Abstract

PATEL, VIRENDRA R. A Methodology for Hardware Design and Meation of Architec-
tures for Channel Equalization. (Under the guidance anection of Dr. Winser E. Alexan-

der.)

Hardware implementing wireless applications in today'uta systems has stringent requirements
such as high speed, exibility, and low power dissipatioauléing in complex systems. These require-
ments have led to the development of systems on a single Ahlpugh this development promises a
variety of design advantages, designers are facing newgrddsiculties and challenges while design-

ing these complex systems. Some of the design dif culties$ @rmallenges presented by the traditional
design ow, in designing these complex systems, are ineréaghe simulation time, increase in the
veri cation effort required, increase in the time to markeif culty in exploring the design space, and

increase in the productivity gap.

In this research work, we introduce a new design ow thattstat the system level. The design ow,
called the system-level design ow, promises to reduce theulty in exploring the design space, to
reduce the simulation times, to reduce the veri cation aebugjging time, to allow the de nition of
both hardware and software components of a design, andaw di ning the system at a high level
of abstraction. To validate our design ow and its advantggee consider a subsystem for a Wireless
Communication System called a “Multiple Input Multiple @ut” (MIMO) wireless communication
system for analysis. We consider the designs of channeliggtian architectures for the MIMO wire-
less communication system. We consider algorithms suckass inean square and iterative conjugate
gradient algorithms for implementing channel equalizativVe design the algorithms using SystemC

and Verilog. We consider the use of SystemVerilog to intexf8ystemC to the Verilog environment.
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Chapter 1

Introduction

1.1. Design and Veri cation Methodology for Hardware Systens

Hardware systems that implement wireless applications Baingent requirements. Some of
these requirements are lower costs, low power consumpgtigh, performance, small hard-
ware size and exibility. These requirements together wvifth advances made in the silicon
processing technology have enabled integration of evee mmmplex systems on a single chip.
This has lead to new design paradigms including, Syster@ip{SoC), System Level Design
(SLD) and platform-based-design (PBD). These so-callétsSQmntain the entire functionality
of a system including dedicated hardware components, gnagiable processors, and mem-
ories in a single chip. Although this advancement promiseargety of design advantages,
designers are facing new design dif culties and challengde designing these complex
systems. The traditional design ow is not capable of magtimese challenges. In short,

these systems are very large (module based), complicateceguire not only the design of



digital hardware but also the design of embedded softwales, Th turn, has the effect of in-

creasing the productivity design gap between the semiaiodtechnology and methodology
and tool support. Silicon manufacturers are expected ttiraoe advancing their capabilities
at a phenomenal compound annual growth rate of 58% but thgrdpsoductivity has been

advancing at only a 21% rate [1]. In addition, system desmghave to cope with the ever-
increasing application complexity and shrinking timert@rket windows. Therefore, new de-
sign methodologies have to be introduced that reduce trauptivity gap and also reduce the

implementation complexity and time.

Designing systems at a high level of abstraction is fundaat@mraising the productivity to
the levels that are needed to meet aggressive design sebedtthe face of growing complex-
ity. The number of objects in the design decreases expailgntinen the design is speci ed at
higher levels of abstraction. This allows the designer aatstto focus on the critical aspects
of the design, enabling the exploration of a larger part efdbsign space without being over-
whelmed by unnecessary details. EDA tools will then helpdésigner in gradually re ning
the design to lower and lower levels [2]. The successfulagpkent of these systems requires a
very high design productivity with limited design resows¢e deal with the immense complex-
ity of the system. This design productivity problem is thaibaf the recent paradigm shifts
in system design. Some demanding requirements placed tansievel designers, based on a
discussion given by Prof. Jan Rabaey of the University off@alia, Berkeley, are mentioned

below [3]:

More and more reliance on Intellectual Property (IP) reuse



“Software-inspired” abstractions at a higher level

Support for heterogeneity through object-oriented endagisn

Incorporating platform based-design

High abstraction level speci cations covering both hardsvand embedded software

aspects of SoC design

Emphasis on veri cation and validation at all levels (theliea the better, introducing

the concept of an early design cycle)

Minimum transpiration through automation and sharing cfigie ows and libraries

Enhanced “distribute” cooperation using modern commuiuna

Top-down design based on “enlightened” design-space o

Moreover, optimizing the design at the algorithmic and tlehiectural levels can deliver great
savings in the entire process of designing an ef cient syst®ptimizing the design at a lower
level of abstractiorfe.g. the register transfer level very time consuming and expensive. In
the traditional front-end approach, the procedure used ¢@ptly design a system involved

estimating and analyzing the ef ciency of the design at Ioleeels of abstraction. Some of the
parameters used to estimate the ef ciency include speed, @ower consumption, accuracy,
exibility, ease of veri cation, etc. The procedure was li@ived at the register transfer level
or even earlier, at the gate level. Modi cations were theplegal accordingly in an attempt to

improve the ef ciency. Optimization was only performed agtRTL within a given functional



block in such a design methodology. The re ning processiooetd until the desired results

were achieved. Figure 1.1 explains the traditional desmm From the gure, we can see that

relatively simple modi cations in the design to enhance #fieiency in the order of around
15% result in a cost of several design days. Re ning the deaighe architectural level, to
avail a gain of 30%, would in turn take time in the order of sal/&eeks. However, a more
far-reaching architectural and algorithmic re-designessary to enable ef ciency in the order
of up-to 75% may take months (the parameter that is consideregiving the percentage
estimate is power consumption [4]). In the traditional dasiow, modi cations require re-
evaluation and re-veri cation of the entire design, andsyathesis of the design afresh. We
feel that there is a need for a new design methodology that start at the system level and
avoid the design delays discussed in the traditional designThis will ease the optimization
process. This is very important when we look at the algonthand the architectural designs
which have the greatest in uence on most of the design paensie Optimization at these
levels not only reduces the power consumption but also haspact on other performance

metrics and therefore can largely affect the economicsetttip.

System-level design consists of the mapping of a high-levedtional system model onto
an architecture. Normally at this level, system designeesable to evaluate a large set of
algorithm and hardware architectures to enable a moreeftalesign. Design exploration at
these levels can be exercised without increasing the sironlame for that particular design.
Therefore, the optimization at this level becomes an irtiggart of the system-level solution
involving algorithmic and architectural design. It is alstatively simple to make changes to

the design de nition if the functional speci cation is notehat these levels of design abstrac-



Figure 1.1: Traditional Des

ign Flow



tion. This methodology avoids the multiple iterations of tihaditional approach. Figure 1.2
shows the system-level design ow. The proposed design tames optimization of the de-

sign at a high level of abstraction. This reduces the dittgih exploring the design space. The
design simulation time is also reduced, with design spetian performed at higher levels of
abstractions. The steps involved in the standard designaoevthe netlist synthesis, design
veri cation and the physical layout of the design. The stégkowed in the standard design

ow are similar to those followed in the traditional desigow.

1.2. Thesis Contributions

Not much research work has been carried out to quantify aifyusie usage of a high level

of abstraction in a design methodology. The intent of thi®asch work is to present a hard-
ware design and veri cation methodology for a complex systén the process, we hope to
satisfactorily justify the use of higher levels of abstraegs when it comes to the design and

veri cation of complex systems.

In this context, we consider a subsystem of a bigger compdedware system called the
“Multiple Input Multiple output” (MIMO) wireless commun@tion system. We present a de-
sign methodology for the channel equalization architesturWe consider MIMO channels
that are subjected to small-scale fading. We consider tiaedeeffects due to Multipath Time
Delay Spread. Fading due to multipath causes the transhsi@al to undergo either at or

frequency selective fading.
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We consider the Conjugate Gradient algorithm and the LeasinvBquare algorithm for
channel equalization. The conjugate gradient algorithamigterative method to nd the so-
lution to a set of linear equations. The least mean squaceitig is a very popular adaptive
equalization algorithm. We present hardware designs altwithmic level to the behavioral
level in SystemC. We explore the design space in an attengpttmize the hardware design.
We consider implementing a set of specialized operationshith some level of architec-
ture exibility is traded-off for smaller area, greater acacy, increase in the performance and
lower power dissipation. We then introduce the approxitydimed SystemC model. We also

present hardware designs for both of the algorithms at thiste transfer level.

This research work also incorporates the use of Systenogetd interface the SystemC
model through the available interfacdbd interfaces of interest are the Programming Lan-
guage Interface (PLI) and the Direct Programming InterfdBél)). We compile the SystemC
code using source code libraries available through onkseurces from www.systemc.org.

We compile the SystemVerilog code using the VCS compilanf@ynopsys.

1.3. Thesis Organization

Chapter 2 presents the MIMO Wireless System. This chapseudses the fundamentals of
the MIMO system. It also discusses the MIMO channel. We pregee MIMO data model,

both at the transmitter and at the receiver. We present agigm on channel equalization
and its importance in a communication system. We discus€tmgugate Gradient method

and the Least Mean Square method for channel equalizatierih& present the performance



plots for the different algorithms, followed by the pres#iun of the statistical accuracy of the

algorithms.

Chapter 3 discusses the Design Methodology Using SysteneQi¥¢uss the signi cance
of modeling at higher levels of abstraction. We introducset8mC as a language to facilitate
modeling the system at higher levels of abstractions. Weeprtethe different channel equal-
ization architectures modeled using SystemC. Chapter rddates the topic of design and
veri cation using SystemVerilog. We discuss hardware niimdeusing SystemVerilog. We
discuss the different SystemVerilog capabilities. Weddtrce the veri cation methodology
using SystemVerilog. We then discuss Verilog's Progranghianguage Interface followed by

the SystemVerilog's Direct Programming Interface.

Chapter 5 discusses Modeling at the Register Transfer Ldaethis chapter we present
designs for both algorithms at the register transfer le@Hapter 6 presents experiments to
validate the design and also presents the results obtaimmdlie experiments. A variety of ex-
periments are implemented using SystemC, SystemVerildd/arilog environments. Chapter
7 discusses the conclusions derived from this research.\ildris chapter also presents some

ideas and directions for extending this research.



Chapter 2

MIMO Wireless System

This chapter provides the background for a MIMO wireless ieamication system. Sec-
tion 2.1 discusses the fundamentals of a MIMO system. Tleitssealso discusses the need for
channel equalization in any wireless system. Section 2r@daces the MIMO channel. We
also describe the channel requirements for successfulgtiieg the different signals. We con-
sider the Conjugate Gradient method (iterative implementdo the wiener solution) and the
Least Mean Square method. We consider the performancesddltorithms based on metrics
such as the bit error rate and accuracy. We consider tinagtamt, statistically uncorrelated
and independent Gaussian channels. Section 2.3 disciiesbiNMO Data model. Section
2.4 discusses the importance of channel equalization. sHuison also discusses the different

algorithms considered in this research work.

The discussion carried forth is based on a wireless downitarksmission system with the

deployment of multiple transmit and receive antennas inrnamication system. We assume

10



that the data for all the users is being transmitted simattasly from the base station (trans-
mitter) in the same frequency band. We also assume that iherthogonality between the
transmitter for all users. Channel equalization servesitigate Multiple Access Interference
(MAI) and Inter-Symbol Interference (ISI). These intediaces reduce and limit the capac-
ity of wireless systems. Therefore, channel equalizatovery crucial in the downlink of a

wireless system since the traf ¢ load is more prevalent iwalink channels.

2.1. Fundamentals of MIMO Systems

There is an endless quest for increased capacity and imgbiepyvaity in wireless communi-
cations. There is a signi cant amount of research that isedem as to exploit and use the
available bandwidth to the fullest. The “Multi Input Multiu®@ut” (MIMO) communication
system is one such prominent eld of study. It provides wayatilize antennas with multiple
elements in an intelligent way so as to increase the capataywireless communication sys-
tem. A signi cantincrease in the capacity is guaranteedmthe MIMO channels between the
set of transmitter and receiver pairs are all statistidaliiependent. The general de nition for
MIMO refers to radio links with multiple antennas at the samitter and at the receiver side.
The concept of MIMO was inspired by the distinctive works afEhini [5]. Capacities can
be greatly increased using multiple antennas particufarlgnvironments that are suf ciently
rich in multipath components. This can be achieved withnatdasing the total transmission
power or bandwidth. The capacity increases linearly withrthmber of antennas that are used
in the wireless MIMO system under the assumption that theméla are statistically indepen-

dent. Immense capacities are promised when the channelsdiethe transmit and receiver

11



antenna pairs are statistically independent [6]. Corgrabetween channels decreases the
channel capacity. Multiple antennas in a MIMO system camig@emented in the following

ways:

creation of a highly effective antenna diversity system

deployment of multiple antennas for transmission of sdymeallel data streams to in-

crease the capacity of the system

Unlike Gaussian channels, wireless channels normallesattenuation caused by copies
of the transmitted signal reaching the receiver at diffetiemes. It would be rather dif cult to
retrieve the transmitted signal without the use of divgrathniques. Fading experienced by
a transmitted signal is normally reduced by introducingeant diversity. If multiple copies
of the same transmitted signal are noted at the receiverwleeoan combine them all into
a total signal with a very high quality even if some of the camgnts that were used in the
addition may have exhibited low quality. The diversity ardescribes the effectiveness of
diversity in avoiding deep fades. The diversity order of ategn having N receive antennas
is N. The diversity is related to the slope of the signal-tase ratio (SNR) distribution at the
combiner output [7]. Diversity techniques are used to redihe attenuation in the replica(s)

of the transmitted signal at the receiver.

Another method is to use the multiple antenna elements insgaial multiplexing or
BLAST approach. Different data streams are essentiallystratted (simultaneously) from

the set of different transmit antennas in this method. Theiver is responsible for separating

12



the different data streams. A MIMO system havidgandN, receiver antennas, would have
N, combinations of th&l; transmit signals. It is possible to retrieve the transrditignal from
the respective antennas provided the channel is well-leehiamhe sense that tie received
signals are all linearly independent combinations and Biso N,. The advantage of this
way of exploiting the MIMO channel is readily seen in the setigat we can increase the data
rate by a factor olN; without the requirement of more spectrum. Prior to the dgwalent
of MIMO, wireless communication systems treatadltipath propagatioras a problem to be
mitigated. MIMO is the rst wireless communications techmgy that treats multipath prop-
agation as an opportunity to multiply the link capacity. ANMD system can be termed to be
a linear system if it is additive and homogeneous. Therefmimear MIMO System should
satisfy the superposition principle. MIMO systems bas$ycalke advantage of random fading

and also multipath delay spread (if present) for multiplyine data transfer rate.

Figure 2.1 represents the conceptual block diagram of a MBy§&em. The back end
processing of the data is similar to the case of a single jrgigle output channel. Source and
channel coding is applied to the signal before modulatiegtansmitted signal on a particular

constellation. Demodulation and decoding is performetat¢ceiver.

BN
REERE

—

Figure 2.1: MIMO System
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2.2. The MIMO Channel

Wireless capacities can be improved by exploiting the maléiment array (MAE) technology
in rich scattering environments. This involves processimgspatial dimension (not just the
time dimension) in certain applications [8]. Analyzing therformance of MIMO systems
requires proper modeling of the MIMO channel. This sectiesalibes the different types
of channels that are prevalent in a MIMO system. Figure 2pPesents the additive nature
of the MIMO channel. Based on the nature of the impulse resparh the channel, MIMO
channels can be categorized as at fading channels, fraxyusgiective fading channels, slow
fading channels and fast fading channels. Flat and frequselective channels are a result
of multipath fading while the other two are a result of delayesad. A MIMO system, which
makes use oN; transmit antennas and, receive antennas, is characterized bM.a N;

channel matrix.

Figure 2.2: MIMO Channel

The entries of the matrix are the channel impulse resposevéry transmit-receive antenna
pair. The entries are scalar coef cients for at fading chats. The entries are vectors of

channel coef cients for frequency fading channels. Therefthe channel for a MIMO system

14



can be represented by the following channel matrix

2 3
hiy  hi hin,
har  hyp @0 hyy,
H= (2.1)
hnet g2 00 hiewg

whereh;; is the complex channel gain between transmjtéerd receiver. Each element (chan-
nel gainh; ) in the channel matrix, corresponds to an independentigticily distributed
(i.i.d) random variable. We also assume each element to bmanzean complex gaussian ran-
dom variable with unit variance [8]. Signals launched froMI&O system with the antenna
elements being spatially multiplexed are expected to mila& corrupted by noise. This is
because all the transmitters use the same frequency spedthe receiver separates the mixed
signals and also lters out the noise. In essence, the recswlves a set of linear equations.
The solution and hence the separation is only possible ifitlear equations are independent
and each antenna uses a statistically different channak i3hhe case of a rich multi-path
environment. The rank of the MIMO channel matrix can be thdug be the number of in-
dependent equations for the linear system. The rank of theregd matrix has to be less than
or equal to the number of the transmit antennas. Therefoeentmber of independent sig-
nals that one may safely transmit through the MIMO systent im@st equal to the rank of
the channel matrix [9]. The output of the channel can be sgmied vectorially by the use of

equation 2.2:
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Y =HX+ N (2.2)

whereH is the channel matrixX is the transmitted signal matrix inclusive of the trainireg s
guence, and\ is the noise vector. The time dispersion and frequency disge mechanisms
in a mobile radio channel lead to four possible distinct@BeThese are manifested depending
on the nature of the transmitted signal, the channel, andetoeity. In the following subsec-
tions we describe the different types of channels that arated by the fading effects caused

by multipath time delay spread.

2.2.1. Flat Fading Channels

Channels that have a constant gain and linear phase resparsebandwidth which is greater
than the bandwidth of the transmitted signal are generalijméd asat fading channels.
This happens to be the most common type of fading in which peetsal characteristics of
the transmitted signal are preserved at the receiver. Tlpditaohe of the signal may vary at
the receiver with time, due to the uctuations in the gain loé thannel caused by multipath
fading. A change in the amplitude is observed in the recesigrail if the channel gain changes
over time. Therefore, the received signal only varies imgaid the frequency spectrum of the
transmitted signal at the receiver does not vary due to ¢adilat fading channels are also
known as amplitude varying channels. They are sometimegreef to as narrowband channels
because the bandwidth of the applied signal is narrow as ameddo the channel at fading

bandwidth [10]. In short, a channel is said to be at if
Bs B (2.3)
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whereBs is the bandwidth of the transmitted signal agis the coherence bandwidth. The
reciprocal bandwidth of the transmitted signal is muchdarthat the multipath time delay
spread of the channel for at channels, and the channelfeafisnction can be approximated
to have no excess delay. Normally, at fading channels calesp fades and therefore they
may require up to 20 to 30 dB more transmitted power in ordexctieve low bit error rates
during times of deep fades as compared to systems operagngon-fading channels [10]. A
simulation model for a at fading channel can be generatadgigaussian symbols for every
channel element. These elements are scalar quantitiesyaah memoryless elements. The
requirement that

Ts (2.4)

whereTs is the reciprocal bandwidth (i.e. the symbol period) ands the rms delay spread.

2.2.2. Frequency Selective Fading Channels

Channels that have a constant gain and linear phase respegrsa bandwidth that is smaller
than the bandwidth of the transmitted signal are generailtpéd asrequency selective fad-
ing channels The channel impulse response has a multi-path delay spremth is greater
than the reciprocal bandwidth of the transmitted signale Téteiver gets multiple copies of
the transmitted signal which are attenuated and delayeaahe) for such channels. This results
in a distorted received signal. Time dispersion in such nbncausestersymbol interfer-
ence(ISI). We see that certain frequencies have greater gaiosrapared to the others in the

frequency spectrum for such channels.
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Such channels when compared to at fading channels are eeea dif cult to model since
in this case we have to model every multipath signal and aksctiannel must be considered to
be a linear Iter. The spectrurg(f) of the transmitted signal has a bandwidth which is greater
that the coherence bandwidBy of the channel for such channels. Therefore, we can say
that looking at the frequency domain, the gain that is exgmeed by the different frequency
components in the transmitted signal specti®(f) is going to be different. Frequency selec-
tive fading is caused by multipath delays which approachxoeed the symbol period of the
transmitted symbol. Such channels are also known as widetizannels since the bandwidth
of the signals(t) is wider that the bandwidth of the channel impulse respoh6g [A signal
undergoes frequency fading if

Bs>B, (2.5)

and

Ts < (2.6)

Such a channel can be modeled as a FIR Iter that has a memogghefL and therefore
at the receiver the received signal can be modeled as thar lommbination of the current

symbols and. previous symbols.

2.3. MIMO Data Model

We dedicate this section speci cally to introduce the datadet in order to facilitate the anal-
ysis of the MIMO wireless system. Figure 2.3 shows the datdehitat is used for the MIMO

wireless system study in this research work. The concepfpamed by taking the case of a

18



MIMO system with two transmit antennas and two receiver rms. Symbols representing
two different users in the system are passed through a spgeadde block. The spread-
ing codes used are orthogonal to each other. Once the uséols/are processed through
the spreading codes, they are added before they are adi@imitted from their respective

transmitter antennas. Such a MIMO system loosely implesiie CDMA algorithm.
| — >§/ Y $ \l/

Figure 2.3: MIMO:Data Model-Transmitter Side

Practical systems use orthogonal variable rate spreadictgrf codes. These have the ad-
vantage of portraying perfect orthogonality in an idealrofe. If such is the case, then the
maximum number of active users in a system can be calculated$ N, whereS is the
spreading factor. A total dfl; spreading codes are required for the implementation. Listm
wireless systems using training sequences, a signi camtbar of symbols represent the data
while a small percentage of the total symbols in a frame saprethe training sequence. Train-
ing is required at the receiver to estimate the channel cogfts and hence the transmitted
sequence. If perfect knowledge of the channel is known atdbeiver then the capacity can
be shown to grow linearly as we increase the number of ansemsed. The training symbols
help in estimating the channel coef cients. The training¥pls are also used to train the Iter

coef cients of the equalizer.
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The transmitted signal from a particular transmit antercen be expressed by the following

equation:

X
x[n;g] = M Gc[g]dk[n] (2.7)
k=1

In equation 2.7, M represents the processing of the sigmad dfier it is spread by the spreading
code.c, represents the spreading code for user k. The total numheseo$ in the system i§
while di[n] is the unprocessed cle&i user symbol. The equation for the received signal at a

particular receive antenmacan be represented by the following:

X

ye[n;gl=  xn;g] hy + ne[n;g] (2.8)

t=1

In equation 2.8x.[n; g] represents the transmitted symbols from tHeantennah, is the
channel transfer function between tfe and ther" antenna pair and, [n; g] is the additive
white gaussian noise (AWGN) that is experienced at anten@aannel equalization is applied
at the receiver to remove the effect of the at fading on theereed vectorF can be termed
to be the window size to estimate one transmitted symbokllgeéo estimate a data symbol
correctly the window size should be in nite. The channel &iger can be thought of being
a lter whose transfer function is basically the inverse loé transfer function of the channel.
Based on the data model presented in this section, the nuoflegualizers needed at the
receiver side of the wireless system is equal to the numbtan$mit antennas. Therefore, a
total of N; equalizers are needed. The number of coef cients for evguakzer in the system
is equal to the number of receive antennas times the dateowinded to detect one transmit

symbol. Therefore, the number of coef cients (size of theaizer) isequal ttN, F. F isthe
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length of equalizer that is required in the case of a singdatisingle output system. Basically
the function of this channel equalizer is to Iter the incomgireceived vector and estimate the
transmitted symbols corresponding to a single transmérard. Details of computing the lter

coef cients are given in the next section.

Figure 2.4 shows the receiver side data model for the MIMQesgs In this gure, the
channel estimator computes the channel estimates, whilsthariance estimator estimates the
covariance matrix. Both these estimates are fed into thaelizgu for a particular transmitter.
The equalizer for a particular antenna estimates the sysrtbasmitted by that transmitter.
The output sequence at the output of the equalizer, is aatady Itering the multi-antenna
received signal. This output is the estimated data symbbishwvere essentially transmitted
from a particular corresponding single transmit antennané@éd to minimize the mean square
error between the estimated data symbols at the equalizputoand the training sequence
corresponding to a particular antenna to compute the ltafcients of the equalizer. The

following equation represents this for a particular transmtenna:

w[n; g] = argymin Ejw"x[n;g] dy[n;g]j? (2.9)

The lter coef cients that minimize the difference betwe#me estimated and the training se-
guence can be obtained by differentiating equation 2.9. &\he derivative to zero to nd the
minima or maxima. Differentiating and solving for the lteoef cients gives equation 2.10.

This equation represents a linear equation in a commuaitatistem:
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wn; g] = C, *[g] Ej x[n; gld, [n; g] | (2.10)

wherew[n; g] represents the Iter coef cients which correspond to oneipalar transmit an-
tennaC, g] is the inverse of the receive covariance matrix &frd g] represents the received
symbols. In equation 2.10 the terms under expectation H.gx[n; g]d, [n; g] j could be re-
duced to the channel coef cients,n, [11]. This is the channel impulse response between

transmit antenndl; and the receive anteniN .

al L

Figure 2.4: MIMO:Data Model-Receiver Side

After the reduction of the terms and using the channel coefts, we have the general equa-

tion of a linear system which is represented below for a paldr antenna:
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Cw=h (2.11)

WhereC\y is the estimated covariance matrix which has a sizBlof F N, F,whasa
size ofN, F while fi has asize oN, F and contains the estimates of all channels between
transmit antenndl; and all the receive antennas in the systé¥n.is the number of receive

antennas an# is the data window used to estimate one symbol.

2.4. Channel Equalization

Figure 2.5: Channel Equalization in Wireless Communica8gstems

A wireless channel has the effect of distorting the tranwditlata symbols. These symbols
are typically a form of amplitude and phase modulated pul3é® Pulse spreading effect
resulting from the fact that the channel impulse respons®isan ideal impulse function, is
the most signi cant distorting effect for a communicatiohaoinel. As a result of all this,
neighbouring data symbols interfere with each other, in taaking the detection process at
the receiver a much more dif cult one. This phenomenon oéiifgrence between neighbour-
ing data symbols is known as intersymbol intereference).(lBie role of the equalizer is to

resolve the distortion introduced by the channel (i.e. atg@ or minimization of ISI) while
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minimizing the effect of additive noise at the thresholded&dr input (equalizer output) as
much as possible [12]. The problem is more apparent whenaterdtes become more de-
manding with respect to the channel bandwidth, making chladispersion and the attendant
ISI a critical performance limiting issue [13]. The orthagdity of certain spreading codes, for
example the Walsh spreading codes, is lost because of I&.r@sults in excessive amounts
of multiple access interface (MAI). Equalization methods iastrumental in overcoming per-
formance degradation. Transmission capacities increass we mitigate the effects of ISI

and MAI [14]. If we consider that the channel has a transfaecfionH (z), then an equalizer

with a transfer functiotW (z) = 1=H(z) could work perfectly. The overall transfer function
resulting from cascading the Iters would resultih(z)W (z) = 1. This is the ideal condition

in which we can see that the transmitted symbdls reach the threshold detector without
any distortion. The intent of channel equalization is tdoesthe orthogonality between the

different transmitted signals at the receiver side of theless system.

Bottomley and Ottosson in [15] implemented a Rake receivdrardware for a Single In-
put Single Output (SISO) channel in a Code Division Multiplecess (CDMA) system. The
problem with this sort of a receiver to implement equalizatis that for over loaded systems,
i.e. in high scattering environments, its performance aegs in appreciable amounts. Other
receivers that outperform such a receiver in a high scagemvironment are the Linear chip-
level minimum mean-square error (LMMSE) receivers. Theseivers work on algorithms
like the Conjugate-Gradient (CG) and were proposed by Chawdand Zoltowski [16] for
slow fading environments. Receivers using the CG algortiare been shown to signi cantly

outperform Rake receivers [11]. We discuss two equaliratethods that have been con-
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sidered in this research work in this section. The Conjugatalient Method is discussed in
section 2.4.1 and the Least Mean Square (LMS) method issBsd.n section 2.4.2. Both of
these methods are based on the LMMSE equalization algaritine direct implementation of
the LMMSE equalization algorithm involves high computabcomplexity mainly due to the
required matrix inversion in order to nd the solution to tegstem of equations. Therefore,
these algorithms solve the system of linear equation withlogl inversion of the estimated

received covariance matrix.

2.4.1. Conjugate Gradient Method

Advances made in hardware technologies have made it pessilshplement sophisticated al-
gorithms for adaptive Itering. Methods such as the leasamgquare (LMS) method which we
consider in section 2.4.2, do not converge very quickly dess simplicity in implementation.
On the other side, methods such as recursive least squdr83} KRRve been suggested which
have excellent convergence properties but at the same teneesy computationally intensive
and demand high storage requirements for the matrix maatipuk. Although there have been
modi cations to the original RLS algorithm to reduce comytg, resulting in the emergence
of the “fast” RLS algorithm, there have been at the same tmatability issues with this algo-
rithm [17]. The Conjugate Gradient method for the adaptitering problem was considered
in this research work. The conjugate gradient method hagecgence properties which are
superior to the LMS algorithm and at the same time has a catipotl complexity lower than

the RLS method. It does not suffer from any known stabilityippems [18].
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The conjugate gradient method is an algorithm that is usedddhe nearest local min-
imum of a function of x variables based on the assumptiontti@gradient of the function
can be computed. The conjugate gradient method is bestidaiteymmetric positive de nite
systems. In the application that we consider, we use thisodeto solve a system of linear
equations, i.e., solving fox in the equatiomrAx = b. In general terms we can make use of
the conjugate gradient algorithm to solve any linear systdrare the coef cient matrix A is
both symmetric, and positive de nite. The matrix A is poagtide nite if the eigenvalues of
A are positive. The conjugate gradient algorithm as suaftsstaut by searching in the direc-
tion of the steepest descent (which is the negative of theigmng on the very rst iteration.
The conjugate gradient algorithm typically converges topiimal solution in a few iterations.
Typically, 3-5 iterations are required [11]. The conjugattadient algorithm is presented below
in the following steps. The symbolic representation usethpes to solving the linear equation

given in equation 2.11.

(i) step 1: Make an initial guess for the solution of equation 2.11, igeless the vectow,
initialize the residual by using the channel estimatesr@gs&ual has to be made small enough),

also initialize the search direction.

w=0 .- initial guess for the solution (2.12)

r=h Cw  ::residual initialization (2.13)
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p=r .- initial search direction (2.14)

(i) step 2: This step has to be carried within a loop, which could run amse from 3-5

iterations.

v=Cp  oimatrix  vector multiply (2.15)
a=<r;r>=< p;v> ::: dot product (2.16)
w=w+a p ::: update filter equation (2.17)
rrnew=r a v ::: update the residual (2.18)
g=<r_new,rnew>=<r;r > ::: dot product (2.19)
p=r_new+g p ::: update search direction (2.20)
r = r_new (2.21)

In order to compute the Iter coef cients for the equalizeevactually need to estimate the

deterministic second order statistics. These includedkiarance matrix of the received signal
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vector and the estimates of the channel coef cients. Thenesion of the covariance matrix is

done over N data samples (from the received vector) andiiéndpy the following expression:

oo
ylily" [i] (2.22)

i=1

1
¢ =2

Where(‘,\y is the estimated covariance matrix ayfd is thei™™ symbol in the received vector.
The computational complexity portrayed by equation 2.22@avery prohibitive especially
for real-time applications and therefore other methodstvhbuld possibly decrease the com-
plexity have to be considered. One such example is to exjiieipower spectral density of
the estimated channel impulse response, which involvepuatation of the Discrete Fourier
Transform and the Inverse Discrete Fourier Transform otti@nnel estimation result. Equa-
tion 2.23 details the computation required for estimathmg¢hannel which is also done over

N data samples (from the received vector) and is given bydheting expression:

X
N o

=

A" yU il [i; ne=1;:;Nyandn =1;:N, (2.23)

Whereh™" is the channel coef cient estimated vector ad{ff [i] is the training sequence
corresponding to transmitteand receiver. Equations 2.22 and 2.23 make use of N samples
to perform the estimation. This means that N data sampled teebe buffered before the
Itering action begins. Both these estimations are imputria the conjugate gradient method
as they iteratively compute the lIter coef cients. Pra@iémplementations of the CG method
typically require 3-5 iterations. After the iterations lkawompleted and we have found the

Iter coef cients and the Iter is determined, it is applietb one block of incoming data in
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the case of time-invariant channels. We could extend theesa@ algorithm to time-varying
environments for the case of slow fading channels, but transa to the algorithm have been
proposed for the case of fast fading environments [11]. iat¢his section, we evaluate the

algorithm for a time-invariant channel for some basic vassl con gurations.

2.4.2. Least Mean Square Method

In the most basic de nition, the Least Mean Square (LMS) rodtis a linear adaptive Itering
algorithm which essentially consists of two basic procgsege is the Itering process while
the other is the adaptive process [19]. Figure 2.6 presesitgnal ow diagram depicting the

LMS algorithm.

-

O . -

Figure 2.6: Least Mean Square Signal Flow Diagram

From gure 2.6, the output of the system on ttfesymbol interval can be described as:

y(i) = XT(H))W(i) (2.24)
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whereW(i) is the lIter coef cient vector andX(i) is the input vector. The error of the system

is calculated as:

e(i) = d(i) y() (2.25)

whered(i) is the desired signal to which the Iter coef cients are ggito adapt. Based on the

error and the learning step size the Iter update equatiagien by [12]:

W(i +1) = W(i)+2 e (i)X(i) (2.26)

where is a constant that represents the step size and the rate wdrgence if it is within
a certain range. It controls the convergence and the nalmysgguare error in the sense that
the convergence time is inversely proportional to the siep, #nd the mean square error is

proportional to the step size.

The LMS algorithm uses a gradient-based method of steepesntl It uses the estimates
of the gradient vector from the available data and takeseaative procedure that makes suc-
cessive corrections to the weight vector ( Iter coef cishin the direction of the negative of
the gradient vector which will eventually take the mean seuaror to a minimum. In com-
paring the LMS algorithm to the other adaptive algorithrhs,ltMS algorithm is fairly simple
to implement. The LMS algorithm does not require an estirttagecovariance matrix and the
channel matrix. More importantly, the LMS algorithm doe$ remjuire matrix inversion. The
LMS algorithm updates the Iter coef cients every symbol tife received sequence. Each
received symbol in a particular received block would repnés whole new iteration. There-
fore, the lter coef cients are updated every symbol. Thddwing equations solve the linear

equation givenin 2.11.
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(i) step 1:We start by initializing the Iter coef cients corresponaly to a particular transmit
antenna given by:

w[0] = y[1]d, [1] (2.27)

wherew|[0] represents the initial Iter coef cientsy[1] represents the MIMO receive data
sample around the rst symbol in the frame, whdg[1] is the conjugate value of the rst

training chip corresponding to transmit antenna t.

(i) step 2:This step is an iteration which is repeated for each clipthe frame and based on

the iteration we update the Iter equation using equatio far a particular transmit antenna:

wil=wii 1] [Iy0I" WG 1) yd, [il] (2.28)

In equation 2.8w[i] represents the lter coef cients in the i-th iterationhich corresponds to
the i-th symbol in the frame,[i] is the learning step which de nes the rate of convergence
and also the nal mean square errgfi] is the received vector around the i-th sample in the
incoming received vector collected from all the receiveeants in the system whil#, [i] is

the conjugate value of the i-th training symbol correspogdb transmit antenna t. As seen
from the Iter update equation 2.8 when using the LMS aldant the tracking capability

is such that the Iter coef cients are adapting every symbukrval. Some systems have a
variable step size which keeps on adapting to the trainingesgce. The implementation of

such systems is a little more complex as compared to the ¢aseomstant step size.
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2.5. Floating Point Comparison Plots

This section presents the performance plots for the diftezen gurations of the MIMO sys-
tem considered. The MIMO con gurations considered are tk2, 2x4 and a 4x4 MIMO
wireless system. A MIMO con guration is characterized by thumber of transmit and re-
ceive antennas it uses. Therefore, a 2x2 MIMO con guratias two transmit and two receive
antennas. The frame length received at each receivé®28 symbols long. The training
sequence length at each receiveB2) symbols long and the estimation data length used is
311 symbols long. The performance plots are obtained by vartliegSNR for the system
and monitoring the BER. Figure 2.7 displays the performamotfor the conjugate gradient

method.

The 2x4 MIMO oating point implementation has the best penfiance for the CG method.
On the otherhand the 2x2 MIMO con guration has the worst pernfance. The performace of
the 4x4 MIMO con guration is slightly better than the 2x2 MI®con guration. In order to
achieve a BER 0t0 2, we need a SNR of 2dB. We can see that having more antennas at the
receiver increases the performance by appreciable ambonisthe plots. One valid reason
for this could be the length of the lters that are implemeht the receiver. Ideally, better
Itering and hence better performance is obtained if theerlsize is increased. This is not
possible for practical implementations. Therefore, assihe of channel equalizer increases,
the performance increases. The performance of the 2x2 MIyElem and the 4x4 MIMO
system follows each other closely. The performance of the MKMO system increases at
higher SNRs. The discussion on the hardware implementtirahe different con gurations

is given in the chapter 6.
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Performance Plots for Equalization using CG Method
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Figure 2.7: Performance plots for Conjugate Gradient Metho

Figure 2.8 gives the performance plot for the least meanrsguethod. As seen from
the plot the oating point implementation for the LMS algttnn when we consider the 2x4
MIMO wireless system has the best performance comparecetottier con gurations. We
can extend the discussion we had for the 2x4 MIMO con guratusing the CG algorithm
to the case using LMS algorithm. The 4x4 MIMO con gurationasha poor performance
when comparing it to the other con gurations studied. The&genance of the 2x2 MIMO
con guration is slightly better than the 4x4 MIMO con guiiah. A SNR of2dB is required
in order to achieve a BER df0 2. We need4dB more signal power in the case of the LMS

algorithm when comparing it with the CG algorithm, in orderachieve a BER 010 2 for
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the 2x4 MIMO con guration. The performance of the system MR greater thaddB is
almost a constant. The 2x4 MIMO con guration has the bestgserance compared to the

other con gurations.

Performance Plots for Equalization using LMS Method
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Figure 2.8: Performance plots for Least Mean Square Method

Figure 2.9 shows the comparison plots for the two systemsidenng one particular con gu-
ration. The plots compare the conjugate gradient and the alg&ithm. The Iter coef cients
are obtained after 3-5 iterations for the CG method. The LM8réhm updates the Iter co-

ef cients every symbol for the entire training sequence.
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Comparison of Performance between the LMS and CG Methods for 2x2 MIMO system
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Figure 2.9: Comparison of Performance between the LMS andn€tods
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Therefore, we can say that the performance of the CG methbdtier than that for the
LMS method. The rst plot compares the oating point implentation for the two systems
for the case of 2x2 MIMO system. The performance becomes staonafter a SNR a3dB,
for the LMS algorithm. The second plot compares the oatirggnp implementation for the
two systems for the case of 2x4 MIMO system. The CG algorithows a steep decent in the
BER with increasing SNR while the LMS method stays constatit iwcreasing SNR. A BER

of 10 4is achieved with a SNR df0dB.

2.6. Statistical Accuracy of Floating Point Implementations

This section discusses the statistical accuracy of thenggpoint implementation. We mea-
sure the mean square error and the maximum error of the ingpliition. The mean square
error quanti es the square of the error between the outpuhefMATLAB model and the
original sequence while the maximum error quanti es thgést error between the output of
the MATLAB model and the original sequence. The tables bedosva representation of the
statistics for the different algorithms and con gurationBhe statistics for the different con-
gurations as shown in 2.1, suggest that the system havimgr&simit antennas and 4 receive
antennas has the least errors. The 4x4 con guration has thst\statistics compared to all

other con gurations.

Table 2.2 shows the statistical values for the LMS algoritfine performance of the 4x4
MIMO con guration is poor when compared to the other con gtions studied. Comparing

table 2.1 andtable 2.2, we see that the statistics of the GBansuggest a better performance
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Table 2.1:Table of Statistics for different Con gurations using th&®1ethod - Matlab

Con gurations | 2x2 2x4 4x4

MSE 0.0031| 0.0015| 0.1563

Maximum Error| 0.1937| 0.1344| 1.6209

as compared to the LMS method.

Table 2.2:Table of Statistics for different Con gurations using th#15 Method - Matlab

Con gurations | 2x2 2x4 4x4

MSE 0.0597| 0.0232| 0.4361

Maximum Error| 0.5434| 0.3255| 3.1361
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Chapter 3

Design Methodology Using SystemC

3.1. Signi cance of Modeling Systems at Higher Levels of Aligactions

Moore's Law predicting that the number of transistors wdltble every 18 months still stands
true. We need to make a similar amount of progress in the absigd process to make full
use of this technological advancement. The level of absbra@t which hardware was de-
signed increased signi cantly with the widespread adaptid Hardware Description Lan-
guages (HDLs) as the speci cation format. It provided anremmus increase in productivity
over the earlier schematic entry based design methodolgg. leap in the productivity can
actually be accredited to the introduction of hardware dpson languages such as Verilog
and VHDL. These languages allow designers to specify fanatity at an adequate amount
of complexity at the behavioral and the register transfeglléRTL). This was done in a very
compendious fashion as compared to the earlier structumgilmethodology of design. The

current design methodology using versions of HDLs such agogeor VHDL, are insuf -
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ciently equipped to handle the ever-increasing complexityrardware design and system-
level design. It is no longer productive for designers to eiat the level of individual bits

imposed by HDL. Therefore, more sophisticated data aligiracapabilities are needed [20].
This problem is evidenced in the “productive gap” betweenrthmber of transistors-per-chip
that we can effectively manufacture and the transistorsdpsigner-per-year that we can ef-
fectively design [21]. In essence, system level design pesito reduce the productive gap
between fabrication and design. Some of the bene ts of uginigh level of abstraction design

methodology include:

Higher level of abstractions reduces the design time

Abstraction and Encapsulation will lead to reuse, which sesult in the design of more

gates in less time

Higher level of abstractions means faster veri cation

A common language for hardware design and software desigihdvpoomote hardware

and software co-design

3.2. System Design using SystemC

The mostimportant points that have led to the developmedystfemC as a high level language

for designing hardware systems are:

The increasingly shortened time to market requirementsl&tronic devices
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The growing complexity of electronic devices and the esthbtent of platform based

design methodologies

SystemC is based on the C++ programming language. It candzkatsa very high level
such as the algorithmic level and can also be used at lowelsleuch as the register transfer
level. It basically extends the capabilities of C++ to eedirdware description. In essence,
SystemC is a library of C++ classes, global functions, dgtes and a simulation kernel that
can be used for creating cycle-accurate simulators of hem@harchitectures. It adds impor-
tant concepts to C++ such as concurrency (multiple prosessecuting concurrently), timed
events and data types. Since SystemC is based on C++, we &aruseof the standard C++
programming language development tools. These tools casdxbto create, simulate, debug
and explore various architectural and algorithmic desiomg of a design. SystemC provides
a single language to de ne hardware and software compondimsrefore, it provides a sin-
gle language to facilitate seamless hardware softwarencokation. It also provides a single
language to facilitate step-by-step re nement of a systesigh down to the register transfer

level for synthesis [22]. Therefore, SystemC provides aghesmethodology for describing:

system level design
software algorithms

hardware architecture

The use of SystemC enables faster simulation, hardwates@f co-simulation and architec-

tural exploration. Therefore, specifying a design at theteay level makes it easier to actually
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iterate and explore various algorithms and alternate gecthires quickly, compared to explor-
ing at the register transfer level. SystemC also estaldiiee ability to exchange Intellectual
Property (IP) easily and ef ciently. It also establishes #ibility to reuse test benches across

different levels of modeling abstraction.

Why SystemC instead of C++

One may ask that, if SystemC is using the C++ library why net@s+ itself and why bother
at all to develop a new language which can be used for modeéndware designs at a higher
abstraction levels. The reason is that the C++ languagesiscban sequential programming
and consequently it is not suited for the modeling of corentractivities. Most systems and
hardware models require a notion of delays, clock or timagkvare some examples of features
that are not present in C++ as a software programming laregguahis is one of the reasons
why complex systems cannot be ef ciently modeled using C#aly.oAnother reason is that
the communication processes used in hardware systemsramately different as compared
to software models. Also, data types used in C++ are toordiftefrom the actual hardware
implementation and therefore we need to have a languagprhaties unique communication

processes and data types.
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3.2.1. SystemC Language Capabilities

Modules and Hierarchy

A module is the basic unit for describing a structure or ciasSystemC. The concept of a
module in SystemC is similar to the concept of a module inlogri The modules can have
any number of input, output or inout ports. They are simply basic building blocks of the
SystemC hierarchy. Module, and only modules, can contangsses and ports. A module
can also contain instances of other modules and also of elsarFhey encapsulate concurrent
processes, data and algorithms. A module declaration is dgmusingSC_MODULE or can
also be done explicitly by deriving a new class from ansadule. The hierarchy of a particular
design can be speci ed by the use of the_BIODULE construct. The constructor for class
sc.module takes a string argument giving the instance nameeaghttdule in SystemC module
hierarchy. The variable name used for referring to the modbject must match the module
instance name. We can actually bind the port of the moduled@hannels in the module that
has the instance of the module object. There are two possdyfs of binding or specifying

such interconnections:

By the use of positional association - In this type of binditige ports are identi ed by

the order in which they are bound.

By the use of named association - In this type of binding, waally identify the ports

by name when binding them to channels.
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Named Binding is generally recommended compared to pasitioinding. This is because
mistakes are easily made when we just rely on the order of sapped in a list. Positional

binding is more concise because named binding requiresaaiagepstatement for each port.

Processes and Time

Processes are contained in Modules. Processes are usedebancurrency. Therefore, pro-
cesses execute concurrently with respect to other praceEseh process has a single thread
of execution, although individual processes can only dotbimgy at a time. Processes are also
the basic block unit used for simulation. Processes are wsddscribe the functionality of
the system. A process is sensitive to a set of signals whid@nwhanged, stimulate the pro-
cess to run. This set of signals formulate the sensitivity There are three different types of

processes - methods, threads and, clocked threads.

Methods - such a process is sensitive to a speci ed set of signals and g/hich are

de ned in the method's sensitivity list. Avait statement cannot be used to suspend such
processes. Itis only after the completion of the proceskdst as a method that it gives
the control back to the simulation kernel. In nite loops cahbe contained in a method
process. In nite loops in processes declared within anNBETHOD will indicate a

programming error.

Threads - such a process is also sensitive to the speci ed sengitigit. Thread pro-
cesses can be suspended and activated by the simulatical. kieithread process can be

suspended by the use of thait statement. Such processes can resume again if one of
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the signals or ports in the sensitivity list changes itsdagjvalue. Once the execution
resumes, it will continue from the next statement beforesppended. In nite loops can

be contained in processes which are declared as threads.

Clocked Thread - This is a special case of a thread process which is sensitilyeto
the clock signal. This type of a process is used for hardwanthssis. Over time, this

type of method has been deprecated and not really much in use.

SystemC provides a construct calkmsignalfor communication purposes between processes.

The sensitivity of the processes can be divided into thefohg two categories:

Static Sensitivity - this sensitivity is similar to the dation of sensitivity in verilog or
VHDL, e.g., declaring the list asensitive  a, means that the process starts running

when a' changes its value.

Dynamic Sensitivity - thevait() command is usually used to exercise dynamic sensitiv-
ity. Basically, in this type of sensitivity, the sensitiyilist changes each timeait() is

called.

Ports and Signals

These are similar in function as they are de ned in Verilogl&fHDL. Ports declared in a
module provide external interfaces to other modules. Thezethey can be used to pass
on information between two modules. There are three typgsodfconstructs available in

SystemC:
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scin - this declares the input port to the module.

scout - this declares the output port to the module.

scinout - this declares bi-directional ports.

Signals in SystemC are similar in function to reg and wiresfme cases) in the case of Verilog.
Signals are used to transfer data from one port to another.cbhstructsc signalis used to
declare signals in SystemC. When a port is read by an extproeéss from the interface, the
value of the signal the port is connected to is returned. @rother hand, if a port is written
to, then the value of the signal that is connected to the parpdated. The signal value is not
updated immediately, but it is updated at the end of the sitiai cycle ensuring that the same
value of the signal is seen within a simulation cycle. Botihtpand signals can be declared

using any data types supported by SystemC.

Debugging and Tracing

Debugging in SystemC is similar to how it is done in Verilogikd any software program,
SystemC models can be debugged using different styles. doatmy styles include the use
of print statements, tracing the waveforms, use of softvagieuggers and nally SystemC
debuggers. We can also trace hierarchy within modules. ddmsbe done using the dot (.)

operator or the indirection ( >) operator.
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SystemC Data Types

Most of the data types used in SystemC are oriented towardsvhee modeling. In addition,
since SystemC is a C++ library. It supports all the nativadgpes of the C++ language such
as integer, oat, char and so on. SystemC provides additidat types such ascbit and
sclogic for modeling logic and hardware, where_Bit is a two-valued type representing a
single bit of information. This is very similar to the usetajol while sc logic is a four valued
(0,1,X,Z) data type. SystemC also provides the use of xegkision signed and unsigned
integer data types where the user has the exibility of sfygmg the number of bits used to

represent a number.

3.2.2. SystemC Simulation Kernel

Designs written in SystemC can be complied using any ANSI €ampiler. It has a built-in
cycle-based simulation kernel to simulate the designs. éftige package of the simulation
kernel is built into the class library and therefore needseriernal tools for simulation of
the model. The source code for the kernel and the compildtioary is available with the

distribution of the SystemC platform [23].

We discuss how the simulation kernel handles the executiproocesses de ned in a system.
Each de ned process is executed independently of the otheed processes and the kernel.
Simulation begins with a call to the functi@t start(), when this happens all processes are
initialized and are also scheduled for execution. Everycess gets a chance to execute in

every simulation cycle, because of the concurrency exdddily the processes. The order of
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execution is not deterministic and because of this, any gésin the signal values are not
immediately updated but they are updated in the next cycleeréfore, we can see that the
simulation can be designed to be cycle accurate. Any prabasss in the execution phase or
has been scheduled to be executed is in the active state.t@nerecution completes or if the

process reaches a wait statement, the process enters asogate. The kernel updates the
signals once all the processes reach the suspension sfegeth® kernel updates the signals,
it advances the simulation time and then enters the nextlation cycle. Figure 3.1 explains

the entire process.

Figure 3.1: Simulation Cycle Breakdown

Allinitial events are generated by module initializatiarby test benches. These events then
trigger the processes taking them into the active statelaréfore are executed. Speci cally,

clock threads are only sensitive to clock signals and anetbee held to be executed in the
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future. As processes are executed and enter the suspeteienssgnals are updated which
may trigger other processes which in turn trigger other ggees and on and on until all the
processes are in a suspension state. It is only after thithiaalock threads are executed (they
also update the signals at the end of execution) completiegsanulation cycle. The entire
description continues until the simulation comes to an end stopped from the testbench.

Figure 3.2 explains the simulation ow in the SystemC kernel

Figure 3.2: Simulation Flow

The SystemC kernel carries with it a large overhead and pedoce penalty which may
not be feasible in the case of embedded applications. Enelesigstems have an Operating
System with its own overhead, which makes it dif cult to siipport the SystemC library and

simulation kernel over to the embedded processor.
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3.2.3. The SystemC Design Flow

Conventional hardware design involved writing an exedetapeci cation in a high level lan-
guage. The executable, thus created was debugged andderitd all design speci cations
of the function were met. Once this is done, the executaldei g@tion is handed over to the
RTL group. The function of the RTL group was to re-write theside at the Register Trans-
fer Level to synthesize it to gates. Certain information rbaylost in this hand over process
from the system level designer to the RTL designer. The effethis was that the functional
description of the model at the system level may differ frarattat the RTL level. This in
turn has an impact on the design cycle because now debudmngjfferences would taking
additional time. The entire process is quite dif cult, veiigne consuming, error prone and
de nitely challenging. Besides the list of problems jussdebed, one major aw in this type
of methodology is when modeling at the RT Level, we may disctivat something in the con-
ceptual model cannot be implemented. In such a case, thgndegtle must be started over.

Figure 3.3 details the traditional approach of designinglware.

SystemC is one language that can work both at the hardwagkdad software level. The
system designer only needs to write the SystemC model becdtisis uniformity. The task of
the system designer is then to iteratively re ne the exdadetapeci cation down to the register
transfer level. This re nement is still done in SystemC oprio synthesis. More importantly,
the testbench, which is written in SystemC, can be reuseitfataht levels to ensure that the
re nement did not introduce any errors. This potentiallpm@s the translation error that was
discussed in the case of the non-SystemC design cycle. Vikttodaily avoid the “understand”

step, if the re nement to the RTL level ensures that the nasin is synthesizable before the
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Figure 3.3: Non-SystemC Design Cycle
design is given to the RTL designer for synthesis and impidgat®n. The beauty of this

style of design is that if it is discovered that somethinghe tonceptual model cannot be
implemented, it is much easier to go back to it and change ihat it can be implemented. It
is easy to do this because of the fact that now we have a comnuinoement for the system

design and design implementation. Figure 3.4 details tls¢ee8yC methodology of designing

hardware.

Typically the rst conceptual model is normally not syntiegble. It is mostly event driven,
and uses high level constructs enabling abstract comntioncd he use of classes, structures,
etc. is predominant when we design the rst conceptual modkis model is usually an un-

timed model, capturing only the behavior of the system. Tdnaatage here is that various
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Figure 3.4: SystemC Design Cycle

algorithms can be explored and the speci cations of theesystan be thoroughly understood.
The next step involves introducing the timing concept toriedel. This is done either by
assigning run times to processes or by introducing the naifoa clock cycle. We can ex-
plore the various architectures, perform performanceyaigto determine the best scenario
for hardware and software partitioning, once we have thedimodel. The software imple-
mentation requires a selection of a real time operatingesystnd later the development of a
target code. The hardware design is re ned to make a cyaarate model if the re nement
involves producing a behavioral model that can be synthb#z If a behavioral synthesis tool

is not available, the model is re ned to the RTL level using&nC.
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3.3. Channel Equalization Architectures

This section discusses the Channel Equalization Architestdesigned using SystemC. The
models were designed at the algorithmic level or the belalMievel to begin with. The notion
of time was not incorporated in this conceptual model. Wen ttlesigned a cycle accurate
model from the conceptual model. We did this by changing tle¢hod processes to thread
processes and incorporating wait statements witlidhimops so that every iteration of the for
loops happens in one cycle. This essentially gives us a @gdarate SystemC model which

functions such as to have each iteration in every cycle.

3.3.1. Conjugate Gradient Method

This section discusses the Conjugate Gradient Method. Tddels that are described in this
section are basically de ned at the algorithmic level or biedavioral level. Figure 3.5 shows
the hardware model that was designed using SystemC whiclemants the adaptive equal-

ization process using the conjugate gradient method.

As seen from gure 3.5, the preprocessing of data is actufdlye using a MATLAB model
which implements the entire MIMO wireless system using di@aar con guration such as
X transmit antennas ang receive antennas. The computation of the received vecioaris
of the preprocessing block. Once it has been computed, we #te received vector and the
training sequence into les which are then called and usethbyhardware model as shown in
the gure 3.5. The storage block is the rst block in the haahe model. The function of the

storage model is to load the values of the received vectottamtraining sequence from the
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Figure 3.5: SystemC model-Equalization using Conjugata{&nt Method

les. It has output ports which output the vectors once theding has been completed. The
output port of the storage module which re ects the recewector is connected to the input
port of the covariance matrix estimator module. This modwamputes the estimates of the
covariance matrix of the received vector. The output of tbeagie module, which re ects both
the received vector and the training sequence, is connéattek input ports of the channel
matrix estimator module. This module computes the estisnaitéhe channel matrix which is
used by the conjugate gradient method. The channel essmatkthe covariance estimates
are fed into the equation solver (CG) module. This is the roostputationally intense module
in the entire hardware system. The function of this bloclkisti an approximate solution to
the Wiener's solution. It is on the basis of this that we abthie Iter coef cients that solve
the linear equation as explained in chapter 2 and is repéated for the sake of convenience,

by equation 3.1.
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&w= A (3.2)

The conjugate gradient method solves the linear equatian iterative fashion, so the module
contains a loop which runs for around 5 times to compute ttex ¢oef cients. Once the Iter
coef cients have been computed, they are then passed tatpiae equalizing Iter module
which lters the received data that comes from the storagduea The output of this module
is the estimated data which is an estimation of the transthitata by a particular transmit

antenna at the corresponding receive antenna.

3.3.2. LMS Method

This section discusses the Least Mean Square (LMS) Methbd.LMS method is popular
because of its simplicity for implementation in either haade or software. Figure 3.6 shows
the conceptual model of the LMS algorithm. The basic fundlidy is the same as that for the
conjugate gradient algorithm. The preprocessing systeas@onsible for loading the arrays.
The lIter update block implements the Iter update equatesshown in gure 3.6. Concep-
tually, this is the block that has the Iter coef cients wii@dapt to the training sequence and
it passes the updated lIter coef cients to the data estioratind Iter block once the training
data block has been completely processed. The Ilter updatikinpdates the Iter coef cients
with every incoming sample of the training sequence. Thpuwtudf this block is the estimated
training sequence. The estimated training sequence isfedhe error calculation block. The
implementation of this block is a subtraction of the actuahing sequence from the estimated

training sequence.
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Figure 3.6: SystemC model-Equalization using LMS Method

The actual training sequence is known at the receiver end.efitor sequence is supplied to
the step size update Iter. The step size is updated basedeoertor difference. The variation
of the step size has to be within a range. If the step size aseebeyond a certain value
then the LMS algorithm will not converge to give the optiméter coef cients. If the step
size is very small, then the system will take a long time toveoge. Ideally, assuming that
the channel does not vary with time, if the training sequaadeng enough then all the data
symbols would be covered meaning that the Iter would havapaed fully and therefore we
would have very few errors if any. But this would increase therhead in the transmission
and therefore we limit the number of estimation blocks thataetually used in the system. As
a result, the Iter estimates the data correctly for the ds#quence which was used to obtain
the lter coef cients. Once the estimation block data synstrain the Iter coef cients, the
actual data sequence is ltered through the data processidgltering block. The output of

this block is the estimated data symbols for the entire diatekb
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Chapter 4

Design and Veri cation Methodology

Using SystemVerilog

4.1. Introduction to Hardware Modeling using SystemVerilag

SystemVerilog is a language that is gaining attraction &sighing and verifying system mod-
els. SystemVerilog is a standard set of extensions to th& IEE64-2001 Verilog Standard.

These extensions integrate the best features in the SUPERI@ C languages. System\Ver-
ilog is a uni ed language that brings together enhancedgiesieri cation and assertion fea-

tures. All these qualities of the language promote incréaesigner productivity and smarter
veri cation. This results in an ef cient design cycle to geten more challenging jobs done.
SystemVerilog improves the productivity, readabilitydareusability of Verilog based code.
The RTL code that is used for the representation increasesatically with the increase in de-

sign sizes. There is also a proportional increase in the liieode required to verify a design.
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The increase in the veri cation code to test these largegiesshas a more signi cant impact
on the design time. SystemVerilog is a proposed solutiomiggroblem. SystemVerilog is
termed to be a “Hardware Description and Veri cation Langela(HDVL). It is targeted pri-

marily at the chip implementation and veri cation ow, wighowerful links to the system level

design. Some of its important SOC-targeted improvemerds\rilog-2001 include [24]:

Modeling capabilities and support at the “transaction’elesf abstraction. One of the
interfaces that SystemVerilog offers is the “Direct Pragnaing interface” (DPI). This
interface enables it to call C/C++/SystemC functions aru wiersa. Therefore, Sys-
temVerilog is the rst Verilog-based language to enablecggnt co-simulation with Sys-
temC blocks. Thus, it can be an invaluable link between sysével design and chip

implementation and veri cation.

A set of extensions to address advanced design requireneemtsemoval of restrictions
on module port connections, allowing any data type on ead ai the port, extended

data types to allow C type modeling, etc.

Development of a new veri cation methodology based on thes#&tion Based Veri -
cation” (ABV), enabling the so called “design for veri cat” methodology. Assertion
information is build into the language. This, in turn, elirates the need for the special
modules, pragmas or PLI calls used in traditional Verilo@\Ahas been shown to sig-
ni cantly reduce debug time. IBM reported a 50% reductiordebug time using this
methodology [24]. SystemVerilog also allows the use of eqreperties to implement

functional coverage in addition to implementing assegitincatch design bugs.
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New features to support hardware models and testbenchestiliee object-oriented
techniques - testbenches that are eminently re-usable cdrbination of SystemVer-
ilog's interface method with object-oriented testbenckation techniques enables the
easy implementation of a powerful constraint-driven veaition methodology. The con-
straints are supplied by embedded assertions that expesgggproperties that must be
proved true, or are covered during veri cation. Such assestmay be re-used in SoC

development that leverages design re-use and/or IP-bassghd

Figure 4.1 shows a comparison of where Verilog, Verilog wvilte SystemVerilog exten-

sions, VHDL and SystemC t in the hardware modeling parad[g@si.

4.1.1. SystemVerilog Language Capabilities

SystemVerilog uni es several proven hardware design amtoation languages, in the form
of extensions to the Verilog HDL. These extensions providegrful and signi cantly new
capabilities for modeling hardware at the RTL, system amthigactural levels, along with a
rich set of features for verifying model functionality [26Below are mentioned some of the

key SystemVerilog enhancements for hardware design [26].

A uni ed assertion language for both simulation and formati\cation

Object oriented C++ like classes, with encapsulation,ritdnece, and polymorphism.

Interfaces to encapsulate communication and protocolkihgevithin a design

Special program blocks and clocking domains for de ninger&ree test programs
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Figure 4.1: Design Language Overlap

Constrained random number generation

C like data types, such as int

User de ned types, using the C typedef

Enumerate types

Type casting

Structures and unions, as in C

Strings, dynamic arrays, associative arrays and lists
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External compilation-unit scope declarations

++,—,+= and other assignment operators

Pass by reference to tasks, functions and modules

Semaphore and mailbox inter-process communication ancthsynization

SystemVerilog extends the ability of Verilog's 'de ne testibstitution macro by allowing

the macro text to include certain special characters.

Addition of the package construct. This contains the sampedyof declarations as

compilation-unit scope.

SystemVerilog adds a static keyword, and allows any vagitdlbe explicitly declared

as either static or automatic.

A direct Programming Interface (DPI) to allow SystemVegilm directly call C func-
tions and for C functions to directly call Verilog functiomsthout the complex Verilog

Programming Interface (PLI)

4.2. Veri cation Methodology using SystemVerilog

Functional Veri cation is by far the biggest bottleneck itygical hardware design cycle. Ver-

i cation plays a very important role in the design cycle. Tiaster a design bug is found in a

typical design cycle the less expensive it is to actually he toug. Design veri cation starts

with an implementation and con rms that the implementatineets its speci cations. This
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essentially means that there is a veri cation step corredpa to each design step. Therefore,
a design step that turns a functional speci cation into ggoathmic implementation requires
a veri cation step to ensure that the algorithm functiopglerforms according to the speci -
cations. There are many ways in which a design can be verBeane of them are mentioned

below:

Assertion Based Veri cation (ABV)

Built-in-self-test (BIST)

Random Test Vectors

Regression testing

Formal Veri cation - Formality tools

Veri cation via Test xtures

We consider the assertion based approach for veri cation.aésertion in the most general
terms is a statement that a given property is required touse &nd a directive to veri cation
tools to verify that the property does hold. Assertions cardivided into the following two

categories:

Positive Assertions

Negative Assertions

Positive Assertions are assertions written to con rm thafiven functional property is cov-

ered by the design. Such properties are also termed as caparpes. Negative Assertions
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are assertions that are written to con rm that certain progg are not violated. The usage of
Assertions to verify a hardware design is one of the key adepas associated with SystemVer-
ilog. Assertion-Based Veri cation (ABV), is a veri catiotechnique that involves instrument-
ing the design with assertions to provide added visibilitg &vhite-box testing into its internal
processing. Assertion-Based Veri cation (ABV) has aclyatoved the traditional design pro-
cess from an informal RTL coding approach with a poor docuatém to a methodology that

provides the following bene ts [27]:

Addresses and Documents design decisions

Documents design properties and assumptions

Addresses solutions (e.g., interfaces, implied FSMs) gmirements prior to any RTL

coding

Addresses veri cation of assertions, which items to marfibo during the design of RTL

and testbench

Facilitates functional coverage to ensure that simulataresses complex timing-based

corner cases

Provides an excellent basis for design and veri cationees

Simpli es the design of testbench reference models or smmarls, which veri es the

correctness of the design

Guides the development of testbench vectors for conditiobg tested
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The intent of using assertions in a design is to de ne propethat the design must meet.
Most of the properties can normally be expressed by usingahables available in the design.
The example shown below is an assertion that is written toitmotihe correct functioning of

a handshaking protocol.

property handShake;
@(posedge clk) req |-> ##[1:3] ack;
endproperty:handShake

hShake: assert property (handShake);

The assertion property monitors the ack within a window of/8l&s after the req signal has
been asserted. If this property is violated then the assewill re and the simulation would
be stopped. The assertion res exactly where the designdusitfing from the example shown.
Therefore, the debug time in general is reduced apprecidbly property presented monitors
just the control logic. In actual real designs, however, wgeha mix of control and data
elements. Hence a closer interaction between a higherpeseédural language (i.e. usage of
arrays, abstract data types etc) and a declarative, foangllge is needed to verify the data

aspects of the design.

4.2.1. Assertions in the context of Veri cation

As seen from the previous discussion, SystemVerilog Assertare very integral to Sys-
temVerilog to support an Assertion Based Veri cation metblmgy. Assertions document the

combinational and the temporal (i.e., sequential behaswer time) properties of the design
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that must hold true for the design to be correct. Assertiamshe checked either dynamically
during simulation (this is the more common method) or theylmachecked statically through
formal methods. By formal method, we mean the usage of foroads. We shall discuss some

of the advantages of using the ABV methodology for our desgncation:

Clear de nition of design intent

Normally, the very basic design assumptions are not capaseart of the HDL model. They
are overlooked in the description of the core functionatifythe design and therefore, it is
not guaranteed that the entire design intent it met. Thip&ap mostly for designs that re-
quire special start up conditions. As start up conditiorsgerformed once in the beginning,
many assumptions are not captured and also the design is netlref ciently. Using Asser-

tion Based Veri cation is quite advantageous in such sdesasince we can simply write an

assertion to ensure correct initialization during thetstigrprocess.

Allows protocols to be de ned and veri ed

Thread sequences can be used to specify and verify inteafadtdus protocols. Such asser-
tions, in addition to de ning the values of signal, also de the relationship between signals

over time. The veri cation aspect can be done through sitdeand/or formal veri cation.
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Reduced time to market

The usage of the ABV methodology to verify designs leadsdaoced time to market which is
a very important factor in a chip's success in the marketsHgain has a direct impact on the
cost of implementing the chip. Below are some of the poinés kkad to concluding that the

usage of ABV does reduce the time to market:

The use of assertions, as we design, generally providesastection of errors.

The use of assertions facilitates the overall debugginggs® since the failure of an
assertion brings the simulation to an end. Therefore, tasssrcan behave as monitors

close to the sources of errors.

The use of assertions with formal tools (formality checlay prove that the design meets

functional requirements.

The use of assertions, owing to the above reasons, redueesshof implementing the

chip since the sooner a design bug is found the less cosflyat K it.

Simplicity in the veri cation of reusable IP

If an IP block includes the use of assertions expressing icgmstraints and interface protocols,
the same assertions can be used to check whether the blos&dpwoperly in a much larger
system. Assertions added to IP blocks help to ensure prapegration of the IP. As systems
grow, designs are de ned by the usage of IP blocks, and thex¢he veri cation is done at the

interfaces rather that the individual block's functiomaliA common experience with Ip-based
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designs reveals that most of the bugs are as a result of irapusiage and con guration of the
IP, rather that the functionality of the IP itself. Therefpusing ABV is well suited for such a

scenario.

Functional coverage properties

Functional coverage measures the level of functionaldy ihexercised by veri cation. Func-
tional coverage is the ratio of exercised behaviors ovetdtat number of speci ed behaviors.
The functional coverage metric can be speci ed in Systentgassertions through the de ni-
tion of user-de ned coverage points using the cover divectFunctional coverage is achieved

by monitoring whether the assertions were exercised dwenigcation.

Generates counterexamples to demonstrate violation of pperties

Formal veri cation tools use SystemVerilog Assertions swaints and design properties to
determine if the design meets those properties. If it doésthen those tools will generate

counterexamples to demonstrate the conditions under vhéetules were violated.

4.2.2. Overview of Properties and Assertions

properties

A property is a collection of logical and temporal relatibips, that in aggregate represent a

set of behavior, rules, or characteristics about a desigopédrties are either “functional” or
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“structural”. The use of SVA directly exercises the funobproperties.

sequences

Boolean expressions represent the primitive building kdo@\ set of boolean expressions can

be combined using powerful operators to build sequences.

Antecedent/Consequent/Thread

Athread in SVA is a related sequence of events that may lasti#®or more cycles to represent
a design property. A new thread may be started every cyclalatideads are independent from
each other. Antecedent is an assertion de nition which @s the trigger condition. This is an
expression which when true, starts a new thread and moniterassertion. If the antecedent
is false then the assertion passes vacuously. The congequamassertion de nition is the

expression that follows the implication operator. Thishis tondition that is checked. If this is

true then the assertion will not re but if this is false thdretassertion will re on that assertion.

Contraint

A constraint is a condition, usually on the input signalsttimits the set of behaviors to be

considered. Formal veri cation uses constraints to lirh@ search space.
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4.3. Verilog's Programming Language Interface

This section givens an introduction to the Verilog's Pragnaing Language Interface (PLI).
This was introduced before the SystemVerilog's Direct Paogming Interface (DPI). The Ver-
ilog's PLI allows Verilog users and Verilog application agwpers to in nitely extend the capa-
bilities of the Verilog language and the Verilog simulatbne Verilog PLI makes it possible to
place an entire Verilog simulation into a larger infrastuwe, thus allowing real information to
dynamically ow into and out of the simulation. In the mostrgic de nitions, the Verilog's
PLI provides a means for both hardware and software engiteanterface their own programs
to commercial Verilog simulators. It is through this intesé€, that the Verilog simulator can be
customized to perform virtually any engineering task. Mg's PLI is a user-programmable
procedural interface for Verilog digital logic simulator8elow are a list of some common
engineering tasks that are required in the design of harlveard for which the PLI is aptly

tted [28].

C language bus-functional models: Abstract bus-functioaedware models are some-
times represented in the C language to protect intellegederty or to optimize per-
formance of simulation. The PLI essentially provides fotadexchanges between the

different models that are created using different langsage

Reading test vector les: A le reader program in C makes ityweasy to read and write
data. Therefore, it is easy to pass values read by the C pnogra Verilog simulation

using the PLI.

Delay calculation: A Verilog simulator can call an ASIC or&R vendor's delay cal-
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culator program. The delay calculator can estimate thewsftbat fanout, voltage, tem-
perature and other variances will have on the delays of A®IG or gates. The delay
calculator can modify the Verilog Simulation data struetwso that the simulation uses

more accurate delays, through the PLI.

Custom output displays: A logic simulator must generat@uistto verify design func-
tionality. The Verilog HDL is responsible for generatingrimatted text output, and most
other simulators provide waveform displays and other gegploutput displays. The
PLI can therefore be used to increase the output capabjléig., a video controller can

be connected to the interface to generate video output f&Razanel.

Co-Simulation: Complex designs require several typesgitlsimulations, such as the
mix of different HDL languages, analog and digital simuas. It would be a good idea
as far as performance is concerned to co-simulate all th#eeetit simulators together.
The PLI can be effectively used as a communication chanmeélddlog simulators to

transfer data to and from other types of simulators.

Simulation Analysis: The PLI can be used in order to enhaneasimulation capabilities
by analyzing what has to happen inside a design to genemtautput waves. It can be

used to generate toggle check reports, code coveragesgepovier usage reports, etc.

A PLI application is a user-de ned C language which can beated by a Verilog simulator.
In essence the PLI can interact with the simulation by batldireg and modifying the simula-
tion logic and delay values. In general the following are steps that need to be followed in

order to create a PLI application [28]:

69



De ne a System task or system function name for the appbeati

Write a C language calltf (\Verilog task or Verilog functiorgutine which will be ex-
ecuted by the simulator whenever simulation encountersystem task name or the

system function name

Register the system task or system function name and theiatsbC language routines
with the Verilog simulator. This registration tells the sitator about the new system
task or system function name, and the name of the calltfmewssociated with that task

or system function

Compile the C source les which contain the PLI applicationtines, and link the object

les into the verilog simulator.

4.4. SystemVerilog's Direct Programming Interface

Direct Programming interface is the interface provided lygt&mVerilog which allows the
Verilog enviroment to call functions de ned using highevéélanguages, such as C. The func-
tions can be called in either direction. A SystemVerilogktasfunction can call a C function
and conversely, a C language function can call a Systenogetdsk or function. Despite the
popularity of Verilog's PLI, a more generalized and luciderface which has less overhead is
required. In addition, PLIs have a number of disadvantagashware discussed for compar-
ison purposes with the DPIs. The DPI calls a SystemC fun@goii the function is a native
Verilog task or function. This can be facilitated by impagithe SystemC function name into

verilog using a simple import statement. Below is an exarspteving the usage of DPI [29].
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import "DPI" function real sin(real in);
always @(posedge clock)
begin slope <= sin(angle);

end

DPI allows Verilog code to directly call SystemC functiomsthout the need of creating and
de ning a system task or function name and an associatetf galitine. Passing the values
to and from the two models can be done without the use of angepiiral interface libraries.
The DPI standard has its origins in two proprietary integiathe VCS DirectC interface from
Synopsys, and the SystemSim Cblend interface from Co-besigomation (later acquired

by Synopsys) [29]. SystemVerilog's DPI allows two imporctiations, these are:

import “DPI” function real sin(real in); - sine function in @ath library

import “DPI” task le _write(string data); - user-supplied C function

We can declare the import statement anywhere a native Yeflloction is de ned. The im-

ported task or function is local to the function that callefdam the native Verilog environment.
The imported SystemC or C functions can have any number ahaegts. If a C function was
called into the native Verilog environment, then the retiype to the function could be a legal
type in the C language. SystemVerilog adds a special chaladéetype for pointers. The le-
gal data types that are supported on the verilog side of tieefate are void, logic, bit, byte,
shortint, int, longint, real, shortreal, chandle, andngjri Vectors in the Verilog environment,
such as, reg, logic and bit data types can be de ned withraryitwidths, varying from 1 bit

wide to 1 million bits wide. The conversion of bit vectors tombers that are understood by
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the C function is done by a library of special C functions. iNgr structures and arrays can
also be passed into and out of imported C functions, but smidase the DPI imposes several
limitations. The SystemVerilog LRM [30] shows a methodaoldny which complex structures
and arrays can be passed to and from C functions using theSyBtemverilog's DPI allows

C functions to be classi ed as:

Pure functions: In this case, the result must solely depertti@values that are supplied

to the Verilog environment through formal arguments.

Context functions: In this case, the C function can use dlabd static variables, and

can call other C functions.

Generic functions: This is the default case, it can call oftiections, but cannot call any

function from the Verilog PLI libraries that require a sew$eontext.

Interfacing SystemC models with Verilog models uses thiewahg approach [29]:

Create a Verilog Shell module which is essentially représgithe input and output ports

of the SystemC model.

Create a C-language function that holds and transmits sddeeveen the DPI appli-
cation and the SystemC model, using SystemC calls to aduaneein the SystemC

kernel.

Within the Verilog shell module, directly call the C funatidhat controls the SystemC

model
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Figure 4.2 shows the steps taken to interface SystemC maitbl¥/erilog over the DPI pro-
vided by SystemVerilog. As seen from the example we seentthiégin with the Verilog
netlist instantiates a Verilog shell module is going to es@nt the SystemC model. This step
can be avoided and we can directly call the SystemC modellabavshown in the examples
in the appendix. This Verilog shell module directly calls tBystemC 1/O function, this is done
using the import“DPI” statement. From the gure presented,can see that every time valuel
or value2 changes, we see that the actual SystemC codead a#lh the Verilog environment.
We de ne the actual functionality of the adder in the Systeem@ironment. This is essentially
a C function which is controlling the SystemC model. The rodtbr thread declaration for this
C type function is written in the SystemC language as showth&Jast quarter of the example.
Innate calls to the SystemC kernel are made by SystemC cotssuch as sstart(time) to
generate a cycle accurate model is needed. The code theisessthe usage of DPIs for chan-
nel equalization architectures is presented in the apgerdiisting of data types commonly
used when working with DPIs is given later in the appendix.pMsent an example that shows

the usage of the DPI.
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Figure 4.2: Interfacing SystemC models into the Verilogiemmment
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Chapter 5

Modeling at the Register Transfer Level

We consider modeling the channel equalization architestat the register transfer level in
this chapter. We study the designs for both the Conjugatdi@mamethod and the Least Mean
Square Method. The LMS method has gained a lot of populagtabse of its simplicity in

implementation. On the other hand, the CG method is not aglsito implement because it
is computationally more complex compared to the LMS metAde LMS method has poorer
converging properties as compared to the CG method. Thesogence of the LMS method
depends on the learning step size of the system. Incredsmgtép size beyond a limit would
result in failure of the system response to converge. In ¢imaiieg sections we will discuss the

design and implementation of both of these methods at thsteedransfer level.
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5.1. Conjugate Gradient Design at the Register Transfer Lesi

We consider modeling the Conjugate Gradient method at tfistez transfer level in this sec-
tion. The conjugate gradient method solves the linear egué@tw = h, whereC is the covari-
ance estimate matrixy is the Iter coef cient vector andh is the channel coef cient estimate
matrix. The system is divided into three small modules. THred¢ modules are the covari-
ance matrix estimation module, the channel estimation neg@dind the equation solver (CG)
module. We will discuss the RTL designs of all the three déf¢ modules in the following

subsections.

5.1.1. Covariance Matrix Estimation Design

We consider the design of the covariance estimator in thisesttion. Covariance is a mea-
sure of dependency between random variables. The functithe @ovariance estimator is to
estimate the elements of the covariance matrix. The estsr@itained from this module are
used in solving the linear equation to obtain the updateer ttoef cients. The size of the

covariance matrix is crucial in the design and thereforetaties the total hardware size of the
design. The size of the covariance matrix depends on the auaflveceive antennas used in

the system.

Figure 5.1 presents the data ow diagram for the covariastienator. The design is divided
into two processing blocks. One of the processing blockBeagrtitialization block while the
other is the loop processing block. The initialization das responsible for initializing the

matrix elements. The loop processing block consists of ¢éseived sequence array packing
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block, the vector multiplier block, the matrix adder accuator block, the address generator
block, and the scalar block. The received sequence arrak loresponsible for packing
N, F received symbols into an array. This array is essentiallg@or of elements. The
address generator block is responsible for generatingdtieeases for thel, F elements as
they are loaded from the receiver RAM. This vector array @ntpassed to the vector multiplier
block. This block performs a vector multiplication betwebe vector array elements and its
transpose. The result of this block, whichia F x N, F matrix, is fed into the matrix adder
accumulator block. This block is responsible for accumngathe results of the multiplication
block. The result from the accumulator block is averaged bivéerations in the scalar block
once all theN iterations have been completed. The estimates are thesdstdao the memory

serially. A complete signal is asserted once the estimates been stored in the memory.

Figure 5.1: Data Flow Diagram - Covariance Matrix Estimator
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Figure 5.2 presents the control ow diagram for the covaz@astimator. As seen from the
ow diagram, initialization of the matrix is performed aftéhe start signal has been asserted
through the testbench. The loop processing part of the ddsgins functioning as soon as
the initialization has completed. The loop processing biterates its function for a total of
N iterations. N is the length of the training sequence over which the resukisaveraged.
The loop counter block is responsible for generating a pul$es pulse indicates the start of
a new loop iteration. All blocks which form a part of the looppessing block operate in
sequence. The received sequence array block starts patiengceived sequence array as
soon as the loop counter block generates a pulse. This bksekta the packing completed
signal once the array has been packed. This signal triggergetctor multiplication block to
begin its operation. The multiply complete monitor blockexss the multiply complete signal
when the vector multiply block completes the multiplicatiorhis signal then triggers matrix
adder accumulator block to begin its operation. The addempbete monitor block asserts the
add complete signal once the block completes accumuldtegesult from the multiply block.
The add complete signal is fed to the loop counter block whghin generates another pulse

to start the next iteration. This continues until all theateons have completed.

5.1.2. Channel Estimation Design

We consider the design of the channel estimation block mgbbsection. The channel coef-
cients model the transmission gain between a pair of trattemand receiver antennas. The
function of the channel estimator is to estimate the chanaef cients. The estimates ob-

tained from this module are also used in solving the lineaa@qgn to obtain the updated Iter
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Figure 5.2: Control Flow Diagram - Covariance Matrix Esttora

coef cients.

Figure 5.3 presents the data ow diagram for the channehegtir. Conceptually, the
function of the channel estimator block is similar to the am@ance matrix estimator. One
change to the design is the addition of the training sequehoe design is again divided into
two processing blocks. One of the processing blocks is titialination block while the other
is the loop processing block. The initialization block ispensible for initializing the channel
coef cients between a transmitter antenna and all the veceintennas for all the transmitter

antennas. Therefore, this block is instantiated once feryetransmit antenna. The function
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and operation of the blocks in the design is similar to thathef blocks in the covariance

estimator design and is therefore not discussed in thisestibs.

The same computational block could be used for computing bo# covariance matrix
estimates and the channel estimates in hardware constrsystems. The problem with such
an approach is that the latency in the computation will iasee This is more prevalent as the
size of the covariance matrix increases. Therefore, thgestgd design in this thesis work is
to have separate modules for the two computational blockse. @w diagram for this design

is similar to that of the covariance estimation design, give gure 5.2.

|

Figure 5.3: Data Flow Diagram - Channel Estimator

5.1.3. Equation Solver (CG) Design

We consider the design of the block to implement the conpigaadient algorithm in this

subsection. This block is responsible for solving the linequation that was derived and
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presented in equation 2.11. The algorithm is an approximngiementation of the Wiener's
solution to a linear equation in an iterative fashion. Theckltakes as input, the covariance
matrix and the channel estimates. Therefore, the outputseadesign discussed in 5.1.1 and

in 5.1.2 are connected to the input ports of this block.

Figure 5.4 presents the data ow diagram for the equationesdICG) module. The design
is divided into two processing blocks. One of the processingk is the initialization block
while the other is the loop processing block. The vectors #na initialized are the initial
search direction and the residual vectors. The loop prougddock consists of the matrix
vector multiply block, the Iter update block, the residugbdate block, the search direction

update block, and four dot product blocks.

Figure 5.4: Data Flow Diagram - Equation solver

The matrix vector multiply block is responsible for caldirtg the vecto. This vector is

used in updating both the Iter equation and also the redideetor. The Iter update equation
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requires a scalar weight based on the residual and the wéctdre dot product blocks compute
the dot products of the input vectors. The input to the dotipobblock 1 is the residual vector.
This block performs the dot product of the residual vectathvitiself. The input to the dot
product block 2 is the vectovy and the search direction vector. The results from the dot
product blocks are divided to get a scalar value, which ig fieel to the Iter update block.
The function of the Iter update block is to update the eqoatfor the next iteration. The
same scalar value is fed into the residual update block wikicsponsible for updating the
residual vector. This residual vector is used for updatiregggearch direction. This completes
one iteration of the loop. The loop counter and latch geedsktck will then generate another
pulse so as to start of the next loop. The CG method conveogit nal solution in about
3-5 iterations, after which the solution does not changeeggbly. We choose a total of 5
iterations for our design. After the fth iteration compést, the lter coef cients are latched
on the output registers. These are the Iter coef cientd @ used to estimate the transmitted

data symbols.

From gure 5.4, we see that the equation solver (CG) needsaiiditional memories, to
store both the covariance and the channel estimations.nfdysoe a restriction, especially for
large matrix sizes, for hardware implementation. This i ohthe biggest drawbacks for the
conjugate gradient method, when comparing it with the lesesdn square method. The LMS

method, as would be discussed in section 5.2, does not eeguiadditional storage area.

Figure 5.5 presents the control ow diagram for the equasoiver (CG) design. This

block requires the most control logic. The initializatiolodk is responsible for initializing
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the vectors that are used in the computation. Once the \&elotme been initialized, the loop
processing counter generates a pulse indicating a neviiagteralhe blocks contained in the
loop processing block operate in sequence. Therefore, pletarsignal from a particular block
triggers the next block to begin functioning in the controlv diagram. The Iter coef cients

are then used for equalizing the received vector at the erfdl itdrations. We use a hard

decision protocol for detection of the transmitted samples

Figure 5.5: Control Flow Diagram - Equation solver

5.2. Least Mean Square Design at the Register Transfer Level

The Least Mean Square method has been very successful mptementation in wireless
communication because of its simplicity. The general idelaitfd the implementation of the

algorithm is that the system tries to adapt to the trainimgisace by reducing the error between
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the estimated sequence and the training sequence. It dddpéstraining sequence sample by
sample. This happens for the entire length of the trainimgisace after which the processing

switch changes, indicating the start of the ltering prase$the actual data.

Figure 5.6 presents the data ow diagram for the LMS desighe @lesign is divided into
two processing blocks. One of the processing block is thliziation block while the other
is the loop processing block. The initialization block ispensible for initializing the vectors

used in the design.

J

—
—

T

Figure 5.6: Data Flow Diagram - LMS Method

The loop processing block consists of the received sequamtéaining sequence array pack-
ing block, the multiplier accumulator block, the vector tpller blocks 1 and 2, the error
difference block, the Iter coef cient update block, andetladdress generator block. The loop
counter and latch generator block generates a pulse whdetaites the start of a new iteration

and the value of the loop counter is latched into the arrakipgdlock. Once the value of
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the loop counter is latched, the array packing block stadsling the received array from the
latched value for a total d, F elements. This is the size of one lter and there Bke
such lters functioning in parallel. This array is essetljia vector of elements. It also reads
the one training sample corresponding to that transmitrawate The inputs to the Multiplier
Accumulator block are the Iter coef cients and the receiveector array. The function of this
block is to perform the dot product of the two vectors. Thepotibf this block is therefore
a scalar value representing the dot product of the two inagmaectors. The function of the
vector Multiplier Block 1 and 2 is to perform a vector muligation. Block 1 implements the

expression 5.1.

yiIY" [ wi - 1)) (5.1)

Wherey[i] is the received sequence vector used in itheteration andw[i-1] is the lIter
coef cients vector that was obtained from the updates iri th@" iteration. Block 2 performs
a vector multiplication of th¢™ training symbol and the received vector array given by the
received sequence array packing block. The outputs fronvelaseor multiplication blocks
are then fed to the Error Difference Calculator module. Aedédnce is generated between
the estimation and the training sequence in this block. Gtnmempletes, the error sequence
is then fed to the Filter coef cients Update block. The fuontof the Iter update block is
to update the Iter coef cients. Therefore, it takes the yioais lter coef cients, i.e., the
i 1" coef cients and subtracts the error difference sequencgivte the new, i.e., thé"
coef cients. Once this is done, the lter coef cients areid@o have adapted and therefore the
Iter coef cients are passed on the next block as seen in @ub.6. This continues for the

entire length of the training sequence.
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Figure 5.7 presents the control ow diagram for the LMS methdrhe control ow is
similar to that of the covariance matrix design, only thais some more blocks. Initialization
is done by certain signals coming from the testbench. Thp fwocessing block begins its
operations as soon as the initialization has completed. |dd counter and latch generator
module then generates a pulse. From the control ow, we saetlle complete signal from
a particular block monitors the functioning of the blockttfi@lows it. Upon completion
of a particular loop, a Iter update signal is generated tdi¢ate that a new loop can start.
This process continues for the total length of the trainieguence. After all iterations have
completed, the Iter coef cients are passed on to the adaptiqualizer block. We use a hard

decision protocol for detection of the transmitted samples

5.3. Summary and Comparisons

The hardware implementation of the conjugate gradient atkit more complex than

the hardware implementation of the least mean square method

The conjugate gradient method requires more multiplieas tthe least mean square

method.

The conjugate gradient method requires more storage sphaocethhe LMS method to
store the covariance matrix estimates and channel es8mEbes is the biggest drawback

for the CG method when comparing it with the LMS method.

The conjugate gradient method shows superior convergepabdities when compared

to the least mean square method.
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Figure 5.7: Control Flow Diagram - LMS Method
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Chapter 6

Experimental Results

This chapter presents the experimental results. We digbesadvantages of using a higher
level of abstraction for designing complex hardware. Wesaber the oating point imple-
mentation of the SystemC model to quantify the accuracy eflodel. These metrics are
compared with the benchmarks provided by the Matlab mode&.tign consider the integer
implementation for the algorithms using SystemC. The parémce is then measured for the
integer implementation of the algorithms. We then conselgreriments that involve a com-
parison between the model designed using SystemC and thel mesigned using Verilog.
These experiments are followed by experiments that invobraparing the code ef ciency
between the models. Finally, we consider experiments tlegsore design ef ciency at the
RTL by comparing the hardware sizes. The experimentatianishcarried out in this section
is based on certain performance parameters. Some of themegtars are accuracy ( oating
point implementation), bit sizes (integer implementa}jemulation speed, simulation cycles,

performance plots, physical area, and design cycle estgnat
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6.1. SystemC Floating Point Implementation

In this section we consider the oating point implementatior the channel equalization al-
gorithms. It is important for us to perform this experimeinice we design the Verilog model
based on the SystemC model. Therefore, we need to captucetteet functional speci ca-
tion for the different equalization algorithms consideratfe measure the level of accuracy
presented by the SystemC model in terms of the mean squarg(BI$E) and the maximum
error between the original transmitted sequence and thgubof the equalizers. The MSE
guanti es the square of the error between the two sequenbds tihe maximum error quan-
ti es the largest error between the two sequences. We censite 2x2, 2x4 and the 4x4
con gurations for the MIMO wireless system. Axm con guration impliesn transmitters
andm receivers. The frame length received at each receivE928symbols long. The train-
ing sequence length at each receive829symbols long and the estimation data length used is
311symbols long. We choose a large frame length to improve #iiesstal performance. The
results of the experiments are presented in the tables bdlalle 6.1 presents the statistics
for the Conjugate gradient method for the different MIMO gurations studied.

Table 6.1:Table of Statistics for different Con gurations using th&®lethod - SystemC

Con gurations | 2x2 2x4 4x4

MSE 0.0928| 0.0694| 0.2968

Maximum Error| 1.1419| 0.734 | 2.435
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Table 6.2 presents the statistics for the least mean squettechfor the different MIMO
con gurations studied. The 2x4 MIMO con guration showecethest statistical performance
compared to the any other con guration studied for both égation methods considered. We
also see a performance degradation with the increase inuimder of antennas used at the
transmit side of the MIMO system. The 4x4 MIMO con gurationaved the worst statistical
performance compared to any other con gurations studieat. tlis con guration, the mean
and the variance deviate quite signi cantly from the idealue of zero.

Table 6.2:Table of Statistics for different Con gurations using th#15 Method - SystemC

Con gurations | 2x2 2x4 4x4

MSE 0.1737| 0.1608| 1.5431

Maximum Error| 2.7693| 1.984 | 4.853

From the tables, we can conclude that the statistical pedace for the CG method is better
than the LMS method for any con guration studied. The expemts reveal a high maximum
error of 4:.853for the 4x4 MIMO con gurations using the LMS method. This wués from
using a smaller number of estimation blocks for the LMS mdthbherefore, we have to in-
crease the estimation blocks used in the system as the nawindteannel coef cients increase,
in order to improve the statistical performance. We compagestatistics for the Matlab imple-
mentation of the CG method from table 2.1 with the statistcshe SystemC implementation
of the CG method from table 6.1. The comparison indicatess tha SystemC model follows
the Matlab model very closely. The order of difference betthe models was noted to be in

the range ofl0 4. Therefore, we can say that the SystemC model preservestheaay of the
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Matlab model. This in turn authenticates our design. Weegrethe output plots for the 2x4
MIMO con guration for the Matlab model as well as the Systemim@del in gures 6.1 and

6.2 respectively. These plots represent the conjugateegratiethod.

Plots of Training Seq. and Estimated Data (Matlab)-user 1,2x4 MIMO System
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Figure 6.1: Channel equalization output plots - Matlab Mp#®4 MIMO con guration

The SystemC output follows the output from the Matlab modsldepicted from the plots.
Closely observing gure 6.2 reveals that, the SystemC mbdslsome spikes (overshoots) in
the estimated data values, which cause the two models toatohralightly. This is as a result
of the difference in the number representation in both theete® We compare the statistics

for the Matlab implementation of the LMS method from table2 @ith the statistics for the
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SystemC implementation of the LMS method from table 6.2. @dmparison indicates that,

the SystemC model follows the Matlab model very closely. ®raer of difference between

the models was noted to be in the rangd 0f°.

Amplitude
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Figure 6.2: Channel equalization output plots - SystemC élidzk4 MIMO con guration

6.2. SystemC Integer Arithmetic Implementation

In this section we consider the integer arithmetic impletagon for the channel equalization

algorithms using SystemC. We consider the bit size requaresifor the different MIMO con-

gurations studied. We use the same experimental setumpthsiused for the SystemC oating
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point implementation experiment. The frame length reakateeach receiver i5920symbols
long. The training sequence length at each receiv@@symbols long and the estimation data
length used i811symbols long. We perform these experiments while maimgitie statis-
tical numbers we obtained from our experiments in sectiodh Bhe number of bits used for
the hardware implementation is of primary importance in degign. The physical area of the
hardware implementation is directly proportional to thentner of bits used for the implemen-
tation. We scale the received sequence and the trainingeseguby a particular scale factor.
The number of bits that are needed for implementing a pdati@lgorithm depends on the
computational complexity of the algorithm. The CG methoHighly computational having a
combination of all the mathematical operators, i.e. addijtsubstraction, multiplication and
division. One the other hand, the most computationallynséeblock for the LMS method is
the Iter update block. The LMS method is less computatibnadtense than the CG method

as it has a smaller number of multipliers and dividers as @meipto the CG method.

One of the blocks in the CG method, the equation solver blacknplemented with an
iterative loop. A result of the loop is that, if any quantipat errors are induced, then they
are propagated to the next iteration of the loop. The redtthis is that errors accumulate.
These errors are more prevalent in the case of the CG method #iis method involves
more arithmetic computations. Therefore, it is importanteéduce the quantization errors to
begin with. We need to increase the number of bits to reptéberactual number in order to

minimize these quantization errors.
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Another implementation impact is the fact that since we aregisuch high number of bits,
multiplication results in a number with at most 44 bits. Slotla signals within procedures
are represented by 64 bits and once the processing is deneedhlt is converted back to 32
bits. Therefore, the SystemC implementation has moduégsite connected using 32 bit wires
while all the computations inside a particular module areadthrough signals which are 64
bits wide. The number of bits required for the hardware im@atation is presented in table

6.3.

Table 6.3:Table of bits required for different Con gurations - Systém

Con gurations | 2x2 | 2x4 | 4x4

CG 20 | 17 | 22

LMS 8 5 9

We observe that the number of bits required for the case oNIMO con guration is the
least. We extend the same discussion we presented earlibida@on guration. Also the 4x4
MIMO con guration requires the most bits for the hardwargilementation. From the results
presented in table 6.3, the number of bits required for thex@@hod is less than that required
for the LMS method. Considering the overall algorithm, tiM$ method works best for small
values of the received and training sequences. LMS methald be better implemented using

the vector oating point implementation.
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6.3. Performance Plots for Integer Point Implementation

In this section we present the performance plots for thegert@oint implementation. The
number of bits used for the integer implementation are abthfrom the previous set of ex-
periments. In an attempt to compare the performance plakstivose presented by the Matlab
model in gure 2.7 and 2.8 we divide the estimated sequenciéycale factor. Figure 6.3
plots the performance of the Conjugate gradient method viln@lemented using SystemcC.

This plot follows the plot presented in gure 2.7 closely. eTiscrepancy seen is as a result

of the quantization errors when we implement usina the etasithmetic.

Performance Plots for Equalization using CG Method - SystemC

10° | |
SNR

Figure 6.3: Performance plots for Conjugate Gradient M@th®ystemC

Figure 6.4 plots the performance of the least mean square whngemented using Sys-
temC. Again this plot follows the plot presented in gure 2\ can extend the discussion
presented in section 2.5 for the different MIMO con guratsoto discuss the performance

plot. The 2x4 MIMO con guration has the best performance apicted by gures 6.3 and

95



Performance Plots for Equalization using LMS Method - SystemC
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Figure 6.4: Performance plots for Least Mean Square Metl8y$temC
6.4. The performance of the 2x2 MIMO con guration and the MO con guration is

almost the same, as seen from the plots. The performanceastiaypar MIMO con guration
depends on the number number of Iter coef cients used atréeiver. As the number of

Iter coef cients increase, the performance gets better.

6.4. Estimation block length

We analyze the variation of the cycle count as a function efetstimation block length in this
section . The covariance and channel matrices are estimatbdveraged over a xed length
of data symbols. This parameter is referred to as the estimhtock lenght. We consider
the 2x2 MIMO con guration for our analysis. The frame lengtceived at each receiver
is 640symbols long. The training sequence length at each recisia&6 symbols long. The

experiments vary N, the estimation block length . We conglikeconjugate gradient algorithm
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to facilitate our analysis. The RTL code was run on CADENCEpdation and simulation

tools. The variation of the cycle count with respect to thenestion block length is presented

in 6.4.

From gure 6.5, we see that for a particular MIMO con guratiacthe cycle count increases
almost linearly as we increase the estimation data lengtbase of this linearity, we can

Table 6.4:Cycle Count as a function of Estimation Data Block length - KI&hod

Estimation Data length 8 16 32

SystemC 2600| 4280 7640

RTL 2866 | 4592 | 8074

estimate the number of cycles taken and therefore, a camespy simulation time, for larger

frame sizes.

Cycle Count as a function of
Estimation Data Length
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Figure 6.5: Cycle Count as a function of Estimation Data lterdcG Method
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6.5. Simulation Time Comparisons

We discuss the simulation time taken by the different modeissidered in this section. The
RTL code was written using Verilog. We used CADENCE for colingi and simulating our
code. One of the mainstream incentives behind this work wasvestigate the effect of de-
signing at higher levels of abstractions on the simulatimet \WWe monitor the simulation time
for the different con gurations. The frame length receiv&tdeach receiver i640 symbols
long. The training sequence length at each receiveb@&symbols long. The estimation data
length used for this experiment is xed &# symbols. The simulation time for the conjugate
gradient method is presented in table 6.5.

Table 6.5:Simulation Time Comparison - CG Method

Con gurations| 2x2 2x4 4x4

SystemC | 5.92s| 12.32s| 14.09s

RTL 72.1s| 253.8s| 253.7s

As shown in gure 6.6, the experiments reveal that the Sy§&esimulation time does not
vary signi cantly when considering the different con gurans. At the same time, the RTL
simulation time varies signi cantly as we increase the nemtf receiver antennas in the sys-
tem. The experiments reveal that the RTL simulation timettier 2x4 MIMO con guration
and the 4x4 MIMO con guration is almost the same. The simalatime is a function of the
number of antennas used at the receiver side in the case©@@meethod. The RTL simulation

time is on the averagestimes more than the SystemC simulation time. We also ndtigeas
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we increase the number of antennas in the con guration, \wease the ratio of the RTL and

SystemC simulation time.

Simulation Time - CG Method
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0 — —1 1
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MIMO Configuration

Figure 6.6: Simulation Time - CG Method

As presented in table 6.6, the simulation time for the LMShudtfor the different models
follows the same pattern that we discussed for the CG methioel. SystemC simulation time
does not vary signi cantly when considering the differeahgurations. The RTL simulation
time varies signi cantly as we increase the number of totaeanas in the system, unlike the
case of CG method, where it is heavily dependant on the nuailbeceive antennas. The RTL
simulation time was measured to be 7 times more than the i8gs®@mulation time for the
implementation of the LMS method. The ratio between the &y& simulation time and the
RTL simulation time is almost a constant for the different gurations studied. Figure 6.7

presents the simulation time as a function of the MIMO conaion for the two models.
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Table 6.6:Simulation Time Comparison - LMS Method

Con gurations| 2x2 | 2x4 | 4x4

SystemC | 2.12s| 4.86s| 7.33s

RTL 15s | 28.6s| 47.2s

The simulation time for the CG method is greater than thahefltMS method as can be con-
cluded from the experiments performed in this section. @zing the design at a high level of
abstraction does not increase the simulation time signitiya Therefore, it is advantageous to
describe and to optimize designs at higher levels of alstrecthan to perform the optimiza-

tion process at the register transfer level.

Simulation Time - LMS Method
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Figure 6.7: Simulation Time - LMS Method
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6.6. Simulation Clock Cycles Comparisons

We discuss the clock cycles taken by the different modelsigisection. The experiment mea-
sures the number of clock cycles consumed by the differeM®Iton gurations. The intent

of this experiment is to verify that the SystemC model is dewaccurate model. We used the
Verilog language to write the RTL code. We used CADENCE fampding and simulating
our code. The frame length received at each receivéd@symbols long. The training se-
guence length at each receive2is6 symbols long. We choose the estimation data length to
be a power of 2. This simpli ed the hardware implementatisince the scalar division could
be performed by shift registers. We use an estimation daigtheof 16 in our experiment.
We begin by considering the conjugate gradient method. irhalation clock cycles for the
conjugate gradient method is presented in table 6.7.

Table 6.7:Simulation Clock Cycles Comparison - CG Method

Con gurations | 2x2 | 2x4 4x4

SystemC (cycles) 4280 | 16360| 16360

RTL (cycles) | 4592| 17147| 17147

The results from table 6.7 indicate that both models consalmest the same amount of
cycles for the simulation runs. This is in accordance to whatexpected. The results are

plotted in gure 6.8.

Table 6.8 compares the simulation speeds for the LMS metihadn the table, we notice

that the simulation cycles for the LMS algorithm is almosingarable for the two models. The

101



Simulation Clock Cycles - CG Method
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Figure 6.8: Simulation Clock Cycles - CG Method

results are plotted in gure 6.9.

Table 6.8:Simulation Clock Cycles Comparison - LMS Method

Con gurations| 2x2 | 2x4 | 4x4

SystemC | 1160| 2320| 4320

RTL 1222 | 2452 | 4440

The results indicate that the clock cycles consumed in tee oaAthe RTL model is slightly
higher as compared to the SystemC model for both equalizatethods. This can be accred-
ited to the fact that, the RTL model requires additional calribgic for its functioning. This
additional control logic consumes a few clock cycles andefuge, impacts the total simula-
tion clock cycle count. Therefore, the SystemC model is a- 9% cycle accurate model.
We can therefore estimate the throughput of the RTL modeltin the system level design

implemented using SystemC.
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Simulation Clock Cycles - LMS Method
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Figure 6.9: Simulation Clock Cycles - LMS Method
For the CG method, the cycle count for the 2x4 MIMO con guoatiand the 4x4 MIMO

con guration is the same for the two models. A possible erpt#on for this observation is that
the most dominating block as far as the cycle count is comckns the covariance estimator
block. The only difference in the two con gurations, is thember of transmit antennas used.
A change in the number of transmit antennas affects only hia@mel estimator. It does not
affect the covariance estimator block and the equatioresd¥G) block, because this block is
being implemented in parallel for each transmitter. Thaefthe increase in the cycle count
in the channel estimator is shadowed by the cycle count ®rctivariance estimator block.
However, the number of transmit antennas used in the systemaffect the simulation clock
cycles for the LMS method as is presented in table 6.8. Thebeumwf clock cycles required
by the LMS method to present the nal answer is less than thatired by the CG method
as seen from this experiment. Therefore, the LMS methodefeped over the CG method in

systems that have a high number of receive antennas.
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6.7. Coding Ef ciency

We consider the code ef ciency for two different models imstBection. We design the RTL
model from the SystemC design to maintain a one to one carnelgmce between the models.
We consider the 2x2 MIMO con guration to exercise our expeent. The comparison metric
used in this experiment is the number of lines. In order toarakf cient comparison, every
single line of code is written on a different line. Table 6r@gents the results for the experi-
ment. The approximate increase in the code length when w&demcoding in Verilog at the
RT Level, was in the order of 3-5 times more than coding usiysje&8nC. Therefore, SystemC
cycle accurate model provides a superior coding ef ciemdgrms of the number of code lines
compared to the corresponding RTL model.

Table 6.9:Code Length (number of lines) Comparison

Equalization Algorithm| CG | LMS

SystemC (lines) | 247| 88

RTL (lines) 897 | 321

6.8. Hardware Sizes

We discuss the hardware sizes (physical area) of the diffedgorithms in this section. We
consider the implementation of the conjugate gradient oteidind the least mean square
method. We consider the RTL implementation of the 2x2 MIM® garation in our discus-

sion. The frame length received at each receivé&4i@symbols long. The training sequence
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length at each receiver 856 symbols long. The estimation data length at each receivét is
symbols. The size of one memory moduld Z80entries, with every entry beirg bits wide.

In our experiment, we make use of two such memory modules.oDtiee memory module is
used for storing the received sequence while the other tsfesstoring the training sequence.
Table 6.10 presents the hardware sizes required by theatiffalgorithms considered in this
experiment. The total area required to implement the CG ateithgreater than that required
to implement the LMS method. The CG method also requires tditianal memory modules
of smaller sizes to store the covariance matrix estimatéshanchannel estimates respectively.
The CG algorithm entails a higher computational compleagycompared to the LMS algo-
rithm as discussed in chapter 5.

Table 6.10:Hardware Size Comparison

Equalization Algorithm CG LMS

RTL 19418619m 2 | 17267819m 2
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Chapter 7

Conclusions and Future Work

We now discuss the conclusions derived from the experim@nducted in chapter 6. This
chapter also introduces possible research areas which tebe an extension to this research
work. We begin by discussing the conclusions of this resemmark in section 7.1 and then

discuss potential extensions to this work in section 7.2.

7.1. Conclusions

As the design methodology elevates to the system level fueiat of logic incorporated on a
chip increases. This has resulted into the developmentstésyon chip designs. The current
abstraction level for designing complex system is no lomggimal. Such complexity levels in
system design justify the need for higher levels of abstyadioth in design and veri cation.

Some of the conclusions derived from this work are:

The SystemC oating point implementation for both equaiiaa algorithms exhibited
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acceptable amounts of accuracy when compared with the berkhresults provided
by Matlab models. Therefore, accuracy is not lost when wegdest a higher level of

abstraction using oating point models.

The simulations for the SystemC model ran faster than thah@ Verilog RTL model.
Therefore, it is easier for the designer to explore diffedsigns at the system level,

without the worry about increasing the design cycle time.

The simulation clock cycles for the SystemC model was alrttessame as that of the
RTL model (in most cases slightly less because of contraclagthe case of RTL).
Therefore, the cycle count can be accurately simulatedeasystem level using Sys-
temC. This in turn helps in estimating the throughput of tAd.Rlesign while at the

system level.

Coding is more ef cient when we use SystemC at the system lemmpared to the

coding that uses Verilog at the register transfer level.

The register word size required for the hardware implentemtaf the CG method is
larger than the register word size required for the hardwapmementation of the LMS
method. Therefore, the LMS method is more favorable in aptibns where the hard-

ware size is an issue.

The CG method required more hardware size compared to therabtBod.

Assertion Based Veri cation provides a formal means of fyémig a design in the least
amount of time. Therefore, the use of ABV reduces the delong &ind it is ideally suited

for complex systems.
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This research work contributes in providing a new design that begins at the system
level. We show, through this research, that designing asyseem level results in an ef cient
optimization process. Optimizing the design at the systrallsaves on the design resources.
For example, the simulation time remains essentially @misvith variations in architectures
for the equalizer. More designs can be validated at the sy&teel without increasing the
design cycle time. We also show, through cycle accurate mtu the cycle count can be
accurately simulated at the system level. This provides ans¢o the designer to estimate
the throughput of the Verilog RTL design beforehand. We esgthe designs of two channel

equalization architectures to validate our contributions

7.2. Future Work

The extension to this research work can be broadly extendbdth the elds of design and
veri cation. We will rst look at possible areas of interesin the eld of design. We will then
look at possible areas of interests in the eld of veri catioBelow are some of the potential

research interests in the eld of design:

7.2.1. Design Space Exploration

The performance of any hardware implementation of an algorifunctional speci cation)
varies as we vary the design. Design space becomes verydapgeially when the design
involves so many components. Changing the design whileingetite functional speci cation

could resultinto notable improvements as far as metrids aat¢iming, power, physical area etc
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are concerned. Possible extensions to this research wallt kwolve obtaining better design
representation for both the CG and LMS algorithms. We couldage ways in which we
could decrease the number of computations for the CG methazhvs highly computational.
The algorithms considered involved matrix computationseréfore, we could explore better
methodologies for matrix arithmetic. One such way to deswdhe power consumed by a chip
while performing matrix computation is to introduce loopralting to the matrix computation

while introducing pipelining.

7.2.2. Synthesizable SystemC models

It is desirable to synthesize any design that is written gisivailable Hardware Description
Languages (HDLs). One possible research extension is igrdbsth the CG and the LMS
architectures using synthesizable SystemC constructedan the design methodology pro-
posed, a functional speci cation is coded using System(, $peci cation is re ned to the
cycle accurate model. Once this is done, there is a manuatzon of the design from the
SystemC cycle accurate model to the Verilog timing accumadeel. One possible extension
is to consider ways of re ning the cycle accurate model tordggster transfer level using syn-
thesizable SystemC constructs. We could then synthestz8ythitemC model directly to give

power, timing and area estimates without the manual cororets Verilog.
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7.2.3. Development of SystemC to RTL translators

Owing to the current capabilities of SystemC we cannot deaigentire system using the syn-
thesizable constructs. In order to get the most out of SyStaga modeling language we need
to use the entire set of constructs available, includinghiigé level constructs derived from
the C++ libraries. Designing style at the algorithmic/@ettural level is different compared
to the style at the register transfer level. Therefore, waatchave a one to one match of con-
structs between the two levels. Therefore, one possibinsidn to this research work could
be developing ef cient SystemC to Verilog translators. Task of such translators would be
to taking a SystemC model which would have been designed ighddvel and give a model

which is Verilog based at the register transfer level.

7.2.4. Transactional Level Modeling of the Architectures

Designing SystemC models using transactional level mogé€liLM) enables very fast design
space exploration and performance evaluation, veri esattohitectural design at upwards of
1,000 times faster than at RTL level, enables HW/SW co-wation, accelerates the develop-
ment and eases the re-use of integration platforms and spleecdvaluation, integration and
re-use of IP. One possible extension to research work is ttehtbe different algorithms using

transactional level modeling.
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APPENDIX

Verilog TestBench

module tb_main();
reg clk;

reg [31:0] a;

reg [31:0] b;

wire [31:0] c;

integer counter,

integer direction;

Il SystemC model

adder addl(a, b, c);

initial begin

a = 32'b010;

b

32'b000;
counter = O;
direction = 1;
#10 $finish;

end
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always #5 clk = “clk;
always @(posedge clk) begin
a <= counter+2;
b <= 32'b010;
if (direction == 1)
if (counter == 9) begin
counter = counter - 1,
direction = 0;
end
else
counter = counter + 1;
else
if (counter == 0) begin
counter = counter + 1,
direction = 1;
end
else
counter = counter - 1;

end

always @(posedge clk) begin
$display("%d + %d = %d", a, b, c);

end endmodule
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SystemC Code

#include "systemc.h"

SC_MODULE(adder) {
public:
Sc_in<sc_int<32> > ina,
SC_in<sc_int<32> > inb;

SC_out<sc_int<32> > result;

SC_CTOR(adder) {

SC_METHOD(do_adder);

sensitive << ina << inb;

void do_adder() {

result.write(ina.read().get_word(0) + inb.read().get_ word(0));
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