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Motivation

 Multiple Input Multiple Output (MIMO): use
of multiple antennas, both, at transmitter and

receiver.

— MIMO is a trending technology into the signal
communications realm.

— Actual implementations with 3GPP, WiMAX, WiFi.

e Software Defined Radio
— Radio implemented by means of software.

 Time-frequency Representations



Objectives

Design, implement, and test a framework for
MIMO channel monitoring and simulation

— Redesign the existent Slgnal Representation
LABoratory application software named SIRLAB.

— Implement time-frequency Representations.
— Provide a MIMO simulation.



Background

e Communications
e Software Defined Radio
* Time-Frequency Representations



Communications

e Communications
— Send multiple symbols with different antennas.

— The signal is modified by the channel and possibly
reflected by several scatterers.

— Multiple copies of the signal may be received and
processed.
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Software Defined Radio

e Like traditional radio

— It does what a typical radio does.

e Unlike traditional radio

— Several components have been implemented
computationally.

e Software can perform jobs that before were
done by hardware.

e Extending the software towards the antenna
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Software Defined Radio Tools

 SoRa, by Microsoft
e Simulink, by MATLAB
e GNUradio, as an Open Source




Software Defined Radio Implementation

#include "civelient.h"

/* this is used in strange places,
needed (hence, it is not 'extes
bool ig server = FALSE;

char *legfile = NULL;

char *scriptfile = NULL;

static char tileset name[512] = "\0";
char sound plugin_name[512] = "\0";
char sound set name[512] = "\0";

char server host[512] = "\0":

char user name[512] = "\0";

char password[MAX_LEN_PASSWORD] = "\0";
char metaserver[512] = "\0";

int server port = -1;

bool aute connect = FALSE; /* TRUE = skip "C
bool in ggz = FALSE;

FPGA

Personal Computer



Software Defined Radio
Implementation

USB
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Time-Frequency Representations

 Techniques and methods

e Sighals whose characteristics are changing
with time

e Allow to extract additional information

 High computational requirements



Time-Frequency Representations
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Methodology

e Available tools
— SIRLAB, by the AIP Lab
— GNUradio, as an Open Source
e Preliminary Results
— SIRLAB Parallelization
— User Integration: webSIRLAB, SIRDroid

* Framework for MIMO channel monitoring and
simulation

— Design
— Implementation
— Testing



SIRLAB on a NetSig Node Processor
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SIRLAB

SIRLAB: A Tool for Research and Education

SIRLAB: Signhal Representation LABoratory
Open-Source Framework Developed at the AIP Lab

Research Tool for Time-Frequency Analysis

Educational Tool for Signal Representation
Based on OpenCV and FFTW Software Libraries
Uses R. Tolimieri’s Theory on Time-Freq. Repres.
Input Format: WAV File

Language Written: C/C++

Speed Up Time: 20+ Times Faster than Most Known
MATLAB-based Time-Frequency Tools




e Known Time-Frequency (T-F) Toolboxes

— http://tftb.nongnu.org (TFTB)

e Developed by Rice Univ.: http://dsp.rice.edu/ &
CN Recherche Scientifique: http://www.cnrs.fr/

— http://espace.library.ug.edu.au/view/UQ:211321
e T-F Signal Analysis (TFSA) Matlab Toolbox v.5.5
» Developed by Univ. of Queensland: ug.edu.au/

— http://www.mathworks.com/matlabcentral
e DiscreteTFDs — T-F Signal Analysis Software
e Developed by Jeff O'Neill: jco8@cornell.edu




Monitoring Network

SIRLAB Framework
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SIRLAB: Running on a NetSig Node
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SIRLAB Architecture

SIRLAB

Core SIRLAB

I

SIRLAB Libraries
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SIRLAB Frame Example
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SIRLAB’s Standard Output
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Frame Magnification: Time & Frequency

W

Ly . ¥ P e e | 3 T L

(e N S

T —
—
=]

=1

E=T = B C =
=]
[—
—

C

RS Lt

&
Firriem (=) 1

1 L. AHE i (I F 1
‘1 1R FRACPCRED D = o ¥wn palles = 3 T ET I IR L
SHigrial Sopnaerat Llerrg i [ e R WawTile: STIRLAE J‘:[MEEI_.‘I. A
CETFT oYar-lmy E fFal- o Emrrs prloas s W aaawr Fidler D dwes Bﬂ.'l.ﬂn_:l.‘r" RN = EEE
R I s e i owmam = EELICION Bl =B R Efmwrys prl i g T aa & EFEELICHOD =
aswres  paemalali Th @ 5 PEECHOICY e oow wwn p les e ERraples remoliatior.: 1 i ke
BeA A T T LA FNE N e R e R ] (ST I = = Fromiywe Jrovesitioei : RiAm o AR Croarries
Bod oo 3CA Brn WL Fwn TR e as) U e R e N =TT ulrs T T = -
SIRLAB__CIME:S (OO0 168). pryg
Ly.L¥ iz . =k s e | = . I .
h ¥ v
I . \ . s
i EE X B S
1 “A-E3 B F
i I TS+

Dtanbayy

s PSRN SRS s | S— i

|
|
|

2 apnydy

i 5 L i
LR A e | T s e L= 1 A e [ L& |
i ] RIS IR (eIl InTln ]

L X E
L.i¥5 k3l 1
[ AT E TR I ) [ EEIs AT T i v gpale

SHigral SonmEFraaeral latlﬁth FEAR RO s o ks v e s WavwTile: SIRLAB C[MEEI_.‘I. A

COETFT oOYwar-1ms E: fFal- e Trw pe s e W oamwr i les  cadwces Bﬂ.'l.ﬂn_:l.‘r" RN = PR
Y d o ol e v = A e : (SLSL& LS ] ™ o Tx s Rl es Efmrysprlirs @ - an L : TFEELICHLD = -3

Famwries penamalaold Tng 3 ORCIONCY  =ow rwn pr e SHmryvaEiles Temaaliatdosrs: L i b=

LR RS R E RS o S R R ek T ERE =T T u i wTo B = - Froarywe Jpoosesitiloers ;o 2im of SRA0 U oryhes s
BeA w3l pen wi ¥wn DR emas) UL B R A FRERey  ad s



SIRLAB Challenges

Parallelization Into Multiple Cores
Improve the User Experience

— Minimum Installation Effort
— User Friendly Interaction

Client — Server Architecture
Integration with Mobile Devices



webSIRLAB

Web Interface for SIRLAB

Client Server Architecture

Flexible Parameter Selection

Easy Signal Submission for Processing at Server
Friendly Display for Results

Minimum Installation Effort

— Modern html5 web browser is required.

Research contribution



webSIRLAB’s User Interface
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webSIRLAB
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Research contribution



weDbSIRLAB Architecture

| |

Web Browser

HTML5
Javascript webSIRLAB

PHP

SIRLAB

Core SIRLAB
1
SIRLAB Libraries

e Y OpencV)

Research contribution




SIRDroid

 Android interface for SIRLAB
— Android is the leading mobile operating system

 Client Server Architecture

e Can record data on real environment and get
results in a few seconds

Research contribution
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SIRDroid Architecture

Client Server

SIRLAB

3 Core SIRLAB
Android l I i
1 1 SIRLAB Libraries
Mobile Device [ Frnw Jopency

Research contribution



GNUradio

Open Source Software
Provides a library of signal processing blocks
Sends and receives signals

Audio, USRP, Network (TCP, UDP), File, Wav
File

USRP makes GNUradio wireless capable
Software Defined Radio



GNUradio Architecture

C++ Module C++ Block

GNUradio

Companion

*SWIG: Simplified Wrapper Interface Generator



GNUradio Companion

 Graphical Interface to GNUradio
* |conic Programming Language

e Powerful Editor
— Place the Required Blocks
— Configure Each Block
— Connect them Together
— Build and Run



GNUradio Companion
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GNUradio Challenges

e Build Time-frequency Representations
— Short Time Fourier Transform
— Ambiguity Function
— Wigner Distribution
— Choi — Williams Distribution



The theory behind the solution

DESIGN



Design Outline

* Time-Frequency Representations

— Algorithms, complexity and parallelization

e MIMO Channel
— MIMO System Modeling
— Proposed Channel Modeling

e Modulation-Convolution-Delay
e Delay-Convolution-Modulation



Time-Frequency Representations

Short Time Fourier
Transform

Ambiguity
Function
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Distribution
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Distribution
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Short Time Fourier Transform

Algorithm 3 Short Time Fourier Transform
Input: Signal z[n] € I*(Zy), Window width w > 0 € Z, Zero-padding P > 0 € Z.
Output: Matrix s[M][P]

2. fori=0—M—1do

3: wn € ZN + 0

4: Yy e ZF « 0

5: for j=0—=w—1do
6: wnlj +w-i] + 1
7: end for

8: for j=0— N —1do
9: ylj] < z[j] - wnlj]
10: end for

11: sli] «+ dft(y)
12: end for

Computational Time Complexity: ()(”;31“%( n))

Research contribution



Ambiguity Function

Algorithm 4 Ambiguity Function
Input: Signal z[n] € [2(Zy), y[n] € P(Zy)
Output: Matrix A[N|[N]

1: for:=0—- N 1do

2: for j=0—-> N 1do

3: yl| 7] « conj(y|mod(j + i, N)])
4: end for

5: for j=0—-> N 1do

6 1] «lj] - y1lJ]

7 end for

8: Ali] « dft(z)

9: end for

Computational Time Complexity: ()(”;31“%( n))

Research contribution



Wigner Distribution

Algorithm 5 Wigner
Input: Signal z[n]| € I*(Zy), y[n]| € I*(Zy)
Output: Matrix W[N]|[N]

1: fori:=0—-> N - 1do

2: for j=0-—-> N - 1do

3: y1[j] < conj(y[mod(j + i. N)])
4: end for

5: for 7 =0—- N - 1do

6: ] =i - wils]

7 end for

8: Ali] « dft(z)

9: end for

10: W« dft2(A)

Computational Time Complexity: ()(”;31“%( n))

Research contribution



Choi-Williams Distribution

Algorithm 6 Choi-Williams
Input: Signal z[n] € I*(Zy), y[n] € I*(Zy), a
Output: Matrix W[N][N]

1: fort=0—N—-1do

2: for j=0—= N —-1do

3: y1[j] < y[mod(j + i, N)]
4: end for

5: for j=0— N —1do

6: z[j] = z[j] - y1[j]

7: end for

8: Ali] « dft(z)

0: for j=0— N —1do

0 ARG ALl - e
11: end for

12: end for
13: W1 « dft2(A)
14: W <+ conj(W1)

Computational Time Complexity: ()(n*log(n)) Research contribution



MIMO System

The channel is seen as a

i y=Hxr+ N.
linear system

H then is decomposed H=USV*

The symbols are preprocessed at the
transmitter and post-processed at the receiver



MIMO System

e The channel must be estimated

— Several mechanisms have been proposed and
implemented

— Subject to errors

 The Shannon capacity increases linearly with

every pair of antennas at the transmitter and
receiver.



Formulated MIMO Channel

e A “MxN” MIMO channel can be seen as a collection of
C=MxN Single Input Single Output (SISO) Channels.

e Every SISO Channel is then modeled like a channel with
3 operators:

— Delay: The signal has a latency while is propagating
— Convolution: The medium acts like a FIR Filter
— Modulation: The medium inserts a Doppler shift
e The order is important, this yields two approximations:
— Delay-Convolution-Modulation (DCM)
— Modulation-Convolution-Delay (MCD)



DCM

Yap = Gap OD Xk, -

Operators
where g, € 2(Zp)
Jab = Thoy{fapt-
where f 5 € I*(Zp)
fa,b = Ip ®p dm.aly
Composition Yab = (Thep 26 D Om,pt) OD Xy -
M-1
MIMO Yo = D (Thosl 26 ®D Ony}) Ob Xy
b0
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MCD

Yab — Yab ®D é-ma‘b-

Operators
where g, € (*(Zp)
Gab — Tha,b {fa,b} s
where fop € I*(Zp)
Jap = 6 Op Xp -
Composition Yab = (Lh, 1T OD Xk, }) ®D O, -
M-1
MIMO yﬂ- o Z (..Th'a.b{;rb ®D "era.b}) ®D (li"n'a.b'
b0
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IMPLEMENTATION



Time Frequency Representations

e The main implementation is done in C++
e Object oriented programming
e Each time-frequency representation is a class

— Implements from gr_block interface
— The method general work is implemented

— A constructor sets the initial properties of each
time frequency representation



Time-Frequency Representations

Block
Interface

Constructor,
destructor and
general_work are
implemented

gr_block

-d_output_multiple; int

-d_relative_rate: double

-d_detail: gr_block_detail_sptr

-d_history: unsigned

-d_fixed_rate: bool

-d_tag_propagation_policy: tag_propagation_policy_t

<<destroy>»-gr_block{)

+history(): unsigned

+set_history(history: unsigned): void

+ixed_rate(): bool

+orecast{noutput_items: int, ninput_items_required: gr_vector _int): void

+genenal_ workinoulout ffems: ik, ninput items: gr_vector_int, impui items: gr_vector_const void_siar, oufput items: gr_vector_void star): int
+start(): bool

+stop(): bool

+set_output_multiple (multiple: int): void

“+output_multiple: int

+consume{which_input: int, how_many_items: int): veid

+consume_sach(how_many_items: int): void

+produce{which_output: int, how_many_items: int): void

+set_relative_rate(relative_rate: double): void

+relative_rate(): double

+Hixed_rate_ninput_to_noutput{ninput: int): int

+ixed_rate_noutput_to_ninput(noutput: int): int

+nitems_read(which_input: unsigned int): uinté4_t

+nitems_written(which_output: unsigned int): uinto4_t

+tag_propagation_policy(): tag_propagation_policy_t

+set_tag_propagation_policy(p: tag_propagation_policy_t): void

-gr_block{: void)

-gr_block{name: std::string, input_signature: gr_io_signature_sptr, output_signature: gr_io_signature_sptr)
#set_fived_rate(fixed_rate: bool): void

#add_item_tag{which_output: unsigned int, abs_offset: uint&4_t, key: pmti:pmt_t, value: pmt::pmt_t, srcid: pmt::pmt_t): void
#add_item_tag{which_output: unsigned int, tag: gr_tag_t): void

#get_tags_in_range(v: std::vector<gr_tag_t>, which_input: unsigned int, abs_start: uint64_t, abs_end: uintc4_t): void
#get_tags_in_range(v: std::vector <gr_tag_t=, which_input; unsigned int, abs_start; uinté4_t, abs_end: uinto4_t, key: pmt::pmt_t): void
+detail(): gr_blodk_detail_sptr

+set_detail(detail: gr_block_detail_sptr): void

new_block

< <create==-new_block()
<<destroy> >-new_blodk()
+general_work(noutput_items: int, ninput_items: gr_vector_int, input_items: gr_vector_const_void_star, output_items: gr_vector_void_star): int




Parallelization

 Each running block is a thread into the whole
system

 Our time-frequency representation blocks are
executed in parallel as an option

— Data parallelism

— OpenMP was selected for parallelization

e API| for automatic parallelization, include compiler
directives, libraries and functions

e Cross compatibility, great support and meets the
project requirement



MIMO Channel

e Development of each block, MCD and DCM
internally with GNUradio Companion

* |conic Programming



MCD and DCM Blocks
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4x4 MIMO

SIS0 MCD
kernel: 1, 0
modulation: 1, 1
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Pad Source
Labal: in0

Pad Source
Label: in1

Pad Source
Label: in2

Pad Source
Label: in2




The results behind the solution

TESTING



Acoustic Channel Surveillance

e The STFT can be used to monitor the
environment

— Species characterization in bioacoustics
— Sonar



Acoustic Channel Surveillance
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Channel Surveillance
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Ambiguity Function

Used for Sonars

Design of Signals

Detection of Delay and Doppler Shifts
Testing With Well Known Signals

— Sine
— Square



Ine
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2x2 MIMO
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Parallelization Metrics

Dell 1520

Intel Core2 T5850
— 2.16 GHz

— 4MB Cache

— 2 Cores, 2 Threads

4GB@667MHz
Linux 2.32

Samsung RC512

Intel Core i7 2630QM
— 2.0->2.9GHz

— 6MB Cache

— 4Cores, 8 Threads

6GB@1333MHz
Linux 3.2



Milliseconds

100000

10000

1000

100

10

Dell 1520

A
A 0
A |
¢ STFT
A
A M Ambfunc
A Wigner
A L 4
[ |
L J
L
256 512 1024 2048 4096 8192
Size

Research contribution



Miliseconds

Miliseconds

4000
3500
3000
2500
2000
1500
1000

500

30000
25000
20000
15000
10000

5000

STFT

. !

256

1024

4096

Slze

Dell 1520

@ 1 Thread
M 2 Threads

@ 1 Thread
M 2 Threads

Miliseconds

AmbFunc

L 4

[ |
@ 1 Thread
M 2 Threads

m =m A
256 1024 4096
Slze

Research contribution



Milliseconds

100000

10000

1000

100

10

Samsung RC512

Time-Frequency Representations

X
X
[ |
 J
X
B @ STFT
<
X B Ambfunc
Wigner
' X ChoiWill
X
[
*
[ |
256 512 1024 2048 4096 8192
Size

Research contribution



Miliseconds

Miliseconds

Samsung RC512

1600
1400 4
1200
1000
800 B
600
400 * X
200
0 [ X
256 2048
Slze
Wigner
12000
°*
10000
8000
6000 |
4000 §
2000 é
0 |
256 2048
Slze

¢ 1 Thread
M2 Threads
4 Threads
X 8 Threads
X 16 Threads

¢ 1 Thread
M2 Threads
4 Threads
X 8 Threads
X 16 Threads

Miliseconds

Miliseconds

AmbFunc
2000
IS
1500
1000 m
500 'S %
0 mm A 2
256 2048
Slze
ChoiWill
20000
*
15000
10000 =
5000 C—
0 m—m W !!
256 2048
Slze

@ 1 Thread
M2 Threads
4 Threads
X 8 Threads
X 16 Threads

@ 1 Thread
M2 Threads
4 Threads
X 8 Threads
X 16 Threads

Research contribution



Speed Ups
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Conclusions

A MIMO Modeling framework was presented
using a software defined radio paradigm into
GNUradio.

Several time-frequency blocks were designed
into GNUradio using the proposed framework.

A testing workflow was defined using the
models and algorithms developed.

Several works requiring a time-frequency
representation can take advantage of the
developed framework.
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Future work

Channel Estimation
Develop Input Signals With the Framework

DSP, FPGA Integration
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