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The software radio or SDR provides a flexible radio architecture
that allows changing the radio personality, possibly in real-time

J. H. Reed, Software Radio — A Modern Approach To Radio Engineering,
2002 Prentice Hall PTR, Upper Saddle River, NJ.



Software

« Waveforms (SDR applications)
« DSP algorithms
« Radio’s physical layer behavior

 Middleware (SDR framework)
« Software layer between applications and hardware
« EXxecution environment for waveforms
* |ndividual hardware and software development
« Waveform loading and unloading - reconfiguration
« Portability and reuse of components
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SDR Computing
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Computing Resource
Management
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Heterogeneous Multiprocessing
SDR Platform

(A PE PE
(DRA) (ASIP)
ALOE ALOE m@

—>{DAC
PE
(ASIC) <—ADC
»
(1 U
O
D PE with OS . ALOE services
D PE without OS D Platform services

PE: processing element
DRA: dynamically reconfigurable area
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ALOE Layers

Abstract
Application
Layer

Real Application

Layer
ALOE
Layer
ALOE ALOE ALOE
_________________________ R 5. R ___
Hardware PE1 PE2 PE2
Layer ‘ 1 1

PE: Processing Element
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ALOE Architecture

DSP OESR: Operating Environment
Module for Software Radio

RTDAL: Real-Time Distributed
Abstraction Layer

OESR API
OESR = :

RTDAL API

| POSIX |

Hardware + OS kernel
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Real-Time Distributed Abstraction Layer (RTDAL)

Interprocessor communication

Synchronization

Scheduling
o pipelined execution, partitioned scheduling
= 1 thread per processing core

RTDAL API

» Task creation and management

= Interfaces
= ADC/DAC abstraction
= Time functions
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Operating Environment for Software Radio (OESR)

Automatic mapping of waveforms

Location-transparent inter-module communications

Configuration and visualization of variables &
parameters

Logs, counters, ...



Computing Resource
Management
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Wireless Communications Characteristics

e (Continuous data transmission and reception

e Real-time services - real-time processing

e RAT/mode/QoS target - processing demands
e Heterogeneous multiprocessor platforms

e Limited computing resources

e Dynamic reconfigurations

RAT: Radio Access Technology
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Computing Resource Management

“Provide sufficient computing resource to
waveforms for real-time processing”

Real-time constraints:
Minimum throughput

Maximum latency
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Scheduling

Scheduling is the method by which threads, processes or data
flows are given access to system resources. [Wikipedia]

Scheduling
Global Partitioned
Static Dynamic Static Dynamic
Pre- Nonpre- Pre- Nonpre-

emptive emptive emptive  emptive
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Static vs. Dynamic Scheduling (l)

Offline (compile time), before Online (runtime), at execution
execution

Deterministic performance Nondeterministic performance
Avoid migrations - less Migrations - overhead & cache

overhead & fewer cache misses misses

Avoid task locks = less system  Task locks 2 more system calls

calls > less overhead —> more overhead
Regular, periodic tasks with a Irregular, aperiodic tasks with
priori information unknown characteristics a priori

Runtime rescheduling costly Easy to add new task at runtime
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Static vs. Dynamic Scheduling (Il)

 Scheduling overhead increases...
= ...with the waveform granularity
s ...with the number of processing elements
= ...inversely to task execution time

» Global-dynamic-preemptive scheduling
+ flexible

- may incur significant resource overhead

- Partitioned-static scheduling scales better

V. Marojevic, I. Gomez, A. Gelonch, “Evaluation of computing resource manage-
ment methods for SDR clouds,” SDR-WinnComm Conf., Washington DC, 2013,
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ALOE Resource Management

Pipelining

Partitioned scheduling: static and cooperative
= Low overhead

= Easy to implement

= Scalable

Heterogeneous platforms (w/o shared memory)

Requires task-to-processor mapping
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Pipelining

Data Packets

- OONEm

T

Data packet: x samples

Packet arrival rate: 1/THz 5 Throughput requirement: x/T samples/s

Process 1 input data packet every T seconds
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Pipelining
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Pipelining
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Pipelining

t=2T
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Pipelining

t=3T
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Pipelining

t=4T

. Pipelining |
: stage1 i stage2 i stage3 | stage4

P
|
I
I
I
I
I
I
I
I
I
I
I
I
I
\ 4

Processing latency: 4 time slots (4:T)

Processing throughput: 1 packet every T seconds (x/T input samples/s)
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Scheduling Example w/o Pipeline

73=0.1 ps

T; : execution time per sample

T1=01 HS T2=05 HS T5=01 S

fs=1 MHz
Buffer
m ¥ 100 T, = 50
>
100-x us Processing latency: 90 ps
(100-x samples)

xl - x2

Latency:
Sf(platform,

mapping)

Processing latency: 80 ps + tx1 + tx2
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Plpelmed Scheduling (I)

7,=0.1 ps :
PIPELINE

| Block size: 100 samples

| Time slot: 100/f5 = 100 ps
! Pipelining stages S: 4

| Processing latency:

1 S« Ty = 400 ps

7,=0.1 ps 7,=0.5 ps

fe=1MHz i

time slot 1 étime slot 2 tlme slot 3 time slot 4
E : : ’ 1 Deterministic

latency

N\
y
I
I
|
r
-

Processing latency = 400 ps

Pipelined execution: removes precedence constraints, simplifies scheduling
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Plpelmed Scheduling (II)

7,=0.2 ps :
PIPELINE

| Block size: 100 samples

| Time slot: 100/f5 = 100 ps
! Pipelining stages S: 4

| Processing latency:

1 S« Ty = 400 ps

2 Processors of half capac1ty

7,=0.2 ps T,=1 s

fe=1MHz i

Equal
latency and
throughtput

H H
'l N =
. 1

100 pus

100us =~ 100ps : 100 s

Processing latency = 400 ps

Scheduling performance: platform-independent
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Plpelmed Scheduling (III)

73=0.05 ps :
: PIPELINE

_ i Block size: 100 samples
: = P T.= H i\ T==0.05 ps i
7, =0.05 ps grz 0.25 ps N H i Time slot: 100/fg = 100 ps

| Pipelining stages S: 4
i Processing latency:
S - Ty = 400 ps

More powerful processors

f=1 MHz

Equal
latency and
throughtput

H H
- & S G
H H

100 pus

Processing latency = 400 ps

Scheduling performance: platform-independent
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Plpelmed Scheduling: Latency Control (I)

i 13=0.05 ps ¢

More powerful processors

PIPELINE

7,=0.05 us §r2=0.25 s 7.=0.05 us Block size: 50 samples

i Time slot: 50/fs = 50 ps
i Pipelining stages S: 4

| Processing latency:

1 ST, =200 ps

fe=1MHz

> i

N

S50 ps

Processing latency = 200 ps

Scheduling performance: platform-independent
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Plpelmed Schedulmg Latency Control (Il)

More powerful processors

PIPELINE

i Block size: 50 samples

: | Time slot: 50/fs = 50 us
! Pipelining stages S: 3

| Processing latency:

1 S Ty =300 us

. 7,20.05 us | 1,20.25 s

fe=1MHz

H H
'l ~ =
. H

100 ps

Processing latency = 300 ps

Scheduling performance: platform-independent
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Plpelmed Schedulmg Control Flow

73=0.2 ps

PIPELINE

Block size: 100 samples
Period T: 1/f5 = 100 ps
Pipelining stages S: 4
Processing latency:
ST =400 ps

H

100us =~ 100ps : 100 s

v

100 ps

Processing latency = 400 ps

Scheduling performance: platform-independent




Computing Resource Management 45 ‘H

Mapping
« Application and platform models
« Any mapping algorithm

« Two general-purpose algorithms:
« t,-mapping: O(m-n"*1)
e g,-mapping: O(m-n")

o Cost function

( processing requirement bandwidth requirement
Cost = , , + : :
available processing power available bandwidth

balance processing load  minimize data flows

V. Marojevic, “Computing Resource Management in Software-Defined and Cognitive
Radios,” doctoral dissertation, Dept. Signal Theory and Communications, UPC, 20009.



DEMO 1: Computing Resource
Management

- LTE 1.4 MHz
- Time slot: 1 ms
- Sampling frequency: 1.92 MHz

- Each time slot, 1920 complex samples are sent
to/ received from the USRP

- Receiver has 7 pipeline stages: 7 ms latency



Soft Real-Time: Execution Trace

1000 E000
E e
= 2 4000
o o
s00
= 8
] n 2000 .
: & | ]
L *
] sl : 0 . .
] qOan0 10000 150400 ] qO0an0 10000 15000
Time slot Time slot
2000 G000
o
=i y
',__T 2000 S 4000
m |
A= 8
E 1000 m 2000 | | |
-r (W
L e
] _ . 0 i ;
] sO00 10000 15000 ] S000 10000 15000

Time slot Time slot



Soft Real-Time: Execution Trace

=

g.ar

Latency (ms)
=)
n

6.5

| 1 | 1 | 1 1
0 1000 2000 S000 4000 "RO0O0 GO0 FO00 a0
Time Slot



Hard Real-Time: Execution Trace
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Hard Real-Time: Latency
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Waveform Design and
Deployment
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ALOE Waveform

- ALOE waveform

= Processing modules
= Connections
= Parameters

« Module

= Computing requirements
= Configuration parameters



ALOE Waveform

Waveform Module

DATA DATA

| ) DSP >

————| ALOE CONTROL [——

Manager ‘ //
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Module START
. LOAD
Execution Flow

Register

i

2 4

DATA DATA
> osp =) INIT

Configuration
Interface setup initialize ()
Precompute coefficients

———— = CONTROL ———

-

STOP UN

l TATU T\

Read data
stop () | Free fEzollre: Process data | work ()
Unregister Write data

EXIT Real-time loop
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Waveform Design and Deployment

Development Deployment

Implementation of DSP algorithms Waveform creation and execution

-8
-8

Parameters
Execution time slot
Pipelining stages

CRC

Rate
Matching




Module Development

Module Development

1. Model ——> 2. Code
#include <header.h>

\ executable

3. Standalone test

main ()

}

v MEX-file
4. Test

1 shared library
\4

Deployment
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Module Template

initialize () ((int initialize() { )

param get int name (“dft len”,&dft len);
dft plan = compute dft plan(dft len);
return O;

\_ Y,

Work() int work (void **inp, void **out) {
complex t *input = inp[0];
complex t *output = out[0];

int nsamples = get input samples(0) ;

param get int name (“runtime param”, &my param) ;
run_dft(dft plan, input, output);

for (int 1=0;i<nsamples;i++) {

}

return 0;

(.
stop() int stop () {
destroy dft plan(dft plan);

L !
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Standalone Execution: Debugging

ismael@ismael-laptop:~/aloe ws/fft/debug makeS ./fft -p dft_points=128 nof_dfts=1
[info at file ../src/fft.c, line 66]: Using 128 DFT points

Execution time: 7665 ns.

FINISHED

Type ctrl+c to exit

Warning: empty y range [1:1], adjusting to [©.99:1.01]

F

Gnuplot (window id : 0)

s RE@aqQQ % ? b PdHe@aaqa v ?
0.8 _ o s -| — 2 T T T T T Uutpult_(} —
0.6 It LT B
I
" | | |"ﬂ". i l ” "' r'!| | |'| |||'|| || ||| f )
05 | I ||'| [ | .
0.2 | 'u’|| || ||||| ‘ | |||| |L | | | |||| ’ | I|'||| \ M !l
°1 VIV |||| I |||LI| Il |||||| p|"|| VA |'I'i| 1
0} L [ | |‘|||U | i| |\I |‘ .ﬁﬁ I |1,||| | || I ~| '~' I
=) VEUY YUY YT YT | 1
-0.2 | 4 _||| ‘ | H |'|I |‘ l "..u'l V | I'||I|I v II “vl “ |
0.4 1 15| | J .
-0.6 H { 3L ]
-0.8 i e 1 i T - | -2.5 ] 1 1 1 1 |
0 20 40 6( 0 20 40 60 80 100 120 140

144.729,-0.828259 1| 70.751 0, -2.88531




Module Development

Standalone Execution: Profiling (e.g. Valgrind)

KCachegrind

ismael@ismael-laptop:~/aloe_ws/eclipse_aloe/modrep_osld/lte_ss

J.‘.

Callgrind, a call-graph generating cache profiler

Copyright (C) 2002-2011,
Using Valgrind-3.7.0 and
./lte_sss_synch input_len=1920

ommand :

==29784== For interactive control, run

callgrind.out.29784 [.flte_sss_synch input_len=1920]

Eopen @Back -

Flat Profile

Search:

Incl. Self
639 892 227 316
630 668 13 662
616 224 5720
612 320 74
606 083 161
593613 45630
556213 8723
54B 768 548 768
539696 18 656
538857 45630
529 481 529211
503 841 1407
491816 107 598
487 727 30
461 899 53811
457 619 83490
451431 38
445 964 8829
441 504 53
437135 101 662
433516 12753
424163 2933
417 856 11880
410 825 6546

Called

LibVEX; rerun with

and GNU GPL'd, by Josef Weidendorfer et al.
-h for copyright info

"callgrind_control -h'.

Mem: 19% | CPU:

s_synchS$ valgrind --tool=callgrind ./lte_sss_synch input_len=1920

T OKiB/fs 4 1KiB/s i) temp165.0°C & BEX | 4)) 2:20PM It

£ Up ~ 9% Relative |5) cycle Detection . "I" Relative to Parent | <> Shorten Templates | Instruction Fetch =
& ® work
(No Grouping) | | Types Callers AllCallers | Callee Map | Source Code
Function Location

205 ol fftwf_twiddle_awake
594 m fftwf_mkplan
440 W fftwf_rdft_solve
117 work
1 ® get_mOm1
4563 M fftwf_ifree
317 H zero
488 W fftwf_cpy2d_pair
424 W fftwf_cpy2d_pair_ci
4563 M fftwf_kernel_free
135 ® malloc_consolidate
67 B vec_dot_prod
5073 M free
1 M Fftwf_dft_conf_standard
787 M really_compress
850 M fftwf_mkstride
1 = Fftwf_rdft_conf_standard
981 o fftwf_solver_register

1 M get_volk_32fc_x2_multi...

981 ml register_solver
981 o fftwf_mksolver
4 o volk_rank_archs
360 W copy
1 M load_preferences

lte_sss_synch
lte_sss_synch
lee_sss_synch

lte_sss_synch: lte_sss_synch.c

lte_sss_synch: find_sss.c
lee_sss_synch
lte_sss_synch
lte_sss_synch
lee_sss_synch
lte_sss_synch
libc-2.15.50: malloc.c
lte_sss_synch: vector.c
libc-2.15.50: malloc.c
lte_sss_synch
lee_sss_synch
lte_sss_synch
lte_sss_synch
lee_sss_synch
libvolk.s0.0.0.0: volk.c
lte_sss_synch
lee_sss_synch

libvolk.s0.0.0.0: volk_rank_a...

lte_sss_synch
libvolk.s0.0.0.0: volk_prefs.c

_10_vfscanf
-8 302




Figure 2
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8 T T T T T T 8 T T T T T T
7 . 7 .
Model MEX-file
EH = 5]
5 H . 5
4K . 4|
aH . 3
2 H . 2
1+ . 1F
D | | 1 1 1 o 1 1 1 l 1
0 20 40 &0 80 100 120 140 0 20 40 &0 &0 100 120 1
Command Window e o P P
(i) Mew to MATLAB? Watch this Video, see Demos, or read Getting Started, x
= | =]
=
>» mex aloefft.c ../ debug_make/1ibfft.a Jfusr/1ib/1386-T1nux-gnu/Tibffw3f. a
Warning: You are using gcc wversion "4.7.2-2Zubuntul}”. The earliest gcc wversion supported
with mex is "4.1". The latest wversion tested for use with mex is "4.2".
To download a different version of gcoc, wisit http://gcc.gnu.org
== w=rand(128,1)+1%*rand(1258,1);
=» y=aloefft(x,{{ dft_points' ,128}});
[info at file ../ /src/ffr.c, 1ine &0]: Using 128 DFT points
=» Tigure B
== plot(abs(y]))
== Tigure
== plot(abs( (=) sqre(l258))) | N
f o | =




DEMO 2: Module Development
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Waveform Design and Deployment

Development Deployment

Implementation of DSP algorithms Waveform creation and execution

N = =

-8

Parameters
Rate Execution time slot
Matching Pipelining stages
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Waveform Definition and Testing

Matlab/Octave
r- N
, 1a. Model —> 1b. Test \

/1N

2s. Sub-models = 2a. Test

Module
| l l l | Development
7
MEX files 3a. m-files _ —> 3b. Test ) R
\ - mex-files /
N _ 7

\ 4
Integration in ALOE
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Application Description File (.app)

Field _ |Options |Desoripton

name Unique ID
binary name and rel. location of the binary

_ mopts Processing requirements (for mapping)

Variables Configuration parameter values

I EIER {src=<source>; Connection of modules:
dest—<dest|nat|on>} src: output interface(s) of source module
- dest: input interface(s) of destination module

LIS EEEEN (KM 1>,<m2>,..), Executes modules listed in each pair of brackets
(...) in a single pipelining stage
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Pipelining Stages

PDSCH - Tx
| Rate N
Coder Matching | . | Code : '
S TrBIk . Scram-
ourcel—- Blk |
CRC . bling
Coder - Rate. : _|Concat.
| Matching| | |

A\ 4

IFFT #1 > CP#1

Scram- |

. —>| MUX —>5Channeli
bling : , |

IFFT #14—> CP #14 |—>
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Join Stages

join stages=

(
(M1, M2, M3, M4, M5, M6, M7, M8),
(M9, M23),

(M22, M36)
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Waveform Deployment Tools

1. Waveform description file
Collection of sub-waveform description files

2. Decouple Tx-Rx

Tx writes to file, Rx reads from file
Modify file with Matlab (add channel noise/distortion)

3. Debug mode
Logging service

4. Real-time execution:
UHD support
Execution statistics
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Control Module (l)

2 time-slots delay

Stage 1 Stage 2 Stage 3 Stage4 Stage 5

g

2 time-slot delay
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Control Module (ll)

1) PBCH decodes BW
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LTE DL Waveform

Stage 1 Stage 2+3

Bit-level
processing of
all channels

\%

Channel

i _ PBCH _PCFICH _ PDCCH
>  detach. > R > Rx > R
+ FFT X =

Stage 1 Stage 2+3 Stage 4 Stage 5 Stage 6 Stage 7



source

nof intputs=4

pcfich_tx —>

resmap

nof outputs=1

———————————————k——————

symbol ! symbol
tx: tx:
IFFT+CP, mux
IFFT + CP |




pdsch_tx

_input %.ﬁ coder

scramb-

ling _output




Stage 2 . Stage 3

Stage 1

|

|

symbol |, symbol
rx: rx:
de output,FFT + CP
demux FFT +
CP rem.

T

nof inputs=14

resde

map _
pbch

Stage 5

A\

resde
map _
pcfich

pcfich_rx

Ctrl

Vv



\ 4

resde
map _
pdcch

Ctrl

scramb-
bling

resde
map

pdsc‘}_y,- -

Stage 7

sink

decoder -

_output



CFI —

CFI's—

LTE DL Rx 94 M

PCFICH

Pre-
coding*

Res.
Map

CFI en- Scram-
coding bling
CFIde-| |Scram-
coding | bling

QPSK Layer
Mod Map*
(a)
QPSK Layer
Hard Man*
Demod ap

Pre-
coding*

Res.

(b)




B C H 480 bits  Subframe 0, 40, 80, 120, ...
‘ 4 Scram- s> QPSK_ Layer S Pre-
‘ 1 bling Mod Map* coding*

\ 4

480 bits  Subframe 10, 50, 90, 130, ...

40 bits 120 bits 1920 bits ‘ { Seram-__, QPSK__,, Layer ., Pre- |
, Tail biti \ 1 bling Mod Map* coding*
24 blt; CRC Scrambling% alcmivmg - ﬁtl;l' - Res.
every —4 > of parity B | | mate T 480 bits  Subframe 20, 60, 100, 140, ... M
40 ms gt bits coding Match. ‘ » 0Y, > > ap
 Seram-__ QPSK_s Layer . Pre- | _
Subframe 0, 40, 80, 120, ... ‘ T bling > e Map* 2l co ding* >
p
eEp 480 bits  Subframe 30, 70, 110, 150, ...
)
g L Scram- s QPSK_ Layer S Pre- S
g 1 bling Mod Map* ~ coding*
(a)
_ CRC Scrambling .Talcl(:)l:t,mg P lll)ate Scram- _ Qsl:) ?.tK < Layer ¢ Pre- | lll)es.
N <" of parity bits N e- bling |~ * ) - e-
detach parity St mateh. ing Demod Map coding map.

Subframe 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, ...
(b)



PDCCH

Al bits K1=A1+16 bits  3*K1 bits El bits
ch-1 CRC Scrambling Tail biting Ctrl.
—> 16 parity > of parity bits—>  Conv. > Rate >
bits if the case coding Match.
: 3
. 5 Qs Scr.am- QPSK __, Layer _ Pre-
= Q bling " Mod Map* coding*
An bits Kn=An+16 bits  3*Kn bits En bif
chn . CRC Scrambling _ Tail biting Ctrl. \%
— 16 parity of parity bitt™>  Conv. >  Rate >
bits if the case coding Match. Res.
Map
(a)
K1=S/3 bits S bits E bits
De- a1 TG
CRC . =T Tail biting B Rate De- . QPSK Layer _ |Un-pre- Res.
<— 16 parity <— ¢ parity bits <— Conv. < De- <— scram- Soft De- dine* De-
bits i decodin blin w coding
if the case g match. g Demod map Map.

(b)




DEMO 3: Waveform Deployment
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SDR Frameworks

« SCA (Software Communication Architecture)
« Military
« Research and education (e.g. OSSIE)

« GNU Radio
« Research and education (PC, multicore)



ALOE Characteristics
Heterogeneous
Multiprocessing Platform

independence
portability \ /
Development <— Real time — Execution control
& deployment
tools / \

Resource Deterministic
management latency



Conclusions

Conclusions

many-cores

multicores

small clusters
(heterogeneous)

DSP || GPP ||FPGA




Future Work
- GNU Radio/ SCA compatibility

- Add and test new schedulers:
= Dynamic, provided by the RTOS
» Hybrid (static-dynamic)

» Tools

= Waveform development and deployment
= Graphical User Interface for ALOE++

O
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Call for Participation

* FlexNets (Flexible Wireless Communications Systems & Networks)
« http://flexnets.upc.edu/trac/

 ALOE releases

« Computing resource management framework
 Waveforms

« Educational material

 OSLD (Open source LTE deployment) @

Sonlnet

.
B

- https://sites.google.com/site/osldproject’/home =~
 https://github.com/flexnets

« ALOE++
 DSP modules library
 Development Tools

* Mailing lists: https://groups.google.com/group/flexnets



