Stream Processors and their Applications for the
Wireless Domain

Binu Mathew and Ali Ibrahim
{mbinu | ibrahim} @ {cs.utah.edu}

Abstract

A stream is a sequence of similar data records with real-tinneughput or bandwidth
constraints attached to it. Examples include link-levetrgption in networks, video trans-
coding, video compression, cellular telephony as well adittage and speech pA stream is a
sequence of similar data records with real-time througlgoudandwidth constraints attached
to it. Examples include link-level encryption in networkéjeo trans-coding, video compres-
sion, cellular telephony as well as the image and speeclegsotry. Stream programs consist
of a data- ow network where the nodes called kernels represienple algorithms that trans-
form an input block to an output block with access to a limiggdount of history. Stream
processors are decoupled access/execute processorsavtinisecture has been optimized for
the repeated application of stream computations to higldwatih data-streams at very high
levels of performance and energy ef ciency.

Stream processors have been extensively studied in acadgmprojects such as Stanford
Imagine and MIT RAW. They made their commercial debut witha @ell, a broadband proces-
sor from IBM that is the computing engine for the Sony PlayiSta3. The cellular telephony
market has experienced rapid growth around the world anesepts a signi cant opportunity
for stream processors because this domain requires velnydoigputation rates to reduce the
bit error rate and to support high data rates, full motiore@@nd multimedia applications, and
a variety of wireless standards. Simultaneously, they ralgstbe energy ef cient and exible,
have a low time to market, and be low cost.

This article starts by providing an overview of the fundataémoncepts behind stream
processors, their applications to perception, media, legseeand scienti ¢ workloads, major
research projects etc. It will elaborate on the nature of B& 4G wireless algorithms, archi-
tectural approaches to optimize these algorithms as wealbasmercial processors that have
been optimized for the wireless domain.

1 Introduction

Many embedded, media and digital signal processing apjaitainvolve simple repeated com-
putations on a very long or never ending sequence of datareTidimited access or no access
at all to past data. A good example is an image processingmystich as the simpli ed version
of a face recognition system shown in Figure 1. This suraede system accepts a video stream
from a camera, identi es the pixels that have human skin ig@egments the image into regions
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Figure 1: Face Recognizer: An Example Stream Application

that contain skin or no-skin, uses a neural network basearitthgn to identify regions that may
contain a face, uses another neural network based algotdHotate the eyes and then tries to
match the face against a database of known faces to obtam@ngadentity. Details of the system
may be found in [12]. The application represents a well stmgxl assembly of simple compute
intensive algorithms. Data- ow between the component kéois regular and predictable. The
whole computation may be abstracted as a data- ow graphistimg of a few key procedures and
an input stream and an output stream. We say that applicatidh such simple regular structures
are “stream-able” and the style of computation is callede'ain processing”. Other examples in-
clude link-level encryption in networks, video trans-aogli video compression, cellular telephony
as well as the image and speech processing. Even thoughsipanized processor hardware is
a relatively new area, stream oriented techniques are itbiggiin the software world with Unix
pipes being a prime example.

1.1 Rationale

Most current research in processor architecture revolrasw optimizing four criteria: energy (or
power), delay, area and reliability. For scienti ¢ applicas, memory bandwidth is also a precious
commodity that critically affects delay. One or more of thesteria can often be traded off for the
sake of another. For processors, it is often the case thatrdtuct of energy and delay required
to process a given work load is relatively constant acroeréint architectures after normalizing
for the CMOS process [2]. To achieve a signi cant improverriarthe energy-delay product, the
architecture needs to be optimized to exploit the charesties of the target application. Stream
applications exhibit three forms of parallelism that cantéeen advantage of: instruction level
parallelism (execute independent instructions in pdjaltata parallelism (operate on multiple
data elements at once, often using SIMD) and task paratigesecute different tasks in parallel
on different processors).

Current high-performance dynamically scheduled out+oleo processors are optimized for
applications that have a limited amount of instruction Igagallelism (ILP). They do not depend
heavily on task level parallelism as evidenced by the faat thost processors support only one
or two way SMT and one or two cores per chip. Deep sub-microrOS&\processes offer the
opportunity to fabricate several thousands of 32-bit asla@ermultipliers on al0  10mm mi-
croprocessor die. Yet, because of the limited ILP and itaguature of typical applications most
micro-processors have six or fewer function units. The laflkhe area and power is consumed
by caches, branch predictors, instruction windows andraitrectures associated with identifying



and exploiting ILP and speculation. Stream applicationtherother hand have very regular struc-
tures, are loop oriented and exhibit very high levels of llkPact, Kapasi et al report being able
to achieve 28 to 53 instructions per cycle for a set of strepplieations on the Imagine stream
processor [9]. To achieve such high levels of paralleligneasn processors typically utilize a large
number of function units that are fed by a hierarchy of loegjister les, stream register les and
stream caches that decouple memory access from programtexec The resulting bandwidth
hierarchy can exploit data parallelism and main memory badith much more ef ciently than
traditional processors resulting in better performanaeupé area or unit power. In addition, it is
possible to construct multiple stream processors on the sdmp and use stream communication
mechanisms to ensure high bandwidth data ow and explok kgl parallelism. The trade-off
when compared to general purpose processors is a much nstrietree programming model and
applicability that is limited to the streaming domain

1.2 Terminology

De nitions of common stream programming terms follow.

Record A record is either an atomic data type such as an inte@e oating point number or
an aggregate of records.

Stream A stream is a directed sequence of records. Depeaditigir direction, streams may
be either input streams or output streams. While most sseamvery long or never
ending, stream programming systems also support someadigeditypes of streams.
Constant streams have a xed length are often repeatedeceuConditional streams
access a record from the stream only when a condition coddgl@mmputed in a
processor or a function unit cluster of a processor is tr@g.[IThey may be input
or output streams depending on the direction of access. MsmMSs are sequential,
i.e., for input streams the algorithm can read only the negbrd in the stream and
write the sequentially next record to an output stream. &atlreams allow arbitrary
indexing to fetch records [1]. Indexed streams allow adogsslements within a
constrained range of one stream to be accessed using irfdicesanother stream
[13].

Derivation A new stream de ned to contain a subset of the @sdrom another stream is called
a derived stream. For example, if the variaklefers to an existing input stream, y is
a constant stream containing the integers (0,2,4,8) axe@wigtream z may be derived
from x and y that is constrained to have the range (0,8) xaddt the current position
of x. If S[i] denotes thé™" record relative to the current position of stre@nthen
z[0] = x[0], z[1] = x[2]; and so on. Derivations may be done using other mechanisms
such as strided or bit-reversed access. The key point isteatream compiler should
be able to reason about the relationship of records of theetband base streams.

Kernel A kernel is a function that transforms input streamsutput streams. Kernel func-
tions are typically loop oriented computations with few amrexistent conditional
branches in the loop body. Simple conditional operationth@original algorithm



may often be converted into forms such as predicated exadiftconversion, condi-
tional moves and input/output to conditional streams.

Stream Graph A stream graph is a directed graph where thesravdekernels and the edges cor-
respond to streams that convey the data between the kernels.

SRF Stream Register Files (SRF) are specialized storagestes used to hold streaming
data. They are essentially large blocks of SRAM under therobaf hardware that
knows how to fetch and store the sequentially next elemert pérticular stream,
perform operations for gather streams, indexed streams etc

LRF The complexity of multi-ported register les is one ofetleritical factors that limits
issue width in a traditional microprocessor. Rather tham aisingle central register
le, stream architectures attach Local Register Files ().R¥F-execution clusters or
function units. These LRFs typically serve only the unitsytlare attached to. Inter-
cluster communication is handled by a compiler controllechmunication network.

Producer-Consumer Locality Itis common in stream applicetfor a producer kernel to generate
and save some results to an SRF and the results are immgdiaézl by a consumer
kernel straight out of the SRF without saving intermediatauits to lower levels of the
memory hierarchy. Such reuse of intermediate results rmedrproducer-consumer
locality.

2 The Stream Virtual Machine

The Stream Virtual Machine (SVM) is an abstract machine rhdli@ has been proposed by
Labonte et al to represent the important characteristicstrgfam architectures and to develop
techniques to compile applications and analyze their pexdoce across different implementation
architectures [11]. Their compilation technique proceiedso stages. First a high level compiler
(HLC) reads a stream application written in a stream prognamg language such as Streamlt or
ArrayC. The HLC also reads an abstract SVM model for a strearhitecture such as the MIT
RAW machine or Stanford Imagine. It then uses the abstrachima model to partition the ap-
plication into kernels that will execute on particular pessing resources and into data transfers
between the kernels. This mapping may be described in tefiiumctions available in the SVM
API. API functions provide for initializing local memorygkeduling kernels for execution, declar-
ing dependence between kernels, co-ordinating DMA trasdietween different units etc [11].
The kernels are then compiled into binary form by a low levahpiler (LLC) that is speci ¢ to
the particular architecture.

An SVM model for a stream architecture consists of three syglecomponents: processors,
memories and links. Processors in turn come in three vagetiControl processors decide the
sequence of operations performed by the entire machinetr@gmocessors of oad the compute
intensive task of stream kernel execution to kernel pramssstream processors). Lastly, DMA
engines are considered as processors that execute spatikéirnels that transfer data between
the many different memories in the system. The parametetsddgscribe an SVM processor are
its type (control, kernel or DMA), its operating frequendynction unit mix, degree of SIMD
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Figure 2: SVM Machine Model Example

parallelism, the number and capacity of register les etbememories in an SVM system may
be classi ed depending on their access mechanism into RA&Isdpm access allowed), FIFOs
(only sequential access allowed) and caches (associatkeap allowed). Since stream processors
use a hierarchy of memories that capture producer-conslaoality to economize main memory
bandwidth, a natural characterization parameter for SVMnmges is the bandwidth and latency
they offer to entities that are above and below them in thedbadth hierarchy. Links allow
processors and memories to communicate with each otherartiaracterized by their bandwidth
and latency.

Figure 2 shows an SVM model to which we can map our face rezegtfilom Figure 1. It
consists of three stream processors, a control procesda arulti-channel DMA engine that can
move data between the SRFs and main memory. Solid linesateddata paths and dotted lines
indicate control paths. We next describe different typetask to resource mappings for such an
application.

3 Time and Space Multiplexing

Consider a set af kernels name& = fK;K,;:::;; Kygandm processor® = fPq; Py; il Png.
Let D(K;;P;) denote the execution time (delay) of kerélwhen executed on processor (or
processor setlp;. When the set of processors is understood from the contextyill denote this
asD(Kj). LetP(P) denote the power set ¢f. A scheduleS is a mappindS(K) 'P (P) t
wheret is the start time of the kernel. We will here after use the tioteK i :p andK;:t to denote
the set of processors and start time assigned to képnelLegal mappings obey the following
rules:

1. Kj:it  Kj:it+ D(K;) when eveK;depends oiK;, i.e., dependences are not violated.

2. Foralli;j suchthat 6 j,andK;:t Kj:t<K :t+ D(K;;Kj:p), itshould be the case that
Ki:p\ Kj:p= ,i.e., onlyone kernel may be executing on a processor atiagy t

3. Foralli,K;:p6 ,i.e., every kernel should be allocated at least one process

A stream processing system whose schedules follow the folleall i, Ki:p = P is called a
time multiplexed system. In such a system, all available@ssing resources are allocated to
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Figure 3: Example Schedules for the Application from Figlre

one kernel and then to the next kernel and so on. A stream gsogesystem whose schedules
follow the rule, for all i, jKi:pj = 1 is called a space multiplexed system. In such a system,
only one processor is ever allocated to one kernel. If thersomei;j such that 6 j, and
Kitt  Kj:t<K;t+D(K;i;Kji:p) andjK;:pj > 1, the system is said to be space-time multiplexed.
In that case, multiple kernels execute simultaneously amaeskernels are given more than one
processor. Figure 3 shows three different mappings for gieation from Figure 1 on to the
architecture from Figure 2. By our de nitions, Figure 3(A)a space multiplexed schedule, Figure
3(B) is a time multiplexed schedule and Figure 3(C) is a sftimee multiplexed schedule. To
simplify the example, DMA transfers are not shown.

To consider the relative bene ts of time and space multiplgxve present a simpli ed analysis
that considers only two kernel§;andK , whereK ,depends ofK ;. A more detailed theoretical
framework has been developed by the authors, but the defidlilee deferred to a later publication.
Consider the case where the amount of data parallelismadkails much larger than the number
of processorsn. For the space multiplexed case, we follow the schedule:

S(K1) = (0;fP1; Py i1ty Pm=z 19) andS(K2)=(D (K 1); f Pm=2; Pm=2+1; 11, Pm0).

For the time multiplexed case, we follow the schedule:

S(K1) = (0;fPy; Py; 5 Png) andS(K ) = (D(Kq); fPy; Po; i PnQ).

Because of abundant data parallelism, we can assume thaitiexetime of a kernel is in-
versely proportional to the number of processors allocavedl. Then Throughputime mux =
W andT hroughpUtspace mux =jax B D(Kl) IO D(K ) (Arbitrarily picking K, as
the larger term).

Therefore, T hroughput ratio time mux=spacemux = D) . Since this ratio is
greater than or equal to one, time multiplexing works baéuen space multiplexing in this case.
Intuitively, the space multiplexed version works like a glipe where the stage delays are un-

MAX (2 D(K1);2 D(K3))




balanced and the pipeline shifts at the speed of the slowagé svhile the space multiplexed
version is perfectly load balanced. In addition, it is pbbsio convert the time multiplexed sys-
tem into an m-way SIMD version where all m copies share theeseomtrol logic and instruc-
tion memory leading to lower area and higher power ef cien®hen the stages are balanced
MAX (2 D(Ky);2 D(Ky)=2 D(Ky) =2 D(K,). Thenthe throughput ratio becomes
one, but time multiplexing is still better because of highexa and power ef ciency.

The situation is quite different when the data/instructierel parallelism is limited. Let ker-
nelskK ; andK, each requirédN; andN, instructions worth of computation respectively. Assume
that all instructions require one cycle. Further, assuna¢ dependences limit the peak IPC pos-
sible tol; andl, wherel; 1, m=2. Then,D(K;) = N;=l; andD(K;) = Ny=l,. Then,

Throughputimemux = N_0+1N_1 andT hroughputspace mux = m. Therefore,
lo 11 lo " 11
. MAX (72;73)
T hrOUg hpUt rat|0t|me mux:space mux = w .

Since this quantity is less than omlao, slﬁace multiplexindpeshtetter alternative in this case.
Intuitively, time multiplexing lets execution resources yaste while space multiplexing shares
the resources leading to better performance. As beforenwlineload is perfectly balanced they
have equivalent throughput, but time multiplexing is th&dreoption in that case. On a practical
note, when time multiplexed architectures are based on walg SIMD execution, it is often
cumbersome to re-formulate algorithms to match the wide 3liiodel. Programmers might
nd it much more convenient to express an algorithm as a pigebf tasks in a form suitable for
space multiplexing. Programming languages like Streattdhgpt to automatically compile space-
multiplexed code to space-time multiplexed binaries, buhfer research in this area is required to
take advantage of the ef ciency of time multiplexed arcbitees.

4  Stream Processor Implementations

Now that we have introduced a minimal framework to reasorugarious styles of stream pro-
cessing, we present an overview of three speci ¢ implementa: Stanford Imagine, MIT RAW
and IBM's Cell processor.

4.1 Imagine

The Imagine image and signal processor developed by Prollia#iDally and the Concurrent
VLSI Architecture Group (CVA) at Stanford university wasthioneering project in stream pro-
cessing [9]. Figure 4 shows the internal structure of an imagrocessor. The Imagine processor
consists of eight execution clusters where each clustaaogmnsix ALUs resulting in a peak exe-
cution rate of 48 arithmetic operations per second. Eacttetexecutes a VLIW instruction under
the control of the micro-controller. The same VLIW instnact is issued to all clusters resulting
in the instruction fetch and control overhead being amedinver 8-way SIMD execution. The
bandwidth hierarchy consists of local register les (LRF)aghed to each function unit that pro-
vide 435GB/s, a stream register le (SRF) that feeds the L&FX5.6 GB/s and a streaming mem-
ory system that feeds the SRF at 2.1 GB/s. The LRFs within eluster are connected directly
to function units but can accept results from other functimits over an intra-cluster switching
network. Each cluster also contains a communication uait¢an send and receive results from
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Figure 4: The Imagine Stream Processor

other units over an inter-cluster switching network. TheFSR internally split into banks that
serve each cluster. In addition, each cluster also has a 28® 32-bit scratchpad memory. The
host processor queues kernels for execution with the steeantmoller via the host interface. The
stream controller initiates stream loads and stores vigtifgam memory system, uses an internal
scoreboard to ensure that dependences are satis ed, andetisethe micro-controller sequence
the execution of the next kernel function whose dependemaes all been satis ed. The Imagine
processor was fabricated ir0al8 CMOS process and achieved 7.96 GFLOPS and 25.4 GOPS at
200 MHz. Imagine was succeeded by the Merrimac project wiheréocus was on developing a
streaming super computer for scienti c computing.

Both Imagine and Merrimac were developed primarily aroumeldoncept of time multiplex-
ing. Thus they are optimized for applications with very highels of data parallelism. In a
multi-chip con guration, it is possible to space-time mplex these systems by making kernels
on each node communicate with their counterparts on oth@ggsiover a network interface.

4.2 RAW

The RAW processor is a wire delay exposed tiled architealexeloped by Prof. Anant Agarwal
and the Computer Architecture Group (CAG) at MIT as a parhef@®xygen ubiquitous computing
project [17]. Increasing wire delays in sub-micron CMOS gasses and the demand for high
clock rates have created a need to decentralize controlesalirces and distribute resources as
semi-autonomous clusters that avoid the need for singieeglobal communication. The RAW
processor approaches this problem by splitting the die mwteaa square array of identical tiles
and the tiles communicate with each other over a mesh netviga&h tile contains an 8-stage in-
order single issue MIPS-like processor with a pipelined FB2KB of instruction cache, 32 KB
of data cache and routers for two static and two dynamic nddsvihat transport 32-bit data. The
routers have another 64 KB of instruction cache. Point tofpnansport of scalar values is done
over the high performance static network that is fully colmpcontrolled and guarantees in-order
operand delivery. The dynamic network routes operatiommf €1$ 1/0, main memory traf ¢ and
inter-tile message passing that are dif cult to fully schegistatically. The static router controls
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two cross bars each with seven inputs namely the four neryidptiles in the square array, the
router pipeline itself, the other crossbar and the proaedsar tiles on the periphery of the chip,
some of the links connect to external interfaces. The titebthe static router are designed for
single cycle latency between hops. The compiler encodesotiteng decisions for the crossbars
into a 64-bit instruction that is fetched from a 64KB instian cache and executed by the static
router. Inter-tile communication latency is reduced byegrating the network with the bypass
paths of the processor. A 225 MHz implementation of a 16 t&\Rprocessor was fabricated in
a0:18 CMOS process and achieved speedups of 4.9 to 15.4 over a 6@Rdhtium 3 for a set
of stream oriented benchmarks written in the Streamit laggu

Because of its independent threads of execution in eachthidgeRAW processor is capable
of performing time, space and space-time multiplexing. $hreamlt language mostly exposes a
space multiplexed programming model even though the camigicapable of partitioning kernels
and load balancing them for space-time multiplexing.

4.3 The Cell

Stream processors made their commercial debut in 2005 w&lCell Broadband Engine Archi-
tecture (CBEA) from IBM that was developed under collabioratvith Toshiba and Sony [14].
This architecture is optimized for a range of compute intesapplications varying from com-
puter games, cryptography, graphics transformationsightirg to scienti ¢ workloads. The Cell
consists of a 64-bit Power processor that serves a simihatiion to the host processor of Imagine
and eight streaming units names Synergistic Processingédfits (SPE). Each SPE is capable of
128-bit SIMD operations that may be two 64-bit, four 32-kight 16-bit or 16 byte-wide oper-
ations. An SPE consists of two pipelines. The even pipelkez@tes oating point and integer
arithmetic while the odd pipeline handles branches, memagoesses and permutations. Up to
two instructions may be issued in-order per cycle to a seeweés function units. The bandwidth
hierarchy consists of a 128 word 128-bit LRF in each cludtet ts lled from a 256 KB local
store (SRF) that is in turn serviced by a globally coherentMdé&hgine. Interestingly, the SRF
also serves as the instruction store for an SPE. Like in tee cAthe RAW processor, each SPE
has its own thread of execution and the system is capablafoirpeng time, space and space-time
multiplexing. The Cell processor was fabricated iBGm CMOS process, has a peak operating
frequency of 4 GHz and achieves a SIMD speedup of 9.9 timessehef compiled benchmarks.



5 Stream Processing for Wireless Systems

Until now, most research in stream processing has addresseih and scienti ¢ applications.
Wireless communication in forms such as cellular telephgystems and local and personal area
networks has become a ubiquitous part of modern life. Mobileless systems have relatively
high demands for processing and power ef ciency and reprtesenew domain in which stream
processors could be quite useful. With around one billidhgteones sold annually, the volume in
this market provides economic justi cation for the devaitognt of specialized processor architec-
tures. We present a brief overview of cellular communiaatechnology and indicate avenues for
the application of stream processors.

First generation (1G) cellular systems using analog teldgyowere introduced in Scandi-
navia in 1981 and were followed by similar systems in the &bhistates. They provided only
voice transmission. The rst digital cellular systems thade their appearance in 1990 and were
termed second generation wireless (2G) systems. Theydedwetter voice quality and added
data services support with transmission rates up to 9.6&biTo support high data rates and to be
able to provide multimedia services anytime and anywhéee|riternational Telecommunications
Union de ned a family of systems for the third generation §3@obile telecommunications called
IMT-2000. The 3G system provides data rates up to 2 Mbitg/stationary users, 384 Kbits/s
for pedestrians, and 144 Kbits/s for vehicular users. Theices offered by 3G systems can be
divided into different classes depending on their delaysgmity. \oice, video telephony, and
video games are delay sensitive. Email, short messageceeand data downloads are not delay
sensitive. In this article, we explain the Wide-band Codeigdon Multiple Access (WCDMA)
system that is commonly used in 3G systems.

The quest to improve data rates and quality of service anddeige seamless roaming and
global mobility for voice and data services, a new wireldasdard (4G) is currently being formu-
lated. The technologies that would most likely play an int@ot role in 4G are Software De ned
Radio (SDR) and Multiple Input Multiple Output (MIMO) antea systems. 3G and 4G systems
consist of several layers each providing a speci c functidhe following sections will only focus
on the physical layer where all the compute intensive algors are located.

6 WCDMA Physical Layer

Figure 6 shows the block diagram of a receiver that uses WCQpMysical layer technology. We
focus on the receiver rather than the transmitter, sincedtier has a much lower computational
complexity than the former.

At the output of the A/D converter, the signal is rst Iteragsing a Root-Raised Cosine (RRC)
Iter that reduces inter-symbol interference. Subseqlyetite signal is fed to a rake receiver and
a searcher. Due to the possibility of multi-path propagastihe rake receiver has a number of
ngers called correlators that individually process salenulti-path components. In each of these
ngers, the signal is unspread by multiplying it by a unigué Bode used by the transmitter. This
operation separates the desired data signal from integesignals. The outputs from different
correlators are then combined to achieve improved religi@hd performance. Depending on the
number of multi-path components, the number of correlatarses between two and six. The
searcher provides an estimate of the number of multi-patlstiaeir relative delays. The rake
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receiver uses this information to control the number of elators and the delay between them.
Finally, the signal is passed through a turbo decoder farawrrection. Turbo coding is used in
3G wireless cellular systems because of its outstandimg earrection capabilities.

All of these algorithms are dominated by inner loops of lowrtoderate complexity that are ap-
plied to real time data streams. The loop bodies tend to h&wghedegree of parallelism and have
operations such as complex-correlation arithmetic thalccdene t from processor specializa-
tion. The simple regular data- ow and real-time requirertsamake this system a good candidate
for acceleration using customized stream processors.

7 4G

As explained before, it is anticipated that MIMO and softeveadio technologies may play a key
role in 4G systems. The use of a MIMO system could signi camkrease the data rate but on
compared to 3G it could also increase the computational texitp by 1-2 orders of magnitude,
depending on the number of antennas. There are severakdiffavors of MIMO based systems
such as MIMO-OFDM (Orthogonal Frequency Division Multipileg) and MIMO MC-CDMA
(Multi-Carrier Code Division Multiple Access). A simpli @ block diagram of a MIMO-OFDM
receiver is shown in Figure 7. MIMO-OFDM combines OFDM and\W@ techniques to realize
good spectral ef ciency and high throughout. It can trarts@iDM modulated data from multi-
ple antennae simultaneously. The receiver rst perform®®Fdemodulation then does MIMO
decoding to extract data from all the transmit antennae ahechannels.

In software de ned radio technology, a large portion of tadio frequency functionality such
as the intermediate frequency (IF) stage, bit-stream ing, modulation/demodulation, and
source processing are performed in software running assgepto the traditional approach of us-
ing RF circuits. SDR provides the opportunity to implemenidtinmode terminals that can operate
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| Algorithm | Approximate MIPS]

Digital Filter (RRC, Channelization 3000

Searcher 1500

Rake 650
Maximal-ratio combining 24
Channel estimator 12
AGC, AFC 10
De-interleaving, rate matching 14
Turbo decoding 52

Sum 5262

Table 1: Computation Requirements for 3G WCDMA Receiver

at several different frequency ranges. New services andramshd signal processing techniques can
be easily implemented and tested using the SDR approache-fteogrammability allows it to
download algorithms on demand, and intelligently adapioratterfaces to different applications
and environments. Both MIMO and SDR are computationallgnisive techniques with well struc-
tured data- ow and are amenable to stream processing.

8 Computational Complexity and Power Consumption

The computational requirements imposed by cellular statsdiaas increased exponentially from
1G to 4G. This is due to the increased complexity of algorghntroduced to reduce the bit-
error rate use of the wireless spectrum more ef ciently. Jdalgorithms have been shown to
require more performance than is currently available in edaded processors. Table 1, shows the
computation requirements to handle 384 Kbits/s transimsste on a 3G WCDMA receiver[3].
The problem will persist in the future since the computatiequirements are growing faster than
Moore's law[3]. Power dissipation is also a major problenbattery powered mobile computing
and communication devices. While the computational resmeénts are increasing exponentially,
battery capacity is only improving at the rate of 1.03 times year[15]. Flexibility and low time
to market require the use of programmable processors fanmpkmentation of the increasingly
sophisticated digital signal processing algorithms. Rogfe€iency on the other hand, requires
the use of a customized solution. To make 4G systems ushlglg@erformance per unit power
consumption of processors needs to improve signi cantlyn-aeea in which stream processors
have a signi cant advantage.

9 Current Solutions

As explained in the previous sections, wireless applicatican be partitioned into different com-
ponents that can be space-time multiplexed ef ciently. sT$tructural simplicity has given rise
to several multi-processor System-on-Chip (SoC) archites with the OMAP from Tl, SB3010

from Sandbridge technologies and the EVP processor froiipBlieing prominent examples.
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9.1 Texas Instruments OMAP

The OMAPV2230 is one of the interesting SoCs from TI's OMABRX product family[8]. It is

an integrated Universal Mobile Telecommunications SysgMTS) solution for 3G handsets. It
integrates a digital base-band system and an applicatrmeggsor. The digital base-band system
consists of an ARM processor for control purposes, a TI TME&EESxX processor for DSP algo-
rithms, and a custom ASIC module that handles the comput@sitte portions of 3G base-band
processing. The applications processor includes a dedicD/3D graphics accelerator and an
Image Video Audio Accelerator (IVA).

9.2 Philips EVP

The Embedded Vector Processor (EVP) developed by PhilipsV&IW based scalable SIMD
architecture designed to support multiple 3G standards[tge EVP includes several specialized
function units such as a shuf e unit, an intra-vector unétteupports intra-vector operations, and a
code generation unit that supports CDMA code generatiaaistt includes an address calculation
unit that supports an extensive set of addressing modesEVPReexploits VLIW parallelism by
providing the ability to issue ve vector operations, fowratar operations, address updates and
loop control operations simultaneously.

9.3 Sandbridge Technologies SB3010

Sandbridge Technologies has implemented a 3G multimedidded design using their SB3010
base-band processor[16]. The processor integrates an ARNVBE core, four of Sandbridge's
own Sandblaster DSP cores, on-chip instruction caches atadndemories and a programmable
RF interface. In most broadband communication systems idad&reamed from an A/D con-
verter. To accommodate for this, their design uses scrattinpemories rather than data caches.
Each Sandblaster core delivers 2 billion MAC operationsggeond and supports eight hardware
threads. With a total performance of the order of 10 billioA®s per second, the SB3010 is
able to run different wireless protocols such as WCDMA, adl a® multimedia codecs such as
MPEG-4 H.264 and MP-3.

The DSP architecture can be partitioned into an instrudiébsch and branch unit, an integer
and load store unit, and a SIMD vector unit. This SIMD unit sists of four vector processing
elements (VPE), an accumulator register le, a shuf e uamd a reduction unit. Integer opera-
tions 16, 32 and 40-bit xed-point data types is supportetie Bandblaster DSP implements an
unorthodox multi-threading method to avoid the hasslee@dry data dependences and hazards
in pipelined processors. Eight hardware threads are stgghdout they issue instructions round-
robin. Effectively, each thread issues an instruction gegghth cycle and its dependences resolve
while it waits for other threads to take their turn.

10 Stream Processor Based Wireless SoCs

As shown in Figure6 and explained in previous sections es®kystems usually consists of mul-
tiple DSP algorithm kernels connected in feed forward pipgd and data is streamed between
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the kernels. These kernels are typically compute boundpaxhigh levels of data parallelism,
typically require low precision xed-point arithmetic arabntain bit manipulation operations that
could bene t from customized instructions and functiontani

The ACT stream processor developed at the University of Heshdemonstrated that compute
intensive 3G base-band algorithms stream architecturésrpevery well on stream architectures|[7,
5, 6]. The energy-delay product of this stream processorwidsn one to two orders of magni-
tude of that of an ASIC. This research is a rst step toward gbal of creating high ef ciency
wireless SoCs based on space-time multiplexed implemengabf base-band algorithms on a
network of customized stream processors. Unlike the génezah network of the RAW proces-
sor, the on-chip interconnect between the stream processorbe customized to account for the
data- ows observed in 3G and 4G systems. It is known that tipaiti from the A/D converter
stage to a WCDMA system requires at most 7.68 MB/s bandw#lthQommunication between
later kernels in a WCDMA system requires even less bandwidthis makes it possible to use
low throughput interconnects between different streant@ssors. Once the data is received by
a particular core, it may need to be buffered and accumuldtethe case of MIMO-OFMD this
takes the form of a FIFO that is required between the OFDM ratduand MIMO detection. In
the case of turbo codes, this is because the algorithm @secatly on blocks of data. In either
case, an SRF structure that supports sequential and indtresins would be adequate to han-
dle the buffering requirements. Some parts of wirelessgssinng may not be amenable to space
multiplexing because of load imbalance between stagembikiy in data arrival times. A mix-
ture of distributed control, space-time multiplexing, alag¢-arrangement units and programmable
interconnect may be required to solve all the complex chghs posed by 4G algorithms.

11 Conclusions

Stream processors have been extensively studied in acadgmrojects such as Stanford Imagine
and MIT RAW. They made their commercial debut with the Cebr@adband processor from IBM
that is the computing engine for the Sony PlayStation 3. &ebehas demonstrated that stream
processors can achieve very high levels of energy ef ciaaray performance on a variety of speech
and image processing as well as wireless communicatiors fdsk 7]. The cellular telephony
market has experienced rapid growth around the world ane:septs a signi cant opportunity for
stream processors because this domain requires very higputation rates to reduce the bit error
rate and to support high data rates, full motion video andimeldia applications, and a variety of
wireless standards. Simultaneously, they must also b@geécient and exible, have a low time

to market, and be low cost. The stringent power requiremefntsobile wireless systems calls for
different patterns of stream processor customization firamiously studied for scienti ¢ stream
processors. The possibility of customizing the instrutset architecture and on-chip interconnect
and performing energy-delay trade-offs for wireless ojstad stream processors merits further
study.
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