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Abstract— A key issue of future wireless communication though energy-efficiency is a major issue in terminals as
systems is that they have to be adaptive. In thé\daptive they draw their energy from small batteries, energy con-
Wireless Networking (AWGNjroject we aim at the imple-  symption is also an issue in base stations from a technical
mentation of adaptive wireless communication systems in a (costly cooling of chips and power supplies) point of view.

heterogeneous reconfigurable System-on-a-Chip (HRSoC). Diff f adaptivi b lied .
We introduce our methodologies for analyzing and mapping lierent means of adaptivity can be applied to a wire-

DSP functionality in dynamically reconfigurable heteroge- €SS communication system. In systems one can distin-
neous hardware. A possible implementation of a multi-mode guish between short- and long-term configurations. In a
communication system in the MONTIUM architecture is dis- multi-standard communication system, for instance, one
cussed. Suggestions for future activities in thédaptive Wire- can switch between multiple communication standards
less Networkingroject are also given. (long-term), additionally these communication standards
Keywords— Reconfigurable heterogeneous hardware, can adapt to the dynamic environment or dynamic user
Wireless communication algorithms, Software defined ra- demands (short-term). One should distinguish between

dio, SoC, MoNTIUM long-term reconfigurability and short-term reconfigurabil-

ity, which refers to the period in which a configuration

I. INTRODUCTION does not change.
In this paper we will give an introduction to one of the

we aim at the implementation of adaptive wireless correCtiVities in theAdaptive Wireless Networkingoject. Re-

munication systems in a heterogeneous reconfiguralﬁga(:h rTerLatt;:d totour\;]v_(t)rktwnl b?fb?Efly desﬁnbed n sec-
System-on-a-Chip (HRSoC). One of the tasks in th on[l The target architecture of future mobile communi-

project is to map the algorithms found in these co c_;ation_systems will bfa presented in sec III._ In section
munication systems on a platform of heterogeneous we introduce th_e dn‘fe_rent methodologles oflmplemen-
namically reconfigurable architectures. The platform i tion and ana_ly5|s, while mapping DSP algo_rlthms onto
heterogeneous in this sense that processing is perfornied target architecture. In sectioh V_sor_ne basics abgut the
in general purpose processors (GPPs), bit-level reconfi IperLAN/2 and Bluetooth communication syst_em W'I_I be_
urable hardware (i.e. FPGA) or in word-level reconfig: iscussed. These systems are currently under investigation
urable hardware (i.e. EINTIUM). It is expected that per- n c.)ur.prOJect. T'he obtained result§ of'a first experl'ment
formance and power gains will be achieved by appl;)’-Vh'Ie implementing these communication systems in the

ing dynamically reconfigurable heterogeneous architef2'9€t architecture, are shown in secfion VI. Some conclu-
tures [1] sions will be presented in sectign VIl and recommenda-

. . Co tions for future work will be presented in section VIIl.
A key issue of future wireless communication systems P

is that they have to be adaptive. These systems have to
adapt to changing environmental conditions (e.g. more or
less users in a cell or varying noise figures due to reflec- So far most algorithmic level research on reconfigura-
tions or user movements) as well as to changing user dality in UMTS, as for example in théuMoR [3] and
mands (bandwidth, traffic patterns and QoS). Furthermorgitness[4] projects, has focussed on multi-mode reconfig-
these architectures have to be extremely efficient as thagability to enable Software Defined Radios (SDRs) sup-
are used in battery-operated terminals and cost effectigerting multiple communication system standards. The
as they are used in consumer products. When the syst&ASY project [5] aims at developing a power/cost effi-
can adapt — at run-time — to the environment, significamient System-on-Chip (SoC) implementation of the Hiper-
savings in computational costs can be obtained [2]. ALAN/2 standard. In theAdaptive Wireless Networking

In the Adaptive Wireless Networking (AWGMNjoject

Il. RELATED WORK
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(AWGN)project, however, we would like to use reconfig- ’
urability to allow the communications system to adapt to // D D D D
changing environmental conditions. Therefore we would 7 |:| |:| |:| |:|
like to study how techniques that are used in UMTS, such won | M
as variable spreading factors, RAKE-receiving, adaptive 0 BfaF I
modulation and coding, MISO and MIMO, can be made N

) ) " N
adaptive to environmental conditions and how these tech- . |:| |:| |:| |:|

niques can make use of the reconfigurability of a heteroge-
neous reconfigurable architecture.

Recently, there have been several announcements of het- Fig. 1
erogeneous reconfigurable architectures on a single chip CHAMELEON HETEROGENEOUSSOC ARCHITECTURE
[6], [I7]. For example, Xilinx delivers a combination of
Virtex Il FPGA technology and one or more PowerPC 405

— on a single chip —, the Virtex-Il Pro. However, conyyqq.jevel data can be mapped on word-level reconfig-

ventional reconfigurable processors are bit-level reconfigz,pie hardware. This way algorithms can be implemented
urable and are far from energy-efficient. At the University, 5 ye|atively energy-efficient manner while still retaining

of Twente in theChameleorproject [&] the first steps have o trmance and reconfigurability. The SoC yields a com-

been made to define an engrgy-efficient he.terogene%ﬁaﬁon of performance, flexibility and energy-efficiency.
reconfigurable System-on-Chip architectureleiadesat

the University of California, Berkeley, is exploring re- IV. METHODOLOGY

configuration of coarser-grain application-specific build- ,

ing blocks with an emphasis on low-power computations In order to map the DSF? functions onto the het_eroge—
[0]. Chameleon Systems created one of the first pracfi'—eous recor_1f|gurable architecture, we use two different
cal commercial implementation of coarse-grain reconfidpethOd_omg'eS,: )

urable technology for data intensive Internet, DSP arfd Functional simulations

other high performance telecommunication applicatiorfs Behavioural simulations

[10]. Furthermore, Quicksilveradaptive computing ma-
chine (ACM)}echnology is intended for low-power mobile
devices[[11], whereas PAC[T [12] proposesatreme pro-  For functional simulations we use a co-simulation envi-
cessor platform (XPPhased on clusters of coarse-grainedonment with Matlab and ModelSim, as depicted in Fig. 2.

A. Functional simulation

processing array elements. Using this environment, one can simulate the (baseband)
functionality of a complete communication system in soft-
[Il. RECONFIGURABLE HETEROGENEOUS ware (i.e. using Matlab) and partly in hardware (i.e. using
ARCHITECTURE ModelSim).

In theChameleorproject [§] at the University of Twente N Matlab code all functions of the system under sim-
a dynamica”y reconﬁgurab|e heterogeneous System_onlaation are defined. The software part of the simulator is
Chip (SoC) is being defined. The SoC contains a gene,fb_lrthermore responsible for the control mechanisms in the
purpose processor, a fine-grain reconfigurable part (copStem under simulation. VHDL code describes the func-
sisting of FPGA tiles) and a coarse-grain reconfigurabféonality implemented in hardware. ModelSim uses this
part (see Fig[]l). The latter comprises severabnv code to perform simulations of the functionality in hard-
TIUM processor tiles. The algorithm domain of theoht ~ Ware. The software and hardware counterparts cooperate
TIUM comprises 16-bit digital signal processing (DSP) alln one simulation with each other via file transfers.
gorithms that contain multiply accumulate (MAC) oper- i i i
ations. A MoNTIUM-tile is designed to execute higthB' Behavioural simulation
regular computational intensive DSP kernéls [13]. The ir- Behavioural simulations are useful in order to analyse
regular parts of the algorithms run on the general purposiee feasibility of implementing the (baseband) functional-
processor. ity of a communication system in a heterogeneous recon-

Using heterogeneous hardware makes it possible to ifigurable system-on-a-chip (HRSoC). In contrast to func-
plement an algorithm at the right granularity: algorithmsional simulations, in behavioural simulations only the be-
that operate on bit-level data can be mapped on bit-levieaviour of the functionality is described on an abstract
reconfigurable hardware and algorithms that operate @gvel. Fig.[3 depicts the idea of our reconfigurable archi-
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Fig. 2

THE CO-SIMULATION ENVIRONMENT. lyzed/controlled by amutput manager

The heterogeneous reconfigurable architecture consists
of multiple processing entities of different kinds. The
tecture simulator, which is implemented using OMNeT+Dumber of processing entities, in the simulator called pro-
' cessors, has to be known by the simulator. Furthermore

[14] and performs behavioural simulations. . .
) . the heterogeneous architecture, which can be a System-
The analysis of our mapping problem has to be per- . . i - .
. : . n-Chip, has a task list defined. This list, which can be

formed on a high-level, hence a high-level behavioura . .

: . updated dynamically, contains all tasks that the heteroge-
model will satisfy our approach. A heterogeneous re- . : .
. .. heous reconfigurable architecture has to perform in con-
configurable platform has to be supported, wherein thseecutive order
behaviour of the different kinds of reconfigurable hard- '

ware/processors can be specified.
The characteristics are listed below:

« Reconfigurable heterogeneous architecture We present the initial results of mapping a set of charac-
— multiple processor types teristic algorithms on our dynamically reconfigurable het-

[GPP, FPGA, MONTIUM, DSP] erogeneous platform. Currently, the physical layers of
two communication systems are subject of our research:
a rather complex wireless LAN system, the HiperLAN/2
standard (similar to IEEE 802.11a), and a less complex
communication system, the Bluetooth standard.

V. APPLICATION

« Time constraints
— processing delay [clock-cycles]
— clock frequency [MHz]

« Configuration constraints

— full configuration delay [clock-cycles] These two communication standards have been selected,
— partial configuration delay [clock-cycles] because they are already part of ongoing research at the
« Power constraints University of Twente|[15] and they are different enough

— energy consumption [nJ] to give an indication whether our approach is feasible or
« Communication constraints not. As a first experiment we have mapped the baseband
— processed data [bits] processing part of the HiperLAN/2 receiver ontooM-

— configuration data [bits] TIum-tiles, next we have mapped the baseband function-

Basically, the heterogeneous reconfigurable architect iy Of the Bluetooth receiver onto the dNTIUM archi-

is modelled as a 'black box’, with some input and somicture [16].
output. Inside this 'black box’ the heterogeneous recon- | . ,

figueable architecture is defined. Our a?oproach is th%l' HiperLAN/2 receiver

the contents of the 'black box’ can be anything, ranging The task of the physical layer in HiperLAN/2 is to mod-
from GPPs to ASICs or a combination of both reconfigulate bits that originate from the data link control layer
urable and dedicated hardware. These hardware parts anethe transmitter side and to demodulate them on the re-
connected to each other by some kind of communicatiareiver side. The transmission format of the physical layer
network. The input of the reconfigurable architecture is a burst, which consists of a preamble and a data part.
controlled by aninput managerand the output is ana- Orthogonal frequency division multiplexing (OFDM),



to-frequency-domain translation, performs a fast Fourier
transform (FFT), applied on 64 complex samples. Finally,
the hard output bits are determined by comparing the soft
output values with values in a lookup table. The size of
T fmohvonization . SN eceET the lookup table depends on the used modulation scheme

N (BPSK, QPSK, 16-QAM or 64-QAM).

Inverse OFDM

Serial to parallel|
—T7| conversion [

Freq. Offset

Prefix removal |- Correction  F*!

W B. Bluetooth receiver

L brase Ofset I | Ghannel : The task of the physical layer in Bluetooth is to modu-
pemapping late bits that origin from the data layer on the transmitter
side and to demodulate them on the receiver side, and vice
versa. The Bluetooth system uses packet-based transmis-
sion: the information stream is fragmented into packets. In
each slot, only a single packet can be sent. All packets have
Fig. 4 the same format, starting with an access code, followed by
DEMODULATOR PART OF THEHIPERLAN/2 RECEIVER a packet header, and ending with the user payload. Single
slot, 3-slot and 5-slot packets have been defined.
The channel is a hopping channel with a nominal hop
o o ] ) ] dwell time of 625us that corresponds to a single slot. To
which is a special kind of multicarrier modulation, hag;imyjity the implementation, full-duplex communication
bgen used in HlperLAle. The modylatlon technique dlrs achieved by applying time-division duplexing (TDD).
vides the high data rate mfo_rmatlon in several parallel bit In the Industrial, Scientific and Medical (ISM) band,
streams and each of these bit streams modulates a sepaitesignal bandwidth of the Bluetooth system is limited
subcarrier. 52 subcarriers are being transmitted in paraligl 1 pMHz. For robustness, a binary modulation scheme
per radio channel, which occupies a bandwidth of 20 MHZ, 5 chosen. With the mentioned bandwidth restriction,
However, 4 of these subcarriers are used to transmit pilg{y yata rates are limited to about 1 Mbps. Bluetooth uses
tones. Gaussian-shaped frequency shift keying (GFSK) modula-
One OFDM symbol is represented by 80 complex inton with a nominal modulation index df = 0.32. Log-
put samples (in the time domain), so once per 80 samplgg) ones are sent as positive frequency deviations, logical
the receiver has enough information to demodulate the rgaros as negative frequency deviations.
ceived samples and output the resulting bits. The sample|n, the receiver part, the transmitted radio signal is con-
rate of the input signal is 20 MHz, so the duration of ajerted back into a binary NRZ signal. The radio signal,
OFDM symbol is 4us. which is received, conveys all its information in the fre-
The receiver not only has to convert the received signgliency deviation of the signal.
to data bits by performing the inverse of the transmitter, The Bluetooth receiver contains an FM-discriminator,
but it also has to try to inverse distortions caused by thg Low Pass Filter (LPF) and a threshold detector. In the
radio channel, which is performed in the frequency offsgtM-discriminator FM-to-AM conversion is performed by
correction, phase offset correction and channel equalizawiltiplying the received signal with its delayed version.
tion functions. After FM-to-AM conversion, the signal is passed through
Fig.[4 depicts the baseband functionality of the Hiperthe LPF, which is implemented as a FIR filter, in order to
LAN/2 receiver. We will describe the most important funcblock all high frequencies that occur due to multiplication.
tions (most computational intensive) that are being sulkinally, the consecutive bits are detected by a threshold
jected to further research, in order to map the functionalitgetector.
on the MONTIUM architecture. We only consider the re-
ceiver part of the HiperLAN/2 physical layer, although the VI. RESULTS
transmitter part can be described in a similar way. As a first experiment we have mapped the baseband pro-
In the HiperLAN/2 receiver, information in the time cessing part of the HiperLAN/2 receiver ontodWTIUM-
domain has to be translated to the frequency domaitiles.
In order to synchronize, prefixes and preambles are de-In order to perform all receiver processing (excluding
tected with matched filters. After synchronization, théhe synchronization and control part), 2 or 3MTIUM-
inverse OFDM function, which takes care for the timetiles are required (depending on modulation type), when

Correction [ equalization [~




we assume the tiles to run at a clock frequency of 10e experiment showed that thedWTiumM architecture is
MHz. We estimated the processing delay in the receiveuite flexible.

of one OFDM symbol to be about }is when 64-QAM  The amount of tiles that is needed depends on the mod-
modulation is applied. Furthermore, the processing del@yation type (BPSK, QPSK, 16-QAM or 64-QAM). The
using BPSK modulation will be about @s. Hence, We ca modulation type used depends on the channel condi-
have an adaptable HiperLAN/2 receiver, which can be im;yns. For BPSK and QPSK 2 dNTIUM-tiles are needed
plemented in 2 or 3 MNTIUM-tiles depending on modu- 4nq for more complex modulation types 3 tiles are needed.
lation scenario. In this way the baseband processing of 0fifie results of this initial experiment show that adapting to
OFDM symbol is pipelined over multiple MONTIUM- o channel conditions (i.e. short-term reconfigurability) is

tiles, since every 4us a new OF_DM symbol has to besefyl for saving baseband processing.
processed. The actual modulation type used depends on

the channel conditions. This initial experiment shows that Secondly, the fuqctlonallty Of the Bluetooth receiverap-
adapting to the channel conditions is useful for savingearecl to have a fairly simple signal processing part, which

baseband processing. an pe implemented in pne_dMNTlUM-tiIe quite well. A

The functionality of the Bluetooth receiver appeare uItl-standard _communlcatlon syst_ems has_ been created
to have a fairly simple signal processing part, which ca Y recgnflgur_a}tlon of _the same architecture (i.e. long-term
be implemented in the EINTIUM architecture quite well. reconfigurability) to either HiperLAN/2 or Bluetooth.

The computation delays of the different receiver parts
seem to be a few clock cycles. The processing while re- VIII. EUTURE WORK
ceiving one bit takes about 130 ns, when a FIR filter with

50 coefficients is applied and the clock frequency of the |, further research, adaptive algorithms for WCDMA
MonTIUM-tile is 100 MHz. o communication systems will be considered. An interesting
This experiment showed the flexibility of the & 556 will be systems that adapt to changing environmental
TIUM. An HiperLAN/2 receiver was implemented, whichcongitions as well as to changing user demands (QoS). A
can adapt to the used modulation scheme, as well as a figgnro| system that is able to adapt the WCDMA receiver
ible Bluetooth receiver on the same arghitecture. LONGA order to minimize the energy consumption, while satis-
term as well as short-term reconfiguration of th©M  fing the quality constraints at run-time is presentedin [2].
TIUM has been demonstrated. The implementation of bojthese adaptations should be done at run-time to deal with
Bluetooth and HiperLAN/2 baseband processing in thg continuously changing external environment.

MONTIUM architecture shows the ability of the dW- P tion | ther i tant i .
TIUM architecture for long-term configuration. Further- OWEr consumption 15 another important ISSue, since
more, the HiperLAN/2 baseband receiver showed the ab nergy-efficiency is a major issue n mobile terminals. At
ity of short-term reconfiguration, while the configurationt hgtm(;ment, th? entergy tcggsu\r/nvptlorl.:)f 'thelmz/r:w\?]ar-l
depends on the used modulation type. chitecture s estimated at 59 muv per tiie in . L2 technology,

running at 100 MHz, with a size of 2.7 nfrper tile. Com-
VIl. CONCLUSIONS parison of the algorithm mappings as compared to other
types of architectures should be done in terms of perfor-

We presented one of the activities in thdaptive Wire- mance and power consumption.

less Networkingproject. The focus of the activity will be
on mapping DSP algorithms on a heterogeneous reconﬁg_FinaIIy, schedu_Iing of tasks on.the reconfigu.rabl_e het-
urable architecture. Two different methodologies are us&ficgeneous architecture can be implemented in different
to analyse the mapping of DSP functions onto the hetery@ys: Multiple tiles can perform different functions in-
geneous reconfigurable architecture. Functional simul@l@ntaneously, while the data in the tile is changing dy-
tions are used for simulating the (baseband) functiondf@mically or the data stays in one tile, while the tile is
ity of a complete communication system in software antgconfigured dynamically. Simulations have to show the
partly in hardware. Behavioural simulations are useful ifdvantages and disadvantages of these scheduling strate-
order to analyse the feasibility of implementing the (bas&l€S: therefore the behavioural simulator is developed.
band) functionality of a communication system in a het- The two simulation methodologies — functional and
erogeneous reconfigurable system-on-a-chip (HRSoC). behavioural-, used for implementation of HiperLAN/2
For our first experiment we use the first methodologyand Bluetooth, can be used for implementation and analy-
Because we can use the sameqirium) architecture sis while mapping WCDMA DSP algorithms onto the het-
for a HiperLAN/2 receiver as well as a Bluetooth receivergrogeneous reconfigurable System-on-a-Chip.
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