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This paper describes Vanu Software Radio techndogy and its benefits. Its benefitsinclude lower devel opment
costs andincreased versatility of radio equipment.

Development cost and verstilit y have become important competiti ve fadors for radio equipment
manufadurers. Development cogt isvita dueto theincreasing complexity of communications dandards.
Versdtility is necessary dueto the rapid evolution d standards, and due to high investment risk caused by
market uncertainty among competing standards.

Vanu Software Radio technd ogy enables radio communicaion systemsto be:

» developed more quickly;

» developed for one market, bu used aaossmany;

» upgraded, modfied o changed via software downloads; and

» seanlesdy migrated to lower cost, more dficient platforms (following Moore' slaw).

Development work a Vanu, Inc. grew out of theresearch o the SpedrumWare software radio projed at the
Massadhusetts Ingtitute of Techndogy. In 1998most of the SpedrumWare tean left MIT to start Vanu, Inc.
Sincethen, Vanu hesbuilt software radio implementations of avariety of commercia and government
waveforms, includng the cél ular telephore standards IS91 AMPS IS- 136 TDMA, and GSM.

Vanu Software Radio vs. Software Defined Radio

Vanu Software Radio systems diff er significantly from software defined radios (SDR). In Vanu Software Radio,
most signd processng is dore by general-purpase or hybrid general-purpase/ DSPprocesors, na by traditional
digital signal procesors or field-programmeable gate arays. Almost al signa processng functionsare
implemented in high-level code runring ontop d astandard POSIX operating system, na in low-level code
tied to the processor or board onwhich it runs. As aresult, the waveforms and signal processng infrastructure
have ported amost unchanged aadossintel Pentium, Intel StrongARM, SuperH/Hitachi SH-4, Compag Alpha
and Motorola PowerPC processors, and are expeded to pat easily to awide range of future processors.

Portahilit y of waveforms controls what happensto amanufadurer’ sinvestment in awaveform. In SDR the
investment istied to a particular hardware platform, which may cover only a part of the market and which will
rapidly become obsolete. In Vanu Software Radio the investment is partable: the wsts of developing the
waveform can be anortized acossmarkets and aaossmullti ple generations of products. Moreover, the
manufadurer can quickly and cogt-eff edively adopt improved components or entire platforms asthese gopeain
the COTS marketplace With increased standards complexity, rapid evolution d standards and herdware, and
market uncerttainty, the partabilit y of investment enabled by Vanu Software Radio leals to substantial
competitive alvantages.
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Vanu Software Radio architedure

The Vanu system architedure mnsists of the layers and comporents siownin Figure 1.

Control Signal Procesdng
- Signal Processng
Applications Modules
Sprockit™
RDL Interpreter Middleware

Operating System | Devicedrivers
[

network -,
user /O <+— Motherboard , — Control Interfaces
timers
RF-to-Digital
Antenna

Figure 1. Layered Software Radio Architedure

Thelowest layer isthe antenna. The antenna murts as alayer becaise modern radio systems contain adive
antenna dements that must be @ntroll ed, for example bean-forming arrays or MEM S-based tunable antennas.

The next layer, labded RF-to-Digital, isthe only layer of the system that contains radio-spedfic analog
comporents. On the recaeve side, its sle functionisto generate adigiti zed representation d adiceof theradio
spedrum. On the transmit side, it generates aradio signa from a digiti zed representation. It perfformsnosigna
processng. In lower-cost systems, the RF-to-Digital layer performs channgl seledion onrecéve and kend
synthesis ontransmisson, whilein high-performance systemsit exchanges a digiti zed representation d awhade
RF band with the motherboard, enabli ng multi channel operation.

The name of the next layer, Motherboard, is barrowed from the PC world because software radios built to the
Vanuarchitedure look much more like mmputersthan like legacy radios. Like aPC motherboard, thislayer
contains memory and processor comporents, and provides I/0 to a network, to the user, timing suppat, and
similar functions

The Operating System layer sitsontop d the motherboard. Use of an operating systemiis criti cd to the design
approach becaise it isolates the signal processng appli cation from the hardware and thereby significantly
improvesits portability. Vanu systems placeno unisua demands onthe operating system. Any POSIX
operating system that suppats high data rate transfers between appli cations and the underlying hardware can be
used. The aurrent implementation runs on Linuxand onthe red-time operating systems QNX and VxWorks.

The software radio system runs as an applicaion grocessontop d the operating system. It is lit i nto control
andsignal processng comporents, which have diff erent engineaing requirements. The @ntrol comporent
emphasi zes portahility and the aility to integrate with COTS implementations of network protocol stacks and
other higher layer functiondity. The signa processng comporent emphasi zes processng efficiency, moduarity
and code reuse,

The signal processng comporent consists of amiddeware layer which performs data movement and modue
integration,andalibrary of signa processng moduesfor functions sich as FM encoding, the Viterbi
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algorithm, or FIR filtering. The control comporent co
and processng descriptions, and adownloadable gopl
communications sandard the system will i mplement.

Representative | mplementations

nsists of aruntime system that interprets gate macdines

i cation that determines which waveform or

To make the achitedure more concrete, consider afew current implementations.

Handheld User Equipment: Vanu built areseach

Powered User Equipment: For user environmentswhere
power isavail able, a COTS motherboard ar custom
designed baard using COTS comporents can be used.
The arrent Vanu cemo systemisadandard PC witha 1
GHz Pentium Ill, dual-channel PC133memory, Echotek

A/D and D/A cads, and an external RF front endfor

frequency corversion. This g/stem has been used to
demondtrate reception and, where gpliceble,
transmisson, d legacy AM and FM broadcadts, family
bandwalkie-talkie, APCO 25 (a North Americen dgita
law enforcement standard), 1G and 2G cdlular standards,
andNTSC televison.

prototype of abattery-powered handheld system for the

DoD JTRS program. It isa austom board with 2200

MHz StrongARM 1110, dal-pot RAM, andaFPGA

that interfacesto ahost PDA andto a separate RF-to-
digital board which provides channel seledion. The
system suppatsthe 1S-136 Z5 cdlular standard in

additionto lesscomplex legagy standards. (Thewings

to the left andright of the iPAQ shown above aeto
suppat test probes andto crede separate power
suppiesfor mgor system comporents for test and

measurement purposes.) Vanuis presently building a

smilar systemin which the signal processngis
performed retively inthe PDA’s StrongARM

processor. The user can smply attach the RF front end to the PDA to turn it into a multi-mode radio.

Infrastructure Equipment: Vanu' s proof-of-concept
implementation d a cdl ular telephore base station
consists of anumber of COTS 1U radkmourt servers,
ead with two 1GHz Pentium lll procesors, conreded
by gigabit ethernet. The RF-to-digita functionis provided
by separate single-processor PCs, with A/D, D/A, and RF
front ends, which exchange wideband dgiti zed streamns
with the signa processors over the éhernet. The cortrol
comporent runs onasingle procesor and communicates
tothe signal processng comporents using CORBA. The
system uses gandard cluster techniquesto deted and
recover from thefail ure of any signal processng server.
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The same software runsonadl theradicdly diff erent hardware implementations of the Vanu system architedure.
Furthermore, in patforms other than the handheld, dl hardware except the transmit front endisaauired as
COTS equipment (at the cmporent, bcard o boxlevel) that are plugged together withou any hardware design
work. These fegures make Vanu systems fundamentall y diff erent from legacy radio architedures, where the
softwareisintimately tied to the hardware and bulding anew radio always sarts as a hardware design problem.

The combination d partable software and COTS commodity hardware significantly increases the speed of
devel opment and the diversity of communicaions functionsthat can be suppated for the same manufadurer
engineaing investment. The Vanu Software Radio approad will have even greaer advantages asthe
engineging investment in radio equipment shifts over time towards oftware.

Softwar e Portabili ty

Designing for portability has subtle impli cations that affed system performancein urexpeded ways.

Perfor manceBenefits of Portability

Portable amdeistraditionaly considered to be dow code. In ou experience well-written patable software
frequently performs better than software optimized for a particular platform. This courter-intuiti ve observation
isa mnsequenceof the exporentia growth in procesor performanceover time (Moore' sLaw).

Consider the experienceof the SpedkEasy software radio projed. In 1991 the US Department of Defense
launched SpeakEasy with the god of suppating ten milit ary waveforms onasingle device The developers
chose the fastest avail able digital signal processor in 1991 the Texas Instruments TM S320C40. The
computationa requirements of the target waveforms far excealed the caoabilit y of the C40, so the developers
planned a system with multi ple processors and highly optimized the software to reducethe number required. By
the time the SpeakEasy Phase | eff ort finished in 1994 Texas Instruments had introduced the TM S320C54xx, a
processor family four timesfaster than the C40. However, SpeskEasy coud not take advantage of the new
processors. The SpedkEasy software wastied to the C40 processor and would have had to be aompletely
rewritten to run onthe C54. Therefore, the SpedkEasy system as demonstrated in August of 1994missed out on
apadentia 4x reductionin size, power disgiation, weight, and parts cost of the signal processng engine.

In contrast, consider the Vanuimplementation o the AMPSandog cdl ular telephore standard. When the MIT
SpedrumWare projed started in 1995 thefirst software radio ran ona PentiumPro 133MHz processor and
coud na processeven asingle AMPSchannd inred time. By 2001,the Vanu cerivative of that code
suppated seven AMPSchannelsin red time onaPentium lll 1-GHz processor. Mogt of the R&D dalars
required to achieve this performanceimprovement were invested by Intel, na by Vanu.

Moore' slaw meansthat, for systems where the software takes substantial time to write, well -written patable
software will usually perform better than software which locks the processor chaice eay in the engineging
cycle. Over thelifegycle of aproduct family, which can easily stretch to ten yeas or more, Moore's Law
provides sich ahuge advantage that code portability isafundamental requirement for good gerformance of
such systems.

Portabili ty and Real-Time Requirements

Radio systems facestringent red-time requirements. For example, the |S-95 standard for CDMA cdlular
telephores requires the mohile unit to begin transmitti ng datawithin a 3 microsecondwindow centered at the
scheduled start time.

Current digital radio systems sttisfy red-time requirements through tight control over software exeaution
timing. Thisapproach dees nat significantly reduceportability by itself. However, it li mits the software to
platformsthat provide highly predictable exeautionrates. Also, it li mits the dgorithms used to those that
perform roughly the same amourt of computationfor ead data sample processed. Current designs assume that
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exeadtionjitter is corfined to small effeds sich as cade misses or bus contention and therefore only afew
samples of buffering at input and ouput are required to tolerate it.

Vanusystemsrelax the requirement of exeaution gredictabilit y by significantly increasing the buff ering at
system input and output. Relaxing the exeaution rate requirement enables the software enginee to exploit a
much wider range of platforms and algorithms. For example, Vanu, Inc. hasfoundsignificant cost and
partabilit y benefits from using Linux rather than a dedicated RTOS in many applicaions. Also, the total
computationa load can be reduced through sophisticaed algorithms that run quckly in the common case but
occasiondlly fal bad to expensive processng in the uncommon case. An exampleisa cnvolutional deadng
algorithm developed a Vanu, much faster than the widely used Viterbi agorithm, bu with the same aror
corredion performance

The Vanu approach decoudes the processor's exeaution from the wall clock sufficiently that the rate of
exeadtionat any given pant intimeis unpredictable. Red-time requirements will be satisfied aslong asthe
processor isfast enough that the signal processng code averages a processng rate faster than the 1/0 rate.

Buffering oninpu and ouput does nat come for free Each sample buffered between the input and ouput
causes an additional sample-periodworth o delay. Thislimitsthe aility of appli cations with low endto-end
latency requirementsto run onsome platforms. Thelatency requirement limitsthe amourt of buffering all owed,
whichinturn limitsthe dlowed variancein the signa processng rate. Each patform has some minimum
varianceit can adhieve, depending onits hardware and system software design. If the minimum varianceistoo
high and the latency requirement toolow, the goplicaion canna run onthe platform.

Unlikein traditiond digital radio designs, hawever, the Vanu design approach ensures as wide arange of
platform compatibility as posshble for eat applicaion. Temporal decugding smocthes out the discortinuity
between predictable red-time systems and unpedictable nonred-time systems. By adjusting I/O buffer sizes, a
portable goplicaioncan runinred timeonavariety of diff erent platforms and achieve the minimum end-to-end
latency permitted by ead.

Signal Processng Software Design

Vanu Software Radio systems combine the portabilit y techniques just described with advanced software
engineaing techniquesto promote moduarity and code reuse acosswaveforms. The moduarity of our code
enables sgnificant reuse of certain widely used software comporents. For example, catain methods of
moduation arewidely used. In Vanu Software Radio systems, these may be reused in dff erent waveforms,
decaeasing the development time necessary to kring anew product to market. In arder to maximize mde reuse,
we have partitioned system comporentsinto oljeds conreded by streams.

Sgnal Processng StagesasObjeds

Vanu Software Radio systemsimplement the various dages of the signal processng pipeline asindependent
objeds, written in an oljed-oriented language, which are mnreded at runtime to form the desired processng
graph. Thisapproad is very commonin the spedficaionandrapid prototyping of signa processng systems.
However, Vanu systems are unusua because they use dynamicdly conreded oljeds as the implementation
strategy for the adual signal processng engine.

Use of ohjedsinthisway in the operational system mekesit easy to achieve ahigh degreeof recnfigurability.
For example, inthe Vanuimplementation d a GSM cdl ular base station, chains of signa processng ohjedsare
dynamicdly creaed and cHeted as new conredions are establi shed. This provides a dean medhanism for
ensuring that only the required processng is dore on eat conredion, among the various types of processng
which the GSM standard suppats. In powver-limited systems, oljedsthat embody a gorithmswith higher
performance and Higher power consumption can be replaced by objedswith lower performance and lower
power consumption whenever condti ons permit. This means, for example, that battery life can be extended
when thereislittl e nasein the dannel.
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Stream Abstraction

Vanu systems represent the data anredions between processng stages as oljed-oriented streams. The stream
abstradion matches engineas’ intuitions abou these cnredions. Each stream appeas as an infinite sequence
of datavaues, al of the sametype. Some streans carry scdar values, like floating point numbers, representing a
continuows equence Others cary discrete dhurks of data such asvideo frames. Each entry in astreanis
assciated with atime stamp. In the arrent implementation, it hasturned ou to be faster and simpler to
compuie the time stamp uponreguest rather than store one with ead entry.

The stream abstradion smplifiestheimplementation d the oljedsthat provide the signal processng stages.
Through careful design of the APl between the cdein ead oljed and the stream implementation, all code
deding with bufer dlocaion,the drcular nature of finite buffers, bufer underflow and overflow, initidi zation
and flushing is hidden from the processng modue. Each signal processng ojed treasitsinpu and ouput
buffersasinfinite arays, subjed to afew usage rules. The key usage ruleisthat the ade must maintain an
accesspointer, monaonicdly increasing, indicaing apaint in an inpu buffer before which the cde will nat
read, andapaint in an ouput buffer before which al datavauesare vaid. This providesthe implementation d
the stream abstradionthe informationit needs to manage buffer space adto adivate upstrean and davnstrean
processng ohjeds at the gopropriate times.

Becaise of the moduarity and separation d concerns provided by the stream abstradion,implementing asignal
processng chain cgpable of receving an AMPStraffice dannel required orly 600lines of code (ontop d the
SpedrumWare infrastructure and pre-existing inpu/output libraries). This code implements four signal
processng objeds. a dhannd saledionfilter, an FM discriminator, alow-passfilter that dso performs
dedmation,and an audio band-passfilter.

Data Pull

Datain asignal processng system flowsthrough a dain o processng stages frominput to output. In most
systems, cortrol aso flows from inpu to ouput. When a processng stage is complete, it pushes data
downstream, causing the next stage to begin work.

Vanusystemsinvert the traditiona design. Each processng stage pull s data from the previous sage & needed
to doitswork. When implemented as a program, the gpli cation starts by invoking aprocedure in the final
output stage. This gage cdl stheimmediately upstrean stage, requesting the needed deta. That stagein turn
makes aprocedure cdl onits upstream neighbas, and so on util an input stage providesinpu samplesto be
processed. Vanusystems are cdl ed data-pull for thisreason.

A data-pull i mplementation works well with temporal decouding, for several reasons.

* No processngisdore urtil it i sneeded. Dedsions to modify the behavior of the processng chain take
effed immediately, rather than being delayed urtil partialy processed data has drained through to the
output. Therefore the radio can adapt much more quickly to events such as changesin the power level of a
receved signal.

* Noworkisdorewhen the output buffer isfull. Therefore there is no concern about overrunning the output
buffer despite the decougding of processng rate from red time.

*  Processng can be skipped in cases where the output is nat needed. Examples of thisinclude a céular
mohil e unit scanning theinput looking for asynchronization puse, and atelevison dsplay that is $1owing
one-quarter of the full transmitted pcture. The downstrean stage pull sthe particular samplesit needs and
instructs its upstrean neighba to skip the others. The skip instruction ripples up through the system and
causesinpu samplesto be dropped if they are nat needed.

In aVanu system the stages operate on Hocks of samples cdl ed payloads. Stagesthat naturally process
indvidual samplesare built to processpayloads of arbitrary size, whil e stages that naturall y processframes of
datasuppat payloads containing arbitrary numbers of frames.
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The payload requested by the final output stage of aprocessng chain is cdl ed the output size. Porting a data-
pul applicaionto anew platform requires adjusting the output size of ead processng chain. The size of the
data cabe, reative @st of afunctioncdl, and dher hardware parametersinterad to determine the output size
that provides maximum performance & minimum end-to-end latency.

Out-of-Band Communication

Signal processng ohjedsoccasionally send a receve @ntrol events. These @ntrol events differ substantialy
from the data flows in sample streams. Cortrol events occur at unpredictable times, carry argument data of a
variety of types, and can be sent between moduesthat are nat conreded in the data flow graph. For these
reasons, it is appropriate to provide amedhanism other than the stream abstradionto implement cortrol events.

To remain cond stent with the dynamic goproach used for data streams, cortrol conredions are establi shed at
runtime between signd processng objeds. Cortrol conredions areimplemented using the asynchronois
variant of thewidely-used publi sh/subscribe design pettern.

Control Software

The control comporent isresporsible for seleding the ojeds used to perform signal processng, making the
necessary interconnedions, and setting al the processng parameters. Additi ordly, the cntrol comporent
implements the protocol state machines, changes the processng graph asrequired by changesin operational
condtions, andinteradswith higher layer software or with the user.

Large systems such as cdl ular telephore base require attomatic code generationfor the control comporent. For
example, the physicd layer of an AMPSbase stationincludes more than 1500signal processng objed
instantiations. Creding these one by one, then setting their parameters and conreding their data and control
flows appropriately, requires alarge number of lines of control software, or alarge number of entriesin atable
if the system istable-driven. This code or tableis repetitive, dfficult to read and expensive to modify corredly.

Vanusystems use a ©de generation system for the mntrol software. The mde generation system has svera
COMPOrents.

* Generation d signal processng objed instantiations, parameter settings and conredions fromamore
abstrad description d the desired signd processng. The more dstrad descriptioniswritteninaVanu
developed language cdl ed RDL, the Radio Description Language.

*  Generation d the most common RDL constructs from graphicd representations of assemblies
*  Generation d state machine ade from graphicd statecharts

The mde generation system also provides an important form of portability to the control comporent of Vanu
software radios. The medanism used to conred the mntrol comporent to the signal processng comporent is
different in dfferent systems. In aresource-constrained handheld, JNI is used between the Java-based cortrol
componrent and the C++-based signal processng comporent. In adistributed infrastructure system, CORBA
conredsthe @ntrol tothesignal processng. Diff erent conredion medanismsrequire substantial diff erencesin
the @ntrol code. These diff erences are hidden from the software enginee by generating the variants
automaticdly from amore abstrad description. Theresult isasignificant reductionin the anourt of
reprogramming required to pat awaveform aaossplatforms.

Performance

Performanceof the Vanu signal processng subsystem can be roughly measured as megacycles per second d
computation required to suppat a given waveform or communicaions gandard in red time. For example, if a
given standard requires 100megacycles per ssoond d computation, then it will use 50% of the avail able CPU
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performanceona200MHz processor. Thisisonly arough measure because different processor architedures do
diff erent amourts of computation per cycle.

Table 1 showsthe performanceof severa representative standards, measured ona600MHz Intel Pentium 11
processor.

Waveform Megacycles/ Op Comments

semnd
1S91 41 RX+TX AMPSIG cdlular voice
1S-136 63 RX TDMA 2G cdlular voice
GSM 96 RX+TX 2G cdlular voice
802.11b 516 RX LAN data

Table 1 Signal Processng Performance

IS-136and 802.11kare haf-dudex, and transmisson requires lessprocessng than receve, so the number
shown for RX isthe maximum computational 1oad required for signal processng to suppat the standard. The
1S91 and GSM measurementsinclude smultaneous RX and TX processng. Comparisons among these
performancenumbers $roud nd be taken to represent intrinsic diff erencesin the omputational complexity of
the standards.

Concluson

Asmanufadurers move to 3G cdlular systems, build multi-mode vehicular telematics devices, or develop
infrastructure systems that dynamicaly change functiondlity to maximize revenue, the engineeing costs of
radio systemswill shift ever more strongly into software. Thiswill cortinueto strengthen the cae for focusing
radio system design onreducing software @sts. Vanu Software Radio techndogy provides sgnificant
improvementsin patability, adaptabilit y and moduarity compared to ather approaches. These improvements
trandate diredly into lower development, aayuisitionand onvnership codts for radio communicaion systems.
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