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Abstract

Conventional software radios take advantage of vastly improved A/D converters and DSP ardware r

approac  w ic we refer to as virt al radios also depends pon ig performance A/D converters — owever

rat er t an se DSPs we ave ¢ osen to ride t e ¢ rve of rapidly improving workstation ardware e se

wide and digiti ation and t en perform all of t e digital signal processing in ser space on a general p rpose

workstation is approac allows s to e periment wit new approac es to signal processing t at e ploit t e
ardware and software reso rces of t e workstation rt ermore it allows s to e periment wit di erent

ways of str ct ring systems in w ic t e radio component of comm nication devices are integrated wit
ig er level applications

is paper descri es t e design and performance of an environment we ave constr cted t at facilitates ild

ing virt al radios and of two applications ilt sing t at environment e environment consists of an /
s system t at provides ig andwidt low latency ser level access to digiti ed signals and a programming
environment t at provides an infrastr ct re for ilding applications e applications w ic e emplify

some of t e ene ts of virt ol radios are a software cell lar receiver and a novel wireless network interface

tr ct

A wirt al radiois a o  uni ations de i e that
Does all its digital signal processing in ser space on an o t e s elf workstation o PC in o r case

These de i es are uite di erent fro ost software radios, whi h t pi a arei pe ented usin either
appi ation spe i di ita hardware or di ita si na pro essors under software ontro 94 9

The Spe tru  are pro e tisde oted to uidin infrastru ture to support the onstru tion of irtua radios
and to uidin irtua radios that ta e ad anta e of the resour es a aia e on the wor station to either
pro ide distin ti e fun tiona it ortoi pe ent traditiona fun tiona it in a distin ti e wa .

f ourse, usin a enera purpose wor station to do si na pro essin ani pose a si ni ant ost. ot
on are ost S s onsidera heaper than wor stations ut the are aso onsidera s a er and use
ess power. owe er,e p oitin the resour es a ai a e on the wor station o ers an potentia ad anta es

perimentation There is a ar e and rowin ap etween the apa iities and pro ra in en i
ron entsa aia eon enera purpose wor stations and those a aia eon spe iai ed S hardware.




pe entin the si na pro essin on the wor station a esit wu h easier to e peri ent with new
a orith s and proto os.

apid deployment sers aneasi depo newde i esorenhan e entstoe istin de i esinthesa e
anner in whi h the urrent up rade de i e dri ers and software insta ed in their wor stations, for
ea pe,asasefe tra tin ar hi e down oaded fro an ftp site.

ntegration wit ot er applications t is often the ase that fun tiona it pro ided aradiode ieis
on as a partofa ar erappi ation. The fun tiona it pro ided awireess ode ,fore a pe,
ison a part of what is needed for a networ interfa e. wur approa h to irtua radios a ows one to

ur the ine etween the radio and the rest of the app i ation, thus a owin 1 pro ed fun tiona it
and end to end e ien

lti p rpose devices n reasin , peop e are dea in with utipe wireess o  uni ation de i es,

e. ., the hae otha e uar ode and a wireess ethernet for their note oo 0 puter not to

ention ore undane de i es su h as ara e door openers . hie wutipurpose S de i es,

e.., A ode s, are e o in in reasin aaia e the perfor areatie s a nu er of
pre de ned fun tions. n our approa h, one adds de i es ere down oadin software.

ed ced cost for special p rpose devices hie enera purpose o puters arene er i e to e
ess e pensi e than spe iai ed hardware for ass ar etite s e. ., e phones the are often ess
e pensi e than the hardware usedin de i eswiths a  ar ets. urther ore,ours ste ar hite ture
en oura es sharin of hardware resour es a ross de i es. These de i es need not e en e what we
on entiona thin of as radios. e ha e, fore a pe, in esti ated usin the te hnoo de e oped
for our irtua radiostoi pe ent the si na pro essin done in edi a utrasound a hines with
the idea of a owin anu er of u trasound frontends to share the sa e a end wor station Tha9

mproved  nctionality erfor in a ofthesi na pro essin in odu ar software per its noton the
d na i assi n ent of hanne o ations and widths, ut a so of the odu ation and odin wused on
ea h hanne. This a ows for the onstru tion of hetero eneous s ste s whi he po di erent o

uni ations standards on di erent hannes. This e hanis an e used to a e eratethe i ration
to new standards.

mproved performance This is a it surprisin . h shoud it e possi e to et etter perfor an e
runnin on a enera purpose pro essor than on a spe iai ed S A partia answer is that ar et
fa tors are dri in rapid i pro e ents in wor station perfor an e. owe er, there are three other

e fa torsin o ed

The te pora de oupin a orded the wor station’s e or and the e i iit of the wor
station’s pro essor a ows one toi pe ent faster a orith s,

The a iit tointe rate the si na pro essin with hi her e e appi ationsa ords the opportunit
for s ste wide opti i ation, and

The si na pro essin fun tions an ed na i a odi ed ased on easure ents of han in
hanne or s ste  hara teristi sin order toi pro e perfor an e. This infor ation oud o e
fro a round tas s that perfor fun tions su h as hanne esti ation when spare es are
aaia e.

The ne t se tion of this paper des ri es an en iron ent for uidin irtua radios that run on o the she f
persona, o puters. Thisen iron entfa iitatesthe onstru tionofde i esthateno an of the potentia

ene ts isted a o e. t has two e parts an su s ste that pro ides hi h andwidth ow aten
user e e a ess to di iti ed si nas, and a pro ra in en iron ent that pro ides an infrastru ture for
uidin appi ations. e dis uss the su s ste inso edetai,and s et hso e of the e properties

of the software en iron ent.
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i ure o dia ra of our irtua radio s ste . The hardware is used on to on ert the desired

R and down to the fre uen , di iti ed it and strea the sa pesintohost e or . A su se uent
pro essin of this di ita wide and  si na is perfor ed in user e e software.

Se tion des ri esthedesi n and reports on the perfor an eoftwoappi ations uitusin ouren iron ent.
The app i ations are reati e si pe, et the i ustrate an of the ene ts of our approa h to irtua
radios. Se tion . des ri es asoftware e uarre ei er and Se tion . a software wire ess networ interfa e.

e on udethe paper reatin thespe i resu tsreported in the paper to the ore enera assu ptions
ehind our wor on irtua radios.

ab c

ur oa is to o e the anao di ita oundar as ose to the antenna as possi e, and to o e the
software hardware oundar ri ht up to the A on erter. Sin e urrent A te hnoo andaaia e
pro essors wi not support the dire t sa pin of wide R ands, our approa h, as i ustrated in ure ,
istousea uti and hardware frontend to on ert the desired R and to the  fre uen , then dire t
sa pethe wide and wa efor and transfer these sa p esinto host e or . A su se uent pro essin
is perfor ed in user e e software.

At present, the uti and frontend is the issin in in our s ste . istin o er ia frontends do
not eet a of our needs, hen e we are urrent usin di erent re ei ers for di erent su ands. owe er,
se era endors are wor in on wide and re ei ers that are i e to ea aia einthene t ear or so.

n e we ha ethe di ita sa p es, we are fa ed with the so ewhat dauntin tas of transportin the sa pes

into host e or . Traditiona |, de i es ha eade i e dri er resident in the erne whi h re ei es and
pro esses the data, and then opies it into user spa e. owe er, the perfor an e pro e s asso iated
with usin the defaut ni s ste to o e data a ross the erne user oundar are we nown,

and the e tra ti e re uired is una epta e for our rea ti e si na pro essin appi ations. To a oid the
e pense of perfor in the data op , pre ious resear h e orts ha ereied on di erent s he esusin irtua
e or anipu ation and or shared e or 9,C 94, And9 , 9, S9, ai9 . ursoution
to this pro e wastouse a round diret e or a ess A to strea the sa pesdire t into
spe ia u ers in the erne these u ers are apped into the user’s address spa e usin irtua e or
anipu ations with er itte o erhead. To support this fun tiona it , we de e oped the enera purpose




C s ste desri ed eow s 98. This interfa e utii es the i a it apa it of the C wus, and
supports ontinuous idire tiona strea s of up to easa pesseond S S.

eha easode eopedapro ra in en iron entfor onstru tin appi ations. Thisen iron ent onsists
of a i rar of porta e a rosspatfor s si na pro essin routines desi ned to support a data pu st e of
pro ra in and arious inds ofd na i adaptation.

n the ne t su se tion we des ri e the desi n of s ste and report on its perfor an e. n the fo owin
su se tion we i ea ui o er iew of the ar hite ture supported  the pro ra in en iron ent.

st

n standard si na pro essin s ste s ased on dedi ated di ita hardware or S s, thein o in sa pes
arri e at a onstant rate and are pro essed with a ed dea etween when a sa p e enters the s ste and
when the output ased on that sa pe ea esthes ste . The pro essin happens in o step with the ,
so the S is wuaranteed that it wi ha e a onstant strea of re uar spa ed sa pes on whi h to do
pro essin .

n a enera purpose wor station, howe er, su h si pe uarantees do not e ist. irtua e or, utipe
e esof ahin ,and o petition for the and e or wuses add itter to the e pe ted a ount of ti e
re uired for a sa pe to tra e fro an de i e to the pro essor. n addition, usin a wutitas in
operatin s ste ensures that the si na pro essin appi ation wi not awa s e the a ti e pro ess, whi h
adds itter to the rate at whi hsa p esarepro essed. S oothin out these sour esof itter isonere uire ent
that wust e addressed our S ste

The other a or re uire ent whi h ust e addressed is the need for hi h throu hput etween the ap

pi ation and the A on erter. Consider, for e a pe, a software e uar re ei er. The A side e uar
teephon and re erse in is . wide. fdi iti ed at . with a sa pesieof its, the
data rate ne essar to transfer this strea of sa pes to the appi ation woud e 4 9. its se . These

throu hput needs e pose two ott ene s in the e istin wor station ar hite ture. irst, wor stations a
a hi h throu hput port into whi h our frontend an e onne ted, reatin the need to de eop usto
hardware. Se ond, the path etween a de i e dri er and the app i ation is rather ine ient, re uirin  od
i ations to the operatin s ste . or o parison, the uS ste C T9 reported sustained throu hput
of its se to the appi ation with anun odi ed 1iita ni operatin s ste

There are two ain o ponents in the ar hite ture of the s ste the u for enera urpose
C ,whi h ph si a onne ts the ana o frontend to the wor station’s us, and operatin s ste
additions, whi h pro ide the eans for the appi ation to a ess the sa p e strea s.

The u pro ides the s ste ’s e terna interfa e to the ana o frontend. This interfa e has two re uire

ents. irst,it usta eptsa pesfro and pro idesa pestothe anao frontend at the sa pin rate.
Se ond, it ust eeas to desi n to, otherwise the u pro ides no ad anta e in ter s of onne tin to
the us.

The u pro ides the a iit to urst data etween the ana o frontend and ain e or at near the
aiu us rate. n addition, the u is responsi e for de oupin the ti in  etween the
ed rate do ain of the anao frontend and the aria e rate us without osin an sa pes. This

e etie a sorsan itter aused the wurst a ess to the us. These fun tions are perfor ed

without si ni ant inter ention fro the pro essor the re uired pro essin o erhead per sa peis ess than
hafa e.
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A o diara of the u i pe entation is shown in ure . The u has a si pe, eneri
dau hter ard interfa e to whi h ana o frontend spe i dau hter ards are desi ned. This interfa e is
dire t onne ted to a set of u ers in oth the input and output dire tions. These s pro ide
the u erin ne essar to a sor itter aused the urst a esstothe C us.
The u i pe ents anew ariant of s atter ather A whi h we ha e na ed page streaming. The
u has two pa e address s, one ea h for input and output, whi h ho d the ph si a pa e addresses
asso iated with u ersin irtua e or . At the end of a pa e transfer, the u reads the ne t pa e
address fro  the head of the appropriate pa e address and e ins transferrin data to fro it. The
u tri ers an interrupt when the supp of pa e addresses runs ow, and the pa e addresses are re

p enished the interrupt hand er in the de i e dri er. a e strea in is uni ue in two wa s. irst, the
ph si a pa e addresses are stored on oard the u rather thaninata ein e or . Sin e the pro essor
rep enishes the addresses, the u on uses its us rants to transfer data this si pi ed the desi n of
the u and resuts in ore e ient use of the C wus. Se ond, with pa e strea in on o0 pete
pa es are transferred this is ade possi e the onstant ow of sa pes and auto ati a resuts in
pa e ai ned, inte ra pa e en th u ers whi h are eas for the operatin s ste to anipu ate.

ithin our s ste , the operatin s ste o ponents are responsi e for ensurin that the ow of data
etween the u and erne u ersis ontinuous. This in udes pro idin fa iities for a sor in the
itter due to s heduin and interrupts. The operatin s ste support onsists of a de i e dri er for the

u and se era s a additions to the irtua e or s ste ,a forthe inu erne . The tota si e of
the ode is ust under ines, with the irtua e or s ste additions representin ust of those.
Another i portant aspe t of the additions is that the do not a e t the perfor an e or fun tiona it of an
part of the s ste not re ated to the u a other appi ations run o pete undistur ed.

The irtua e or additions pro ide the ow o erhead, hi h andwidth transfer of data etween the ap
pi ation and the de i e dri er. These o ponents a so pro ide the e terna interfa e to the appi ation. To
the appi ation, the u appears to e a standard ni de i e with op se anti s. owe er, irtua

e or anipu ations are used to a e the and s ste a stothe u op free. tis the
responsi iit of the application to pro iderea ti e uarantees. fthe appi ation wishes to run inrea ti e,
then it is responsi e for pro essin data at or a o e the a era erate at whi h our s ste wi transfer data.
f the app i ation does not run in rea ti e, then our s ste wi e entua e in to drop input sa p es or
produ e aps in the output strea
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Ta e Raw u erfor an e its se

The easure ents of the u and the odi ations were ta en on a h entiu ro s ste
runnin  inu with a h, it wide C us. A e aues were athered usin the entiu ro
e ounter.

The a i u rate at whi h an appi ation usin the u dri er an aintain a ontinuous ow of
input sa pesfro the urrent ersion of the u is its se . Thisnu er was deter ined usin
an appi ation that on a essed enou h sa pes per input u er to erif data ontinuit . This nu er
pro ides an upper ound on the possi e throu hput that an appi ation an a hie e usin the u . At
rates a o e this point there is insu ient depth in the input data onthe u to a sor itter due
to the C wus, ut a new re ision of the u wi ha e deeper data S, in reasin the a i u
ontinuous throu hput.

n order to pro ide this hi h ontinuous throu hput, the u ust ha e hi her raw throu hput. Ta e
shows the a i u input and output urst perfor an e of the u . These nu ersre e t the a ount
of ti ere uired for the u to A appro i ate . of data. The easure entsin udeon the
a ountofti ere uired to A the data, not the ti e re uired to write pa e addresses into the appropriate
pa e address .The ai u C throu hput a aia e is its se , so the u is o in
reasona ose to saturatin the wor station’s C wus. The ower a i u throu hput for output is due
to the aten in urred when readin a ues fro ain e or.
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i ure showsthe a era e pro essin o erheadi posed on the wor station wusin the u to enerate
input. This easure ent re e ts the nu er of es re uired per input sa pe, and ta es into a ount

oth the o erhead re uired to perfor the s ste a whihin udesthe irtua e or swap and
the o erhead re uired to hand e interrupts enerated the need to rep enish the supp of input u er
pa es .

The u hardware pro ides a hi h andwidth, ow aten  onne tion etween an ana o frontend and
the us of a C. The software dri es the u , s oothes itter, and a es the data transferred

the hardware a essi e to appi ations in user spa e. To ether, the hardware and software pro ide an
app i ation e e interfa ethatsi pi esthe onstru tion of irtua radios and re ated app i ations a in
the ana o frontend appear to e a on entiona ni de i e. This hara teristi si pi ese peri entation
and rapid depo ent  hidin the detai s of the operation of the u ehind a standard interfa e whi e
sti pro idin hi h perfor an e. n addition, the use of the C wus, a wide used industr standard,
per its our s ste to e porta e to a wide ran e of wor stations and a ows us to easi et in reased
perfor an e fro newer, faster pro essors.

The a era e pro essor o erhead attri uta e to the u is ess than haf a epersa pe. Or ar e
u ers it is ess than a tenth of a epersa pe. The a i u sustaina ere ei e datarate isi e to
app i ations is its se . This is ore than enou h for ost of the app i ations for whi h the s ste
was desi ned. The two app i ations dis ussed in the ne t se tion, an software e u ar te ephon re ei er and
a software wire ess networ interfa e, are not i ited ut pro essor i ited instead.
r ra T t

This se tion rie des ri es the ar hite ture of S CTRA, apro ra in en iron ent that supports the
onstru tion of porta e adapti e si na pro essin s ste s with rea ti e onstraints.

The desi nof S CTRA washea i in uen e oure perien e uidin and usin the uS ste T9
The wuS ste , whi h was uit to support uti edia appi ations runnin o er a des area networ , pro
ides onsidera e support for o posin si na pro essin  odues. This adeitane e enten iron ent
in whi hto ondu t prei inar e peri ents with irtua radios. owe er,as we a e to understand etter
the opportunities that irtua radios a ord for adapti e si na pro essin , we reai ed that we needed a  ore
ei eprora in en iron ent.

The S CTRA en iron ent is desi ned to support se era di erent notions of adapti e si na pro essin

ore a pe,a ode e uaiin forthe hanne. Thisis what is
ost o on thou htof as adapti esi na pro essin . tre uiresa orith sto dete t en iron ent
han es su h asa hanne esti ationa orith anda e hanis forspe if in s ste odi ations
ased on the dete ted han es.

The users re uire ents a han e, ne essitatin ertain han es in the
sste . Asi peea peofa on entiona s ste adaptin to the user is han in the station on
radio. This auses han es in ertain para eters of the s ste . A ore sophisti ated e a pe is
pushin the A utton, whi h re uires di erent a orith s to e inserted into the s ste

an si na pro essin te hni ues, su h as a phase o ed oop, are inher
ent adapti e. These a orith st pi a adapt tothesi na,and a odif s ste para eters
and or fun tiona it to eet spe i ed re uire ents. ore a pe,are ei eratte ptin to o on to




the start fre uen of a hoppin se uen e adapts the s ste toe a ine di erent fre uen ies unti a
start ode is found. ni e the two t pes of adaptation de ned pre ious , this t pe of adaptation is
dri en aspei ed onstraint, not e terna han es.

a in the a iit to adapt to resour ea aia iit ani pro es ste

perfor an e. ore a p e, if there are a ot of spare C esa aia e, then runnin a ore o
putationa  intensi e hanne esti ation a orith oud ead to etter o era s ste perfor an e.
Con erse , if the resour essudden e o es ar e due to a wurst of a ti it other pro esses, the

s ste shoud e a e to adapt, perhaps runnin ess de andin a orith sandsari in so e
ro ustness or a ura . This for of adapta iit aso ena es appi ations to transparent i pro e
perfor an e as faster pro essors e o ea aia e.

The desire to support these inds of adaptation ed us to a data pu ar hite ture. hie the ow of data
is fro input to output, the ow of ontro is fro output to input. pain ontro downstrea , the
ar hite ture fa iitates the onstru tion of s ste sthata ressie e po a e auation and adapt to the
re uire ents of the downstrea odu es. The tota a ount of pro essin that needs to e done is redu ed

e ause downstrea o ponents an re uest ust the data the need fro upstrea odu es. Consider, for
e a pe,an audio s ste to whi h a ariet of output de i es an e atta hed. The dri er for the output
de i e nows whether it needs to re uest te ephone uait or C wuait audio.

The owof ontro re uiresan upstrea o  uni ation path, whi his not presentint pi a si na pro essin
app i ations. Thisisi pe ented in the o ious wa . An appi ation is started in o in asin  odue.
This odue a sthei ediate upstrea odue or odues re uestin the needed data. That odu e,
in turn, a es a re uest on the odue or odues that iei ediate upstrea fro it. The one
o pi ation iesine a t what is returned downstrea

T pi a ,the onne tions etween oduesin di ita si na pro essin ar hite tures represent a strea of

sa pes. sua ,eah odue operateson asa pe sa pe asis, and aintains so e state etween

sa pes. This approa h, howe er, wou d not wor in our s ste . irst , the o erhead of a fun tion a

for pro essin ea hsa pewoud,in an ases, e reater than the wor re uired to pro ess the sa pe.

Seond , ain eah oduein turn, and operatin onon asin esa pe woud ead to poor o ait of
oth data and ode. This in turn wou d ead to poor perfor an e of oth data and instru tion a hes, a
riti a fa tor in a hie in hi h perfor an e on odern pro essors.

ur so ution is to ha eea h odu e operate on o s of data whi h we refer to as payloads that are ar e
enou htota ead anta eof a hin e ets, uts a enou htoa oid introdu in una epta e aten . t
shoud e noted that this approa h represents a si ni ant han e fro the status uo. t re uires those
writin si na pro essin appi ations to shift to ast eof pro ra  in in whi h a orith s are desi ned to
wor on ar e o sofdatarather than onsin esa pes. Thisis not without pre edent. There are a read
so el portant si na pro essin a orith s,e. ., the fast ourier transfor , that do this. These a orith s

aintain ontinuit of the output aintainin state etween o s, rather than etween sa p es.

strat A cat s

eha e uitse era appi ations usin the Spe tru are s ste . These appi ations de onstrate oth
the feasi iit and so e of the ad anta es of our approa h to uidin irtua radios. n this se tion we
des ri e two su h app i ations a software e u ar re ei er and a software wire ess networ interfa e.
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This se tion presents an i pe entation of a wide and di ita re ei er desi ned to operate in the A side
ofthe .S. e uar and. Thisre ei er ontinuous onitors of the e uar and and pro ides the
apa iit to de odu ate si na s an where in that and.

A o diara of the e uar re ei er is shown in  ure 4. The frontend is a Te a s R re ei er that
trans ates the 8 8 and to a ase and si na and then sa pes the si na at . S S. The

itsa pestrea isfedtoa u ard whi h As the sa pesintothe ain e or of the host
for pro essin . A su se uent pro essin of the si nas is perfor ed in software.

The se uen e of pro essin steps for the wide and A Sre ei erisshownin wure . Asone woude pe t
for a wide and re ei er de odu atin a narrow and si na, the sa pe rate et su essi e ower as we
o e throu h the pro essin sta es.

At this point we present a short des ription of ea h of the pro essin steps of the software re ei er. t is
worth notin that a of the s ste para eters,su h as hanne ter si e and the arious sa p e rates, are
under software ontro. This a ows an of these para etersto e easi odi ed, e en whi e the re ei er
is operatin .

The rst step of pro essin is the hanne see tion ter. This odue has the tas of e tra tin a nar
row and sina A S hanne andwidth is fro a wide fre uen and. This step
isa o pished usin anoe ter desi n that o ines the three on entiona steps of trans atin the
si na to ase and, owpass terin and de i atin to an inter ediate sa p e rate. This step of pro essin
o prises the ar est portion of the o putationa oad and the detais of its desi n are i en in a ater
se tion. The hanne se tion ter uses the raw sa pesfro the R frontend at S S as input
and produ esa o pe ase andsi na at a aria einter ediate sa p e rate,

na o pe si na , the desired infor ation the oi e, in this ase is arried the instantaneous fre
uen ,whi histheti e deri ati e of the phase of the o pe si na. Thissi na is therefore de odu ated
usin asi pe uadrature de odu ation a orith that appro i ates the deri ati e of the si na phase
the phase di eren e etween su essi e sa p es, appropriate s a ed.

IF Channel Selection Quadrature .| LPFand »| Audio » Audio
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The two na steps of pro essin arei pe ented as nitei puseresponse R  ters. The rstissi p
a owpass de i atin  ter that re o es hi h fre uen o ponents that woud ause aiasin when the
sa p e rate is redu ed to the audio rate, ,tpia 8 sa pesse. The na stepisa andpass ter
whi h re o0 esout of and noise fro the oi esi na.

Separatin narrow and hannes in a wide and re ei er is a o putationa intensi e tas that is usua
done usin spe ia purpose hardware. i ure depi tsat pi a di ita down on erter C i pe ented
in dedi ated hardware ai9 . The wide and si na is transated to a o pe ase and si na the
uadrature u tip ier and then owpass tered to pre ent aiasin due to de i ation. Spe ia purpose R
ters for de i ation e ist that do this operation er e ient whi hisi portant sin e the sa p e rates
for a wide and re ei er oud eine essof S S. ne author esti ates ai9 that a ood hanne
see tion ter wi re uire a out operations per input sa p e for a tota of S.

t is ertain possi e to uid software that has the sa e stru ture as a hardware C. owe er, on
urrent wor station hardware perfor an e woud e far too sow. The i itin fa tor here is that the hi h
sa pe rate of a wide and re ei er a ows ti e for on a few operations per sa pe. n hardware Cs,
the separate steps of the down on ersion pro ess that is, the eneration of the sine osine utipi ation
fa tors, fre uen trans ation, and terin are a done in separate ph si a o ations in the C, and
a hi h de ree of pipe ine para eis is a hie ed. urther ore, there is additiona ne rained para eis
within the R ter itsef. ortunate , thereisno o pe in reason for our software to i i the desi n
of the hardware it rep a es. n fa t, one of the reat ad anta es of our approa h to irtua radios is that it
per its us to de e op and e a uate un on entiona so utions to pro e s.

i ure depi ts the desi n of our software C. ere the ain onsideration is to perfor ini a pro
essin at the hi h sa p e rate and redu e the rate as ear as possi e in the pro essin hain. The hoi e
ofan R ter ersusa ower order R ter a ows us to produ e an output that depends on upon the

ter input sa p es, , and therefore to o pute on those output sa p es, , that wi e re uired
after de i ation S89. This ets us reat redu ethe o putation oad ta in ad anta e of the ar e
de i ation fa tors that wi e ist when pro essin anarrow andsi na in a wide and re ei er. urther ore,
the pre o puted fre uen shift fa tors an ein orporatedintoa o posite R ter and wi thenre uire
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on a phase orre tion after ea h output sa peis a uated. This feature a esthisati e ar in R
ter, ut a of the ariationis o ined into asin e, ti e ar in utipi ati e fa tor whi h is app ied
after the terin .

owwewi 00 atthespei si na pro essin stepstosee howthe utipi ationand on o utionre uired

to perfor the fre uen shift and terin ha e een o ined to produ e this o posite ter. The rst

step in the se e tion of a spe i  hanne is to trans ate infre uen therea auedre ei edsi na sa pes,
,to ase and utipi ation with the appropriate o pe e ponentia

where is the arrier fre uen efore trans ation to ase and and isthesa peinter a. e t,we ter
the resu t with the order R ter

At this point we see that the two steps of fre uen trans ation and terin an e o ined

where are the o posite ter oe ients. ere we see that not on are we a e to
redu e the nu er of o putations, ut we ha e a tua ei inated the need to o pute the un tered
ase and si na, ,whi hin udes the urden of writin the inter ediateresutsto e or on tore a
the in the ne t step. A so, whie an te hni ues are a aia etodesi nrea aued R tersto eet
desired spe i ations with ini u order, we see fro that the use of 0 pe awued ter oe ients
for woud i pose no additiona o putationa ost. or this reason we an ta e ad anta e of re ent
ad an esinthedesi nof o pe oe ient R terstoredu e there uired ter order of the ori ina
,reati etoarea aued , without in reasin the re uired o putation oad for the na o posite
ter 88.

This te hni ue a so has osts, howe er. A thou h the ter re uires ess o putation to perfor the re
uired pro essin steps, it is ore o pi ated to set up and wi potentia use ore e or to store
ter oe ients. e ause the fre uen trans ation and terin are o ined, now ed e of the desired
arrier fre uen is re uired to o pute the ter oe ients, . This a so re uires us to re o pute the
oe ients when we want to han e the fre uen to whi h the teristuned oresepre o pute and store

separate ters for an desired fre uen ies . Sin e we anti ipate that ea h set of ter oe ients wi e
used an thousands or i ionsof ti es, howe er, the ost of pre o putin orre o putin is we worth
thei pro ed e ien . This te hni ue is si iar to the idea of usin an ana ti  ter to see t on the
positi e fre uen o ponents of the rea a ued si na for the pass and of interest and de i atin , ut the
o ination of trans ation and owpass terin in ure a owsthe terto e ui redesi nedtosee t
a di erent

The e i pro e ent hereo erthe te hni ue of wure isthat we perfor no operations at thehi hsa pe
rate, ut rather re erse the order, in a sense, and perfor a of the wor at the ower, post de i ation rate.
n the ase of A S, the na rate i ht e on the order of and a o pe ter with se era
hundred taps i ht re uire ess than S,s0 ethin uh orea hie a e.

Another interestin feature of the software e uarre ei eristhea iit toa owthes ste tod na ia
opti i eits own perfor an eina ariet of wa s. A parti uar stri in e a p e ofthisisthewa inwhi h
our wide and re ei er does fre uen do ain ana sis. The re ei er a ows the user to perfor fre uen
do ain ana sis of either the entire and or indi idua si nas usin Ts. uri pe entation does this



usin an T irar aed T that e a uates the perfor an eof an di erent T a orith sand
se e ts the est one for an parti u ar pro essor or data set si e. The e a uation of di erent T a orith s
is ased either on an esti ate of re ati e perfor an e or the s ste an enerate test ode and a tua

easure the perfor an e of di erent a orith s in the urrent en iron ent J9 . This easure ent
pro ess oud aso erepeated periodi a toseeif han esinthes ste oadindi ate the use of a di erent
a orith to o putethe T.

This re ei er was de e oped rapid and re uires on ines of ode, in udin the user interfa e. urin
de eop ent, standard software de u in toos were used and odi ations re uired on se onds to re
o pieand e e ute a refreshin han e fro our e perien e de e opin hardware. e too ad anta e of
the ease of odi ation to e peri ent with a ariet of di erent terin a orith s durin de eop ent.

An i portant fa tor in fa iitatin the onstru tion of this re ei er was our a iit to use o the shef
o ponents,fore a pethe T pa a e. Thisnoton shortenedthe de eop ent e uten oura ed
usto e orea itious in addin fun tiona it .

e asotoo ad anta e of the ease with whi h our re ei er oud e inte rated with app i ation software to
pro ide a user friend frontend. ore a p e, the output ofthe T a u ations is fed to standard p ottin
software whi h an raphi a dispa an si nas present in the re ei er’s fre uen and.

n desi nin this re ei er, we ade a ons ious e ort to ta e ad anta e of the a aia e o putationa
resour es to e peri ent with new terin a orith s. The hanne see tion ter uses opti i ed data
stru tures that ta e ad anta e of the ar ¢ e or and o putationa e i iit. Thisno e hanne ter
a hie ese e ent perfor an e durin operation and an e en e redesi ned on the . The ti e re uired
tore o pute the ter tap wei hts for a di erent ter si e or enter fre uen is not noti ea e durin the
operation of the re ei er.

earenow e peri entin withe en oreradi a terdesi ns. nparti uar,wearee porin the possi iit
of usin rando ied a orith s as an e en oree ient wa to pre ent aiasin durin the de i ation
pro ess.

A t ar r Ss t r t r ac ar

The re ent rapid rowth in wire ess networ te hnoo has reat e panded the apa iities of o ie
o putin de i es. owe er,the utitude of wire ess networ standards hinders sea ess interopera i it

re uirin di erent ph si a de i es to interoperate with di erent networ s. ot on do wireess A s
operate in di erent R ands, ut e en those usin thesa e ande po di erent odin , odu ation and
networ proto os. Thei pe entation of networ interfa e ards Cs in dedi ated hardware i its the

eiiit of thesede i es. wur approa htoso in thispro e istoi pe entas u h of the pro essin

as possi e in software, a owin the wire ess networ interfa e fun tionait to ed na i a odi ed. wur
softwares ste pro idesa of the pro essin needed to transfor  etween wide and  si na s and networ
pa ets.

This se tion presents ani pe entation of a software wire ess networ interfa e desi ned to e o pati e
witha o er ia fre uen hoppin radio operatin in the .4 S ande poin S odu ation
Sha9 . ara eterssu h asthe S fre uen de iation and the spa in of the hoppin hannes an e




dna ia odi ed in software, the on  onstraintsi posed the hardware are the width of the and
and the R and to whi h the si na is on erted. The a iit tod na i a odif the hanne width,
hanne spa in and the hoppin se uen e a ows the s ste to adapt to its en iron ent and pro ide etter
noise re e tion andi  unit fro hostie a in atta s.

The software networ interfa e ar hite ture is a re ne ent of the S a erin ode Tan88, whi h su
di ides the e istin  ink and P ysical a ers as shown in  ure 8. The si na pro essin in o ed in these
a ers an e natura su di ided into a ner rained ode, ut has traditiona een u ped into one
aer eauseofitsi pe entationin dedi ated hardware. or our purposes howe er, this is too oarse. To
interoperate with di erent networ s,it a on ene essar to han es a parts of the e istin a ers.
orea petwodi erents ste s a e po thesa e oduation and odin , ut usedi erent utipe
a ess proto os. n the future, we en ision e i e networ s, where the t pe of odin or a ess proto o

a eateredd na ia toadaptto han in onditions and or user re uire ents. To fa iitate this
eiiit,wewoud i eto reate new networ interfa es si p o inin e istin fun tiona odues,
rather than  writin an entire new pie e of software for ea h interfa e to perfor a of the fun tions in
the in and or ph si a a ers.

OSl layers  Software Radio Layers

T

| Link Framing |

| Data link | bits
Channel Coding

| Line Coding |

symbols |
| Modulation |

discrete signal |
| Multiple Access |

discrete signal Software
A€>p Hardware
Conversion
| Physical | - .
| continuous signal
l Frequency
Conversion

lcontinuous signal

i ure 8 Software etwor a erin ode



The se uen e of pro essin odu es for the trans ission appi ation is shown in ure 9. The s ste
interfa es with the host at the a er, throu h our Soft ink de i e dri er. This appears to the erne
as ust another networ de i e dri er. owe er, instead of handin the pa ets o to a hardware de i e,
this dri er hands the wup to user spa e, where the irtua radio pro essin is perfor ed. The rst e e of
pro essin is the networ fra in . orthise a pe, the pa ets werefra ed insertin a start ode and

testu n the data. A en th ode, indi atin the tota en th of the pa etin udin the stu ed a ues,
was a so inserted after the start ode. The ne t odue ta es the se uen e of its output the networ
fra in a er and perfor s tefra in ,insertin start, stop and parit its.

Softlink Driver

Byte Stuffing

Byte Framing

kernel user
space | space |

FSK

Freq. Hopping

GuPPI Driver i/'

i ure 9 Software o ponents of the trans ission appi ation

The on ersion of ea h it into a dis rete si na is perfor ed the S odu e and the fre uen hoppin
odu e then assi ns this wa efor to the appropriate fre uen . A of the possi e trans ission wa efor s
are nown a priori. There are two possi e wa efor s, orrespondin to or ,forea hhopfre uen . A of
these wa efor s an epre o puted and stored at startup, si ni ant redu in the o putation re uired
to produ e the trans itted wa efor . na 8 entiu ro . s were re uired for produ in the
wa efor orrespondin to a sin e it. This orrespondstoa a i u possi etrans it data rate of
4 ps.

The eneration of ontinuous phase wa efor s is fair strai htforward in software. The pre o puted

wa efor s are a tua o ersa ped, and on a su sa ped set, orrespondin to the output sa pin

rate, are opied into the output u er. The o ersa pin a ows us to inde into the u er to at h the

phase, and the pattern is treated asa ir uar u er,a owin the eneration of wa efor sforan it period.

After op in the sa pes to the output u er, the phase a ue is updated and used as the inde for the

wa efor  orrespondin to the ne t it. n asi iar anner, we are a e to aintain ontinuous phase
etween hops, e en when the hop o wurs in the idd e of the it.

Asis usua the ase, re eption is onsidera ore 0 pe than trans ission e en thou h the se uen e
of pro essin  odu es is essentia  the re erse of the trans ission s ste shownin ure 9. The re ei er
ust dete t the presen e of a aid trans ission and s n hroni e to it, as we as perfor thein erse fun tion



of ea h of the trans ission a ers. A ain, o inin the para eters of the fre uen hoppin and the S
de odu ation, we onstrained the re ei erto oo for one of the two aid wa efor sata i enhop fre uen
Separate fun tions werei pe ented to tra the hoppin se uen es, and to o onto and de odu ate the

its. These its are de fra ed, and then the pa etsise tra ted. The dri er then hands the pa et o
to the host a er for pro essin .

ur urrenti pe entation uses a 4.8 wide and sa ped at S S with it reso ution, and
an R and entered at .4 . The trans ission s ste  enerates ontinuous phase wa efor s at a
sustaina e data rate of ps whi e hoppin ti es per se ond. The re eption urrent runs at a

rate of 4 ps and supports the sa e hoppin rate. The a ount of ti e to perfor ea h re eption fun tion
is ieninta e

Rather than insurin rea ti e perfor an e with the ti ht s n hronous ontro o er the pro essin that is
t pia of an S and di ita hardware desi ns, we ta e an approa h that is statisti a in nature. e
re uire that, on a era e, there are enou h es a aia e to perfor the pro essin , ut reai e that the
a tua nu erof esa aia eo eran 1 enperiodofti e ariesas due toother de andson thes ste

A hardrea ti es ste 1 poses ahard dead ine for ea h tas , and pro idesa e hanis to insure that this
dead ine is et. n order to uantif the perfor an e of our s ste , we introdu e the notion of statistical
real time performance. e hara teri e the s ste de nin apro a iit thatthewor wi e o peted
within the spe i ed ti e i it, and spe if in the a tion that is to e ta en when the dead ine is not et.

Thepro a iit isdeter ined pro in thea orith ,asshownin ure ,underthee pe ted onditions
on the wor station. n this ase the e pe ted oad wassi p a inu wor station runnin an ser er, an

S es ste , and the usua networ dae ons e. . send ai, inetd, et .. n other ases, the e pe ted
oad 1 htin o e other si na pro essin tas s,or si ni ant user a ti it .

The a tion to e ta en when the dead ine is not et wi e appi ation dependent. ossi e a tion oud
in ude droppin the data, ontinuin pro essin for an additiona period of ti e, or sa in the data to
e pro essed at a ti e when there are spare esa aia e. roppin the data woud e appropriate in
app1i ationssu hasafu dupe rea ti e oi es ste ,where issin s a a ountofdata a e ore
to era e than in reased aten . n the other hand, a pa et data appi ation a e a e to dea with
itter uite we ,soa ore ra efu faiure ode oud e hosen.

i ure showsasa pedistri utionoftheti ere uired toe tra tone itusin the uadraturede odua
tion. The pro a iit that orethan 9.44 sisre uiredis essthan . fwe hose to stop the pro essin
after 9.44 sand a ean ar itrar de ision as to the a ue of the it, this woud orrespond to an in rease
in the pro a iit of a it error on

| un tion | Ti e |
re uen oppin . s hop
S o s it
S e oduation | 4. s it
e te ra in S it
e a et ra in 4. s it

Ta e A era eti ere uired for ea h re eption fun tion on a 8 entiu  ro.
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i ure isto ra of the ti e re uired per it to perfor the S de odu ation fun tion on a 8
entiu ro. The histo ra is o prised of data fro , tria s, the erti a a isis the nu er
of triaso wurrin fora ienti e in,pottedona o s ae. The pro a iit is ess than that ore

than 9.44 s were re uired for pro essin for a i en it.

The fre uen hoppin wire ess networ interfa e presented in this se tion de onstrates the feasi iit of
usin appi ation e e softwareto perfor therea ti esi na pro essin asso iated with su h anapp i ation.

orei portant , it isi ustrati e of se era of the ad anta es we eie e are asso iated with our approa h
to uidin irtua radio de i es

e were a e to uid the networ interfa e in a strai htforward wa wusin on entiona software
de eop ent toos. The entirei pe entation is on ines of C

urin de eop ent the networ interfa e was de u ed in si u ation usin the sa e ode that was
ater used toi pe ent the a tua radio. o portin fro a si uation en iron ent was ne essar ,
ut the fu ene tsof 0 inesi u ation are retained.

The desi n of the software networ interfa e re nesthe S a erin ode in a wa that wou d not
e pra ti a if we had not o ed the hardware software oundar .

The astse era earsha eseendra ati han esinthe hardware used to ui d software radios. Con entiona
software radios ta e ad anta e of ast i pro ed A on erters and S hardware. ur approa h a so
depends upon hi h perfor an e A on erters. owe er, rather than use S s, we ha e hosen to ride
the ur eof rapid i pro in wor station hardware.

This hoi e was di tated  three e assu ptions



Toda ’s o the she f wor stations ha e enou h pro essin power to support rea ti esi na pro essin
app i ations,

as a ess to the o putationa resour es and de eop ent en iron ents a aia e on on entiona
wor stations wi ead to new and potentia etter approa hes to si na pro essin , and

n reasin , there are ad anta es to e ained oupin the radio o ponent of o uni ation
de i es with app i ations.

The wor des ri ed in this paper pro ides stron e iden e of the aidit of these assu ptions.

hen we started wor in on this pro e t, andwidth was the ottene . ith the o p etion of the
s ste dis ussed here, the ott ene o ed to pro essin . ur easure ents show that a h
entiu ass a hine is wust fast enou h to eep up with the de ands of the inds of appi ations

des ri ed a o e. As pro essor speedsi pro eand a hes rowitwi e o ee eneasiertoi pe ent the
inds of app i ations we ha earead uitanda ariet of new appi ationswi e o etra ta e.

The two app i ations presented here pro ide e iden e a out the aidit of the se ond two assu ptions.

ahre uiredareati e s a a ount of ode and was de eoped ui usin standard pro ra in
toos. Thei pe entation of the e uar re ei er too parti uar ad anta e of the ease of in orporatin
e istin software that had een uit without si na pro essin appi ationsin ind. urther ore,itsno e
hanne see tion ter is su esti e of the opportunities for a orith i i pro e ent a orded irtua
radios.

a h appi ation aso de onstrates the ad anta esof ein a eto ose oupe o uni ationsde i es
with app i ations. This was parti uar i portant in the desi n of the software networ interfa e, where
re nin the S aerin ode edtoa e i e interfa e that fa iitates inter operation with a ariet of
standards.

hi e we are happ with the pro ress we ha e ade this far, this wor sti hasa on wa to o. e eie e
that we ha e de onstrated that irtua radios pro ide new and usefu wa sto uidfa iiar o uni ations
de i es usin a orith s that are not too di erent fro e istin a orith s. n the ne t sta e of our wor ,
we p an to use the e i iit and power of irtua radios to e peri ent with radi a di erent a orith s
and with new inds of fun tiona it .
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