has its own

backhaul transportatip cooling system, battery monitoring system. However, due to


https://en.wikipedia.org/wiki/Radio_Access_Network
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the limitation of spectral resource, all of the base stations use the same frequency

bandwidth which cause interference among neighbouring[2¢lls

BBU Pool

(BBU; - BBUp)

Fronthaul Fronthaul

Fronthaul

RRU,

(User; - Usery,)

RRU,

(User; -+ Usery,)

RRU,

(User; - Usery,)

Figure 2.1 GRAN system structures

C-RAN may be viewed as an evolutiontbe BS systemand is introduced in [2, 3, 5,

6]. It takes advantage of many technological advances in wireless, optical and IT
communications systenmiBor exampleit isimplemented byhe Common public Radio
Interface CPRY) specification [3] low costCoarse Wavelength Division Multiplexing
(CWDM) and Dense Wavelength Division MultiplexingWDM) technology[8], and
Millimetre Wave fmmWavg, which achievehelarge scaleentralisedBS can transmit

the baseband signaler long distancdt applies Data Centre Network technold§y

to achieve high reliability, low cost, low latency and high bandwidth interconnect

network in BBU pool [10]

The general architecture afGRAN consistf three omponents: a BBU pool which
consists a group number of BBUs with centralized processors, RRUs with antennas
located at remote sites, amebnthaul network betweenRRU and BBUwith high

capacity The components are shown is figure Zlbte that the RRU also called a
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Remoted Radidtlead (RRH). To harmonize with the acronym, RRU will be used in

this thesis.

A BBU pool usually consists of timearying sets of software defined BBUs and the

radio resources of different BBUseafully shared with each other, and this forms a
largescale wtual multiple-inputmultiple-output sy st em from 't he BBU
perspectiveThe software defined BBUgrocess the received baseband signals and

optimize radio resource allocatifh, 2].

RRUs can provide high data rate for user terminals with basic wireless signal coverage.
In uplink, RRUs are used to forward the baseband signals from user terminals to the
BBU pool for centralized processing. dlownlink, RRUs transmiRF signals to user
terminals. The functianof RRUs usually perforrRF amplification, analogo-digital
conversion (ADC), digitato-analog conversion (DAC) and interface adaptation.
Because of the low complexity aeapense, RRUs can be distributed in a large scale

scenarid1, 2].

Fronthaul is defined ae link between BBUs and RRUBhe transmission methods

of fronthad network canbe realized via several ways: optiddlre communication,
cellular communication, andmillimetre wave communication. Opticalfibre
communication43] is considered to be the iddabnthaultransmission without any
constraints. It can provide high transmission efficiency and capacity with high expense
and inflexible deployment. Cellular amdgillimetre wave communication technologies

are considered to beorrideal with capacity constraints imonthaul network Since
wirelessfronthaulis cheap and flexible deploy these technologies are anticipated to

be prominent in practical-RANs [2].
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2.3. System and Channel Model

2.3.1.MIMO

A MIMO system uses multiple antennas to increase data rates through multiplexing or
to improve performance through diversity. In MIMO systems, transmit and receive
antennas can both be used for diversity gain. Multiplexing exploits the structure of the
chanrel gain matrix to obtain independent signaling paths that can be used to send
independent data. These spectral efficiency gains often require accurate knowledge of
the channel at both the receiver and transmitter. In addition to spectral gains, ISI and
interference from other users can be reduced using smart antenna techniques. The cost
of the performance enhancements obtained through MIMO techniques is the added cost

of deploying multiple antennathie spacand circuit power requirements of these extra

artennas, and the added complexity required fortidimiensional signal processing

[14].
N:
hao
h12
o n
Nz bt ™
Transmitter [t/
with Ne L S
antennas I N
! hf?',,"hrz
Nt ’:;:"”
T he

N2

“3>— Receiver

g I with Nr
I antennas

Figure 2.2 MIMO system model with N, transmit antennas and N, receive antennas

In figure 2.2, we consider a MIMO system with

antennas, whene

0 . The MIMO channel is modeled as an uncorrelated Rayleigh

transmit antennas and

receive
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flat fading channel and can be denotgda N,3 N, matrix H. If 'Q denotes a

function of fading coefficient is employed, we can express the channel matrix as:

a‘n h.lZ h.'l
H:?‘ﬂ e T 2.1)
e Do
ghrl hz ht
then thereceived signal vectorl can be expressed as:
r=Hx # (2.2

wherex is the transmitted data witlx[x %, .. x] andnis theGaussiamoise.

Equation 2.2 gives a general expressiothefeceived signal for a MIMO system

experiencing flafading channel.

2.3.2.MIMO Diversity

In single input and multiple outp¢&IMO) systemsthe multiple receive antennas can

see independently faded signal from the same transmit signal, and the reagiatzl

are then combined those faded signal to obtain a resulting signal with reduced fading
[15]. The maximum receive diversity ordeith SIMO system is equal to theceive
antennasumber Similarly, in multiple input and single outputMISO) systemsthe

same signal is transmitted through multiple fading paths which achieve the transmit
diversity [16], and the maximumtransmitdiversity order isequal to thetransmit
antennaswumber For a general MIMO system, the maximum diversity order can be

obtained by

Dyimo =N, N (2.3)
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where U0 is the number of transmit antennas add is the number of receive

antennas.

2.3.3.Channel Model

In wireless communications, the fading happens when there has reflection and
scatteringwhen transmit thesignal, and this might affect theesult of signal
transmisgn: the amplitude and phase of the received signals could be suffered from
fluctuations,and we named this channel model with multipath fadiigh channel
fading, weconside path loss, shadowy fading and multpath fadingBesides, in this
thesis, we alwayassumeéhe channel state information (CSI) is known perfeatihe

receiver

| Rayleigh Fading Channel

Rayleigh fading models assume that the magnitudesijreal thatpasseshrough a
communication channel with fading according t&®ayleigh distributionshows in
equation 2.4Rayleigh fading is a reasonable motielrepresent the communication
scenariowhenthe transmitted signal is scattered by many objects before it arrives at
the receiverWith sufficient scatténg, the channempulse responseill be modelled

as aGaussian procesgespective of the distributio of the individual components.
With no dominant component to the scattgythe process will resulteromeanand
phasehatdistributedb e t we e n ra@liana Theenv2lopeof the clannel response

will thereforebe Rayleigh distributegdwhich isdefinedby [17]:

2x -X
frayleigh (X) = W € W U( )9 (24)

where Y is the aver ag e®X i thewstep functiorNotestate i ved s

the Rayleigh distribution can be expressed by two independent and identically


https://en.wikipedia.org/wiki/Rayleigh_distribution
https://en.wikipedia.org/wiki/Impulse_response
https://en.wikipedia.org/wiki/Gaussian_process
https://en.wikipedia.org/wiki/Arithmetic_mean
https://en.wikipedia.org/wiki/Uniform_distribution_(continuous)
https://en.wikipedia.org/wiki/Radian
https://en.wikipedia.org/wiki/Envelope_detector#Definition_of_the_envelope
https://en.wikipedia.org/wiki/Rayleigh_distribution

Chapter 2 Literature Review 12

distributed zero mean Gaussian randomaldeis as real and imaginary parts of a

complex number and then taking its magnit{idg.

I Rician Channel

Rician fading is a&hanneimodel forthe radiopropagatiorcaused by partial
cancellation which transmis the signal with several paths. One of théhpas much

strongerthan the others, which typically a line of sighb§) path and the other paths

are scattepaths. The amplitude gain can be characterized by a Rician distribution.

A Rician fading channel can lBxpressedby two parameters: and .K s the ratio

between the power in the direetth and the power in the otherattereghaths. is the
total power fromall pathsincluding direct path and the scattered paMs=(* +2s ?)

and acts as a scaling factor to the distribytid and A can beobtainedoy [18][19]:

, K
V “Th K vV (2.5)
, W
T 2(1+K) (2.6)

The PDF withrician fading isgivenby:

frician (X) :2(K—V-:_/1)Xexpi-K (K -EL)XZ géz\’ K(K 3") (27)
¢

wherelg is theOth order modified Bessel function of the fist kind.

When K =0, the Rician distributiobecomeghe Rayleigh distributiorwhenK = + |
the channel does not exhibit fading, th&ician distribution considers with the

Gaussian distribution.


https://en.wikipedia.org/wiki/Stochastic
https://en.wikipedia.org/wiki/Radio
https://en.wikipedia.org/wiki/Wave_propagation
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2.4. Detection Techniques

A challenge in the practical realization of MIMO wireless systems lies in the efficient
implementation of the detector which needs to separate the spatialiglexait data
streamsThis sectiorintroduces the algorithms of Zeréorcing (ZF),Minimum Mean
Square ErrofMMSE), and Maximuniikelihood (ML). These detection techniques will

be applied to the system in chapter 3, and the BER performance with multiple levels of

guantizer will be explored.
2.4.1.Zero-Forcing

The Zero-Fordng technique is a standard linear detection mefBaf[22]. If perfect
CSlis available at the receiver, the zdéoocing estimate of the transmitted symbol

vector can be written as

e =G ,Hs h) s Gn, (2.8)

where G,. =H* fH"H)™"H" A den ot e s-inverbeecopemtoryy. i the

recovered dataector of the transmitted symbol vecsor

I, consists of the decoded vectplus a combination of the inverted channel matrix

and the unknown noise vector. Because the psawdose of the channel matrix may
causes noise amplificatiavhen the channel matrix is ill conditioned, the noise variance

is consequently increased anck therformance is degraded. To alleviate the noise
enhancement introduced by the ZF detector, the MMSE detector was proposed, where

the noise variance is considered in the construction of the filtering ri2@fix
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2.4.2Minimum Mean Square Error

TheMinimum Mean Square Error (MMSE) approach alleviates the noise enhancement
problem by taking into consideration the noise powken constructing the filtering

matrix using the MMSE performandmsed criterio23, 24].

In order to maximize the poesietection gnakto-interference plus noise ratio (SINR),

the MMSE weight matrix is given §23]:
Guuse =(H"™H w3)H" (2.9)

Note that the MMSE receiver requires the statistical informatidhesfoise, . Then

we obtain the following relationship:

rMMSE :G MMSE(HS -H) S G+MMSIQ (210)

where T,,ciS the recovered symbol vector @fThe term (1/SNR =, ) offers a

tradeoff between the residual interference and the noise enhancement. As the SNR

grows large, the MMSE detector converges to the ZF detector
2.4.3Maximum L ikelihood

Maximum likelihood (ML) detection calculates the Euclidean distance batiee
received signal vector and the product of all possible transmitted signal vectors with
the given channdfl, and finds the ne with the minimum distand@3]. Let C denote

a set of signal constellation symbol poitsd 0 denote a number of transmit
antennasThen,the estimatedransmitted signal vector can be determined with ML

detectionas[23]:

%, =argmin{r Hx|’),xi C“ (2.11)
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wherd|r - Hx||zcorresponds to the ML metric. The ML methzah achievéhe optimal

performance when all the transmitted vectors are equally likely. Howeger,
modulation order and thieansmit antennas number increases, the system complexity
increases exponentialle can define theequired number of ML metriasC™ , the
complexity of calculation largely increases with the number of antennas. Although the
ML detection methodsuffers from computational complexitythe achieved
performancecan be served as a reference to other detection methods since it

corresponds to theptimal performancgl, 23.
2.5. Quantization

Quantization is involved in nearly all digital signal processwlich is a process to
represent a signal in digital fonmvolves rounthg. Quantization replaces each number
with anapproximationlevel from aset of discretdevels and then convert to digital
number foistorage and processinghen quantizing a sequence of numbers, the system
generates quantization errors thaimsdelled as an additive random signal, which is
called as quantization noisehe more levels a quantizer uses, the lower its quantization

noise powef25].
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Q)
A

Figure 2.3 Uniform quantization

In figure 2.3, the signahas &finite range fromy_, toy, ... Q(X) is the quantization
output which can be converted to digital number in transmis$ioen the entire data
is divided intol equal intervals of lengttowhich known aghe quantization steize.
Theintervalcan berepresentedy:

— Ymax~ Ymi
| - max min 2.12
. (2.12)

2.6. Combiner

When wireless signals travel from a single transmit antenna to multiple receive
antennas they experience different fading conditions. Whéaignal from one path
may experience a deep fade the signal from another path may be sti@28iger
Therefore selecting the stronger of the two signals (selection combining, threshold

combining) or adding the signals (equal gain combining, maximal ratidioomg)
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would always yield much better results (lower bit error rate). However, there must be
sufficient spacing between the different receive antennas for the received signals to be
dissimilar (uncorrelated}lere we consider thequal gain combining onaximal ratio

combiningto combine the received sigsah our future system desiga8].
2.6.1Equal-gain Combining

Equalgain combining EGC)is of practical interest becauseathieves a comparable
performanceo the optimal maximal ratio combining receitert with less complexity
Suppose the transmitted signal is subjected to multipath fading and is perturbed by
additive white Gaussian noise (AWGN), the received signal dthlaatennal(r {1,

2}) can be &pressed in complex form §283]:
s()=Refa ()01 +N (1} (2.13)

where R€{.} denote the real part of its argument, © and - 0 correspond to
fading amplitude and uniformly distributed random phase processes respectively,
— 0 denotes the desired phase modulation and is the zero mean complex

AWGN process with a power spectral density(W/Hz).

s1(t) s, ()

e"ffl(L X) C)D’— e—j£2(t)

o

sp(t) = Z Re (e‘ffl(t)sl(t))

t=1

Figure 2.4 Equal-gain combiner
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In contrast to thenaximumratio combining MRC) technique, the EGC combiner adds
the caophased signals from the two antennas in a linear fashion to produce the decision

statistic[28].
2.6.2Maximum -ratio Combining

In MRC, different weigh factor are applied tthe correspondingignalbranch thats
propotional to the signal amplitude, which resbitanches with strong sigrsaare
amplified, while weak signals are attenuaf2d]. MRC is the optimum combiner for
independent AWGN channelg9]. In MRC, the signals from all of theranchesare
weighted according to their individual SNRs and then summed. Here the individual

signals need to be brought into phase alignment before sunizdiihg

The output of the combinat thelth antennal¢ {1, 2}) can be obtained by:
. L.
Swre = XA Wh +@wn (2.14)
1=1 | 2

wherex is theamplitude 0 is the combining weightsQ is the channel, and is

AWGN noise.
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Figure 2.5 Maximum -ratio combining structure

2.7. OFDM

Orthogonal Frequendyivision Multiplexing (OFDM) is a method of encoding digital
data @ multiple carrier frequencie©FDM is a special case of Frequency Division
Multiplex (FDM) which use a large number of closely spaced orthogonatcarber
signals to carry data on seskparallel data streams or chann@&ach sukcarrier is
modulated at a low symbol rate and has the total data rates satiiaginglecarrier

schemes in the same bandwi{b, 31, 41]

In OFDM, the sukcarrier frequencies are chosamdthe subcariiers are orthogonal to
each other, meaning that craatk between the suthannels is eliminated and inter
carrier guard bands are not requijrdidiat greatly simplifies the design of both the

transmitter and the receiver.
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X, [Xn], [xm]. [xcpm],
m=201,-N—-1 m=01-N-1 m=01-N—-1 m=—-C+1--N—-1
Input Coding & Serial to _: IFFT _: CYCI!C » Parallel to
—| baseband [—» parallel i | modulator L2 prefix : > serial
modulation } *| insertion >
A
| Channel
Output  —]  — Cyclic -
P Decoding & Parallel to [§—] FFT b p:(efix £ Serialto
demodulation serial demodulator ! parallel
[+ [+ extraction [+

Ym' [Ym], [y:'n]r [ycpm]'
m=01-N-1 m=01-N-1 m=01-N—-1 m=-C+1-N-1

Figure 2.6 Block diagram of an OFDM system

In figure 2.6, the input data is modulated by using a digital modulation scheme such as
Binary Phase Shift KeyingBPSK), Quadrature Phase Shift Keying (QPS&nd
different constellation levelsf Quadrature Amplude Modulation QAM). Then the
data symbols are parallelizedNirdifferent substreams. Each stdiream will modulate

a separate carrier through theerse Fast Fourier TransformrET) modulation block.

A cyclic prefix is inserted in order tavoidinter-symbol interference (ISRnd inter
block interference (IBI). This cyclic prefix of lengthis a circular extension of the
IFFT-modulated symbol, obtained by copying the Gsamples of the symbol in front

of it. Next, the data are converted baokserial and forming an OFDM symltbit will
modulate a higtirequency carrier before its transmission through the channel. At the
receiver, the system will perform the inverse operatjdtk

2.8. Information Theory
2.8.1.Entropy

Entropyis a measuremepnf theuncertaintywith a random variableandit definesthe
limitation of lossless compression. For a random variahlgs entropy idefinedas
[35]

H(X)= & p(¥log p(% (2.15)

X c
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where p(X) =Pr{X =3, x b is the probability masiinction.In the digital system,
the log is usually to the base 2 and entropy is expressed inThisentropy of

continuous random variabiginfinite, becaus¢he possible values are infinite.
2.8.2.Joint Entropy

Theuncertainty of a pair of random variables can be measuredaoaitheintropy. For

agivenpair of discrete random variablesY), their joint entropy islefinedas[35]:

H(X,Y)= @ anx ylog f(xy (2.16)

Xicylg
wherep(X, y) is the jointdistributionprobability.

Furthermore, theonditional entropyf a pair of discrete random variabl@§Y) can

bedefinedas[35]:

HYI X)=a (Y H(Y| X =)

& p(9 &RVl Hlog H Yl ¥

(2.17)

a ar(x ylog p(yl 3

X X yiy

The joint entropy of a pair of random variabées be expressed withe entropy oKX

plus theconditional entropy of the othgariableY.
H(X,Y)= H(X) +H(Y|] X (2.18)
we can als@xpandhe ruleto three randorwariables

H(X,Y|2)= H(X] 2 +H(Y| X 2 (2.19)
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2.8.3.Mutual | nformation

Mutual information measures tisemilarity between a pair of random variabl€sr a

pair of discrete random variable§Y), themutual informatiorcanbe expresseas[35]:

lxy)=8 3 log—P Y 220
xy) Xc'i;lxygp(xy)ogp(x)p(w (2.20)

where p(x, y) is the joint probability mass function argx), p(y) are marginal

probability mass functions.

For random variableX and Y given Z, the onditional mutualinformation can be

definedby:

1(X;Y[2)= H(X]2) -H(X]Y, ]

o p(x vyl 2 (2.2)
= DI
N e TR
2.8.4.Mutual Information and Entropy
L(X5Y) = H(X) -H(X]Y)
LOX;Y) = H(Y) -H(Y] X (2.22)

I(X;Y) = H(X) +H(Y) H( XY
1(X;Y) = I(Y; X)
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H(X) H(Y)

H(X|Y)

H(X,Y)
Figure 2.7 Relationship between entropy and mutual information
2.9. SlepianWolf Code

The SlepiaAVolf theorem was introduced by David Slepian and Jack Wolf in 1973
[45]. Thetheorem deals with the lossless compression of distrilwatedlatedsources,
and it also indicates thaad of the correlated sources can be encoded separately
without knowledge oftheother sources and the compressed data from all these sources
can be jointly decoded with arbitiigr small error probability[87]. SlepianWolf
coding can achieve the same compression rate as the optimal joint compiession.
Figure 28, sources & and & are two correlated sourceé, , ® are separately
encodedvithout exploiting the correlated informatiome can constraithe achievable
rate pair{Y ,'Y ) by[87]:

R+R 2H(X) HX)

R 2 H(X) (2.23)
R,z H(X,)
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R, .
Xl___) Compression > ' > xl
Correlated I Decompression
X2 —> Compression > — 322
R2

Figure 2.8 Slepian-Wolf concept, X and X are the estimation of source X,

and X,

The SlepiaAWolf region and non Slepiawolf region are shown ifigure 2.9. By
implementing a SlepialVolf code,the system require lesseansmit rateand future

reduce the channel capacity [87]

R+R 2H(X ,X)
R 2 H(X | X,) (2.24)
R, 2 H(X; [ X)
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Figure 2.9. Slepian-Wolf rate region

2.10.  Chapter Summary

In this chapter, we have introduced the défm and architectures of-RAN and the
basic structure of trational MIMO and channel modelsh&se system structiwrare
helpful to build up the systems in our following chaptere Neve also introduced the
detection techniqueshat will be usedfor the designing withBBU. Then the
guantization and combarareintroduced which will also be used in our future system
development Finally, the information theory with compression techniques are

introduced which relate to the system development of constrained fronthaul.
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Chapter 3 Detecton Tedniques with Quantization at

Receiverin Single Carrier Scheme

3.1Introduction

In a GRAN system, more thaane BS forwards multiple users' signal tthe BBU
simultaneouly, all of the base stationsing the same spectral bandwidth. This causes
interference betweemeighbouringcells. In this chapter, we will explore the detection
techniquesused inthe centra processorsat the BBU. Those detectarremove the
interferenceand separatethe user signalsThe advanced detection techniques we
introduce in tis chapteiare:ZF, MMSE and ML, alsadiscussedn [36, 37, 75] Each

of the detectors will recover the quantized signals which are senttimRRUs.We

will analyse the effect of quantization on BPSK and QPSK with ML and ZF detection
methodsBesidesdue to the constrainddonthaulnetwork between RRUs and BBU,
multiple levels of quantation at RRUs will be deployed. We will theamalysethe
impactof the quantization levadn the fronthaulload and the BER performance with

each detection technique
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3.2. SystemModel

User Terminals

Channel

Base Stations

RRU 1 [@ 'RRU 2

BBU [ Joint Detection }

Techniques

Output Detected Data

Figure 3.1 System model of a basic GRAN system

In this system, an uplink MIMO system is coreied. In Figure 3.1, the system hae

user terminalgndtwo base statio® Each user termial has one transmit antenna, and
eachBS containsone receive antenndhus we have) ¢ ando0 ¢. In this
model we assume perfeCiSI. At each receive antenna, the complex signal data is
quanized here we use uniform quantization. The quantized dataen input to
detection filters and the recovered daftthetwo userss output Thestructuras shown

in Figure 3.2.
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L Q S,
—>{ Quantizer —>
Detection
Techniques ~
rz Qg SE
—> Quantizer > —>

Figure 3.2 Detection techniques after quantizer. rl and r2 represent the received
signal at each base station. Q1 and Q2 represent the quantized signa%and g

represent the recovered signal with two users.

Received Symbol

Pt [T n | = A A
AV
Quantizer
Q @ Quantized Symbol
P P Do (D | = 4 | 4

Extra bits need to
be transmitted

Figure 3.3 Extra quantization index bits need to be transmitted in ~ fronthaul

The guantization level affecthe fronthaulload and transmission efficiency. If the
guantization level isnuchhigherthan the modulation level of the system, the RRU will

need to tranwit more binary bits with each quantized symbol than the unquantized

symbol. The extra bitsN_,._which need to be transmitted can be defined as:

extra
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Nextra: n -m 2
n=log,(L,) (3.2)
m=log, (L)

wherelLg is thequantization level, antdw is the modulation level. In practicBlextra
should be kept as loas we can, to avoid too muéionthaulload withtransmission

For the system design and simulatia@investigatehe minimumnumber ofextra bits
required to ahieve anaccredied BER performance. Ithe following simulation, the
performanceshould be close to the optimal BER performawié which unquantized
datacan bedecodedHoweverthe unquantized case is not practical as it would require
an effectivelyinfinitely fronthaulload.We assume the channel between user terminals
and base stations &multipath Rayleighfading channelWe also assume that the
channel betweeRRUs and BBU i "bit pipe", which delives the signal bits without

any losses.

3.3. Theory Analysis

In this section, we will explore theffectof quantization on BPSK and QPSK with ML
and ZF detection methods, and compare the theoretical results with the simulation

results in MATLAB.

The basic idea to explore the effect of quantization on the received aid@RU is to
estimate the probabilityf failureto recover the desired ddtam multiple sources, and
the recoveryailure will also generate erroneous bitstae BBU, andwe cdl it outage
probability. By analysing theutage cases witlhe quantized data, we can estimate the

overallbit error rate (BERat BBU.

3.3.1Quantization with BPSK Modulation Scheme

| BPSK on realonly channel
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Let data vector be:

x=[x %], %% { 13 (3.2)
Received signal, neglecting noise:

y=hx ix kX (3.3)

We assume that some form of automatic gain control adjusts the maximum signal
Ymax at theaccess poirtio correspond to the maximum quantization centre, then:

nar=Ih| 0] @ 1) (3.4)

where | is the number of quantization steps, dhds the quantization interval

which can be expressed

o s 2(N[*]) (3.5)
-1 14

With different numbes of quantization levels, the quantization threshalg

shown in figure 3.4can be defined with:

— ymax ymax
On = Ymax ~Tpz  Fmax -1 (3.6)
2

The quantizer is a ordomain midrise quantizer, anthe output of the quantizer

rounds to the nearest quantization point (positive or negative). Assjuniitg|,

forh =1,h, =0.8, withl =4, the received constellation is:
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Imaginary part
1\
—qtn Qth
_y ! ' yma.x
- _ Y max E P r ' _’_,1
1,11y ! . _1‘1] "L‘ 1] E L ]  Real part
-1.8 i 06 021 02 0,6 ! 11.8
: Y
A

Figure 3.4 Constellation of received points with  h =1,h, =0.8

which quantizes as follows (witlb =.2):

X ['11'1] [-1l1] [11'1] [131]
y -1.8 -0.2 0.2 1.8
Q -1.8 -0.6 0.6 1.8

Table 3.1 Quantization results of received signal with h =1,h, =0.8

In figure 3.4, Q is the quantization output ¢f Thereceived point [1, 1] is great

than the thresholg), , and [1;1] is less thang,,, which resultsn [1, 1] and [1;1]

beingquantised to different quanétion poins corresponding to the results shows

in Table3.1 Similarly received pints [-1,-1] and 1, 1] are quantized to different

guantization pointsThusQ can be decoded perfegiisingML detection, and the

transmitted signatan be fully recoveredithout errors

With another examplepfh =1.6,n, =0.2, andl =4, the received constellatiorn is
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Imaginary part

11\

qth e
oy | | Ymax
F1.] !mT_'u]i ! ! 1] (L > Real part
-1.8 -14 -0.6 0,6 T 1.4 9.8 > Real par
| A

Figure 3.5 Constellation of received points with  h =1.6,h, =0.2

Compaing figure 3.5with figure 3.4, nh =1.6,h, =0.2 and h =1h, 0.8 have the

same quantization sté@nd length ofjuantization intervdD, howevertheresultsfor

Q aredifferent as shownn Table3.2 which quantizes as follows (with -1.2):

X ['11'1] ['111] [11'1] [111]
y -1.8 -1.4 14 1.8
Q -1.8 -1.8 1.8 1.8

Table 3.2 Quantization results of received signal with h =1.6,h, =0.2

In figure 3.5, the transmitted data vectar L] and [1,-1] are both greater than the
thresholdy,,, so thatboth of the vectors amguantized to the same quantization point.
Similarly, the transmitted data vectdrl, -1] and F1, 1] are quantized to the same

guantization pint -1.8, as shownin Table 3.2. Using the ML detection method

expressed in equation 2.1hyus thevector[1, -1] will be decoded to [1, 1}and hence
X, will be decoded incorrectlyn figure 3.4 and 3.5, we can also notice the symmetry
of the coordinate axis: if [11] and [1, 1] inthe positive side are in outage, thef,[1]

and F1,-1] will be in outage. Thus we only need to considerainage probabilityn

one side.



Chapter 3 Detection Techniques with Quantization at Receiver in Single Carrier Scheme 33

Assumeh|>|h|, with | =4 the distance betweenuantization thresholdg, and

+
V.o Can be defined wit hl|3|hz| , we can express the condition for the outage

probability:

e LRNCRL i
- (sml <rn|)

—Pim

Thus the PDF for the outage probability can be expressed as:
h, M~
ani<l3 & olln) i ) 41 0 9)

Thus a common conditioof outage probabilityvith quantization stepcan be

expressed as:

amgfpi‘am fn) (+ 0 In) '“I_‘;"Z'

= P(<2I -3>|h2| |h1|)

% Ihl

andthe outage probability can be expressed as:

P = P(11) 7 ) d ] 4 8

a 1 o)
_ata 5] 3 0
p
Which takesinto account both casejg|>|h,| and || <|h,|.

(3.10)
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Once the outage condition occuifse symbol willhavethe second bit in errofr{| > |n,|
) or first bit in error (h| <|h,|), andthus wehave

P "

To calculate e outage probability, weedve equation(3.10) in Wolfram
MathematicaBy giving multiple numbeyof quantization leve] the theoretical

resultsareshown inTable3.3:

Number of Theoretical Results | Simulation Results
Quantization Level
4 0.0628 0.0631
8 0.0244 0.0244
16 0.0110 0.0113
64 0.0026 0.0025

Table 3.3 Comparison between the theoretical and simulation results for BPSK

with real-only channel

In Table 3.3, the simulation results are simulated in MATLAB. We set up a system
transmitting binary data bit from two sources throagbkalonly channelpextquantize

the received signal with a one domain figke quantizerthenthe quantizeddata is
recoverd by using ML detectiorand finallywe can count the number of erroneous
bits and calculate the overall BER. From the results showable3.3, it can be seen

that the theoretical results and simulation resultvang close
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! BPSK on complex channel

For the complex channel, we assurtiet the quantizationis a two-domain midrise
guantizer, and rounds the outputs to the rst@e@mplex quantization pointh& outage
conditionsin equation 3L0 could apply toeitherthe real or the imaginarypart or to

both of the parts, and the maximum quantization cegjjgcan be defineds
ymax:|Re|h] +Re[hz] ﬂlm[hl:" |Im[ hz]l) (312)

and then:

ye =|Ren] {Relh, ]
Ymase =[im[hJ| fim[ hj| (3.13)

With the number ofuantization levall, , the quantization step can be denoteds

\/E, andthus the thresholdy, can be denotefibr thereal and imaginary paut

real
real _ | real Ymax

qth = Ymax (| _ 1)

imag
imag _ | jmag Ymax

qth — JYmax (| _ 1) (314)
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Imaginary part

real u:rm‘gu’| |[Re[hy]| + |Re[h]|
Q'th Ymax [ |

imag
th

|tm[hy ]| + |Im[hz]|

1]l Jimihy]]

L : L >Real part
i
:A

—|Im[hy]| + [Im[h.

—|im(hy ]| — [Im[h,] ]

AT ~yis?
—IRey]| = [Re[ry]

Figure 3.6 Constellation of received points with two -domain quantizer

Thecommon outage probability with quantization stepcan be expressed as:

P = P%Qe[hzﬂ Behl

| (3.15)
leag — P;m[ rb:” l;l][hl:y
c -

outage —

Note that the received signal must meetahigecondition in both real and imaginary

parts, andthus the total outage probability condition can be expressed as:

el 3pma eh] [h]
Poutage: P;ut;ge 3Ijoutglge E%Qe[}a:“ | TI% Q:” | | (316)
Similarto equation 3.11, we also have the BERtfercomplex channel
aer - P _Paingd Poity
2 (3.17)

For ML detection all the possible transmittesymbols should bguantizedandthe

ML detectionequation can be expressed with:
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K, = min(IIQ -q(Hx)Ilz) (3.18)
where xi { 4, B and q(Hx)denotsthe quantization of all the possible transmitted
symbolsn this casethe ML detectoroutpustherecoveredriectorwhich hagninimum
distance between the receivgdantizingsymbol andall of the possibleguantizing
symbols. Note thathe minimum distance isfdom the desired symbol# an outage
casethere willbe more than one symbélavingthe minimum distancélhusany bits
whichare different in the two symbol labels ik in error with probability 0.5 there

are two symbols at the same distance.

An alternative approach to ML detection might compare the received signat to un

guantized signal values, expressed as:

£, =min(jQ +x|") (3.19)

In this casethe system will havanotheoutagecasewhen |Re|+| Re| is much

greater thafim,|+|Im,|, or |Im,|+|Im,|is much greater thdiRe|+|Re|, as

shownin figure 37:
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N .
Imaginary part
imag dz
qieat . max %
~ L]
imag \ : 1 } dl
Qen ------ aiaiteieiaiteil el TR
I
o : o B o ! ® g, Real part
1 ! 1 | ] | >
" ! real
_y;?fr?;:.QS : [ ] = [ ] : @ Ymax
d {'_""_3_ S S L
T |
3 e da .4: ° " imag 1 °
— ~J'max
dy

Figure 3.7 Outage case with ML detection without quantize the possible received

symbol

In figure 3.7, the blue points, r2, r3, rs are the four possible received symbol, and
the red points are the 16 quantization poidter quantizng the 4 possible
symbok, r1 is quantized to quantization poopt andrz is quantized to quantization
pointgz. The distance between the quantizawint ¢ andthereceived symbol
ryis di, and the distance betwegnandr: is dz. If r2 is the desired symbol, then

gz will be the target point whicls to be comparedith thedistancesrom all the
possible received poinf#/e assumiRe|+| Re| is much greater thgim,| +|Im,|,
and this could givd, < d,, then the target point will be recovered to symhol

instead ofr2, which generates er®in the recovered datbits. A similar outage

caseoccurswhen |Im,|+|Im,|is much greater thaRe|+|Rg)|.

This outage case occurs whitae real part is in outage artbeimaginary part is

not in outage, owice versa Besides, it also need to meek d, or d,<d,
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corresponding to two casé@us it can be seen that ML method withquantized

possible received symbol will generate more error to the recovered symbol.

The theoretical results can be calculatetMolfram Mathematica using equation
(3.16) and equation (3.17). To develop the simulation system, we extend the
channel to complex channel. Note that the real and imaginary part separately are
the same as for the real only case showgahble 3.3, thus we have the results

shown inTable3.4:

Number of Theoretical Simulation Results
Quantization Results (ML with quantize the
Level possible received symbol)
16 0.0076 0.0078
64 0.0011 0.0011
256 0.00021 0.00024
1024 0.000058 0.000054

Table 3.4 Comparison between the theoretical and simulation results for BPSK

with complex channel

In Table 3.4, the simulation result$or the ideal casegive the samevalue as the
theoretical resulfor different quantization levelsSimulation results with noideal

case has a higher outage probability to generate errors in the recovered data bits.

Furthermore, wth more APs, we assume the channels are independent, thus the outage
probability at each ARs independent. If th&ansmitted signal ahe first AP is in
outagethen the system can still recover the data vecoectlyby using the quantized
symbol at second ARVhen the quantized symbol at bothsfde in outage, then the

recovered bits wilhaveerrors. Thuswe can calculate the outage probability for a two
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APs system by squiag the outage probability for only one AP. WithAPs we can

express the total outage probabibity

PoutagézG N: Pgutagézl (320)
The results of a two APs system are shownhahle3.5:
Number of Theoretical Simulation Results
Quantization Results (ML with quantize the
Level possible received symbol)
16 0.000125 0.000154
64 1.15 x 1077 0

Table 3.5 Comparison between the theoretical and simulation results for BPSK

with complex channel with two APs

! Effect of quantization in Zero Forcing

In this part we will analysis the outage cas@h quantization in Zero Forcing. The
fundamental idea is to represent the effect of transmission from two sources over the
channel pair (represented by the vetfprthen quantization at an AP, as equivalent to
multiplication of the vector of souraatax by an integer vector representing the joint
effect of channel and quantization. Assuming there are two APs, this for2is2a

matrix: successful reception of both sources requires that this be full rank.

We assume the quantizis a midrise quantizer with integer output, and therefore

rounds to the nearest odd integer (positive or negative), which we will denote by:

yd = ddgez—y (3-21)
¢D
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3 L
Note that y? is different fromQ in previous section, an@ can be obtain byqu.

For example, forh =1,h, =0.8, which quantizes as follows (with .2):

X ['lr'll [-1!1] [11'1] [1:1]
y -1.8 -0.2 0.2 1.8
y4 -3 -1 1 3

Table 3.6 Integer quantization results of received signal with  h =1,h, 0.8

The same result would be obtained fropi=xh® with h®=[2,1], so this can be

regarded as the equivalent integer channel vector.

Forl = 4 the same vector will apply for any channel coefficients such that the received

signals quantize to the same values, i.e. provided:

I+ 1-1 3

-kl 12 2 (322)
||

|hz|>?

and assumingn|>|hy| . If |h| <@ , then the values will quantize as follows:

X ['1r'1] [-1!1] [11'1] [1r1]
y4 -3 -3 3 3

Table 3.7 Integer quantization results of received signal with |hy| <@

which is equivalent to the integer channel vector [3, 0]. There are other possibilities,

depending on the sign ofy and h, are shown ifmmable3.8:
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hy >0, hy >0, x (1] | L | [ | [ h? | Condition
Shy > hy> hy /5 Probability
ya -3 -1 1 3 [2.1] P, = 0.0936
hy >0 x | [ | [FL1 | 1] | g
lho| < hq/5
ye -3 -3 3 3 [3.0] pz = 0.0628
hy>0,h; <0, X [-1.-1] [-1.1] [1.-1] [1.1]
—5h; < hy < —hy/5
ya -1 -3 3 1 [2.-1] | p3 = 0.0936
hl < 0, hz > 0, X [_1=_1] [_171] [1=_1] [1’1]
—5hy > hy;> —hy /5
y1 1 3 -3 -1 [-2.1] | ps = 0.0936
hy <0,h, <0, X [-1.-1] [-1.1] [1.-1] [1.1]
5hy < hy < hy/5
y4 3 1 -1 -3 [-2.-1] | ps = 0.0936
hy <0 X [-1.-1] [-1.1] [1.-1] [1.1]
lha| < |ha|/5
ya 3 3 -3 -3 [-3.0] | pg = 0.0628

Table 3.8 Integer quantization results and condition probability with sign of h 1

and h;

In Table3.8, the condition probabilitior each case can be expressed as:

atard 12
=36 o S e anap —€2-2 329

21-3

a 1
] W atar :
P =23 p() 7 () iy dp =22 2-3 8.29

_1l.e (2L In
=351 p(h) § Mh)dhdh

21-3

atarbez—é 12
_—.44);'_3 , 3.29
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P= 2. § K i d

21-3

a 12
atarbez—
- ¢a-3 , 3.26)

12
ata
=28 o S e aap =22 ang 127

a 1
i n atarbTa :
P =23, P, R d dp =72 (329

wherel is the number of quantization stephich is 4 Note that therobability resuls

with p1, ps, p2 andps are the common casésr both |n|>|h| and |h|<|hy|, thusfor
only|h|>|hy|, the result is half of the probabilitfhen equation 3.28 equatior3.28

can be calculated in Wolfram Mathemati@deseresultscorrespond tfy|>|hy|, and

the sum of the probability of conditions is equabt§; there is a corresponding set,

with all vectors reversed, correspondingnfie:|hy|, and the sum of probability of

conditions isanother half of the total probabilityt is possibleto calculate the
probability of each of these conditions, and hence the corresponding integer vectors for
each access point. We assume that the channels are independent for each access point,

so the integer vectors are also independent.

These vectors fon the columns of the equivalent integer channel matrix, which should
be full rank for correct decoding. Hence an outage will occur (usually for both sources)
if the matrix is rankdeficient. This will occur if one column is a multiple of the other.
For example, ifthe integer channel vectaith first AP is [2, 1], and the integer channel

vector with second AP isZ, -1], then the channel matrix is radkeficient, which
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results the recovered results by ZF is in outage. The probability of thisledicient
channel matrix appears0€0936 0.0936= 0.00¢. Thus, we can calculate the total

outage probability for the randteficient channel matriwith:

Pimy =(RR +AR) (tRR BR) (RR RHY -

(3.29)
(pps+tpp) R BP (RR RD

where ﬁ

Lo IS the outage probability fofh| >|hy|, and the result is 0.0859. Thiire

total outage probability i%w + Ffm ) 2 Fm I 0471¢ The comparison of the

theoretical results and simulation results are showrabie3.9:

Condition Theoretical Simulation Condition Simulation
Results
results with results with
[Rq| > |h;] lhy| < |hy|
|hq| > |hg| [yl < |hz]
hy>0, hy >0, 0.0175 L hy >0, hy >0, i
Shy > hy> hy/5 Shy > hy> hy/5
hy >0 0.0078 0.0075 h >0 0.0080
|hz| < hy/5 |yl < ha/5
hy > 0,h; <0, 0.0175 0.0165 hy < 0,h; >0, 0.0173
L Shy < hy < — hy/5 —Shy < hy < — hy/5
hy <0, hz > 0, 0.0175 0.0167 h1>0,h; <0, 0.0163
—5hy > hy> —hy /5 —Shy > hy> —hy /5
hy <0,h; <0, 0.0175 0.0172 hy <0,h; <0, 0.0175
Shy < h, < hy/5 Shy < hy < hy/5
0.0078
hy <0 0.0080 h, <0 0.0081
|ha| < [hq]/5 || < |hz]/5
Total 0.0856 0.0828 0.0839

Table 3.9 Comparison between the theoretical and simulation results for the

outage probability in different conditions
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Table 3.9 shows the outage probability comparisordifferent casesThe simulation
results are achieved by counting the number of integemnehanatricesvhich arerank

deficient, and each of them will corresponding to one of the conditions. It can be seen

that the simulation results withy|>|h| and |n|<|h| both match with the theoretical

results.

3.3.2Quantization with QPSK Modulation Scheme

In this sectionwe will analyse the outage probability for QPSK. With BPSK, when
two received symbol locate at the same quantization region, the outage will occurs.
With QPSK, there are 16 possible receivenhlsglsshows in figure 3, thus it could

have more than two symbol lie in the same quantization region.vieexplore three
outage scenarios: four points, three points and two points lie in the same region. Each
scenario includes several cases in whidiffarent set of points lies in the same region,

for different regions. Furthermore, we explore the conditions for each case, and then
apply these conditions using Monte Carlo integraffift]. Finally, we compare these

numerical results and the simulaticesults in MATLAB.

Let the data vector be:

E-1-) Lo+l A4
x=[x% %] %% fﬁ’, ﬁ’fﬁj,[‘zg (3.30)

According to equation 3.1#h)e quantization centg,,,can be expressed as:
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Chapter 3
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1, _ -
ﬁ(( Re[h,]¥ Im[h]) +( Re[h,] IM[h))))

and the reapart and imaginary part ¢f,, can be expressed:as

= =y = (Refh]| [m[hj| [Re[hj| [Imf hj) (3.32)

ymax ~ Ymax \/E

For QPSK, there are 16 desired data vectors:

Imaginary part

1\
01 1 ima 01 11
® Poe Ve [ e .
i S R
oL by =,
: : vZ VZ
o ) 00, ! o0
i | +1+j I
—1+j ! F1+fj
Ryt h
vz ovz ,
’ 0 :
L : . L >Real part
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Figure 3.8 Constellation of received points for QPSK

We will assume thétt| >|h,|, without loss of generality since results on this assumption

can be converted to the opposite assumption by reversing these two symbols. Because

these variables are identically distributed, and because the two cases are mutually
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exclusive, the probabilities of results obtained in one case is the same as those obtained
in the other case, and we can also obtain the total probability in both cases by doubling

the probability for one.

Note that the symmetry of the diagram means vesl roaly consider one cluster of the
points in the constellation, corresponding to one of the symbols of source 1. We will

consider the cluster around a point in the top right hand quadrant (TRHQ). We will

further assume without loss of generality thastheorrespond th=11s {1 §)/V2.

This implies that the received signal due to this source:
n=-=( 4)h, ==(Rdn] w{n] j(REN] Infk]) (333)
1 \/E 1 \/E 1

(which we will subsequently write/v2(Re- Im +(Re +m))). For this to be in the

TRHQ implies that:
(Rg > Im) &(Re > im) (3.34)

and hence that Re >0

Generality is preserved by this assumption since if these conditions;@amdRben do
not apply for this source data, there will be another source data symbollyequal

probable) for which they do.

In general also two of the four points in this cluster will be closest to the boundary set
by the overall maximum of real or imaginary part: one of these will lie on the boundary.
We will assume, again without loss of geality, that these two points correspond to
source2 data 11 and 10, and hence that:

Re,+ Im, >Re, im, 4m, C
Re+Im, >m, Re Re (339
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Again, if this is not the case then there will be another sd@usgenbol for which it is.

There are then two casegpending on which of these two points lies on the boundary:

Case 1:Reg (1119 g Imr(g111) , and thus 1110 lies on the boundary

(where we note that (1110 denotes the received signal when=11 and s, =10).

Then:

2

(Re- Im +Re, 4m) 713( Re I Rer In) (3.36)

il

and hencelm, <0

The boundary is then given %(Rel- Im +Re +m). The next quantization threshold

value is then:

Gy = G = 'E‘ag=%(Rq -Im Re “ﬂ)gel |—11 (3.37)
where | =L is the number of quantizatidevels.
Case 2:Img (1111 g Rer (g111p , and thus 1111 lies on the boundary. Then:

%(Reﬁ Im +Re, 4m) %( Re Im Rer I (338)

Hence Im, >0

The bouary is then given b\%(Reﬁ Im +Re 4m). The next quantization threshold

value is then:

1

qm=ﬁ(Rel Hm  Re Im) |_11 (3.39)

o) WL\QO
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We assume the number of quantization levélsis 16, thus we can denote the

guantization steb:\/f 2. We also define the regions A, B, C and D as shown in

figure 39:

A Imaginary part

yi?:lat;g B Ath

1

Region A ! Region B
1

——————————————————— == ===-qtn

1
|
1

Region C ! Region D
:
I

] I : ] o Real part
Yorax

Figure 3.9 Define the region positions

Below we will explore all of the outage cases with different numbers of points in outage,

located in different regions.

I Four Points in outage
There are two cases: four points in region B, and four points in edge region D or region

A.
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Figure 3.10 Case with four points in region B

In Figure 310, with case 44, 1110 is on border; 1111 is not (and note<4@). Hence
if Re[1100] is within the threshold, Im[1101] certainly is. Thus we only have one
threshold:

Im[110d >,

1

—(Re+ Im, -Re, 1
rz(el m -Re 4m,
(3.40)

) JplRe m Re mEiLT
(I-)(Rg +m Re Im) (Re Im Re+ Ig(k p
Re+(2 -3(Im Re im) 0>

Forcase 4&,1111 is on border; 1110 is not (and note #0). Hence if Re[1101] is

within the threshold, Im[100] certainly is. Thus we again have only one condition:
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Re[110]>q,
—(Re- Im -Re 4m) —=(Re Im Rer I)H1 -
N Np ¢ -1 341

Re Im+ Re+ Ig(+ P

0>

(I-)(Re -Im Re Im) (
Re+(2 -3( im Re Im)

This is in fact identical to case 4a note that the sign of ims different in the two

cases.
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Figure 3.11 Case with four points in region A and D

In figure 3.11, for 4b-1, 1110 is on the border, which means that the four points must

be in region D. Outage occurs if:
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Im[111] <q,, &Im[1104 >0&R¢ 1101 g,

o 1 ~
Re+Im +Re +m (®e Im Rer |n;)§91_—1 08
Re+Im -Re 1m, 0O&

. 1 A
Re- Im -Re 4m (Re Im Re |n;)§91m 8;

(I-1)(Rg +m Re Im) (Re Im Re+ Im(k R (3.42)
Re+Im -Re 1m, O&
(I-)(Rg -M- Re, -Im) GRe Im Re Imy{l P

Re+Re +Im (+2 3 Im 0%
Re+1Im -Rg 1m, 0O&
Re- Im {2 3(Re HMy) 0>

For case 412, 1111 is on the border, which means that the four points must be in region

A. Outage occurs:

Re[1110<q, &R¢ 1101 > 0&Irh 1140 g,

. 1 &
Re- Im +Re, +m, (Re Im Rer |ng)§e1m 08
Re- Im -Re, 41m, 0O%
. 1 &
Re+Im -Re 4m (Re Im Rer |ng)§,31_—1 g;
(I-1)(Reg -Im Re Im) (Re Im+ Re+ Im(k R < (3.43)

Re- Im -Re, 41m, O%
(I-1)(Re +m-Re, -Im) ERe Im Re Im{l P;

Re+Re +Im (-2 3 Im 0&

Re- Im -Re, 1m, O%

Re+im {2 3(Rg im) 0>
Again, the conditions for case-&mare identical to case 4b Because of the complexity
with the integrals of the conditions, we calculate the outage probability by using Monte
Carlo integration. Monte Carlo nteids are numerical techniques which rely on

random sampling to approximate their results. Monte Carlo integration applies this
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process to the numerical estimation of integr@8.[The basic idea is to count the
number of the sampling points which meet tonditions, then calculate the percentage

of these points of the total number of sample points.

According to equation (34) and (335), we can define the range fds andh,, as

shown in figure 3.2:

A Imaginary part

.
/
/
/
/
7
/
hy,
s
7
Ve
/
0,7
1 1 /\\ | 1 ~ Real part
N/ -
{ b
~
N
\ h
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N
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~
\
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N

Figure 3.12 Monte Carlo sampling range with  h, and h,

In figure 3.2, when 1110 is on the boundalm, <0, and we defineg, i [ % 0].
When 1111 is on the boundaty), >0, and we haveg,i [0, '%]. According to

equation (35), hencay, i [O,%].

To generate the sampling points bf and h,. The real part and imaginary part can

begenerated separately with:
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Re =a, cogy,
Im, =a,sing,

Re, =a, cogy,
Im, =a,sing,

(3.44)

where a, and a, represent the amplitudes df and h,.

Then we can count the niner of sampling pairs ofh, and h, which meet the

conditions above, and calculate the probability of these pairs as a proportion of the total

number of sample pairs.

We also simulate the outage caseMATLAB: we assume that each region has a
corresponding quantization point. For thé desired transmitted symbof QPSK,if
someof them are quantized to the same quantization point, then we can count the
number with same quantization point and locatee¢en positionFor the outage case

with four points locate at the same regitive comparison results are showrileble

3.10:

Region A Region B Region C Region D Simulation Monte Carlo

Results Results

- - 4 - 0 0
) 4 - - 0.0045 0.0042
4 - - - 0.0229 0.0231
- = - 4 0.0228 0.0233
Total outage probability 0.0502 0.0506

Table 3.10 Comparison between simulation and Monte Carlo results with four

points in different region
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Note that the outager@bability show inTable 3.10 denoteghe four points in outage
case, to convert fronoutage probabilityto BER, we need to estimate the error

probability for each bit.

0001|1011
00| 0 | 1 1] 2
01| 1|0 | 2 1
10| 1|2 |0 1
11| 2 1 1|0

Table 3.11 Number of erroneous bit table for desired bits and transmitted bits  for

s; with four points in outage

For the case of four points in outage, if the desired vectas, ofs [0, O], it has equal

probability to be recovered as [0, 0], [0, 1], [1, O] and [1, 1]. If the recovered vector is
[0, O], the vectois recovered without any errors. If the recovered vector is [0, 1], this
will generate one bit error. If the recovered vector is [1, 1], it will generate two bit
errors. Similarly the other desired vectors, will generate different numbers of error bits
with different recovered vectorShe average number bit errors listed iffable3.11

is 1 out of two bits transmitted, hence BER is half outage probabllitys we can

estimate the BER by counting the number of bit errors over the total number of bits:

BERfOUI’ = PfOUf (3'45)

NP

Thus the theoretical BER with four points in outage is 0.0253.
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! Three points in outage

There are seven cases with three points in outage: one case with three outage points in
region B, three cases withrée outage points in region A and D, and three cases with

three outage points in region C.

Figure 3.B and 3.4 show two cases for three points in outage; see more cases with

three points in outage in the appendix.

__________________________________________

(Ba—-1) (Ba—-2)

Figure 3.13 Three points in outage in region B

In figure 3.1, with case 3al, 1110 is on border; 1111 is not (and note #0), 1100

in regionD and 1101, 1110 and 1111 located in regiofilius we have the conditians
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Im[110q < q,, &Im[1101] >, &Re[1101] &, &Im[1110] o

%(Reﬁ Im, -Re, 4m)) %( Re Im Rer 're)%elﬁ 84
%(Reﬁ Im, +Re, 4m,) 7%( Re Im Rer Irg)%elﬁ -+8<*
%(Rel- Im, -Re, 4m,) 3%( Re Im Rer 're)gelﬁ 8¢
%(Reﬁml- Re, +Im,) >j—§(R% M Re Ina)gelﬁg
(I-)(Re Hm Re Im) (Re Im Re+Im(+ P &-
(I-1)(Rg Hm Re Im) (Re Im Re+ Ij(k P &-
(I-)(Re -Im Re Im) (Re Im Re+Im(+ P &-
(I-1)(Re +Im -Re +Im) (GRe Wm Re Il R -

Re+(2 3)(Im- Re, -Im,) 8&
Re+Re {2 J(Im W) 0%
Rg- Im {2 3( Rg Im) 0&
Re +Im+(2 -3(Im Re) ©

(3.46)

For ase3a-2, 1111 is on border and 10lis not (and note Iamn> 0), 1101 in regiorA

and 1111, 1100 and 1110 in regionTBus we have the conditions
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Re[1101<q, &Im[1100]>q, &Re[1100] g, &Re[l111] &

1 1 5. 1 5
E(Rer Im, -Re,  4m,) ﬁ( Re Im Ret '@)%1m 0
1 1 2. 1 5,
7(Ratim Re dm) 2(Re m Re gl b
1 1 2, 1o,
E(Rer Im, -Re, 4m) jj( Re It Rer '@é%elmg
1 1 & 1 9
E(Rer m, +Re,- Im,) >\/_§(R‘? tm  Rg 'nﬁ)gell_—l' o
(I-)(Re -Im Re Im) (Re Im+ Re+Ig(k P &-
(I-1)(Re Hm Re Im) (Re Im+ Re+ Ij(k P &-
(I-1)(Re -Im Re Im) (Re Im+ Re+ Ij(k P &-
(I-1)(Rg -Im Re Im) (Re Im+ Re+ Ik R -
Reg+(2 B)(- Im Re, im) 0%
Re+Im {2 3( Re Im) 0& (3.47)
Re+im, {2 3( Im Re) 0& '
Re+Reg {2 J( m Im) 0>

(3b—1) (3b—2)

Figure 3.14 Three points in outage in region A and D
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In figure 3.4, with case 3L, 1110 is on the bordeand 1101, 1110 and 1100 in the

region O 1111 in regiorB. Thus we have the conditions:

Im[1111 > q, & M[1101] <, &Re[1101] g, &IM[1110] g5

%(Reﬁ Im, +Re, 4m)) 3%( Re Im Rer 'm)é?elﬁ 8
%(Rel+ Im, +Re, 4m,) %( Re Im Rer Ina)%elﬁ 8-6
%(Rel- Im -Re, 4m,) 715( Re Im Rer I'B)%elﬁ 84
%(Reﬁ Im,- Re, +im,) %(Rq Im Re Ing}gelﬁ-g‘;

-1)(Re +m Re Im)
-1)(Rg +Im Re Im)
-1)(Rg -Im Rg Im)
-1)(Rg Hm Rg Im)

P~ N A~

Re+ Re #m,+(2 -3)(Im) 6&
Re+Re {2 3J(Im Im) O&
Re-Im {2 3( Rg Im) 0&
Re +Im+(2 -3(Im Re) &

(3.48)

For case 3t2,1111 is on the bordet,111, 1101, 1100 in region,A110 inregion B.

Thus the conditions with this case are:
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Re[1119>q, &Im[1100]>y, &Re[1100] §, &Re[1111] g5

%(Rel- Im, +Re, +m) 313( Re Im Rer 're)%elﬁ 8
—(Re+ Im -Re, 4m) j%( Re Im Re '@)%el_—ll b

%(Rel- Im -Re, 4m) %( Re Im Re Irrg)%elﬁ B

%(Rel- m, +Re- Im,) <%(Re M Re Ina)"é‘elﬁ 6

(I-)(Re -Im Re Im) (Re Ig+ Re+ Ij(k P &-

(I-1)(Re Hm Re Im) (Re Im+ Re+ Ij(k P &-

(I-)(Re -Im Re Im) (Re Im+ Re+ Ij(k P &-

(I-)(Rg -iIm Re Im) (Re Im+ Re+ Ik P ; -
Re+Re+Im, {21 3)( Im) 0&

Re+Im {2 3( Re Im) 0& 3.49
Re+Im, {2 3( Im Rg) 0& (3.49)
Re+Re {2 J( Im Im) 0<

More cases are shown in the appendix. We sum the outage probabilityreghoints

in the same region and list the resultI able3.12:

Three points in outage

Region A Region B Region C Region D Simulation Monte Carlo

Results Results

- - 3 - 0.0706 0.0714
= 3 = = 0.0027 0.0028
3 - - - 0.0221 0.0223
= = = 3 0.0225 0.0223
Total outage probability 0.1179 0.1188

Table 3.12 Comparison between simulation and Monte Carlo results with three

points in different region
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In Table3.12, it can be seen that the Monte Carlo results and the simulation results are
matched in each region. The outage probability for three points in outage is 0.1188. To
calculate the BER from the outage probability, similarable3.11, we can derive the

erroneous bitablefor desired bits and transmitted bits as showhahle3.13:

01)10| 11 00| 01| 10
01| 0 | 2 1 00| 0 | 1 1
10 2 | 0 | 1 01| 1|0 | 2
11 | 1 1|0 10 1| 2 | O

00| O | 1 | 2 00| O | 1| 2
10/ 1 |0 |1 01| 1|0 1
11 | 2 1|10 11 | 2 110

0110 | 1101 | 1111 0110 [ 0100 | 1111

0110| O 3 2 0110, © 1 2
1101 3 0 1 0100| 1 0 3
1111 2 1 0 1111 2 3 0

1111 ( O 2 1
0110 2 0 3

1011 1 3 0

Table 3.13 Number of erroneous bit table for desired bits and transmitted bits  for

s;with three points in outage

Table3.13 shows the number of erroneous bit in each caséhfee points in outage,

noting that the outage points could include the points from the other clusters with
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exceptsi= [1, 1]. Thus when two points from different cluster are in outage, the

recovered bits fos1 ands: can both be in error.

Thus theBER for each casean be computed and showsTiable3.14:

Case Symbol Bit error Bit error
Region number outage rate per probability{
probability | symbol

B 3-a 0.0028 4/9 0.0012
A&D 3-b 0.0040 4/9 0.0018
A&D 3-c 0.0325 4/9 0.0144
A&D 3-d 0.0081 4/9 0.0036
3-e 0.0612 1/3 0.0204
3-f 0.0013 1/3 0.0004
3-g 0.0090 1/3 0.0030
Total 0.0448

Table 3.14 Bit outage probability with each case for three points in outage

Thus we have that the total bit outage probability for three points is 0.0448.

I Two points in outage

For the two points in outage case, we have explored 13 cases for two received symbols

in the same region.
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Figure 3.15 Two points in outage in region B

With case2a1. 1110 is on the border, and 1111 is Adt10 and 1111 will lie in the

guantization reign B if:

Reg (111) gq, &Imr(g110 g

Re- Im +Re 4m, 5Re I Re+ Inj &

=
[feRell

o
1O I

Reg+Im -Re +4m, Re Im Re+ I +

"Opﬁéﬂﬁ "Opﬁzm

(3.50)

(I-1)(Re -Im Re Im) K>2f-Re Im- Re +In)
(I-)(Re #m Re Im) (>2{-Re Im-Re +In) A

(Re- Im +Re) (2 31Im 0&
(Reg+1m,) €2 3(Im Reg) 0>

With case 2&2. 1111 is on the border, and 1110 is Adt10 and 1111 will lie in the

guantization region B if:
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Regr (111) go, &Imr (@110 g

Re- Im +Re, 4m, %_ﬁ I_ll ER@ +Im Rer Img+&
Re+Im -Re 4m, i‘ea I_li -:-Rg +Im  Rer Im+;
¢ ' (3.51)
(I-1)(Re -Im Re Im) K>2f-Re +Im Re+ In) +¢
(I-1)(Rg Hm Re Im) I(>2f-Re +Im Re+ In) +
(Re+Re) £2 3 (Im Im) 0&
(Re+Im +m,) (@ 3 Re) 0>
'3F051 .? 3 é y 1 1-1 13; [ L"' tl'nn ¥
r T :l:lﬂ' o 04 ':Ha;-':r =+
5._1 .."lil.l\q ...................................... ;_ 4 .; 1.1 ..:?
N g1 —I 1 % Usn
ot s ? .
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Figure 3.16 Two points in outage in region B

With case 2k1, 1110 is on the border, and 1111 is 44d0 and 1111 will lie in region

B if:
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Re[1111}>q, &Im[111] <, &In{111) >0

fleTel

Re- Im +Re, 4m, Re I Re+ I &

1
1-1 %
1
1-1%

"O?ﬁ‘!m O?ﬁéﬁ”

'O

Re+Im +Re 4m,
Reg+1Im -Reg +4m, &

Re Im Re+ I &

(-)(Rg -Im Re M) K>2[-Re Im-Re +In) ¢ (3.52)
(-D(Reg Hm Re Im,)<( 2)(Rg m Re Im) &
Re+Im -Re 4m, G

(Re- Im +Re) (2 3 Im 0%

(Re+Re +Im) (2 3( Im) 0<&
Re+Im -Reg 4m G

Case2b-2. 1111 is on the border, and 1110 is rk#10 and 1111 will lie in the

guantization regiom if:

Re[1111]> 0&R¢ 111D <, &Inh 1110 g,

Re- Im +Re, 4m, 0O&

1A
Re- |ml+Rgm8§1|——§R g+ Re+ Iy 46
Re+Im -Re +4m, %al—li GR@ I Re+ Iy +

(Re- Im +Re 4m ) O& (3.53)
(-DRe -Im Re Im) (<2[-Re Im+Re +lg)é&-
(-D(Rg +m Re Im) (>2f{-Re Im+Re +In ;

(Re- Im +Rg 4m) 0O&
(Re+Rg +im) (2 3¥(Im) O0&
(Re+Im Hm,) (2 3(Re) 0>

See appendix for more cases. Thus the sum of outage case in each region are shown in

Table3.15:



Chapter 3 Detection Techniques with Quantization at Receiver in Single Carrier Scheme 66

Two points in outage

Region A Region B Region C Region D Simulation Monte Carlo

Results Results

- - 2 - 0.5411 0.5404

- 2 - - 0.0144 0.0139

2 - - - 0.1384 0.1281

- - - 2 0.1389 0.1281
Total outage probability 0.7309 -

Table 3.15 Comparison between simulation and Monte Carlo results with two

points in different region

In Table 3.15, the outage probability with Monte Carlo results are very close to the
simulation results, the slight differenage the resultsfor region A and D shows that

there may be some cases missed which results the Monte Carlo result is less than the
simulation esult. Besides, there are also cases in which two points are in outage in one
region, and at the same time two points are in outage in another region (as shown in 2b
1), and thus the outage probability with two points in one region will also include part

of the outage probability with another two points in outage with their redibis.

means these outage events are not mutually exclusive, so their probabilities cannot
simply be summed to obtain the overall outage probabilinerefore, in the Monte

Carloresults, the sum of the outage probabilities from all the regions is not calculated.

10 | 11 00 | 10 00 | 01 01|11

10| 0 | 1 00| O | 1 00 0 | 1 01| 0 | 1

11| 1 0 10( 1 | O 01 | 1 0 11| 1| 0O
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0110 | 1111 0111 | 1111 0110 | 1011

0110, O 2 0111 0 1 0110 0 3

1111 2 0 1111 1 0 1011 3 0

0100 | 1111 0110 | 1101
0100 0 3 0110 0 3
1111 3 0 1101 3 0

Table 3.16 Number of erroneous bit table for desired bits and transmitted bits  for

s;with two points in outage

Case Symbol Bit error Bit error
Region number outage rate per | probability
probability | symbol

B 2-a 0.0103 1/4 0.0025

B 2-b 0.0034 1/4 0.00085
A&D 2-c 0.1115 1/4 0.0279
A&D 2-d 0.0739 1/4 0.0185
A&D 2-e 0.0043 1/4 0.00095
A&D 2-f 0.0035 1/4 0.00073
A&D 2-g 0.0608 1/4 0.0152
A&D 2-h 0.0033 1/8 0.0004
C 2-i 0.0683 1/4 0.0171
C 2-j 0.0665 1/4 0.0166
C 2-k 0.0432 3/8 0.0162
C 2 0.1096 3/8 0.0411
C 2-m 0.2533 3/8 0.09499

Table 3.17 Bit outage probability with each case f or two points in outage

In Table3.17, the biterrorprobability with each case is calculated according to different

bit error rate per symbol in different cases. However, as we have noted, we cannot
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calculate straightforwardly the total ketror probability with two points in outage.
Nevertheless in view of the resultsliable3.15, the Monte Carlo result for each region

is very close to the simulation result. Hence we can estimate that the simulation and
Monte Carlo will produce the same resuibr total biterrorprobabilityfor two points

in outage casenhich is 0.2224, noting that the simulation process can easily achieve
the computation by counting the number of incorrect bits for tmytwo points in

outage case.

Thus we can sum thetlarror probability for three outage cases with different number
of points in the same region, and the comparison between theoretical and simulation

results are shown ihable3.18:

Number of Quantization Theoretical Results Simulation Results
Level (BER) (BER)
16 0.2928 0.2922

Table 3.18 BER comparison between theoretical and simulation results for QPSK

modulation scheme and ML detection method

In this section, we have analysed the effect of quantization on ML detection with BPSK
and QPSK, due to the complexity of the outage cas€3R&K, we have only explored

the 16 level quantization. For the effect of quantization on ZF detection, we have
explored the reabnly channel case, and compared the outage cases under different

conditions.

With a higher order quantization, the receiwsthbols have smaller probability to lie

in the same region, which further reduces the outage probability, and hence this will
reduce the BER of the recovered data bits and improve the detection performance at the
BBU. In this section, we have calculatec throbability that two or more symbols

cannot be distinguished in the absence of noise, and this determines the error floor



Chapter 3 Detection Techniques with Quantization at Receiver in Single Carrier Scheme 69

which applies at highdgANo. Thus we can conclude that increasing the quantization order
can reduce the outage probability, and heheelevel of the error floor, but does not

eliminate it.

3.4. Simulations with C-RAN

In this section, we wilevaluatemultiple quantization levelat theRRU with multiple
detection techniques itthe BBU. The detection techniqu&ghich will be used inthe
simulations are ZEMMSE and ML. We will also explore the minimum number of
extra bits required with multiple modulation lesslich as BPSK, QPSK, 16QAM and
64QAM [49, 50]. The expea@dBER performance to achievel§*.

3.4.1.ZF Signal Detection

0 With BPSK Modulation and ZF(Rayleigh)
10 T T T T T

=== ZF Without Quantizer

=—3€— ZF With 16Quantizer (3 extra bit)
== ZF With 64Quantizer (5 extra bit)
—3%— ZF With 1024Quantizer (9 extra bit)

Bit Error Rate

107

1074

1 1 1 1 1 1
0 5 10 15 20 25 30 35
Eb/NO (dB)

10°°

Figure 3.17 BER performance comparison with Zero Forcing
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Figure. 317 shows the BER performance with Zdforcing detectiorwith multiple

levels of quantizationandalso compar¢he performancaithout quantization. When
guantization is processed shows hat an error floor occurs, at which increasgidR

on access links no longer improwee BER. To reduce this noise floor to a low enough
level requires 10 quantization bits (1024) for BPSK, which means the quantized signal
required at least 9 extra quar@d bits to be conveyed to reach the performance-of

quantizedsignal.The BER ofun-quantizedsignal reache$0* at 34dB withSINR.

3.4.2. MMSE Signal Detection

0 With BPSK Modulation and MMSE(Rayleigh)
10 T T T T T

=== MMSE Without Quantizer

—3&— MMSE With 64Quantizer (extra 5 bit)
== MMSE With 256Quantizer (extra 7 bit)
—3— MMSE With 1024Quantizer (extra 9 bit)

Bit Error Rate

L 1 1 1 1 L
0 5 10 15 20 25 30 35
Eb/NO (dB)

10°®

Figure 3.18 BER performance comparison with MMSE

Figure 3.18 shows the BER performance with MMSE detectionldifferent levels of
guantization. Similarlyo theZF detection approach, the error floor also occurs when
guantization is processed. Besides, tjuantized signal required at leakdd extra

guantized bitso be conveyed to reach the performancietin-quantizedsignal. The
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optimal BER performanceof the un-quantizedsignal reach&10*at 32dBSNR The
performance has slight improvement compared with ZF. This is because the MMSE
approach includethe statistical information ofhe noise wherseparanhg the spatially

multiplexed data(See equatio.10

3.4.3. Maximum Likelihood Signal Detection

With BPSK Modulation and ML(Rayleigh)
T T T T

107 T T
=3 ML with 64 Quantizer (extra 5 bit)
—©— ML with 256 Quantizer(extra 7 bit)
== ML Without Quantizer
102
10|
)
©
[hd
pul
g 10
w
=
m
105~
108
107 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Eb/NO (dB)

Figure 3.19 BER performance comparison with ML

Figure 3.19 shows the BER performance with ML detectiwith different levels of
guantizationlt can be clearly seen that the BER performand¢kein-quantizedsignal

is significanty improved, andthe optimal BER reachesp 1 at around 16.5dBNR
However, the error flor still occurs withthe quantized signal. The quantization
degrades the BER performanuoaticeably with dow levelquantizer(5 extra bits). As

the level of quantizatiomcreasesthe BER performance improves rapidly. With 8 bits
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guantized signaf7 extra bit) the BER performace is almost the sanss theBER

performance ofheun-quantizedsignal.

3.4.4. Comparisons

2x2 MIMO System with BPSK Modulation(Rayleigh)
T T T T

10° T T
=P ZF Without Quantizer
—3— ZF With 1024Quantizer
w3~ MMSE Without Quantizer
107" —3¥— MMSE With 1024Quantizer | |
== ML Without Quantizer
=8 ML with 256 Quantizer
102
[
T 103
@
FZ
(<]
i
o 10741
105
106
107 | | | | | |
0 5 10 15 20 25 30 35

Eb/NO (dB)

Figure 3.20 BER performance comparison with multiple detection approaches

Figure 320 shows theperformance of ZFMMSE and ML. With MMSE, the term
(1/SNR =, ) offers a tradeff between the residual interénce and the noise
enhancement, when/®&lp at low level, the BER of MMSE is lower than ZF, and when
En/No at high leve MMSE detection generatesBER performancerery close taZF
detection.It can be sen that at higlEs/No, error floor still exist with each detection

approach. Thuge can also conclude that the detection techniques celmatatethe

error floor.
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Detection Methods ZF MMSE ML

Extra Bit Required 9 bit 9 bit 7 bit
per Symbol

Detection Efficiency High High Low

Table 3.19 Comparison the performance with multiple detection methods

34.5. Modulation Schemes

Various Modulation schemes with ZF(Rayleigh)
T T T

10° E T T T T
E —E— QPSK With 4096 Quantizer(extra 10 bit)
—3&— QPSK Without Quantizer
—E— 16 QAM With 16384Quantizer (extra 10 bit)
) —>&— 16 QAM Without Quantizer
10 —E— 64 QAM With 65536 Quantizer (extra 10 bit)
—>&— 64 QAM Without Quantizer
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Figure 3.21 BERperformance with Zero -Forcing detection in different modulation

level

Figure 321 shows the BER performance witlarious modulation schemes. With

higher level modulation scheme, the system needs a higher level quantizer to achieve
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the expected BER performance. Wiétb4 QAM modulation scheme, the quantization
level needs to reach 65536. However, etleoughthe required quaization level
increagsasthe modulationlevel increaseshenumber ofextra bis required withthe
various modulation schemesmainsthe same. All of the modulation schemes require
at least 10 extra sto transmit the quantized sign@his resultsn animprovement of

transmission efficiency as tmeodulation levelncreass, as shown inTable3.20.

Modulation BPSK QPSK 16 QAM 64 QAM
Scheme
Extra Bit Required 9 bit 10 bit 10 bit 10 bit
per Symbol
Total Transmitted 10 bit 12 bit 14 bit 16 bit
bit per Symbol
Transmission 10% 17% 28% 37.5%
Efficiency

Table 3.20 Transmission efficiency with various modulation schemes

3.5. Chapter Summary

In this chapter, we havmuilt upa single carrier GRAN systenwith fronthaulnetwork

The effect ofquantization on BPSK and QPSK modulation scheme with ML and ZF
detection methodshave beenexplored andanalyzed we conclude that when
guantization is applied, no matter what the quantization levedrsneous bitsan still
exist in the recovered data bits, and an dloor will occur with the BER performance.

However, this errofioor level can be reduced by increasing the quantization level.

Then nultiple detection techniques are simulated and various modulstivemes are
explored with the systenthe ML detection methodjivessignificantimprovemenof
the BER performance compatevith ZF and MMSE andalso ML need Zewerextra
bits than ZF and MMSE However the ML implementation is computationally

infeasible the processing time geparateéhe complex baseband signals fromltiple
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users is too long, which will increase the fronthual latefityerefore, for the further
work of system desigrwe will apply ZF or MMSE tcseparatéhe complex signals

from multiple useterminals

With various modulation schemes, we have explored BPSK, QPSK, 16 QAM and 64
QAM in the systemand find thathenumber oiminimum extra b& required with each
modulation scheme is the sagméhich is 10.Thus when a highdevel modulation
scheme is applied to the system, the transmission efficienthe iimonthaul can be
improved. However, when the modulation level is low, this systeminsasficient

transmissiorefficiency,and furthermore produsenorefronthaulload.

As we have noticed thahe error floor causean irreducible BER which remains
significant however high the signal to noise raBNR) on the radio access linkis

effect is however eliminated if user signals are separated before quantization: in this
casethere is no error floor provided the quantization is corregflglied,since the
spurious components dmt occur if there is no nois&he level of the error floor can

also be reduced to negligible levels if the user signals are partly separdtedsense

t hat a component from another user may
component is relatively smalin Chapter 4, we will design the system to reduce the

fronthaulload caused by quantization.

r

e
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Chapter 4 Quantization Position Designwith C-RAN

Fronthaul in Multiple Carrier Scheme

4.1. Introduction

In chapter 3 we havimvestigateda C-RAN systemusingsingle carriermodulation,
considering especially quantizatiomthe fronthau network. In this chapter, we will
design a system witla multi-carrier scheme usingrthogonal frequenedgivision
multiplexing (OFDM). Furthermore, we will develop the systeand improve the

transmission efficiengyespeciallyat low modulatiororder.

As we discussed in sections33.3.4, the quantized signalith detection techniques
generateerror floois which arecaused by the seifterferencedue tointermodulation
producedby quantizing the mixed signals from multiple userminals.Therefore, &

the RRU following RF processing then fast Fourtesinsformation (FFT) to separate
data sukchannels of the orthogonal OFDéignal abeamformeror other appropriate
spatial filtercan beapplied to the signals from the multiple antennas of the RRU to
separate to some degree signals from different usdrigh are either located in
different directions or received via radio channels with different amplitudes and phases,
which can be explogd to assist in the separatidrhe corresponding signals are then
guantized to only that precision which is requiesdording to the modulation being
used by the user and the sukchannels in questioithe separatioprocess givesach

signal quantized contains mainly the signal from one user, with component signals from
other uses being reduced to low levelBhis reduces the intermodulation effect due to

guantization of a mixture of signals.
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The bits representing the quantized signals are then transmitted ovieorttieul
network to the BBUAt the BBU signals corresponding to the same user via different
RRUs a&e combined in relative proportions according to the streagd accuracy of
the signalsThe remaining demodulatiodecodingand other processirig performed

at the BBU on the combined signals.

In this chapter,using amulti-carrier schemewe will investigatea system with
guantization before FFT, and a system with quantization after beamformer. The
transmission efficiencyesult for each system and the BER performance will be

evaluatd and compared

Furthermorewe will introducethreedifferent crannel modedto the systemRayleigh
fading channelRician channel and Frequency Selective chaelalso develop the
system by increasing the antenna diveraitgach base station, aadalysehow the

diversity order will affect the error floor.

4.2. Sysem Design

This section introduces two ggms with GRAN and fronthau networks: quantize
before FFT and quantize after beamformer. The former system is dinrtiar system
introduced in chapter 3 but widtmulti-carrier scheme. The latter systesalevelogd

basel on the former system lghoosing the quantizer and beamformer positions.

4.2.1.Quantization before FFT

Quantization before FFT, or signal sampling, is close to what we might describe as
A c | as sRAN:adhle signalis sampled directly thie antenna, or rather after down
conversion to complex baseband, at a sample rate determined by the bandwidth of the
OFDM multiplex. (Note that here we assume that the entire multipleseidand that

all users employ the same modulation constellatidii)baseband processing is then

performed at th&BU on digitisedsignals from alRRUswhich serve a given user or
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group of usersFirst the FFT operation demodulates the OFDM multiplex, and
following this we assumthata joint zereforcing operations performed on all signals
from all cooperatingRRUs after which the signals are demodulated. (Here we
assume, for simplicity, thdbrward error correctionHEC) coding is not used). This

approach clearly minimizes the complexity of Bi8U.

>
Channel: H
: Ns
RRU! : RRU
Base Stations
BBU [ Joint Beamforming G

Output Data

Figure 4.1 GRAN system with quantize before FFT

The system is illustrated in figu#el, in which we assume that user terminals having a
total of Ny antennas are served bl RRUseach withN; antennasNote that the\y
antennasmay in generalbe single antennas attached g user terminals, or
alternatively some terminals may have more than one antenna, in which each transmits

an independent data stream using spatial multiplexing.

The channel between the user terminals andRiR& antennascan in this casbe
described by a single(Nr N, 3 I\L) matrix H. The joint beamforming matri using

zercforcing is then given by the pseudwerse of this matrix, i.e.
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G=(H"H) H" (4.1)

4.2.2.Quantize after Beamformer

>
Channel: H
. Vo
ity E et E NB
FFT FFT
N|] ----- N
RRU
[ Beamforming G1 ]
-
Nu
N N ‘
[ |
[ Combining Gc ] BBU

‘N ————— ‘N

Output Data

Figure 4.2 G-RAN with quantize after beamformer

In thissystemwe assume that some of the baseband processing functions are performed
at theRRUSs. This is sometimes described aspdit of the physical layer betweehe

RRUs and theBBU. It has the disadvantage of increasing the complexity oRR#E.

In this casewe assume that ea&RU includes the FFT, and then, operating on a per
subcarrier bas, performs beamforming in order to separate the sidrafs different

user terminalsDifferent beamformer algorithms are deployed in [84,. 8%dre we
assume the beamformer operates a-fa@ng (ZF) algorithm[86], which nulls the

interference betwen each user, potentially at the cost of enhancement of the thermal

noise. If the matrix between the user terminals andtRRUisH,,i =1..N,, then

the beamformer matrix in th& RRU is
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G, =(H/"H, JH/" (4.2)

This forms an estimateE =G of the data symbols of each user atitheRU, where

ri is the vector of received signals on the antennas oRfRId.

The quantizer then operates tme signals corresponding ®ach user and each
subcarrierAt theBBU the recovered signals from esRRU corresponding to the same

user are combined according to the degree of noise enhancement that each has suffered:
a maximum ratio combiner is used,the sense that it maximizes the signal toeois

ratio of the combined signal.

Then the combined estimate:

o  Ge 0 1o
. u e u
5:25 FGr = éGZ. rf‘u (4.3)
e U e "
& U 0 G ru
where:
-1
Ge =[A, A, - A ];withA, :diag((diag(GiGiH )) ) (4.4)

Note that diag(D) here has the same properties asN#TLAB function: that is,

diag(A) whereA is a matrix returns the diagonal\sector, and diag(a) whereais

a vector returns a diagonal matrix wélasits diagonalThe inverse operation returns

the elemenby-element inversélhe combining matrixG,. is a block diagonal matrix

which operates on a stacked vector containing all the signal estimates frRiRUise
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4.3 Performance onRayleigh Channel

We evaluate the performance of the two systems by simulation, detegriiie end
to-end BER of eaclFirstwe assume a frequenéat Rayleigh channel for the access

links, with various modulation schemes, without FEC coding.

QPSK Modulation with Quantization before FFT (Nu =2, NB =2, Nr =2)

‘10'1 T T T T
—3= Without Quantizer (N =2,N_ =2,N, =2)
=B With 256 (6 extra bit) Cluantizer(Nu =2, NB =2, Nr =2)
2L _
107 F —— With 1024 (8 extra bit) Quantizer(N_ =2,N_ =2,N =2) E
<7~ With 4096 (10 exira bit) Quantizer(N, =2,Ng =2, N =2)
10 F E
L
©
4
o 10%E E
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m
10% & E
—8— 1
10°F E
10-7 L I L 1 1
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Eb/No(dB)

Figure 4.3 Quantize before FFT: Ny = Nsg = N; = 2; QPSK modulation with 6-10 extra

bits
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16 QAM Modulation with Quantization before FFT (NLI =2,N;=2,N =2)

107" T T T T T
=3¢ Without Quantizer(Nu =2,N;=2,N = 2)
== With 256 (4 extra bit) Quantizer(Nu =2,N;=2,N =2)
102 —Q—Wlth 1024 (6 extra bit) Quantizer(N =2, N, =2,N =2)
—V— With 4096 (8 extra bit) Quantizer(Nu =2, NB =2, Nr =2)
=3j= With 10384 (10 extra bit) Quantizer(Nu =2, NB =2, Nr =2) |
3L
10 E|
Q
T 104 E a
he ]
=
e
v
@ 10°F
100 ¢ N
107
1078 1 | 1 | 1
0 5 10 15 20 25 30

Eb/No(dB)

Figure 4.4 Quantize before FFT: Ny = Ng = N; = 2; 16QAM modulation with 4-10

extra bits
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64 QAM Modulation with Quantization before FFT (NLI =2,N;=2,N =2)

10° T T T T T
=—36= Without Quantizer(Nu =2, NB =2, Nr =2)
—E3— With 1024 (4 extra bit) Quantizer(N =2,N, =2,N =2)
101 —&— With 4096 (6 extra bit) Quantizer(N_ =2,N; =2,N =2) ||
£ - With 16384 (8 extra bit) Quantizer(N =2, N, =2,N =2) ]
102
Q 3L
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& 104F
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Figure 4.5 Quantize before FFT: Ny = Ng = N, = 2; 64QAM modulation with 4-8 extra

bits

Figs 4.3-4.5 shows the BER performanaersusEs/No on the access links with
guantizebeforeFFT, followed by joint beamforming, in this case wiNlh= Ng = N =

2, for simplicity, and for QPSKI6QAM and 64QAM. It shows that an error floor
occurs, at which increasing/Bo on acces links no longer improves BERhe error
floors are generatedith the same reason with the system describeghapter3: the
signals on the antennas contain mixeghals from multiple terminal and generate
self-interference due to intermodulation, which degrades BER perfosrevsn in the
absence of noiselo reduce this noise floor to a low enough level requires 12
guantization bits for QPSK, 14 for 16QAM and 16 for 64QAM, which in each case
means 10 extra bits on tifrenthaulon top ofthe information bits conveyeth each

casethe results are compared with the unquantized case to show the extent of the
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degradatiordue to quantizatiorOf coursethe unquantized case is not practical as it

would require an effectively infinitt'onthaulload.

BER Curve for QPSK Modulation over Frequency Selective ChanneI(Nu =2, NB =2, Nr =2)
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T

—& =) £l
-2 s
1 0 7

(0]
Ly

103

Bit Error Rate
=)
IS

=3 Seperate BF with 16 Quantizer before BF(Nu =2, NB =2, N' =2)
=©~ Joint BF With 16 C!uantizer(Nu =2, NB =2, Nr =2)

—3¢= Joint BF without Quantizer(Nu =2, NB =2, Nr =2)

=—j= Seperate BF without Quantizer(Nu =2, NB =2, Nr =2)

—V— Seperate BF with 16 Quantier after BF(Nu =2, NB =2, Nr =2)
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Figure 4.6 Comparison of quantizer before FFT and after separate beamformer,
and of joint and separate beamformer without quantization; Nu=Ng=N; = 2; QPSK

with 16 -level quantization (2 extra bits)
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BER Curve for 16 QAM Modulation over Rayleigh Fading Channel
T T T T

T

103 E

Bit Error Rate
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10-6 = —e— Seperate BF with 64 Quantizer before BF
=E— Seperate BF without Quantizer
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Figure 4.7 Comparison of quantizer before FFT and after (separate) beamformer,

and of joi nt and separate beamformer without quantization; Ny=Ng=N: = 2;

16QAM with 64

-level quantization (2 extra bits)
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BER Curve for 64 QAM Modulation over Rayleigh Fading Channel
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I = 64 QAM modulaton With 256 Quantizer (before separate BF)
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Figure 4.8 Comparison of quantizer before FFT and after beamformer, and of joint
and separate beamformer withou t quantization; Ny =Ng=N: = 2; 64QAM with 256 -

level quantization (2 extra bits)

Figs4.6 - 4.8 compare the performance of the separate beamformers and combiner and
the joint beamformer, and the effect of quantization in the two schemes with two extra
bits, for QPSK 16QAM and 64QAM respectivelyThey show that the joint
beamformer has the better rfmrmance without quantizationlThis is because it

achieves higher diversity: the joint processing means that the detector effectively has a

total of N,3 N; antennas, and hence the diversity order obtainable with linear
detection is\, N; - N, #. For the separateeamformeand combiner, however, the
linear detector at each RRU can achieve divebgity N, 4, and optimum combining

at the BBU then gives a total divers@t)lr - N, &) N, . However with quantization



Chapter 4 Quantization Position Design with-RAN Fronthaul in Multiple Carrier Scheme 87

the latter has a very small performance degradation, of less than 2 dB with two extra
guantization bits, whereas the former has a very high error floor. This is because
guantization after beamformer separates the user signals before they are quantized,
greatly reducing the intermodulation distortion. In terms of the outage analysis in
section 3 above, quantization after beamforming does not suffer from outage, because
the separate data streams do not interfere, and different combinations of symbols from

two sources will not therefore fall into the same quantization region.

QPSK Modulation with Quantization before FFT (Nu =4,N_=2, Nr =8)
10'2 T T T T T T T T T
=3¢ Without Quantizer (NLI =4, NB =2, Nr =8)
== With 16 (2 extra bit) C)uantizer(Nu =4,N

B=2,Nr=8)

—O— With 64 (4 extra bit) Quantizer(Nu =4, NB =2, Nr =8)
—V—With 256 (6 extra bit) Quantizer(Nu =4, NB =2, Nr =8)| 1

Bit Error Rate

Eb/No(dB)

Figure 4.9 Quantize -before -FFT (with joint beamformer): Ny=4,Ns=2,N; = 8;

QPSK modulation with 2 -6 extra bits
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QPSK Modulation with Quantization before FFT (Nu =4, NB =2, Nr =8)
T T T T

1072 T T T T T
=3¢ Without Quantizer (Nu =4, NB =2, Nr =8)

== With 16 (2 extra bit) C!uantizer(Nu =4, NB =2, Nr =8)
=E— With 64 (4 extra bit) Quantlzer(Nu =4, NB =2, Nr =8)
—V—Wlth 256 (6 extra bit) Quantlzer(Nu =4, NB =2, Nr =8)

Bit Error Rate
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Figure 4.10 Quantize-before -FFT: Ny =4, Ng = 2, N; = 8; 16QAM modulation with 2 -

6 extra bits
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64 QAM Modulation with Quantization before FFT (Nu =4, NB =2, Nr =8)

107" F T T T T T T T T T
F =3¢ Without Quantizer (Nu =4, NB =2, Nr =8)
== With 256 (2 extra bit) Quantizer(Nu =4, NB =2, Nr =8)
H —O~ With 1024 (4 extra bit) Quantizer(N =4, N, =2, N =8)
10 : —V—Wllh 4096 (6 extra bit) Quantizer(N =4, N, =2,N =8)

103 F

Bit Error Rate
>
IS
T

| Il | L 1 1 Il | L
0 1 2 3 4 5 6 7 8 9 10
Eb/No(dB)

Figure 4.11 Quantize-before -FFT: Ny =4, Ng = 2, N: = 8; 64QAM modulation with 2 -

6 extra bits
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QPSK Modulation with Quantization after FFT (Nu =4, NB =2, Nr =8)
1078 F T T T T T
=3¢ Without Quantizer

== With 16 (2 extra bit) Quantizer(Nu =4, NB =2, Nr =8)

~©— With 64 (4 extra bit) Quantizer(N =4, N, =2,N =8)
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Figure 4.12 Quantize after (separate) beamformer: Ny =4,Ng=2,N; = 8; QPSK

modulation with 2 -4 extra bits
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16 QAM Modulation with Quantization after FFT (Nu =4,N;=2,N =8)
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Figure 4.13 Quantize after beamformer: N, =4,Ns =2, N; = 8; 64QAM modulation

with 0 -4 extra bits
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64 QAM Modulation with Quantization after FFT (Nu =4,N;=2,N =8)
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Figure 4.14 Quantize -after -beamformer: Ny, =4, Ng= 2, N; = 8; 64QAM modulation

with O -4 extra bits

Figures4.9-4.14 give the same comparisons for a more realistic scenario with 8
antennas peRRU, still with two RRUs butnow with fouruser terminals. This yields
significantly larger diversitywhich also reduces the error floorthe quantizdefore

FFT caseNow the error floor is sufficiently low (below ®)in this case with only 4
extra bits, but there is a loss of around 3 dBO& while with 6 extra lts this is largely
eliminated.We also investigate the effect of different numbers of extra bits in the
guantizeafterbeamforming scheme: we observe that there is a-tHdmetween the

loss (compared to no quantizatjaand tle number of extra bitdt is even possible to

use zero extra bits without giving rise to an error floot the loss is then around 3 dB.

We should note also that the extra diversity provided by the joint beamformer gives rise

to approximately 4 dB impk@ment in performance (a0°), so that the BER
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performance with 4 extra bits in the two schemes is thaghly comparable at this
BER.However in this scenario, because the number of antennas is twice the number of
users, thefronthaul load in the quantizbeforeFFT scheme is twice that of the

guantizeafterbeamformer, even for the same number of extra bits.

Scenario Modulation Scheme b, b, E,/Ng (dB) | Transmission Efficiency
QbFFT 8 bits 10 bits 18 20%
QPSK

QaBF 2 bits 4 bits 25 50%
N,=2,

QbFFT 8 bits 12 bits 23 33.3%
Np=2, 160AM

QaBF 2 bits 6 bits 32 66.7%
N =2

QbFFT 8 bits 14 bits 26 42.9%

640AM
QaBF 2 bits 8 bits 37 75%
QbFFT 4 bits 6 bits 2.3 33.3%
QPSK

QaBF 2 bits 4 bits 4.4 50%
N,=4,

QbFFT 4 bits 8 bits 7 50%
Np=2, 160AM

QaBF 2 bits 6 bits 8.2 66.7%
N, =8

QbFFT 4 bits 10 bits 11 60%

64QAM
QaBF 2 bits 8 bits 13 75%

Table 4.1: Comparison of Quantize -before -FFT (QbFFT) and Quantize-after -
Beamformer (QaBF) for the two different scenarios and various modulation
schemes, showing humber of extra bits be used by quantizetptal transmitted bits for

each symbolbt , required E/No for BER 109, and fronthaul transmission efficiency

Table4.1 summarizes the results for the two scenarios we have considered, comparing
thetransmission efficiencfor the two schemes: that is, the ratidatbl user data rate

of users served bgachRRU to thefronthaulload of thatRRU. We observe that the
guantizeafterbeamformer schemenproves the transmission efficiency by a ratio
between 30% and 32.1% with the scenbiie 2, Ns = 2,N; = 2, and a improved ratio
between 15% and 16.7% witie scenaridNy = 4,Ns = 2, N = 8. So that the additional
overhead due to quantian is typically less than 50% Thereis howevera penalty

in the required ENo on the access link for the latter scheme: for the scehario4,

Ne = 2,Nr = 8 this is only 12 dB; forNu=2,Ns = 2,N: = 2 it is between 7 and 9 dB,

largely due to the greater diversity available using the joint beamformer.
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4.4. Performance on Rician and Fequency-selectiveChannels

Since in most cases a lhoé-sight (LOS) signal will be available on the access links,
the channels will be Ri@n rather than Rayleigh fadir{§2, 54]. Hence also it is
necessary to account for the location of the user terminals and BRbe& This is
illustrated in Fig4.15: we assume the terminals are uniformly distributed along a street
between twdRRUS which are a distanaefrom thecentreof the street, and a distance
dapart. The'"terminal is a distanoe along the street from one of tRRUs(which

we will call the left handRRU) and therefore a distancki X from the other.The

antenna spacing at tiRRUsis | and the wavelength is

>
=
>

X vy N.
«—>
Y %9 VoY
«—>

L

Figure 4.15 Location of RRUsand terminals in Rician channel

The response vector for the LOS component of the signal &fthHeandRRU from

thei™ user termial is given by:

| sing
/

&
hi,LOS =1
|

expggeayj 8 =0..N, 1, (4.5

where the angle of arrival at the left haRRU:

(4.6

Q

I
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The vectorsh, s then form the columns of the LOS channel maktixs for this

RRU. The matrix for theight handRRU can be obtained using the same equations and

substituting d - x forx. The complete Rician channel matrix is then:

K 1
How = /—H +/—H :
Rice K +1 LOS K _& Ra (4 7)

whereK is the Rice factor of the channel, which is the ratio of the power of the LOS
component to the multipath component, &hghy denotes a matrix with independent

complex Gaussian entries representhgyRayleigh fading channel.

BER Curve for 16 QAM Modulation over Rician Channel with Unlimited Terminals Positions
T T T T T

Bit Error Rate
=)
£

e Gaussian Channel Without Quantizer
w—fi \\Vithout Quantizer (k=1)

108 E = Without Quantizer (k=5)

wti Without Quantizer (k=50)

e Without Quantizer (k=20)

s Without Quantizer (k=200)

107 E Without Quantizer (k=500)

e \\fithout Quantizer (k=10000)

1 1 1 1 1
0 B 10 15 20 25 30
Eb/No(dB)

Figure 4.16 BER on Rician channel, random terminal positions, with different K-

factors

Figure4.16 shows the BER performance with ZF beamforminghis ¢ase without
guantization With unlimited terminal positions, hetée user terminal positions are

random, uniformy distributed along the stredt.shows, somewhat unexpectedly, that
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performance degrades lddactor increases, andach thgoorestiperformancevith a

pure Gaussian naschannelHowever this is because of the correlation between the
response vectors from different users when the terminals are close together, which
means that ZF results in large s®ienhancement, as shown in figdre7. Here the
signals from two usersire correlated when the angles of arrival of their LOS
components are very similar, which means that their LOS response vectors are very
similar. It is low if the distance between them is more than 10 m, and rises again beyond

40 m due to a grating lobe.

Note that in Fig4.16 and all subsequent plotdy = Ng = N = 2, distancebetween
RRUsis d = 50m,distancea of RRUsfrom centreof streetis 20m, and antenna spacing

atRRUsl is equal to the wavelength

Noise enhancement versus distance,a=20,1=1,M=K=2

30 b

Noise enhancement (dB)

1 1 L

20 30 40 50
Distance between terminals (m)

Figure 4.17 Noise enhancement factor in Gaussian channel versus distance

between terminals
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Bit Error Rate

16 QAM Modulation over Rician Channel with Quantisition before Beamforming
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Figure 4.18 Quantize before FFT, Rician channel with various K-factors, 16QAM

Bit Error Rate

10°

10718

=
<
o

-
S
[}

=]
it

"y
S
]

=
&

107

108

modulation with 4 extra bits

16 QAM Modulation over Rician Channel with Quantisition after Beamforming
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Figure 4.19 Quantize after beamformer, Rician channel with various K-factors,

16QAM modulation with 2 extra bits
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BER Curve for 16 QAM Modulation over Frequency Selective ChanneI(Nu =2, Ng = 2, N = 2)
100 T T T T T 3

103

Bit Error Rate

n —*— Seperate BF without Quanlizer(Nu =2, NB =2, Nr =2)

|| A seperate BF with 64 Quantier after BF(N, =2, N, =2, N, =2) \(

6
10 { ! ) ) B e F
H =3¢ Joint BF without Quantizer(N =2,N; =2, N =2) S
i -Q- Joint BF With 64 Quantizer(N =2, N, =2,N =2) 1
|| =3~ Seperate BF with 64 Quantizer before BF(N =2, N, =2, N =2) \ ‘
107 I L r
0 5 10 15 20 25 30

Eb/No(dB)

Figure 4.20 Comparison of quantizer positions on frequency -selective channel,

Rayleigh fading, Ny =2, Ng = 2, N; = 2; 16QAM modulation with 2 extra bits
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BER Curve for 16 QAM Modulation with Frequency Selective Channel (Nu =4, NB =2, NIr =8)

-1
10 T T I i T i
=)= Seperate BF without Quantizer (Nu =4, NB =2, Nr =8)

=)= Seperate BF with 64 Quantizer before BF (Nu =4, NB =2, Nr =8)
-V— Seperate BF with 64 Quantier after BF (Nu =4,N, = 2, N = 8)

—)(—Joint BF Without Quantizer (NU =4, NB =2, Nr =8)
-e-Joint BF With 64 Quantizer (N =4, N, =2,N =8)

Bit Error Rate

1 1 1 1 1 L
0 2 4 6 8 10 12 14
Eb/No(dB)

Figure 4.21 Comparison of quantizer positions on frequency -selective channel,

Rayleigh fading, Ny =4, Ng = 2, N; = 8; 16QAM modulation with 2 extra bits

Fig 4.18 shows the performance in this case for quatifae-FFT, with 16QAM
modulation and 4 extra bits, where a sahsal error floor is visibleFig. 4.19 shows

the result for quantizafterbeamformer, with 2 extra bitd¢dere an error floor is
avoided, although a performance loss occurs with quantizatiar increases witK-

factor, reaching-3l dB for the Gaussian chann€his confirms the benefit of quantize
afterbeamformer also in the Rician case, for the full rangé-faictors. With a limit
terminal positionsye propose that the distance betwaeminals sharing the same
resources should be limited to a minimum of 10m, by reassigning resource blocks for
closer users. This avoids excessive neiseancemengind means that channels with

higherK-factor give better BER.



Chapter 4 Quantization Position Design withRAN Fronthaul in Multiple Carrier Scheme 100

Figure 4.22 Channel power -delay profile for frequency -selective channel

Finally Figure 4.20 and figure 4.21shows the BER performance for both quantizer
positions for a frequenegelective Rayleigh fading channeith different antenna
diversity, with an arbitrarilychosen pwer-delay profile, shown in Figurd.22. It

suggests a similar comparison between the two schemes as for frefjaefanjing.

4.5. Chapter Conclusion

This chapteexploredtwo C-RAN systemsn fronthau networks:quantize before FFT
and quantize after beamformétach systenis evaluatedwith multiple modulation
schemes: QPSK, 18AM and 64 QAM. Additionally, a greater diversggenariovas
considered in practice and simulated. Finally, théte end BER performanéer each

system and scenari@as beemompared andnalysed

For the system with quantize before FKith first scenariolu = 2, Ns = 2, Nr = 2),
because of therror floorwhich occurs,ncreasing ENo no longer improves BERBnd
each BBU neeslto transmit 810 extra bits to redudée error floor to a low enough
level (10° with BER). The number of required extra bits remain ungked as higher
and higher modulation levels are applied, thus the transmission efficiency improve
With the second scenaridl(= 4, Ns = 2, N = 8), the extra bitsrequiredare reduced

by 4 bits (46 bits) compared witHirst scenari¢ resuling in an improvement of
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transmission efficiency ihe fronthaul network. Moreover a higher diversitycan

greaty improve theBER performance.

For the system witlquantizationafter beamformeiin thefirst scenario flu = 2, Ng =

2, Nr = 2), the beamformerseparates the user signals before they are quanéimdd,
hencethe error floor is removedTwo extra bitscan easilyachieve theequiredBER
performance levelzeroextra bits can also achieve the BER level, but regiigher
En/No), and improves the transmission efficiengignificantly, especially withlow

level modulation schemes. When the teys modulation level increasdabge required
extra bits still remains the same. As a result, a higher laeelulationscheme also
improves the transmission efficienapth this system. Withthe second scenarid\( =

4, Ns = 2, N = 8), this system can also achieve the BER performance level with only
0-2 bits, furthermorethe higher antenna diversity also improves the BER performance

significantly.

Moreover, two systems arevaluatedwith Rician channel and FSC chael. We
conclude thathe BER performances alé®nefitfrom the system witlquantization
after beamformer. With Rician channel, BEER perfomance is alsaffectedby the K

factor and the distance between terminal positions.

Through the comparison of the performance reqdtaveen two systemen the one
hand, onesolutionfor improvingthe transmission efficiency is to increase the antenna
diversity at each RRUsincewe have observed that the extra bits requirestiropped
from 8-10 bits to 46 bits if weincreaseshe number ofreceive antennas at each BBU.
But increasg theantenna diversitglso increasethe complexityof the base stations.
On the other handhe secondsystem with quantetion after beamformeprovides an
obvious improvement of transmission effiadgnandthe transmission efficiency at low
modulation levelis greatly enhanced However,the secondsystemalso requires

separabn of the user signalby usingabeamformebefore quantiationat each RRU,
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which increaseshe complexityand costs for the base statioBgsides, as higher and
higher modulation schemes are applied, the improvement rate of the transmission
efficiencywith the second systetsrecomes diminishedf we assume the modulation

level canbe extremelyhigh, the diferenceof transmission efficiency between two
systems isnegligible Howeverif this assumptioms unrealistic and high modulation
level also increasdhefronthad load,we will not accepthe solutionwhichincreags

the modulation level withiirst system.As a result, the second-RAN systemgives
outstandingmprovement on transmission efficiencytire fronthau and will beused

in the following work.
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Chapter 5 Physical Layer. Error Control in

Fronthaul

5.1. Introduction

In the previous system dga, we assumed the transmission between RRUs and BBU

is alossless "bit pipe'ln thischaptemwe will introduceerrors andnvestigate theffect

of errors in transmission of the quantized data ovefrimhaulnetwork, to evaluate

the error rate requirements for this network ad agits capacity requirementsmay

be appropriate to combine the quantized data into packets for transmission over the
fronthaulnetwork, especially fothe purposes of error caont. This packetization may
cause additional latency, and so we also address here the effectiveness of error control
[59] measures such as error detection and error correction dédhas a function of
packet lengthError correction coding results indreasedronthaulload because of the
additional code parity bits required, but the throughput efficiency is inceaik
increased packet lengthhis results in a tradeff between throughput effiency and

increased latendyp9].
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5.2. System Structure

FFT

FFT

|

|

RRU

Beamforming

Figure 5.1 Fronthaul error handling

FEC encoder
FEC decoder

Packet check
and discard

Combining

BBU

RRU

Figure 5.1shows the errehandling options fofronthaul We considetwo methodof

error control, both based on packation of thefronthauldata.The first is to detect

packet errors usingrrordetectioncoding (such as cyclic redundancy chéciCRC

[56]) and to discard any erroneous packets; the second is to apply error correction

coding. Note that if a packet is discarded from BfJ, theBBU may still be able to

recover the transmitted data using the corresponding packet from aR8tbeThese

methods are compared with no error control: allowing erroneous packets to be

forwarded and combined.

Note that all thesimulations reported in thillowing system desigmuse 16 QAM

modulation and 4 extra bitd quantiation (256 leves).

end error floor of 16 is accepable

We assume that an et
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5.2.1.Error Detection Coding Approach

The first method of error control is to apply an edetection code to the system, which

only detecs the errors from the received packetshegtBBU. Once any packet errors

are detected, the system will discard the erroneous packet and use the corresponding
packet from the other RRUs. If all of the corresging packets contains errors, then

the system will discard all of these packets, whiebultsinformation loss of user
signals. The system will need te-transmt these packets. The system flowchart is

illustratedin figure 5.3.

The cyclic redundancy elek, or CRC, is a technique for detecting errors in digatd,

but not for making corrections when errors are detected. It is used primadéta
transmission. In the CRC method, a certain number of check bits, adtia a
checksum, are appendedthe message being transmitted. The receaerdetermine
whether or not the check bits agree with the data, to ascertaia w#hain degree of
probability whether or not an error occurred in transmissioan lerror occsg; the
receiverat the BBU will consider askng the sender to retransmit the message or just

discard theerroneouslata

Data 00...0 Data CRC

i+— kbits @' n bits »| @

Divisor — Data CRC [ Divisor

iyl I

n bits Zero, accept  Nonzero, reject

Sender at RRU Receiver at BBU

Figure 5.2 CRCgenerator and checker
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Encoded
Signal bits Combined

CRC
> Output
RRU1 Q Encoder :I\l/ :I|> P

CRC Combini >
Decoder " omuining

RRU2 | o [y CRC :> -

Encoder

Encoded
Signal bits

Figure 5.3 System flowchart with CRC codes

In figure5.2 the system first comput@nn bit binary CRC, thek data bits are encoded
into N code bits byappendingthe n bit code and forming the codeword. Once the
codeword is received #te BBU node the system computehe remainder by using
the whole codeword arilesamepolynomialasat transmitter. Itheremainder is zero,
thismeans the data is received without any errors. Ifeh@nderis not zerojt means
thatthe received data contains err{g89].

If @ is a prime number, then a fiebdnsists of a set o&* elementgor anyk, which
known asGalois fields and denoted witBF (a"). Then each element came

represergdby a polynomial expression:

a“=a_ X" 19 ,X* *ax @ (5.1

where the coefficients_, to a, takethevaluginthes et { 04- 1}1In coding

applications@ is commonly 2, thus the coefficients are taken from the binary digits

{0, 1}. Thus Zfield elements correspond to thtc@mbinations of th&-bit number.

The addition of two field elements can be represdwith [59]:

(@ X'+a ,X 7 tax )b, X" B, X* .bx P

) , (5.2)
=G X7+ G X T +.gX §

wherec; = a;i + bi. Because the coefficients only take values 0 and 1, we have:
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ac =0 for
i

which producing the biby-bit exclusiveOR function of two binary number§Vith

CRC code,tedata bits: m =[m_,m, ,...m my] can be represented wifh9]:

m)=m. X" +m,X* +£mx n (54

while appended bitR =[r,_r, ...rr,] can be represented witho]:

R(X) =1 X" 4, X2 #rx 1y (55)
and henceodeword bit§59]:
C=[C1G 2-QG] M M o.. MMT L .. 1Y (5.6)
which can be representég [59]:
C(X)=¢ X" 4 ,X? #¢x ¢ (5.7)
=x"m(X) +R(%)

5.2.2.Error Correction Coding Approach

The second method of error control is to apply forward error correction (FEC)
techniques, which encodes the message in a redundant way by using an error correction
code (ECC). Many different ECC types can be used to correct the errors occur in
transmissionhowever, Ree&olomon code (RSC) is introduced wjs0, 61], which

provides a good compromise between transmission efficiency (the proportion of

redundant part required) and complexity (the difficulty of enapend decouhg).

The ReedSolomon code is block code, which dividgthe transmitted message into
separate blockef data. Each separate block is encoded by adding parity protection

symbols the structure is shown figure. 5.4.
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Codeword (n symbols)

< >
A
511|512 T Sk [+ | S1n
Symbol S21 S22 .. Sor| = |52n
(m symbols) - - -
v | Sm1|Smz2 T Smk| ** " |Smn
Original message (k symbols) Parity
(2t symbols)

Figure 5.4 Reed-Solomon code definitions

In figure 5.4, he encoder inputs witk symbols ofm bits each,thenadds the parity
symbols andutputsthen symbol codeword. At the decodéne ReedSolomon code
can correct up tdb symbols which contain errors in the received codeword. The error

correction capacitfECC)t can be represesd with [60]:
n- k
t=—— 58
. (58)

wherenis the codeword length aikds the number of transmitted symbdli.e encoder
and decoder ahe ReedSolomon codés based on Galois (Finite) fields, which carry

out the arithmetic operations such as addition, subtractiahiplicationand division.
The received codeword(x) canbe represeedwith [60]:
R(¥Y=T(3 +H X (5.9)

whereE(x) is an erropolynomialcanbe represeedwith [60]:

E(W=E_ X' +. Ex B (5.10



Chapter 5 Physical Layer: Error Control in Fronthaul 109

Each of the coefficients is ambit value, represented by an element of GH.(2 more
thant of the E values are noaero, then the error numbexceedsthe correction

capacity and those errors cannot be corrected.

Similarly with CRC encoder, reanders can be calculated lojviding a generator
polynomial. The syndromes can be calculated by substituting2theoots of the

generator polynomial intB(x).

To find the symbol error locatiothe ReedSolomondecode usesseveralalgorithms

such aghe Euclidean algorithm and the Chien seaigiorithm B3]. Eudid's method

[59] [60] is used to find the error locator polynomial, and the Chien search algorithm is
used to find the roots of this polynomial. To calculate the error values, the Forney
algorithm can be usefi7l]. The process of decod) to use these algorithms is

illustrated in figure 5.5.

»| Data delay
Form the
Form the J_,Ferrorvalutis:d
Input . | Calculate the . |error location orney metho Output
" syndromes " polynomial:
Euclid Chien search
for error
positions

Figure 5.5 Main processes of a Reed-Solomon decoder

After applying ReedSolomon codes to the systesmcethe error correction capacity
mightbe exceeded and the errors might not be correctedillweed to apply the CRC
code to detect if any errors still exist after the correction approach. Figure 5.6 ilkistrate

the flowchartappied with RSC and CRC codes.
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Encoded
Signal bits Combined
CRC RSC
RRU 1 —
Q :> Encoder ::> Encoder [V RSC :> CRC :> Output
e Decoder Decoder Combiner
CRC
RRU2| q ::> :> |:>
::> Encoder Encoder

Encoded
Signal bits

Discard
Packet

Figure 5.6 System flowchart applying RSC and CRC codes

5.3. Simulation Results

In this section, whaveevaluatedhe two error control systems in section 5.2 by giving

multiple BER levels irronthau network the higher théronthau BER, the more errors

are generated witinansmissionWith the first system, we compare the ¢oe¢nd BER

performancewvhendiscarding or forwarding therroneougackets. With the second

system, we explore the performanobtained by giving different ECC(Error

Correction Capacityyvith RSC code, also with differemumbersof symbok to be

encoded. Inthis way, we will test thehroughputefficiency in thosescenarios

Furthermore, we will evaluate these two systems by improving the antenna diversity at

each RRU.
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5.3.1.Simulation Results with CRC code

16 QAM Modulation with Quantization after FFT (Nu =2,N;=2,N = 2)
10° T T T T T T

=3¢= Without Quantizer
=B With 256 Quantizer

With 256 Quantizer and errors(BER=10'3)
)

-1
10 E =~ With 256 Quantizer and errors(BER=10"*
F == With 256 Quantizer and errors(BER=10") | ]
=%/~ With 256 Quantizer and errors (BER=10°)|
2L
10
Q
= 10°%F
14
L
@ 104 F
10°%
100 ¢
10_7 1 1 1 1 1 |
0 5 10 15 20 25 30 35

Eb/No(dB)

Figure 5.7 Comparison with different BER level in fronthaul ; Without error

correction code; Quantize -after -beamformer; Ny=2,Ng=2,N, =2

Figure 5.7 shows tle endto-end BER performance with different error sate the
fronthaul assuming thathe system transmits and combinesdireneougpackets with
the other packetslirectly with no error controlObviously, the BER performance
degrades ahefronthaulerror rate increase®/e note that the enb-end error floor is
slightly above thdronthaulBER: the error floor is accéable (below 10°) only when

thefronthaulBER islessthan107®.
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16 QAM Modulation with Quantization after FFT (N.. =2, NB =2, Nr =2)

(]
10 ; T T T T T T i
F == \\ithout Quantizer
L @ With 256 Quantizer
AR =& With 256 Quantizer and discard errored packet (BER=10"%)
107 = ==~ ith 256 Quantizer and errors (BER=10'6)
102
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w
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107 | 1 1 L 1 1
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Figure 5.8 With and witho ut erroneous packets discarded; Quantize-after-

beamformer; Nu=2,Np=2,N; =2

Figure5.8 shows the BER pformance withthe systendiscarderroneous packets. It
can be observed thétis gives significantly worse ertd-end performance than no
error control. Discarding a whole eneous packet means discarding many correct
bits along with a few erroneous onéairthermore|jf the packets from botlRRRUs
contain erras, the entiresourcedatapacketwill be lost. The green line shows the
scenario wittfronthaulBER reach to 18, and it can be seen that the BER performance
is very close to thecenario without anfronthaulerrors. Thus wconclude that if the
fronthaulBER is better than 19 then no error control is require@his also means that

no additional latency need bdroduced due téronthaulpacketization.
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5.3.2.Simulation Results with RSC code

16 QAM Modulation with Quantization after FFT (Nu =2, NB =2, Nr =2)

100 T T T T T T
E =3 Without Quantizer
=—8— With 256 Quantizer
¥ =% With 256 Quantizer and errors(BER=10"°) h
10 === With 256 Quantizer and errors(BER:10'5, ECC=1) §
-2 =
10
Q -
5 10°%F
14
=
e
w
@ 104 F
10 F
10°E
107 1 1 1 1 1 |
0 5 10 15 20 25 30
Eb/No(dB)

Figure 5.9 With error cor rection code; Quantize -after -beamformer; N, =2,Ns = 2,

N

2
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16 QAM Modulation with Quantization after FFT (Nu =2, NB =2, N' =2)
10° T T T T T T
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Figure 5.10 With error correction code; Quantize -after -beamformer; Ny=2,Ng = 2,

N =2
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16 QAM Modulation with Quantization after FFT (NLI =2, NB =2, Nr =2)
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Figure 5.11 With error correction code; Quantize -after -beamformer; Ny=2,Ng = 2,

N =2

Figure5.9 - Figure 5.11 showthe BER perforrances with error correction codes for
differentfronthaulerror rates. We use Re&wblomon codes (RSC) here to correct the
erras with different error correction capacities (ECC), see equationHe8 we
compare the performance with differeBCC of the RSC, that is where different
numbers of bit errorsan be corrected: witfionthaulerror ratep 1 , only single bit
error correction is required to reach the requiredterehd BER § 1 ), while error
rate p 1t will require ECC of at least 2 and error rgtert  will require at least 5.

Clearlythe highe thefronthaulerror rate, the greater the E&Zequired.
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5.3.3.Simulation Results with Different Scenarios

16 QAM Modulation with Quantization after FFT (Nu =2, Na =2, Nr =2)
10° E T T T T T T
F =@ \\lith 256 Quantizer

L = Without Quantizer I
101 == With 256 Quantizer and discard errored packet(BER=10", ECC=5) |
F = With 256 Quantizer and discard errored packet(BER=10", ECC=2) | 3

=== \With 256 Quantizer and discard errored packel(BER=10'5. ECC=1)| ]
=8 \ith 256 Quantizer and errors(BER=10'3A ECC=5) -
=6 With 256 Quantizer and errors(BER=10"", ECC=2) 3
==& \With 256 Quantizer and errors(BER=10", ECC=1)
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Figure 5.12 With and without erroneous packets discard ed; With error correction

code; Quantize -after -beamformer; N, =2,Ns=2,N, =2

Figure5.12 shows the effect of discarding packets which still contain errors after error
correction, due to the limited ECQt shows again that disai#ing errored packets
results in further degradation thfe encto-end BER performancé. shows also a small

variation in the requireddiNo on the access network to achieve-tménd BER 106.
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Figure 5.13 Comparison with different length of transmitted da ta. With error

correction code; Quantize -after -beamformer; Ny=2,Ns=2,N; =2

Figure5.13shows the entb-end BER performance as a fuoct of the data length and
ECC.For a given ECC, increasing data length degrades performance: henceGger E

is required for longer datéf.the packet contains 13 symbols data, ECC of 1 can meet
the requied BER. If the data length increases to 26 symbols, it will require ECC of at
least 2. Note however that for a given code rate, the longer the data, the greater the ECC

can be achieved.












































































































































































































