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The Dream of Software Radio
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“l#include <radio.h>

-bool transmit ( uchar * pSignal ) {
if ( lradio.Busy() ) {
bool ret = Start_transfer ( pSignal );
return ret;
} else {
if ( mac.backoff () ) {

)
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From Hardware to Software

Radio architecture
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Approaches FUE\

rogrammable hardwa@ / \
/{ (FPGA + DSP) GPP Software
& High-performance

¢ Difficult to program
¢ Not to scale © Easy to program
g Expensive / \
Conventional GPN
Software

¢ Slow
% Limited capability
No real-time

Performance

Programmability
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Fundamental Challenges

oR

» System interface throughput
— Large volume of high-fidelity digital samples
— From 1Gbps to 10Gbps

* Computation

— Large amount of arithmetic calculations for
digital signal processing

— Tens of GOPS estimated
* Real-time support

— Hard deadline and accurate timing control for
wireless protocols

— From 10ms (multi-media) to 1 us




The Sora Project J%El

* A multi-year research project (started
2007)

— Bet on the commodity multi-core PC

» Successfully turning a commodity PC
into a powerful software radio
— Orders of magnhitude better than prior art

— First standard compliant WiFi (802.11
a/b/q)

— First demo LTE (uplink)



Meeting the Challenges

 Take advantage of modern PC bus

technologies

— Driven by high-speed interconnection

among PC subsystems

— PCIe-based interface (> 10Gbps)
» Ride the wave of multi-core technology

oR

— Sustain Moore's law when CPU hits the heat

wall

— Software innovation to unlatch the full

power of modern CPU




Sora Architecture

R
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Sora Radio Control Board uﬁ

_>[PCIe-8x interface: up to 16Gbps ‘rhroughpuﬂ

Sora Fast Radio Link Slot
« 2Gbps per channel
*up to 8 channels (8x8 MIMO)
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Software Optimizations

» High performance PHY implementation
on multi-core
— Trade memory for computation
— Exploit data parallel with SIMD
— Streamline across multiple cores
— Core dedication for real-time support

foR




Trade Memory for Computation J%E

« Exploit large high-speed cache memory of CPU
— Multiple mega byte L2/L3 cache

« Extensive use of lookup tables (LUT) to store
the computation

Ex: Convolutional encode n , Output Data A
Direct impl. 8
ops per bit
N To > To 2 To ] To — To 0 T

LUT impl. 2
Look-up op for
8 bits!

> Output Data B (size 32KB)

— Applicable for more than half of the common
algorithms; speedup ranges from 1.5x to 22x




Exploit Data Parallelism with SIMD J%E\

« Utilize short-vector SIMD extension in CPU

— Simultaneously perform calculations on multiple
elements of vectors

Ex. (T)FFT
o

VIS
Aﬁ'i‘

— Applicable to many PHY algorithms with significant
speedups (1.6x ~ 50x)
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Pipeline across Cores

foR

* Partition PHY processing work across cores

» Interconnecting sub-pipeline with light-
weight, synchronized FIFOs

Core 1

Decimation =% Remove Gl —# FFT

-

Demod + |
Interleaving ‘

Core 2

| Viterbi

—# Descramble

' ‘ decoding
\ Synchronized
FIFO




Core Dedication for Realtime J%E

« Software is considered “uncertain” in
traditional OS

— Multiplexed with multiple tasks/processes/threads

— Interrupts and contention in memory/bus

— RTOS - complex/overhead/limited functionality
 Core dedication - a dumb idea whose time

comes

— Exclusively allocate enough cores for RT tasks

— I/0 Polling, instead of interrupt

— Precise timing control at CPU clock level

— Simple abstraction, and easier to implement in
standard OSes

 Even implemented in Windows ©



Worldwide Recognition

NSDI'0O9 Best Paper, Best Demo

Called out at SIGCOMM'O9 keynote
speech

Honorable Mention” Demo
Mobicom'09

Highlighted at CACM January 2011

'One the most significant wireless papers

SIGCOMM'10 - Best Demo Award

"

Sora Academic Kit releasel!

HW/SW available for academic
research

Over 230 units shipped worldwide
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Technical Perspective
Sora Promises Lasting Impact

By Dina Katabi

e TEnn sortwans defined radio (SDR)
first appeared in 1093 and referred
€0 i radio transeeiver where the bagie
signal processing components (for ex
ample, Altering, frame detection, syn
chronization, and demodulation) are

one in & general puspoze proves
sot. The goal of an SDE was to enable &
single radio to support multiple wire
1o nologies or eample, AM,
VHE, FM) and be easily upgradable
with a softwase patch,

il the eoncept of SDR has been
around for decades, only recentlyhave
SDRs beeome common in academic
wireless tesearch, Howsver, research
projests ypically employ SDR. a5 & de
velopraene platform, thi is, they use
software radios €0 develop new physi
callayer designs with the undesstand
ing that if these designs male it 1w &
product they will be buile in ASICs.
The teason why SDR hag become a
developraent plafonn rather than a
ully funcrional sofeware radio is chat
building high performance SDRs has

d e to be very challenging.

Sorahas revived the original SDR vi
sion, The objective o1Sorals 1o buildan
SDT that combines the petformanee

with the programmabilicy and flexibil
ity of general parpose processots, To
0 40, Sora mast orereome the follow
Ing challenge: How can a radio deliver
high throughput and sapport real time
protot obs when all signal processing is
donein sofeware on aPC?
Sora's approach uses varlous fea
tares common in tedsy's multicore ar
chiteceures. For exmple, transferring
the digieal waveform samples from the
sadic board tothe PC requires very high
b throughpuat, While alter native S DR
technologles erploy USE 5.0 of Giga
bit Behernet, Sora opts for PO Bxpress.
This design decision enables Sora to
achieve significantly higher transfer
rates, which re imporsant for high
bandwi molel antenna  designs.
The choice of BCI express also enables
Sora 1o teduce the wansfer latency to
sub microseconds, which 15 neces
sary 4ot wireless protocols with timing
constralnes (for exaaple, MAC protw
cols). Further, to sccelerate wireless
processing, Sota replaces oo mputation
with memoty lookaps, exploits sngle
instraction ruldiple data (SIMD), and

ing.
There are many reazons why the
following paper sbout Sora stands oat

There are many
reasons why

the following paper
about Sora stands
out as one of

the most significant
wireless papers

in the past few years.

be

a5 one of the most significant wi el
papers in the pagt few yeu
presents the firse SDR plafona that
fully implements 1EEE 802, 11b/g on
standard Cs. Seeond, the design
choloes it aalies (for example, the uge
of TCTe, SIMD, trading computation
for memoryloolaps, and core dedica
tion) are highly important if software
radios are ever to meet their original
goul  of one radio for all wireless
technologies, Thind, the paper is &
beautifal and impressive piece of en
gineering that spans slgnal process
Ing, hardware design, multicore pro

time demos, It has enabled demand
ing desig ns, such as LTE and AR virta
alization, to be buile fully in software.
However, carrendy most SDR based
tesearch uses the GHU Radio/USRR
platformn, Despite the limitations of
Tadorm, previous attenipes a
replacing ¥t with moze capable plat
formas did not sperianss signcant
shows that
wid m.mm arily ot
telated with the more capable design.
One of the elassic papers we teach our
undergraduate stadents is “The Fise
o Wotse is Better' by Richard Gabriel
that explains why the Lisp language
Iost o Cand Unix, Gab el argues that
for wide adoption, & system must be
good enough and as simple as pos
sible. such a design (termed worse s
bewer) tends w appear firs because
the implerenter did not spend an ex
e ive aount of thne over optimiz
ing. Therefore, If good encugh, It will
be adopted by developers because of
its simplicity, Onee adopted, the sys
will gradually improve unell it i
abost the tight design, One may ar
gue that the history of the GNU Radio/
USEP SDR it fairly similar; the plat
form originally provided just encugh
v people o start experimenting wich,
the wireless phys ical layer, As & msult,
iewas simple and cheap, which eauged
It spread. Once It was accepesd, It
Iept improving just encugh o enable
the nextstep in research,
teamn hag recently started
& prog tara that awards Sora Lits 0 aoa
demic institutions to ensble them to
wperiment with this new placfor, It
will be interesting w see whether Sor
with s higher performance can even
twally replace the GIU FadioUSKE
placform, If this happens, ic will be &
raajor suceess for Sora ]

history
nee nece:

g

i )

gramming, ke e , and
50 on, For all these reasons, this paper
will have & lasting fmpact on wireless
tesearch

The Sora pluform has been used
in multiple research projects and real

s e Baoviea Gy
Ebiarea Dupartrrurat Masea
Teshretcy Cantrldae,

ra
s Tetne el
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Sora Kit Evolution

» Sora ver 1.02
— Many assembly code for SIMD

>
3 — Kernel mode only
£ — Integrated programs
g S — 802.11b samples
5 « Soraver 1.1
o) o
£3 — Vectorl Library
(4]

— Kernel mode only

— Integrated programs
— 802.11a/b/g samples

2/14/2012 SRIF'12 Workshop, Hong Kong
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Sora Kit Evolution (cont.) J%—El

 Sora ver 1.5 (lastest Sept 2011)

— Kernel mode and User Mode
Extension

S

=z

S5 — Full capability with Windows XP
E o cp- .

ES — HW verification tool

g‘ D — Integrated program

gé « Sora ver 1.6 (coming soon)
E< — UMX reflection

an

— Brick modular architecture
— 802.11b Brick Sample

— DebugPlot tool

2/14/2012 SRIF'12 Workshop, Hong Kong 17



Sora Kit Evolution (cont.)

Better programmability
And more capability

2/14/2012

» Sora ver 1.7 (Mar 2012)
— 802.11abg Brick sample

» Sora ver 2.0
— MIMO support
— 802.11n sample

SRIF'12 Workshop, Hong Kong
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Software Architecture in Sora 1.5

sora User-mode
alt Mel
Sora User Mode
User I".’I-:ndn< Extension App Nel App |« « « Net App
: % i .T-.
Kernel Mode J/ /‘\ T::;F’." TCRIP
—.-1'& 7
Sora HWTest Driver Sora S0DR Miniport Driver
— T~
Sora Core API F Sora Core AP )
| | Je
Radio Controd
. Tx/Rx Resource
Board Driver Radio Manager Manager
- - -
PCle Bus

Radio Control Board{RCEB)

2/14/2012 SRIF'12 Workshop, Hong Kong
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UMX Architecture

 Direct memory mapping for data path
— High performance/zero copy
» Device I/0 for control path

— Protection

« User-mode Sora thread library for realtime

foR

SDR Process

- -—
- ~. - ~.

. Buf._ A '\-Btg. - UMX API
User mode N Mem Map 1 Device I/0
N N
Kernel mode > - =

OGO T

Abstract radio

HwTest Driver




UMX Reflection

* Integrate UMX app into network stack

« Will be shipped in Sora Ver 1.6

foR

SDR Modem/MAC Net App
User mode
) ) )
7
Kernel mode l TCP/IP
N
Send packet qugue
HM{TesT ] ¢
Driver
—>

Receive packet queue




Brick Library

* A modular software architecture for
DSP programs

e I . bits
X oample 1
Buffer 4 ope op3

* Design goals
— Modularize and flexible
— Better code reuse

— High performance
e Introduce minimal overhead

oR




Brick Model J%El

* A brick is a basic functional module

D—) source —)D sink
—{ i & s

Less used!
> MUX Switch

* Mode DSP program as a directed graph

:,;I:;,;h- | Serambiler . 5:.t|l MR . DBEPSK" H\ Barker- — - Fulsst —- g;:::-

Mapper Spresd Shaper

\ DoFSK-

MaEpPer




Define a Brick

* Ports
— Data type to read and write

e Interface

oR

— Process: the main method called to operate

on input data and write results to outport
— Reset: reinitialize the module
— Flush: end a data stream
 Context binding
— Access shared state variables




Brick Context Hierarchy

* A mechanism to enable sharing states
among bricks in a processing graph

— Ex. the decoding stage; channel

coefficients

source

foR




Write a SDR program

PHY11b*
Source

— -

Scrambler

—--

11t MR-
Sel

_h..

ISource* CreateModGraph () {
CREATE_BRICK_SINK

}

CREATE_BRICK_FILTER ( bpsk, TDBPSKMap, fbllbModCtx, spread);
CREATE_BRICK_FILTER ( qpsk, TQBPSKMap, fbllbModCtx, spread);

N

DEPSK-

mapper

CaPSK*

mapper

Barker -
Spread

Fulse -
Shaper

foR

( modsink, TModSink, fbllbModCtx );
CREATE_BRICK_FILTER ( pack, TPackSamplel6to8, fbllbModCtx, modsink );
CREATE_BRICK_FILTER ( shaper, TQuickPulseShaper, fbllbModCtx, pack );
CREATE_BRICK_FILTER ( spread, TBarkerllSpread, fbllbModCtx, shaper);

hod-
Cink:

CREATE_BRICK_DEMUX2 ( mrsel, T11bMRSel, fbl1bModCtx, bpsk, gpsk );

CREATE_BRICK_FILTER (sc741, TSc741, fbllbModCtx, mrsel );
CREATE_BRICK_SOURCE ( ssrc, TB11bPHYSrc, fbllbModCtx, sc741);

return ssrc;

Previously requires 6000+ lines of codel

2/14/2012
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Multi-threading in Brick graph FUE

|
|
L[ PrY1iD L g o rambler ] 110 MR | | DBPSK | Separator |
| Source Sel mapper | |
DQPSK
| Barker ., Pulse ., Mod |
| mapper N | Spread Shaper Sink

CREATE_BRICK_FILTER ( spread, TBarkerllSpread, fbllbModCtx, shaper);

CREATE_BRICK_SEPARATOR ( sep, Tseparator<COMPLEX16,1>,
fbllbModCtx, spread);

CREATE_BRICK_FILTER ( bpsk, TDBPSKMap, fbllbModCtx, sep):
CREATE_BRICK_FILTER ( gpsk, TQBPSKMap, fbllbModCtx, sep):
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Brick implementation

« C++ template library, instead of C++
virtual function

— Enable inline function optimization
* Avoid function call overhead

foR

 Enable compiler optimization at compile

time




DebugPlot

* A graphic tool to help debug/monitor
the real-time SDR programs

» Easy-to-use and light-weight APIs to
plot graphs on DbgPlot viewer: .

foR

PHY1ib" . 1ib MR*
Source o] Sorambler - ooy




&

i File

DebugPlot (cont.)

View Help

Channel Explorer
B um [

Untitled - DebugPlotViewer

urnxsdr. exe(b68): [BE: Channel]

3800000

3000000
|
2500000

2000000

1500000

1000000

300000
|

0.623

urnxsdr.exe(B68): [BE: Constel]

Op98 r=250

umxsdr. exe

(565)
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Sora MIMO Kit and Wthespace

« MIMO Kit

— External radio unit
with PCIe cable
extension

—4x4 MIMO, 20/40MHz
channel

— Extensible to 8x8
» Whitespace front-end

2/14/2012 SRIF'12 Workshop, Hong Kong
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Summary FUE

/ Sora \
/{r‘ogmmmable har'dwah & High-performance

(FPGA + DSP) ® Easy program

o « Vector lib
¢ Difficult to program Brick model

$ Not to §C0|€ / « UMX Reflection
g Expensive « Debugging tools

Conventional GPP
Software \

¢ Slow

% Limited capability
No real-time

Performance

Programmability
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Thanks! Questions?

Coming to Sora demo this afternoon...
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