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Why Model?

The rationale behind a systematic approach
for modelling the Central Signhal Processor

David Wilson
Dept of Engineering, Computing & Mathematical Sciences
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Why we need a model

To show the algorithm works

To justify that the simplifications are reasonable
Assist the low-level hardware designers

Assist in debugging

Operation

. Spuraont | verincaton [t
Check cooling & thermal stresses - S
Definition and Verification
Architecture and Validation
Integration, .
Detailed Test, and Project
Design Verification Test and

Integration

Implementation

Y
I

Time
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Key considerations

« Models at a suitably high-level abstraction

« Models are parameterised

« Easy to adjust as reg’mts change
« Proof of concept

Using Simulink/Matlab

Built from components
« Allow “plug & play”
e “Model variants” in Simulink & projects
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Basic block diagram of the Central Signal Processor

Science Data Processor

S-stations ﬁ

C-channels Correlator Pulsar Search

Time, Position N Station | and ﬁ Output \, Pass/Fail

Emulator Beamformer Pulsar Timing ]

ﬁ

Transient outputs???

Station emulator generates _ _
data that is processed by the Output ar\alyse is basic
LFAA filterbank, producing C- - . extraction of phase

coarse (781kHz) channels Local Monitoring and closure, simple pulsars,

for S-stations. Control etc.

Blocks that are controllable will be indicated
by a brownish arrow
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Level 1 — Major Blocks of LOW CBF

Each station cross Ao ot oot
connect output is all
Stations for one
N-stations frequency channel.
Fc-channels

Fs-channels ' :
ﬂ Science Data Processor

= Ft-channels St I
ine tation Correlator
Filterbanks { Cross and Py ﬂ Pulsar Search
Aggregator
w Pulsar Timing

S-stations
C-channels

(Cor,PSS,PST) Connect Beamformer

Note: There are three second Each Cor/BF engine operates on a
stage fine filterbanks different fine frequency slice.
(Cor/PSS/PST), each with a Repeat Correlator Fc-channels.
different frequency Repeat Search BF Fs-channels,
resolution; Repeat Timing BF Ft-channels.

Fc, Fs, Ft - channels.
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Level 2a - Filterbanks

All filterbanks

operate on the
same input data, Fine time
output CS or OS delays of the
order of ~1ps

Re-arrangement of multi-
station/frequency data into
long strings of the same
data for FFB’s

Fixed Fine
blanking

S-stations .

C-ch | e i N-stations

enannen N Doppler Coarse Correlator Fine Il Fine Fc-channels
| Time Filterbank Fs-channels

Correction Delay

Delay Ft-channels

Search Fine N Fine \ |
TP : - Time - .
Shift “1MHz wide Coarse time delays of KT Delay Flagging
frequency channels the order ~1us S — —
up to several Hz | Timing Fine N Fine N

Filterbank Time
Delay

Realtime RFI
Detection
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Signhal flow model

e Constructed in Simulink & Matlab
 Well suited to a block diagram approach
o Simulink well suited for operating in “frames”

* Possible to setup for group working (version &
control)

 EXpensive
 Awkward with multiple software versions
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B 4\ MATLAB R2016a - prerelease use

EL E::::' (i [ Find Files &

= I"Iew New Open |£—;|CDmpare Import Save .
Script v - Data ‘Workspace [ ClearWorkspace = [/ CI

E iz New Variable L A

£ open variable + fp R

AAAAAAAA

= 5

, Channelisers

. Correlators

, Delays

J Input

J Polarimetry

. RFl_Models
slprj

=l Encapsulated PostScript

= tmp.eps
1= Scrip

FEEEEREE B g

Q COQOOQOOQQo0 %

= MAT-file
low_parameters.mat O

= MEX-file
an! ﬂ Correlator_Channeliser_msf.meow6d O
ﬁ demao_kurtosis_sfun.mesngd o
ﬂ Doppler_Correction_msf.meonGd ]
41 Fine Nelaw mef mewndid m

Fl
<2 = = L » D v DIW » AUT » Research » SKANZ » LOWCEF » Madel

(Ul Command Window

>> getup SigProc

fx o>




CSP Signal flow model

LFAA_Data_lnge3jt

QOutl
Stations
4 .
a
-
Correlator
DISH_Data_lngest piinl outl LonngermfAccﬁ [nulator
tl In1 outlf——p—o outl In1 Outl »—
In2
MD/LOW Terminator2
Stations1
Coarse Channel iser Subsystem Correlator LTA
Correlator Channeliser
Subsystem
4 e
-
=
Jones_Correction Pulsar_TimirE_Beamformer P Scaling 1
In1 out1 In1 outl In1 outl In1 Outl »—
Terminator
HiFi Jones PST BF PST Scaling and digitisation
PST Channeliser
Subsystem
Pulsar_Search_Beanfformer Jones_Correcjon Stokes_Conveé on Averager Scaling
Piinl Outl Inl Outl In1 Qutl In1 Qutl Inl Outl
Terminatorl
PSS BF LowFi Jones Stokes Converter Averager
PSS Channeliser Subsystem

PSS Scaling and digitisation
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CSP Signal processing model

Dump time clock

F
Lnuble{lﬁll} lc-:-,:-' {c) [Gde10] foouble (o) [G4xE20] " joibile () [S4:820) @

signals = Ini Court 1 F: cF: g In Ot 1 -
: 40 i o [B4:820] [B4:820]
Terminator
Teles copes sum to Dumptime
ot [BidaEz0] e Visout
Y [E4:820)
Complex to NE—
Reaklmag|E E S emERREs
o
Select
-
double
[G4:E20)
Matric| KMatrix
Specrum Viewer | Viewer
Analyzer |
of channe| #1
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Components

File Edit View Display Diagram Simulation Analysis Code Tools Help

k-8 <« S e -E - G o Yy (100 | Normal - @ ~| &~

Model Browser = | Telescopes C5SP_dataflowr |

4 [%a| CSP_dataflow ® Hide/sh lorer Bar  |[*al CSP_dataflows » -
Bump time clock ide/Show Explorer Bar ' dataflow
F part & TR R I ~ ER— e
e R MY Editor - C\DIWNAUT\Research\SKANZ\Modelling\CSP_Dataflc
X mul i : utl 5 N 1 N ~
sum to Dumptime 3] Fit to View o H IB_MaxflatFilter.m ¢ | CSP_SigprocModel.m KJ setup_CSPdataflowm
=+ Sample Time Dump e oo %% File: setup CSPdataflow.m
Annotation % Called by CSP dataflow.mdl
[E 1mage %{
[] Area - Assume Band 1 for the moment
) dhouble (40) } piouble (c) [':4}01»3. . fiouble
signals Ot ] Fxy chxy
%}
Telescopes
2 mutt (54
Complex td - disp('Setting op CSF dataflow ...'")
Reakmag
Selector
- f= = T00eb; % [Hz] sampling frequency = 700 MH=
- - Ts = 1/fs; % sample time [s]
Speciurn \IT:::[ = fH = f=/2: % Nyquist sampling frequency [Hz]
Anahyzer |
of channel #1
- nTel = 3; % # of telescopes (each delivering 2 streams)
[E1 viewmark this View - nbuff = pow2(6); % # of values in the FFT calculation
[ viewmarks - nsom=s = 100; % # of frame=s in a domp time
& Hide/Show Model Browser - dompT = TsvnbufffnSums; % domp time [=]
View 1 error 100%

= nhase nTel* (nTel-1) /2;
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Prototyping: From sketch to block diagrams

Moy flot Bller ~ Moo g

b‘_ = . "t (o3 e
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== | |
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| \ é - Proto-typing the Jones Matrix correction &
"X ) — Doppler correction for the Pulsar timing

Beew# 1l beamformer.

P i = @““3 Crude implementation so far
B

AIPES 1R LA S WEIEY 1 WY RS SIS IV WY LS I

1 g.15 7 [Pouble (o) [2E] ouble (g
f I:‘C-EE 1 :I delay
delay polynomial from T
& s Jones Mbx
. double () (2) _
cpbesignals > cpbeFreq Daa koubis () (2) .
| B Out1 > Int - ioubie (c) (2)
Channelised data from stafion #1 b | dely poly
Jones Comection
doppler correction?
) double (o} (2) N
cpbesignals > cpbeFreg I}aﬁo ! kioubie (¢} (2} o
L__ N ut " o EO2EE 2
Channelised data from station #2 L] ] dely pohy
Jones Comrection
doppler correction2 -
double & bl= b= 4
N ouhie (o) (2)  — ouble (c} }: R_idou {c}:l" s () -
cpbesig " sl b ) (4]
double (¢} [2x2] L oubis (2 (2) 24 Reshape Iath | 5=zmid
Channelized deta from staion 52 - cut Function B
-annelis O 5 n# Jones M aEEy poly partial summ
N —Id doppler correction3 e
[ Matrix ouble {c) (2} Beamid: |—
o LT Edauhie{c}{'i} S Muttiply > )
14 Ot Int select w hich rows to sum
aZ
cpbt Freq Data Product ot double (c) (2)
Channelised data from station 24 deby pohy
doppler carrections Besm index selector tells which stations

Each station generates 2 complex signals make up which beams

{at a single frequency)

5
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Frame-based processing

(6) Idﬂutﬂe [ 1x6] ||:||:|uble [64x6] double [G4x6] double (c) [64x6]
—_— u! > > 1o » FFT >l L
G l [1x6] | [ 6 6] rame [64x6] [G4xE]
Math m— FFT AT
Function MAT
6
. Can have overlap
independent FFT operates all 6

. (oversampled)
signals columns
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Oversampling =

“4 Function Block P Buffer [
*al Sample Time Legend =5 Buffer
(4] Comvert scalar samples to a frame output at a lower rate. You can alsc
el | CSP_dataflow | dema_overSample :- B with optional overlap. For calculation of sample delay, see the rebuffer
Sample Times for "demo_overSample”
Parameters
Color Annotation Description Vahee Qutput buffer size (per channel):
I Fixed in Minor Step [0,1] 4096
] D1 Discrete 1 1 e
Bl oz Discre2 3456 a0
[ ] k] Discrete 3 4096
. . . | Inf Constant nf Initial conditions:
Oversampling is a key concept in the CSP. A " .

Necessary to obtain the required freq. response. — Tost et and mortrted e e sprle o oo

We oversample at 27/32 | Cmille o o C

Elegant & “mistake-free” using frames in Simulink

h

If-llﬂ,-'xz o ufbd2 [4085d] D2| ., |ufid2 [40884) D2
| =_=f.- _"_=:'

Counter
Free-Running

1
.\1‘ =
=
S | L I I | ]
== =] =
S | I | ey e | e | s
Lol | I | et | =2

[
5

2| ke
: !
o |

[
r:
[

(=)

=]
&
%]
e

ufid? [4086d)| g, |ufod2 [4056d] D)
[4035x]| Frame [4095:1]

To Workspace 1

¥

Figure-11:-Oversampling-at-27/327
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F-part with “pure” FFT

Help

File Edit View Display Diagram Simulation Analysis Code Tools
B ¢ 4 @@ -B-0¢g@P = N~y 10 | |voma | @ v @
Model Browser = | Telescopes Fpart
5 G} ;
4 Pﬁlﬁpm ek ® Hide/Show Explorer Bar |’ CSP_dataflow ¥ [Pa|F part
= 'T’epleasrtt:opes & Zoom
Xmt
chebwin
double [4096x1] double [4096x1] double (c) [4096 l/ 4 double (c) [1024x1]
> »  FFT > -
e [4096x1] [4096x1] [4096x1] [1024x1]
Window a Downsample v
Function Take 1:4:end
Doesr

15
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X-part (embedded Matlab code)

r|[%alCSP_dataflow P [Ba|X mult I
double | Fdxdd) double (o) Bd:E20]
O—= 8, iR
Xy Xmu . _ N o
— ¥ Editor - Block: CSP_dataflow/X mult/X part
JB_MaxflatFilter.m ¢ | CSP_SigprocModel.m % | setup_CSPdataflow.m 7| Xmult/Xpat | + |
1 Efﬂnction Z = ¥mult {Fxy)
2 -|% Cross multiply all column= in Fxy with each other, only keep upper
———————————— ¥ triangular result.
4 % Ontput mm=t be connected to something that i= complex.
5
[
T — [or,ne] = size(Fxy) !
8
. . 9 % How cross correlate every pair (n¥*(n-1)/2)

PreV|OUS|y, th|S was alliie no = ne*(net+l) /2; % include diagonals

. . .t . . 11 |= Z = complex (zeros{nr,.no) ,0); % initiali=e as complex

inefficient & limited 0
13 = k=0; % counter (count along rows on top triangle)

. 14 — —| £ i=1:
Now, just awkward and Cifor i=time
X 15 |= a = Fxy({:,1):

subtly different from (raw) 16 = [ for j=i:nc

Matlab 17 — k = ktl: % increment counter
18 - b = Fxy(:,3);
1% = Z{:,;k) = a.*b ; % complex mmltiply
20 - end % for j

Conmmand Window

Computing for SKA 11-12t" Feb 2016 16

CENTRAL SIGNAL PROCESSOR



Incoming signal generators

Uncorrelated Gaussian
random noise
(sampled)

Various pure tones
(summed)

Time varying
frequencies
(disabled)

= adouble {G)
1.3318

Band-Limited
W hite Moise

e (6
LR A

nn""
\ =
i

Zain2 Slider
Gain

Pure Tones

J'I-LI.I.LIJ e |

Lin

Chirp
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Numerical Precision testing

How gracefully does the algorithm
degrade with limited precision?

Length of window = 2'2, dB (sidelobe) = -51.20

Amplitude of weight

0 500 1000 1500 2000 2500 3000 3500 4000 4500
sample #, (length N = 4096)

Double vs single :
. — single
% double
= 50§ =
%% How try fixed point é
L = pow2(9); % length of windows g% 1
alpha = 2.36; % value from Gianni 150 , , , ,
_ 5 . 0 0.1 02 03 04 05
W = chebwin(L, 20%alpha); Normalised frequency [cyles/s]
sW = single(W); % convert offline designed v
fW =fi(W,1,8); % convert to fixed pt ) L
2
3
N = pow2(7): g
freqz (single (fW) ,1,H) -

10_10 ) . . .
0 01 02 0.3 04 0.5

Normalised frequency [cyles/s]
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Numerical Precision testing
Fixed point simulations: Requires care & iterative design

>> help fizedpoint

Fixed-Polint Designer
Version 5.0 (R2015a) 09-Feb-2015

MATLAR Functionality

Data and Data Types - Fixed-Foint Data and Data Types
Math - Fixed-Foint Math Fa
Float-to-Fixed Workflow - Float-to-Fixed Workflow .r
ed pt
Code Acceleration - Fixed-Point on Simmlink Platform R o= - T
it End B S End

| Convert —pe|  FFT - Fi

) ) ) ) Edxd] agia]
Sinmlink Functionality
Dbkio Fockt FFT bt

Data Types and Math
Float-to-Fixed Workflow

Fixed-Point Data Type=s and Math
Float-to-Fixed Workflow

Other functions named fixedpoint

r
-
=
—

B ]
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Comparison of single & fixed point

“4 Function Block Parameters: Dbl-to-FixPt

1. Double “Golden model”
2. Single (good for testing)
3. Fixed point (various)

Issues with:
e Saturation, RFI flagging

Computing for SKA 11-12t" Feb 2016

=X3)

Data Type Conversior

Convert the input to t

The conversion has b
be equal. The other
and quantization erro

Parameters

Output minimum:
-20

Output data type: fi
Data Type Assistant

Mode: |Fixed point

T4 test_fpt_FFT/abs(FFT)/Vector Scope

File Yiew Ares Chennels Window Help

R N

oo ]

40

251

Amplitude

single

put and the output
pe equal. Overflows

B Fixed-point det
Representable
Output maxirmu
Output minimu
Representable

Precision:

[T Lock output data ty

Input and output to h

Integer rounding mod

[7] Saturate on intege

0 50 100 150 200 250 300 80
Frame: 3494 Frequency (MHz) — -
UUUUU Fpre v : : —e=-Precision Scaling
4] test_fot_FFT/fixed pt/Vector Scope = o)

File View Axes Channels Window Help

& e G

~

40

351

30

e
o

Amplitude
o
S

Fixed point :

Refresh Details

J

L] 50 100 150 200 250 300 350
Frame: 3494 Frequency (MHz)
[ oK ] ’ Cancel ] ’ Help ] ’ Apply ]

20
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Our models

« Easy to spawn variants

« Add “convert” blocks early
« Propagate types

« Easy to concatenate models
e ICDs hardly necessary

« Convenient for block processing
 But hard for exception handling
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IP spinoffs

e Taylor the “FFT”

faster, more efficient ... but ...

* Fixed pt & shorten the FPGA development
e Develop our local capability
 Thermal modelling

Computing for SKA 11-12t" Feb 2016 22




Wrap up

Models demonstrate/validate the algorithm
Assist with hardware programming/debugging
Allows scenario testing

“Golden model” encapsulates unambiguously the algorithm

But
Many FPGA issues not modelled

Corner turners, memory limitations, IP blocks
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