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Preface

This document wants to describe a possible FPGA architecture to develop a Fourier Imager using
the Medicina Northern Cross Radio telescope. The test bed for this project is a portion of the North-South
arm also knows as BEST-2 (Basic Element for SKA Training), it is a 8 cylinders having 4 RX each in single
polarization.

The digital backend used is a CASPER (Parsons, A., et al., "Digital Instrumentation for the
Radio Astronomy Community", astro-ph/0904.1181, April 2009) board based on XILINX FPGAs,
the ROACH board.

The development has been performed by using the Xilinx System Generator embedded in
the Mathworks Matlab which allows to use a Xilinx Blockset plus custom radio astronomy
libraries realized by the CASPER CONSORTIUM.

In order to simplify the reading of this book the description of the activity of each block has
been rotated in a horizontal layout, the input signals come from left and the result signals leave
to the right. Where no explicit, time goes from right to left.

This document describes only the project architecture and not the software running on the
workstation or the radio astronomic post processing tools.

This project has been realized in collaboration with the Oxford University, and a special
thanks goes to Kris Zarb-Adami, Jack Hickish, Griffin Foster, Danny Price, and the local team at
IRA, Stelio Montebugnoli, Germano Bianchi and Marco Schiaffino.

The image in the cover is a result obtain after the post processing done by Griffin Foster.
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Digital Backends

CASPER group

The term CASPER means “Collaboration for Astronomy Signal Processing and Electronics
Research”. The CASPER was born at the Berkeley University of California, with a collaborations of
several institute and laboratories. The primary goal of CASPER is to streamline and simplify the
design flow of radio astronomy instrumentation by promoting design reuse through the
development of platform-independent, open-source hardware and software.

The CASPER group aim is to couple the real-time streaming performance of application-
specific hardware with the design simplicity of general-purpose software. By providing
parameterized, platform independent gateware libraries that run on reconfigurable, modular
hardware building blocks, we abstract away low-level implementation details and allow
astronomers to rapidly design and deploy new instruments.

ROACH

Reconfigurable Open Architecture Computing Hardware is the last CASPER released board.
The ROACH has in total 4 FPGA:

= a Xilinx VIRTEX 5 (package: XC5VSX95T-1FF1136) dedicated for the user as DSP

. an AMCC 440EPx Embedded Processor is a CPU 400-667MHz as a Linux Power PC
. an Actel AFS600 FPGA as a system supervisor

= a Xilinx XC2C256 CPLD as a JTAG programmer emulator

We have 5 ROACH boards at Medicina (up to now) and we need to use 3 of them for this
project. The board comes with many interface peripherals such DDR2 RAM, corner turn memory,
gpio pins and leds and high speed data transfer links such 10GbEth link, 10/100 Mb Ethernet link.

Only one ROACH board is dedicated to the data acquisition and the synchronization with the
time and the regularity of the samples is guaranteed from a clock and a PPS signal both locked to
the hydrogen maser atomic clock. The communication between the boards will be implemented
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with a peer-to-peer XAUI protocol, while the data will be passed to the workstation encapsulated
in UDP packets.

Figure 1: one of the ROACH boards at Medicina without the chassis.

Programming and Libraries

The System Generator is a DSP design tool from Xilinx that enables the use of The Mathworks
model-based design environment Simulink for FPGA design. Over 90 DSP building blocks are
provided in the Xilinx DSP blockset for Simulink. These blocks include the common DSP building
blocks such as adders, multipliers and registers. Also included are a set of complex DSP building
blocks such as forward error correction blocks, FFTs, filters and memories.
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Figure 2: A view of some XILINX blocks used in Simulink




These blocks leverage the Xilinx IP core generators to deliver optimized results for the
selected device.

The Embedded Development Kit (EDK) is a suite of tools and Intellectual Property (IP) that
enables you to design a complete embedded processor system for implementation in a Xilinx
FPGA device. Think of it as an umbrella covering all things related to embedded processor
systems and their design. The Xilinx ISE software must also be installed to run EDK.

The CASPER group has realized an open source library set customized for the astronomers
and optimized for the FPGAs mounted on their boards, and to easily use the integrated
peripherals.

Simulink Library Browser

File Edit View Help

[0 & » |[Entersearchterm F M

Libraries Library: CASPER DSP Blockset/PFBs | Search Results; < |»

- Accumulators [«]
-~ Communications - first_tap - first_tap_real
-~ Correlator
~Delays - last_tap - last_tap_real
~Downconverter
+-FFTs pfb_coeff_ge-
~Flow_Control H - n pf_fir
MISC
~Multipliers pfb_fir_real - tap
-Reorder - tap_real
~Scopes
- Sources

+- B Communications ... E

Showing: CASPER DSP Blockset/PFBs

Figure 3: An example view of the CASPER DSP blockset to synthetize a polyphase filters bank

Programming with the system generator becomes easy with respect to use the VHDL
language and it is very similar to use any electronic IDE tool, simulation included. This is the
reason because this document will be rotated horizontally, in a vertical style you cannot
represent in a good shape the layout of circuits, the view in horizontal is much better also to
represent a signal in the time in a graph.
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Introducing the project

The antenna acquisition system used for this project is the BEST-2 demonstrator. It is a part
of the north-south arm of the Medicina Northern Cross Antenna composed of 8 cylinders having
4 receivers (RX from now on) each. Therefore there are 32 analogic signals to be sample and
processed. All the Northern Cross does not have a dual polarization. All the RF BEST-2 signals are
transmitted to the receiver control room via optical link preserving any electrical properties.

Figure 4: BEST-2 section of the Medicina Northern Cross Radiotelescope, courtesy of Marco Schiaffino

The Analog to Digital converter (AD) installed in the ROACH board computes 64 input x 12 bit
and 40Mbps, and we use only 32 input leaving spare the others. This is a custom AD, the library
to drive the acquisition in Simulink has been written by the Oxford team that has modified also
the polyphase filter bank block to manage the interleaved data flow. The project has been

divided in 3 ROACH boards for capability reasons:

= F-engine that acquire the IF signals, filters the input signals in sub-bands and applies
equalizations and quantizations

= X-engine that works as a correlator for the array calibration

= S-engine that compute the 2D FFT for the imaging

/ / / / / p / y / [N / y / p y /\ Slava
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Figure 5: Conceptual project scheme, courtesy of Jack Hickish (Oxford University)

As described in the picture above, the analogic signals coming from the antenna are digitized,
then calibrated, a 2D FFT is applied taking into account the BEST-2 single polarization (the second
pol is zero padded), and finally there is an accumulation of the power spectra. To obtain the
image the analysis needs to be completed with astronomical tools like the NRAO CASA.
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The 64 input AD takes both the ZDOKs connector
on the ROACH board, there is a supply connector
to allow to plug 64 SMA connectors
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The customized polyphase filter bank
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end
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Where M =2"fft_1

Example using n_fft = 3:

0 4 8 12
1 5 9 13
2 6 10 14
3 7 11 15

16
17
18
19

20 24 28
21 25 29
22 26 30
23 27 31

Data isreordered so that an entire window can be shifted through the FFT
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In order to make more readable this document we
assume from now on this new antennas numbering
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Equalise amplitude and pass data to be quantized to 4 bits and sent to the
X engine over XAUI 18 bit precision is maintained so that phase corrections
can be added to the data stream going to the fft imaging system.

[fft_sync_out] sync_in dout [amp_EQ_0_7_out]

sync_out [amp_EQ_sync_out)

[fft0_7_out] din ot [amp_of_0]
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Phase corrections preparations
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Quantization

i x64_32f_O24a/quant *
8 File Edit View Simulation Format Tools Help
A9 [amp_EQ_0_7_ouf din
Y 2 off—w [quant_of_x0] | Tout
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X engine expects groups of a single channel and a single antenna
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e e o
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N

Chan_reorder init

4
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pr = [0 512];

n chan = 1024;
- ot |t e -

map = [] a0c0 alch12 a’cl1023
for i= [o . (n chan/z) _1] alc0 alcl a7c¢1023

_ - s 1. a8c0 a8col2 al5c1023
map=[map, pr+i]; a8¢0  a8cl  al5cl023

end al6cO al6chl2 a23c¢1023

albcO al6bel a23c¢1023
a24c0 a24ch12 a3lcl1023

; (result map: a24c0  a24cl  a31c1023
EAN X0 X1 X8191
B 0 512 1 513 2 514 3 515...
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X engine expects groups of a single channel and a single antenna

syne_out —><moMer_ _sync_oud)

s sync_out P sonc senc_out——®sinc_in
[ validp vidp
din dout £ dino douto|—{ din
B dout—— [¥_reorder_oul)
reorder
chan_reorder qdr_franspose order=10 reorder_one_ant_a_fime1

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023] [5:8:1023] [6:83:1023] [7:8:1023] ]

Using QDR1 as 210 ¥ 210 matrix

m tri024 m

alc0

a8c0
al6ec0
a24c0

X0

alc512 alc0
a8chH12 a9c0
al6eb12 al7cO
a24c512 a25c0

X1 X1024

—)

a7c1023
-——
albc1023

9301023 X1022 X1023
P X2"10 X1025 X(2710)#2-2 X(2710)%2-1
%8191 X(2710) %2 X(2710)%2+1 X(2710)%3-2 X(2710)*3-1

G X(2710)%1022  X(2710)%1022+1  X(2710)%1023-2  X(2710)%1023-1

M= G X(2710)#1023  X(2710)%1023+1  X(2710)%1024-2  X(2710)*1024-1

1024*1024 cells means also 128 spectra of each antenna
(8192 needed for one spectra)
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X engine expects groups of a single channel and a single antenna

quant_x_eng_sy0s

[quant_x_enq)

sync sync_out|

din dout]

snc

en

dino

sync_out

valid

douto

chan_reorder

R0-7

qdr_transpose

reorder
order=10

syne_out —><meorder_ _sync_oud)

vidp

din
doutf—m—<C [#_reorder_ouf)

reorder_one_ant_a_time1

sync_in

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023) [5:8:1023] [5:5:1023] [7:8:1023] ]

Spectruml of 32 antennas
Spectrum? of 32 antennas
Spectrum3 of 32 antennas

of 32 antennas

I =T - - T

in 8 row (8x1024)
in 8 row (8x1024)
in 8 row (8x1024)
in 8 row (8x1024)

1024*1024 cells means also 128 spectra of each antenna
(8192 needed for one spectra)

t F engine
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quant_x_ena_syos

[quant_x_eng)

X engine expects groups of a single channel and a single antenna

sync sync_out sync sync_out

g R - . i —™ di
din dout d q [b) dino douto din dout——=="  [X_reorder_ouf

-

. sync_out
SYNC sync_out— sync_in

[reorder_ x_smc_ouﬂl

1l

en validp vidp

reorder

char_reorder \ qdr_transpose ) order=10 reorder_one_ant_a_time1

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023] [5:8:1023] [6:8:1023] [7:8:1023] ]

7z

t

x15 x14 x13 x12 x11 x10 x9 x8 x7 x6 x5 x4 x3 x2 x1 xO x0 x1 x2 x3

x0
x1
X2
x3

x4 x5 x6 x7
x8 x9 x10 x11
x12 x13 x14 x15

Considering time moving from left to right, the QDR transpose data as shown below

x4 x8 x12
x5 x9 x13
x6 x10 x14
x7 x11 x15 x15 x11 x7 x3 x14 x10 x6 x2 x13x9 x5 x1 x12 x8 x4 xO0

F engine
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=

\
< ens =
7 TN 7
/ ¥ /
e ._.‘
7

ric s

s

T~
/

\

s

\ \

. rcc‘;;.a:' R s >ttt = -

= T TN Y y; T
7 / / / /

X engine expects groups of a single channel and a single antenna

quant_x_eng_sy0s
[quant_x_end)

sync sync_out|

din dout]

en

dino

Snc sync_out

valid

douto

. sync_out
sync_in
vid
din
dout

reorder

chan_reorder

qdr_transpose order=10

—><[neorder_ ®_sync_oul)

=

—b—< [¥_reorder_ouf

reorder_one_ant_a_time1

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023) [5:8:1023] [5:5:1023] [7:8:1023] ]

X2"10

X1 X2°10+1

X2 X2710+2
X1022 X(2710)*2-2
X1023 X(2710)*2-1

t F engine

X(2710)*1022
X(2710)*1022+1
X(2710)*1022+2
X(2710)*1023-2

X(2710)*1023-1

X(2710)*1023
X(2710)*1023+1
X(2710)*1023+2
X(2710) *1024-2

X(2710)*1024-1



X engine expects groups of a single channel and a single antenna

. syne_out —><meorder_x_smc_ouu
spnc senc_out——®sinc_in

&n validp vidp

din dout dino douto|—]din
doutF——< [®_reorder_ouf)
reorder

chan_reorder qdr_franspose order=10 reorder_one_ant_a_fime1

quant_x_eng_sy0s] sync sync_out

\ \ \
= 2= e )
< s rse - e
N TN R 3
/ / A -
o g \
J \
7 Eh, *
Oy
7 N
2 7 N

o

[ [0:8:1023) [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023] [5:8:1023] [6:8:1023) [7:8:1023] ]

\

——

74 Every 8 column the same frequency channel is referring to the next spectra,
next channels are grouped by 8x128 (=1024=2710)

I I I N I Y

LT

]
307

alc0 alc0 a2c0 alc0 alcl a7c¢1023

1 a8c0 a9c0 al0c0 a8c0 a8cl alsc1023

:(> MY = e atteo a18c0 a16c0 al6cl a23c1023
a24c0 a25¢c0 a26¢0 a24c0 a24cl a31c1023

X0 X2°10 X(2710)*2 X(2710)*8 X1 X(2°20)

[ F engine
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\ \ \
= 2= e )
< s rse - e
N TN R 3
/ / A -
o g \
J \
7 Eh, *
Oy
7 N
2 7 N

o

e

\

——

1

X engine expects groups of a single channel and a single antenna

quant_x_ena_syos

[quant_x_enq)

sync_out —><meorder_ K_sync_ouf

vidp

= doutf—m—<C [%_reorder_ouf)

synec sync_out—sync sync_out ™ sunc_in

din dout—{d

reorder_one_ant_a_time1

chan_reorder qdr_tanspose

[ [0:8:1023) [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023] [5:8:1023] [6:8:1023) [7:8:1023] ]

The reorder map at this stage groups data by 8 (let’s call MTB)
[0 8 16 24 32 .. 1008 1016 1 9 17 .. 999 1007 1015 1023]
Therefore grouping same channels of different acquisitions

I N I I N I

alcO a0cO alc0 alc0 alcO alcl a7c¢1023
a8c0 a8c0 a8c0 a8c0 a9c0 a8cl aldcl023
al6c0 al6c0 al6e0 al6c0 al7cO al6el a23c¢1023
a24c0 a24c0 a24c0 a24c0 a25c0 a24cl a3lc1023

X0 X(2710)%8  X(2710)*16 ~ X(2710)%1016  X2710 X1 X(2720)

[ F engine
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X engine expects groups of a single channel and a single antenna

\ \ \
e g e N
B == B e
N R G ¥
/ / A n Lo
e -
Y Jh
7 %
O 2
» 7 <
4 N
7>

sync_out [reorder_ ®_sync_oud)
sync sync_out—sync sync_out——™{sunc sync_out - sunc_in ot <
1}*( G—’ en validp vidp
i i > - g
[quant_x_eng) din dout—d a Geb)— ] dino douto din - ._< m—
reorder

chan_reorder qdr_transpose order=10 \reorder_one_ant_a_time1 /

[ [0:8:1023) [1:8:1023] [2:8:1023] [3:8:1023]
[4:8:1023] [5:8:1023] [6:8:1023) [7:8:1023] ]

s

\

]

(I} P1snc sync_out Psne sync_out s out
sync_in
outt ——™In1 outt ——™In1 D]_> n valid ] "':%)
2 F—r—*n out v
din outzF——{in2 outz——in2 | _ ()
ding doutd dout
uncram square_transposer cram
UFiH_16_0 i > reorder
k r_inputs=1 oo J

[ F engine
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X engine expects groups of a single channel and a single antenna

{ - _ sync_out >'<meorder_ K_sync_out]
quant_x_eng_sy0] Sync sync_out—sunc sync_out SYNC sync_out ™ svnc_in

en validp vidp

din dout—w]d q el dind douto[——®{din
[®_reorder_ouf)

dout
reorder

chan_reorder qdr_transpose order=10 FeOr B ARt e

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:6:1023]
[4:8:1023] [5:8:1023] [6:8:1023] [7:8:1023] ]

1l

@ f Psnc sinc_out \
sync_in
outt F——™in1 outt
(2 ——¥n
din outz——™In2 out2

uncram square_transposer
Qﬁ"‘-'s—o r_inputs=1 J

Uncram split a 32 bit word in two separate streams of 16 bit (high and low)
Square transposer presents a number of parallel inputs serially on the same
number of output lines.

{ F engine
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RS ¢ X engine expects groups of a single channel and a single antenna

\».:‘,

» ut rder_

1b( a’ SYNC sync_out—™ sunc sync_out #1s5unc sync_out ™ sunc_in Sy >-<D'e0 il it
’;‘< E]—Pen validp vid

; [quant_x_eng] din dout—d q [b) dino douto ——™din _ T
*< reorder

; char_reorder qdr_transpose order=10 \_reorder_one_ant_a_time1/

7"( [ [0:8:1023] [1:6:1023] [2:8:1023] [3:8:1023)

5( [4:8:1023] [5:8:1023] [6:8:1023] [7:8:1023] ]

%

i y2049 y257 y255 y3 yl

’,‘( | | [ I | || |

'y alcl .. .. .. alcO al0cO0 .. alOcO0 aOlcO

f( a8cl .. .. . a%co a8cO0 .. a8c0 a8co ( \

;‘< L | | | | | | sinc sme_out

) — | ] 1 X |  y5 y3 y1 —ot o—— o y5 y2 yl
*( aléecl . .. .. al7cO alécO .. al6cO0 al6cl

) a24cl .. .. .. a25c0 a24c0 .. a24c0 a24cO L y6 yd y2 [ o . y8 y4 y3
*( L] | | | | | | eI

;,( y2050 y258 y256 y4 v2 bl

i

i,( | 128t |

4

[ 74 8x128t |

F engine
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X engine expects groups of a single channel and a single antenna

quant_x_ena_syoE— sunc

din

sync_out

vidp

>-<l)’eorder_ w_sync_oud)

dout

sync_out—sinc sync_out ™ senc sync_out i sunc_in
E *cn validp
dout—{d q [:b) dino douto ——™din
reorder
chan_reorder qdr_transpose order=10

\_

NN

\

sync  sync_out

square_transposer
n_inputs=1

Ini ou——®

In2 oufe——®

_/

\ rveonder_one_ani_a_ﬁmeﬁ

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:6:1023]
[4:8:1023] [5:8:1023] [6:8:1023] [7:8:1023] ]

...... y5 y2 yl
...... y8 y4 y3
t

L F engine

[®_reorder_ouf)

y6 y5 y2 yl
| | . | |
alécO alcO alécO0 alcO
a24c0 a8cO a24c0 a8cO
| ] || J |
| | I
alécO alcO aléc0 alcO
a24c0 a8cO a24c0 a8cO
| ] | J |
y8 y7 v4 y3
t, t, £
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Reorder one_ant a time init

spec_chan = 10; % mask parameter
block _size = 7; % mask parameter
partial reorder = [0:2:2”block size - 1]
reorder = []
for n = [0:1]

reorder = [reorder, [partial reorder]+n];
end

(result: [0 2 4 6 126 1 3 57 ... 127])

L F engine ]

X engine expects groups of a single channel and a single antenna

sync_out

vid

>-<l)’eorder_ w_sync_oud)

dout

'*' sync sync_out—sync sync_out P sonc sync_outt——sonc_in
E ®en validp
din doutl—Md a*_b—®dino douto|——]din
reorder
chan_reorder qdr_transpose order=10

[®_reorder_ouf)

\ rveonder_one_ani_a_ﬁmeﬁ

[ [0:8:1023] [1:8:1023] [2:8:1023] [3:6:1023]
[4:8:1023] [5:8:1023] [6:8:1023] [7:8:1023] ]

P sunc
—*in1 [}_,1n
out
™ in2
—dino
cram

T
3

sync_out sync_out

j
3

valid vid
—»{ )
douto dout
reorder
order=7
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X engine expects groups of a single channel and a single antenna

ut rder_

1‘,( Jauent_x_ena_siSs—sine  sunc_out—syne sync_out *sunc e sincin 0 .<m° er_H_sync_oul
3;< [ validp vldp
; flquant_r_ena >—din dout—d q fcbj—{dino douto——din . —r—
)v< reorder
i chan_reorder qdr_franspose order=10 \ reorder_one_ant_a_time1/
’:‘< [ [0:8:1023] [1:8:1023] [2:8:1023] [3:6:1023]
,‘g( [4:8:1023) [5:8:1023] [6:8:1023) [7:8:1023] ]
{3
?‘% y69 y65 y9 y5 yl
'f'< | 1 | I I |
’l‘< .. aléco al0cO0 .. alcO a0cO0 alcO
k! / .. a24co0 a8cO0 .. a8c0 a8c0 a8cO0
ly — () | y9 y5 yl | | | | | /] |
: P senc sync_out el

[ | I | [ | | |
1&( it Gl ol 2 | yll y7 y3 .. aléc0 a0cO0 .. a0cO a0c0 a0c0
] Out % < .. a24c0 a8cO0 .. a8c0 a8c0 a8cO
3‘( 2 —l_.dm it —'(dZR A | | | | | | | |

cram 71 67 11 7 3

‘;‘< . o Y Y Y e
?( 1 Ees ] 1 tes | L ts ] L . )1 t ]
X
f
e

L F engine
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64 clock cycle for a complete set of 128 samples of the same frequency
channel of 2 antennas (complex number, r/i 4.3 bit each)

& : (read this table from right to left and bottom up!)

=

<= s e i)
7 TN “’ 2 3 (B
/! / ’ | "
# /] i
7 1 -
xs, N

ts tus |t ts tuo |t

al6bel alcl a23c0 a7c0 a22c0 abc0 a2lcO abcl a20c0

ric s

a24cl a8cl a3lcO albcO a30c0 aldcO a29c0 al3c0 a28c0

Y
s
S
7

.N( / al6bel alcl a23c0 a7c0 a22¢c0 abc0 a2lc0 abcl a20c0
i
‘M — sunc sync_out e a24cl aScl a3lc0 al5c0 a30c0 al4c0 a29c0 al3c0 a28c0
1
| 74 64t 64t 64t 64t 64t 64t 64t 64t 64t
i ]—P en valid old
| 74 —™{dino douto dout
K reorder /
order=? adc0 al9c0 a3c0 al8c0 a2c0 al7c0 alcO al6cl a0cO

al2c0 a27c0 allcO a26¢0 al0c0 a25c0 a9c0 a24c0 a8c0
a4c0 al9c0 adc0 al8c0 a2c0 al7c0 alc0 al6el alc0
al2c0 a27c0 allcO a26¢0 al0cO a25¢0 a9c0 a24c0 a8c0

64t 64t 64t 64t 64t 64t 64t 64t 64t

\ \
. r‘w.:a:' R s >ttt = -
= T TN 7 / I\
7 / / / /

t F engine
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32 bit x 64t each
antennas interlived by 8 bit

s X engine data order
T

B trs | ts |t [t |t [ G0 |t |t [t [t [t |t ta [ to | ta | o
a23 a7 a22 ab a2l ab a20 a4 al9 a3 al8 a2 al7 al al6b a0

a3l alb a30 al4 a29 ald a28 al2 a27 all a2b al0 a2b a9 az24 a8

<

<.~
7
7

Considering the original number the X-engine
will receive data in this order

-

\ \ \ \
e o e o
T T 7 / N 7 7 7 7 7
7 /! /7 7/ 7 7 7 7/ / /

0-4-1-5-2-6-3-7 0-1-2-3-4-5-6-7 0-7
8 129 13 1014 11 15 8-9-10-11-12-13-14-15 8-15
16 .20 17 21 18 22 19 23 16-17-18-19-20-21-22-23 16-23
24 28 2529 26_30_27_31 24-25-26-27-28-29-30-31 24-31

the final sequence is
e [ o ] e e e ) ] e e e e e
a23 a7 al9 ad az22 ab al8 a2 a2l ad al7 al a20 a4 al6 a0

a3l alb a7 all a30 al4d a26 al0 a29 al3 a2b a9 a28 al2 a24 a8

t F engine ’




Packing data to send over XAUI CX4 to X engine ROACH

LE

[ DN
data_out * data_in -
[®_reorder_ouf) date_in date_out
e valid_out 1 valid_in b ri_outofband
header_out 1 header - r_reset
. ol oob [X_rani_oob) r_empty
sncin eoff——Weof
e PN i out—w< e | te_dafa re_valid
_ mrst_out 1 mrst
mrstin _
ment_out weng_oob_sianal r_linkdown
nena_packetiser [¥_naui_oob] t_outotband
L fullp
valid
[:b) reg_outsim_req_outp B ri_almost_full
#engine_mcnt_msb RAULK
[:b) req_outsim_req_outp
#engine_mcnt_lsb

'] Function Block Parameters: xeng_packe X | | |
| ) The 'antenna’ number is used to index the

packets which make up one integration.

~Subsystem (mask)

Package 32 bit data into 64 bits and identify
data as coming from antenna 0 or 1

Data is tagged with a ‘mcnt’ number and

~Parameters
sync and eof headers.

Payload length: (in 64bit words) (27 n)

5 These are later decoded and used for error

checking and data ordering in the X-engines

Number of antennas on this link (2~n) e
& A
[ F engine ]
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...packaging...
o g b
[walid_out] —M s g [sync_out]
[sync_in] —™en data in H la
[mrst_in] —d s
rs€ g1 Prstout ment hi
-——l::en
M clk_cnt ant lo
[leof out] >|2" '
. <_[valid_out] |
[oaid data] » |2 1

data in: 128 samples * 2 ant * 8b each = 32b * 64t = 32 words * 64b

ant_bits=4 (2% = 16 antennas in dual pol, instead of 32 ant single pol)
nwrd_bits = 5 (2° = 32 payload length)

clk_cnt #bits = 48 + ant_bits + nwrd_bits + 1
(the last additional bit is needed to concatenate and validate 64bit of data)

mcnt #bits = 48 (counts the channel frequencies)

header #bits = 64 = mcnt[48] + zeroes pads + ant[4]

[ F engine ’
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40 Mbps

ADC
64ch

6 out x 4 ch each x 12 bit

-

Reorder

16ch x 12 bit

(32ch interleaved)

A 4
Amp EQ
Phase EQ
A 4
Quant I Quant

Following the
S-engine branch

phase corrections allow to
proceed with the spatial FFT



oY

Phase corrections done!

Multiolier
| | e
s " g ==
5 im 'l ere a-b
_to_n »a -3
18_17rf e » b =
'Y —H] b -zlll-’ I
~ imim -
*:'( e e
’;h » b zu\b L a
i ",\ ) mJ i,mrt a+b
H b im > d 2"
j&(‘ phase_EQ3 ?Eﬁ_:;i] *b ,-;ah "°
-N/ . reim S
iy( Phase corrections are i
Y . . . .
3( obtained multiplying the c_mult details
A '
1,‘< complex conjugate of the x64_32f_023d/phase_EQO *
B new coefficents File Edit View Simulation Format Tools Help |
X
’h( o 1 GO
'31 Delay2 Delay syme_out
j?‘/( CO—wist  ouf [:b) addr (20 1
,‘h( sync_in Slice - din . .a ab—*(D)
q" Counter Dl_.da l:h.t.ﬁ'lout B t—® 0 dout
¥ Constant coatt bia

(bitwidth £ft) 18.17 *
(phase correction) 16.15

[ F engine 35 132 b

2l g
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Quantization

File Edit View Simulation Format Tools Help

hi

o
E
4

[phase_EQ_0_7_ouf] din

- it
quant+
phase_EQ_8_15_ouf) di .
[ohase_eq " ot+<_ tamntot | convert_of
quants O—c [35,32]->[4.3] i dout
o » din
qour - .
s ra ez ai>—atan inf——df
e convert_ofl
[35,32]->[4,3] ri_to_c
dout *lo c_to_ri
hase_EQ_24_31_ i i
s 88
quant? Concat4 L
g ary
all_0Os

From 35.32 (x2) to 4.3 (x2), quant fft 32 bit

al0cO0, alOcl, .., a0cl023, alcO, alcl, .., a7clo023

a8c0, a8cl, .., a8cl023, a%c0, ad%cl, .., albcl023
ant fft

™ - < al6c0O0, alé6ecl, .., al6cl023, al7c0, al7cl, .., a23cl023

a24c0, a24cl, .., a24cl023, a25c0, a25cl, .., a31lcl023

X
X
%
X
X
X
X
X
X
X
X
X

ty t, tu tu+ tu+2 tu),s

{ F engine
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The Fourier Imager (S engine) expects blocks
of all antennas per one frequency channel

kquant_fftt_synb—’ syne sync_out

[r

eorder_fftt_sync_out]

.
[quant_fftt] >—> d q—M [a:hk] _’<

[fftt_reorder_out]

Sliced

fftt_transpose

This is done by using the second Corner Turn Memory (QDR)

available aboard in the ROACH

[ F engine J
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=

=

ke

e e

quant_fftt_sync

T

I sunc

™ d

sync_out

q

The logic driving the QDR chip is always the same

P-<[reorder_fftt_sync_out]

T [ach] —D< [fftt_reorder_out]

Sliced
\ fftt_transpose J

HNC posedge

delay: 2A{odepth*idepth) + 10{gdr _latency )+ 1
(read command issued after write cycle)

sel

N

rst
out
(WAL _>—en
wr_addr

Straight counter for
write address

rst
out

rod_addr

buffer_sel

dump_sel

chan_sel

o

Concat

dd

[synci] > 7A-1048587

(o >—w
[15]—»

rd_en

wr_en

address

dafe_in

Sync sync_out———M{ )

Sync_delay E-’ en valid — =] syne_out
data_out————————] dino douto
q
data_valid ?,,3:,‘1‘?2
] o=ttt
phy._ready
cal_fail

[[RDl _>—Men
(2}
d

el %
eSO e

Alternating WR then RD
No command is issued

ctrl_state

on the sync cycle
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\ \ \ \ \
G Tt et et e -
T T~ T T~ s —
/ / ! / / /

e ENENEEY

spnc sync_out F<[reorder_fftt_sync_out] 20¢0 a0cl alc0 a7¢1023
a8c0 a8cl a9c0 albcl1023

—d q fak] —D—< [fftt_reorder_out] |:>
B al6cO al6bel al7c0 a23c¢1023
\_ [ibanepose; a24c0  a24cl  a25¢0  a3lcl023

\ \
=2 R el
iy L ’#,,
v S

4“ I g
i

e B Ty

P, SN
o 7 .

\
g
y

ric s

\ \
X
/ /

X0 X1 X1024 X8191

\
S
—
v

Using QDR1 as 210 x 210 matrix

-——
“ X1022 X1023
R

X2°10 X1025 X(2710) *%2-2 X(2710) *%2-1

“ X(2710) *2 X(2710) #2+1 X(2710) *3-2 X(2710) *#3-1
X(2710) %1022 X(2710)*%1022+1  X(2710)*1023-2 X(2710)*1023-1

X(2710)*1023 X(2710)%1023+1  X(2710)%1024-2  X(2710)*1024-1

s

1024*1024 cells means also 128 spectra of each antenna

The Fourier Imager (S engine) expects blocks of all antennas per one frequency channel

t F engine

STy W



St

The Fourier Imager (S engine) expects blocks of all antennas

\
F =oa R T )
< B Tl T BT .
7 TN T ’#,, e
! 7/ / ¥ 2
i 5 N
3.7 A N\
18 b
7 4z R
d D 3

S per one frequency channel
1 /
A T
4(\ -.* sync sync_out F<[reorder_fftt_3ync_0ut]
7
1%% oL af+» fach] —>< [fftt_rearder_out]
Slices

K fftt_transpose J

i X210 X(2710)%1022 X(2710)*1023
0n X1 X2"10+1 X(2710)%1022+1  X(2710)%1023+1
X2 X2"10+2 X(2710)%1022+2 X (2710)*1023+2

X1022 X(2710)%2-2  X(2710)%1023-2  X(2710)%1024-2

X1023 X(2710)%2-1  X(2710)*1023-1  X(2710)*1024-1

\ \

. r::.;;.a:' S s ST = =

- N sy y S ~
7 v / / /

t F engine
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, The Fourier Imager (S engine) expects blocks of all antennas
— per one frequency channel

\ \ \
5 2= e =030 1))
SN, N 7
/ / B -
= LR bl
;AQQ{ ‘
AR o, R
1. ~
b 7 Yy

X T

é‘( quant_fftt_sync I sinc sinc_out D—@order_fftt_sync_out]
1

’K [quant_fftt] Bl a ™ [a:h] —>< [fftt_reorder_out]
.k( Sliced

]

| /4 \\\‘ fftt_transpose ‘///

\

——

1

alc0 alcO a2c0 alc0 alcl a7c¢1023

! a8c0 a9c0 al0cO a8c0 a8cl alsc1023
1:( :> MT = al6cl al7c0 al8cl al6el al6el a23c1023
*K a24c0 az2bc0 a26¢0 a24c0 a24cl a31c1023
] X0 X2710 X(2710)%2  X(2710)*8 X1 X(2720)

i
’117 =

3 Every 8 column the same frequency channel is referring to the next spectra,

next channels are grouped by 8x128 (=1024=2410)
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e

\
~~. i RIS o< s e Lt =) g
- R el
7 7 TN TR
v / / 7 / / %
2 ). s
LT e A
s,
. R
Dy o

\
2] — — i -
T T 7 / 7
7 / / / 7/

S engine data order

mnnnnnnmn

a7c1023

albc1023
a23c1023
a3lcl023

alc3
a8c3
al6ed
a24c3

alc2
a8c2
al6e2
a24dc?2

alcl al

a8cl a9 a8 ald ald ald al2 all all
al6el al? al6 a23 a22 a2l a20 al9  al8
az24cl a2d az24 a3l a30 a29 a28 a2’ a26

Considering the original number the S-engine

will receive data in this order

a9 a8
al7 alb
a2b a24

1620 17 21 18 22 19 23

24 28 25 29 26_30_27 31

0-4-1-5-2-6-3-7

8129 13 10 14 11 15

0-1-2-3-4-5-6-7 0-7
8-9-10-11-12-13-14-15 8-15
16-17-18-19-20-21-22-23 16-23
24-25-26-27-28-29-30-31 24-31

t F engine
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=

S e S )
/ 7 N “f B , A 4/
' 7 ’ " "
¥ /] i
4 2
"r -
R N

ric s

S

engine data order

o |t | tas |t mnnmnmnmn

a7cl023 alc3 alc?2
al5c1023  a8c3 a8c2
a23c1023 al6el al6e2
a31cl023 a24c3 az24c2

alcl
a8cl
al6el
a24cl

al

a9 a8 ald al4 ald al2
al? al6 a23 a22 a2l a20
a2b a24  aidl a3l a29 a28

all al0 a9 a8
al9 al8 al7 alb
a27 a2b6 a2b a24

Y
s
S
7

the final sequence is

tra |t | tas | o ﬂﬂﬂﬂﬂﬂﬂﬂ

\ \
" e = K"A
7 7 T
/ / /

e

\
/

(7§ a7c1023 alc3 a0c2 a0cl a4

i albc1023  a8c3 a8c2 a8cl al2 a8 ald all ald  al0 ald a9 al2 a8
a23c1023 al6e3 al6ce2 al6el a20 alé6  a23 al9 a2 al8 a2l al?7  a20 al6
a3lc1023 a24c3 a24c2 a24cl a28 a24 a3l a2’ a30 a6 a29 a25  a28 a24

\__Y__A, J
Y
128s x 128 samples of the
fregqch 1 frequency channel 0

\ \

. r‘w.:a:' R s >ttt = -

= T TN 7 / I\
7 / / / /

t F engine




6t

The S-engine integration length is the

Packing data to send over XAUI CX4 to S engine ROACH

imager and X-engines

[ F engine

payload length by the number of Windows  [Fmmmon = slun i ol sl “= R
(aka packets) per frequency channel. fromse ome s lan T <o ]

mrst_in SH'I(_'Ouf : ;2: i
The 'antenna' number is used to index the R sena_oob_sin
packets which make up one integration.
Using standard X-engine ordering logic
should sort things out on the rx side. S J edih

ri_outofband P

Data is tagged with a ‘mcnt” number and e e
sync and eof headers. bi_date vaid

—— re_linkdownp
These are later decoded and used for error bl ——— a0t |
checking / data ordering in the spatial [thcen it “>———blocosit st i

mAULS
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Control Signals and Registers

Asim_in gpio_inf—M™ sync ™ svnc_in sync_out———M{sunc
or . [™rst sync_out
sync_apio =1 mrst—®sinc_in  sync_out P ade_syne
= B sim_sync 4 adc_sync_align
[rmed]

sync_gen

SYNC GEN

We tag on some logic after the sync gen
to ensure that a sync pulse arrives the
clock before the adc_channel sync,
which signifies the arrival of the first
multiplexed channel on the adc lines

[ F engine

s¥nc
syne_outr————#-<_furst |

adc_svync
adc_sync_aliani

vy

2N periods:

fft mux -- 13

QDR transpose -- 11

post QDR reorder -- 10
reorder 1_ant_a time --7
LCM(13,11,10,7) = 10010
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i

Control Signals and Registers

£ x64_32f_024i/adc_sw * IR

File Edit View Simulation Format Tools Help

no

dc_sektrgam_slice  P%
; v
n2 in0 :2 ddr
D =—£F1 -3 Pt 1ot
inl R R L — atib, "
D ReinterpEees _ou
s in2 i %;B_;ulse_ext adc_bram
w3 stel
in+  adc_tu_outp ing_ | Logieal
fede20_23 in]“=———————®ins
frdc24_27_inf——————ins
fedcze_stin ~—————in
[c 0] [2:b)] chan_sync
adc_sw

Stores the AD samples of the selected channel in a block RAM

adc_sel in selects the AD output line (0-3, 4-7, ..., 28-31)

adc_bram out 1024*32b block ram
adc_sum_sq out the square sum of the AD chan selected

[ F engine ]
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Control Signals and Registers

a

Z

ent22

Z

¥

entt

ADC SYNC TEST

extz

hi

reg_outsim_req_outf

adc_sync_test

F engine

Concats

The adc_sync_test reg allows the user to confirm that all 8 ADC chips
are syncing together, and that these ADC syncs are arriving the clock
before the master sync.

If all is going well, the register should show one
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Control Signals and Registers

24101

S1m_treEq fim

ci_sw

L [eb]

[b

[a:b)

[2:b] 9

[a:b]

[2:b) prali_rcv_rs

f

debug_sia

iwhite_noise)

[eb)
Slice1s

bits 0- 10: shift

bit 11: sync arm

bit 12: sync rst

bit 13: Raui 11 enable fig

bit 14: mux in adc chans 4- 7 for debug

bit 15: white noise generator

[2:b) [white_noise_rsf)| bit 15: white noise generator rst

fb) 4 21 cl bit 19: reset status flaqs

Slice22 pipeline102

Beng_phasecal_muxd | bt 20: wengine phased input mux

CTRL_SW: The ctrl_sw reg is used to manage the F engine

)

F engine

]
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Control Signals and Registers

[[fFt0_7 out] +FFEO
HFftl
HFFE2
"IFFL3
[amp_EQ_O_?_out] *anp0
[amp_EQ_B_l5_ouﬁI:2=——————————*ampi
[amp_EQ_18_23_0Q£I:>——————————'amp2
[amp_EQ_24_31_0u£1223——————————'amp3
[phase_EQ_0_7 out] = *phasel
[phase_E0_8_15_outT=———*phasel
[phase_EQ_16_23_ouf3——*phase?
[phase_E0_24_31_aid————*{phase3
[ [quant_fftt] *quant0
[ [quant_x_eng] *quantl
[::::}———'x_transpose

[fft_sunc_out] —=—+{Inl Outlf—*
[amp_EQ_sync_outd=—+{Inl Outlf—*
[phase_E0_sunc_oi%d*{Inl Outlf—*
[quant_fftt_sunc —=*{Inl Outl}—

quant_x_eng_syncF—™Inl Outl

fft_sync
amp_sync
phase_sync
quant_synhc

quant_syncl

X_SNAP

You can see a snap of each stage of the
F-engine by selecting a source, a
period (only in case the source is a
sync signal), and the output is stored
to a 1024x32b block ram

(more details in next page)

B'—'x_transpose_sunc
sim_reg_in reg_inl—’ctrl_r‘eg
shap_ctrl
X_sShap
[ F engine ]
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Control Signals and Registers

fimegeml+a~-2

snap_sel_r‘egipeline

T Gl

sync_sel_re%ipeline

2.
x_transpose_syy

source

{iprt—surs

sgnc_&élag_prog

snap_sel reg
sync_sel_reg

X_snhap/snap/bram out

=1 source_sel

mux_chan_sel I

[*-1024

[-2044

[*-3074

in

{~-4036

Mux1

[*-5124

[~-6144

[*-7164

Mux3

selects the source

in  sel. period for sync sources

1024*32b block ram

F??&Tl;%cate
FFE%lx_truncatei
FFEglx_tr‘uncate2
FFE%lx_truncate3
a'“Ele_tr‘uncate'd
amE§1x_truncateE
amEglx_truncateS
amE%lx_truncate?
Phﬁﬁﬁfk_truncateB
Phﬁﬁ§ﬂx_truncate9

Ph@ﬁ&%_truncatelO

D —fimut ——
Ph@ﬁﬁ§_truncate11

quant(

quantl

O

x_transpose

i

2

3

4

5

als3

7

ats

k|

10

a1l

12

a1

Mux

Fe

T din
pipelinelf[sync] =—*trig
[oh+ue
CD—ctrl_y
ctrl_reg
shap

F engine ]
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Control Signals and Registers

[:]ﬂ————I&%EEd :
neverd "‘§11-| 11

not_zgro
Col—
never3
Ci— 2
neverS I —*Eé’&—"’
[, d
nevert [ "£§’t@|
Carmea >4
[status pstl=—
_ l___(lll—' "2 -1q—pegureg_out] | All the status flags are collected
quant_of never T . .
ETETAT ; . pipeline MR in the status register
[quant_of 2 e fl

[status_rst]™

o
never
[£ft_of 0=
[Fft of 1 d
“ amE of 0 &*&TB s
@Eiﬁ Bei
|—__0.|' lo
nevera
Concatl

[ F engine ]
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The X-engine Correlator

Roach-2

[ X engine }
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[Rani0_da
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Getting data from F engine

11117

din

oob

feng_sync

valid_in

linkdowr_in

hdr_valid

valid_out

discard

linkdown_out

dout

eof

mrst

hdr

Raui_packo

o n_dafa b
r_outofband i
r_teset
m_emphy—— ]
t_data r_valid
linkdown
Beomkband. -
f_full
t_valid r_almost_full
®AUI0

re)
x

i

H

2]

i

X engine

. dout
din
we
valid
eof_out
hdr_valid
ment —*—
eof_in
hdrin g < a0 faal
Haui_bufo

Accept 32 data words (64 bits each) from roach, plus a 1 word header
(16 words contains 128 samples of a single frequency for a single antenna * 2)
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e

YEUETEP[Y
N\ LY
ALY ML
D

Getting data from F engine

dout
Rcuio_date] —Wataf— din e
eof
|[}-:aui0_oobj ——aiaqt—™ oob discard
feng_svnc
[} d! ;,!L valid_in linkdown_out
mrst
. . hdr

auio_link_d# at—™ linkdowr_in
hdr_valid

waui_packo

[

X engine }

~Parameters -

Payload Length (in 64 bit words)
32

Number of X engines (27 7?)

1
X engines per IP address (277)
1

Antennas per XAUI link (2°7?)

4

Packetizes data coming in over a XAUI interface. A packet consists of a 64 bit
header (48 bits of "mcnt" and 16 bits of antenna), followed by 64 * "payload" bits.

"Mcnt" (master count) is a counter which keeps track of channel frequencies and
how many packets have been transmitted since the last "mrst".
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B = piete ~ ot ~ e oo = e e =000 )
S 3 3 T 3§ B RO A e
/ S/ / / / Y / - =
o b
J B
7 "
A B
» 7 SN
> N

Getting data from F engine

ln med_l6a_2x rll3c/xaui_bufO
, dout G h@ ST
din din dout
we
valid (2 ) b >
i an
ot D 5 > )
hdr_valid hdr_valid
ment < [bufo_mend)
o <] - »hrd -
eotin eof_out
hdr_i {
r_in flag ——»<"__thufo flaal (s ) > d - [z:b]
hdr_in q mcn
Hani_bufo L =5
pkt_hdr ant
Co——CD
flag

Decodes packet header in mcnt and ant

[ X engine
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\

<o~s

\
/

/

\

2 B
X X
7 7

\ \
e g
T N
/ 4

\ \ \ \
YRR 1Y ST 1 Junesamn 5, pupesap
~ sy , 3
/ / /

s

\
DURg— Y P
TN X

\

-

\
y

X engines

demuy_gbed

bufo_soff ==

[bufo menh

ng_mrs:

ufo_an

P sinc ss.nf_cnt
Heng_sync_cnt

P ualid  vld_cnt] req_outsim_req_outp
#eng_vld_cnt

112-127: AiBi real
96-111: AiBiimag
80-95: AqBq real
64-79: AqQBQimag
4563 AiBq real
32-47: AiBqimag
16 31: BiAqg real
0-15: BiAq imag

syne_in sync_out

ant acc

Y¥YY

B

NNIN
|!II

indow_valid  valid

Y¥YYYY

P din
vld prenatvg_sel = ta_sel one out
"sync
] cof dout » ®ldat_in  date_out
> ualid_in Ualid_u\u
| ment window_vld
* mrst
ment_out
¥ ant
buffer4

There are 2 X-engine in the design,
the coming in channel frequencies are splitted by even and odd

[bufo_date] =

demui_gbe1

[bufo_sof) ==
[bufo menh

Ng_mrs:

ufo_an

|

=

mentin ment_out

Hengo
r_ant=18, bits=4, mult=1, bram=1

*1 din
i
vld prenatvg_sel Pltvasel  gne_out
®sunc )
» cof dout L > date in  dataout
» ualid_in Ualid_uul
* ment window_vld
™ mrst
ment_out
- ant
buffer

4

T Y¥YYY¥Y

sncin sinc_out—{ &
ant acc—m{ 2
window_valid  valid—#{ 9
ment_in ment_out

Heng1t
r_ant=18, bits=4, mult=1, bram=1

112-127: AiBi real
96 111: AiBiimag
80-95: AqBq real
64-79: AQBqimag
45 63: AiBq real
32-47: AiBqimag
16 31: BiAq real
0-15: BiAqimag

—

X engine
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X engines

din

H sync_out #ena tvad
e alid] vid w:mz“' syne_out Hwfancin sync_out—w
demu_gbed | Scet > Mot in  datout et scc—
P valid_in__ valid_out ® window_valid  valid—®
» ment window. vid =@—> mentin ment_out
™ mrst n_ant=18, bif}s{:g,g:ulfﬂ, bram=1
ment_out
| ant
buffer4
. ~Parameters
K | Fle Edit View Simulation Fomat Tools Help | o
| 74 — —— Number of X engines in entire design (277)
Slice: n xeng bits - share bits 1
D Number of X engines per GbE link (277?)
L D ST
C-+{Eaha] T 1
ment a=b
El"’b 2! This is X engine (? < # above) for this GbE link
0
,:‘7
1% Demux gbe select even or odd frequencies (last bit of mcnt)
{

[ X engine ’
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>

S S S e o S

. \; ‘ |
B, o oae e S
/

:A":. W r

™ din
sync_out = #ena uad |
e walid— ) vld bena_tva_sel> Plhvased e out Plsncin  sync_out—w
™ senc X & »
| bufo_eof demux_gbed » oof dout L E daf_a_i_n da.fBL_uul : ant . u.:c :
Pualid_in  valid_out ™ window_valid  walid L
[ufo menh == # mecnt window_vld 1 -‘=@—> mentin ment_out]
o ®engo
ng_mrs ™ mrst n_ant=16, bits=4, mult=1, bram=1
ment_out ]
ufl_an 1 ant
o buffer4 e
~Parameters

X engines

Number of antennas

|16

Integration length (277?)

|7

Frequency Channels (total) (2°7?)

The BUFFER block collects data in a
dual port ram and release it in a

|1o

Number of X engines (i.e, number of demux_gbe blocks)

continuous flow to the x-engine

|2

t X engine |
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X engines

\
S e
R
g
Y

(ufo_datel = ™ din 4 N
[ufo_we > Gl T L R e — !
b M uld [<eng_tug_sel L7 a_sel e out ] sncin sync_out—w
] sy 5 ] -
o/ T demux_gbeo > oot dout » 5 datain dafa_uuu : ant . afc :
g P valid_in_ walid_out ® window_valid  valid—™
" [bufo menh == Blmant o uid C f@—' mentin  ment_out
g o #engo
’l ng_mrs 1 mrst n_ant=16, bits=4, mult=1, bram=1
774 ment_out
1 3y uft_an 1 ant
q : / buffer4
\h‘.’]'

Disabled Link: med_16a_2x rll3c/xeng_tvg0 *

', File Edit View Simulation Format Tools Help _Parameters
/;it val?da_‘m-m = = = valid_out N b fA t (2/\7)
W, umber of Antennas 7):
- _ _ )
; [out] w i = = sunc_out. [4
tvg_sel n § |
= — data_out ]
3 X Integration Length (27 7?):
b} Sync Pulse Period (27 7):
7
X Po
g L
"q‘ : Concath

i
&

7 o There is a way to simulate the data
4,( TVG block: Test Vector Generator coming in to test the stand alone system

[ X engine
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demux_gbed

»

I

-
Lt

™
>

din

vid

eof

ment

mrst

ant

sync_out

dout

window_vid

ment_out

X engines

ena_twg_se

vy 1rE

tua_sel
sync

data_in
valid_in

sena fwad

sync_out

da‘lLuui

valid_out

YYVvYY

buffers

sync_in sync_out
ant acc
window_valid  wvalid

L 2B i 1r/

ment_in ment_out

wengo
\ma.nf:is, bits=4, mult=1, bramy

antenna data is input and accumulated products (for all cross-multiplications)
are output in conjugated form. Because it is streaming with valid data
expected on every clock cycle, data is logically divided into windows. These
windows can either be valid (in which case the computation yields valid,
outputted results) or invalid (in which case computation still occurs, but the
results are ignored and not presented to the user).

(CASPER Library Reference Manual, last updated November 17, 2008)

[ X engine }

X
X
X
X
X
X
f< The CASPER X engine is a streaming architecture block where complex
)
»fv<
X
X
X
X



CASPER Windowed X-Engine block

Helancin smc_out—w{ 7
—t ™ ant acc—™ 7 -
—4 window_valid  valid—{Z -
—®{mentin - ment_out

Hengo
r_ant=16, bits=4, mult=1, bram=1

Data is input serially: antenna A, antenna B, antenna C etc. Each antenna’s data consists of dual
polarization, complex data. The bit width of each component number can be set as a parameter, n bits. The
X-engine thus expects these four numbers of n bits to be concatenated into a single, unsigned number.

CASPER convention dictates that complex numbers are represented with higher bits as real and lower bits
as imaginary. The top half of the input number is polarization one and the lower half polarization two.

Clreal Blreal Blreal Alreal Alreal most sig 4b

Climag Blimag Blimag Alimag Alimag 4b —>
C2real B2real B2real A2real A2real b —>
C2imag B2imag B2imag A2imag A2imag least sig 4b —>

[ X engine
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aon? &x_.

X

N

X

N

N

N

X

CASPER Windowed X-Engine block

The x-engine assumes that antennas are dual polarisation, and so between a pair
of antennas, i and j, the correlator output gives all 4 polarisation combinations:
Xi,X]
yi,yj
Xi,Vj
Yi,X]

If antennas are single pol, then you can input four antennas -- a,b,c,d -- with the
mapping xi ->a, yi -> b, xj -> ¢, yj -> d. The output is then:
ac
bd
ad
bc

So you recover all the combinations you want. This is how the X-engine gets all
the baselines with only 16 antennas. Half of the 32 are designated 'x' pol, and the
other half'y' pol.

[ X engine }
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CASPER Windowed X-Engine block

L elancin syne_out—® =9
— ™ ant acc—® & 94—
—® window_valid  valid "'Lﬁ
—®™ mentin @ ment_out

#engo

r_ant=16, bits=4, mult=1, bram=1

The windowed X-engine will produce num baselines = n_ants *

The output of the X-engine configured for N antennas can be mapped into a table with

n_ants+1

valid outputs.

n_ants

and N rows as follows (bracketed values are from previous window):

lSt

0x0
1x1
2x2
3x3
4x4

5x5

(0xN) (0x (N-1))
0x1 (1xN)
1x2 0x2
2x3 1x3
3x4 2x4
4x5 3x5
[ X engine }

(0x (N-2))
(1x(N-1))
(2xN)
0x3
1x4

2%x5

Vb b

+ 1 columns
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7/

7

e

X engine output order baselines for 16 antennas
read from right to left, from top to bottom

—
| 4] A B C D E F G H I
kN : =
| 2 Helsnein sinc_out—»{ 29
7% —T™ant ' agc—l'- e
S5 —— i window_valid  valid—™ 2 3—
_g_ —®Imentin ment_out
g ®enad
9 r_ant=16, bits=4, mult=1, bram=1
10
11
12 ~Parameters
13
14 Number of antennas
15
16 16
17 00 i :
18 11 0.1 Bit-width of samples in
19 22 12 02 a
20| 33 23 13 03
o I G A Accumulation length
22| 55 45 35 25 15 05
23 66 | 56 | 46 | 36 | 26 | 16 | 06 [128
04| 77 6,7 57 47 37 27 17 07
25| 88 7.8 6,8 58 438 38 238 18 0.8 Demux_factor [ 8
26 99 89 7.9 6,9 59 49 39 29 19

The green cells are the only ones that the xeng block actually outputs because there is a
descramble block inside there that removes the duplicated "red" baselines
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X engines

\

#

\
<3
7

.

3 i — ™ sinc sinc_ent—— ™ reg_out sim_req_outp
f
M #ena_sync_cnt
d . —valid  vid_cnt—{ reg_out sim_req_outfp
b : wena_vld_cnt
.M 112- 127: AiBi real
4 96-111: AiBiimag
D 80-95: AQBq real e Delayt Pen Delayzs  Svne_ent
i 54-79: AqQBqimag Register
) 45-63: AiBQq real
¥ 32-47: AIBEQ Imag
N 16~ 31: BiAq real
’-,31 0-15: BiAqimag
[ 74
R Z -
i P sinc_in sync_out—M 2
I/ 2  SEm— 11
A — ™ {ant acc—W 2 in{ ouh C r—1——»fu ST _>E i}_,®
i) —L W indow_valid  valid —W 2 632t vl il 2 Delagrz1  vid_ent
> 7 Reqgistert
i‘( — M mentin ment_out
i/ _Hengo
1 % n_ant=18, bits=4, mult=1, bram=1
&y

e
=

\

Sync and Valid signals are counted and registered

AT

\
7

L]

t X engine
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X engines

’K 112 127: AiBi real —®|dafa_in

i,( 96-111: AiBiimag N

g 80-95: AqBq real o

£U< 64 79: 40Bq im:jg D" f"f:

E 45 63: AIB

i1 32-47: AiIB(?irr:ag i

’l~< 16- 31: BiAq real snap_xengo

g 0-15: BiAq imag

X e et
L) —senc_in sync_out—m{ 22

3‘( —™ant acc R In outt >
5( —Wyindow_valid  valid —W{ 2° b3t :
4‘( ~—™{ment_in ment_out

k! ®engo

w!!< n_ant=186, bits=4, mult=1, bram=1

3

¥ SNAP_XENGO

‘%( There is also a snap block which allows to read from bram a snap of the
‘,‘( computed baselines

L/

L X engine
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Vector Accumulator and Packetizer

— sinc sinc_ent——M rea_out  sim_req_outf
vacc_sync_cnt
> valid vld_cnt P reg_out  sim_reg_outp
vace_vld_cnt
\ectors: Bl
171612 haselines |
4 stokes paramaters —
1024/2 channels using 2 xengines 0
etz s
= 557056
[[vace_rst] ] st
new_acc < [new_ace]|
B
o oo pplll
Ivacc Id tia& ! load_fime oob_out > I_,E‘]_‘,__
| [acc_len] P acc_len valid_out . ] ™ ktU:
pkt_rdy "93/2 q_pKt_rdy!
w tvg_sel sync_out P sync_in > E ZI a
—'.' sync_in tb_done
| - .
e data_out P data_in fimestamp ’a_
L i valid_out ] e Id_status HEiack_ld| stat]] oD
= L{; vww_fvg. = pent_in fifo_afull
ector Length: 557056 SRt +_< ae errlJ]l

re
vaccO
Vector Length: 557056

< fth_dor

X engine

> [valid_i

VECTORS:

16*17/2 (baselines) *
1024/2 (channels) *

4 (stokes parameter) *
2 (width re/im)

= 557056 size

using QDRO and QDR1
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This block generates packets from a
datastream.

Packets are created with a fixed header
followed by a user-specified number of
64-bit options.

Requires a 64-bit data stream.

Init:

vector bits = ceil(log2(vector len));
pkt len=2" (pkt bits);

date_in dafe_out
valid_in valid_out
pkt_rdy eof
tb_done et
fimestamp fetch
#eng_id flush
pack_outD
~Parameters

X engine

vector length
17%16/2%4%1024/2%2
System heap size
(17%16/2+4%1024/2+2%2%4.
Fifo Latency

2

SPEAD flavour (MSw)
64

SPEAD flavour (LSw)
|40

SPEAD item number
‘6144

desired payload length (27 ?) 64-bit words

9
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Al

01

:

Sending data over 10GbE of the 2 X-Engine accumulations

date_in
. ——
fabe_fxeot) » tia
[l | [sbeostrsh ¢ |
snap_taen
dino dout »f
valido
fabe_tuuld] g
eofd valid
g

>
and <_labe_tevip]
[fabe_out_enable] —=—] 1

date_rdyo

dini eof
valid1

eoft  pkt_sendo
date_rdyt
idle_ratepkt_send1

mui_out

[gbe_treof)

[abe_out_tiporil= I

[abe_treot

[abe_t_up)

<
<

3

[abe_tx_over)

L L L Lo T L L

rst

led_up
f_data. led_ra
led_t=
t_valid ta_afull
te_overflow
ti_dest_ip re_data
ti_dest_port m_uajid
rH_source_ip
fu_end_of_frame rH_source_port
ri_end_of_frame
r_ack ri_bad_frame
Fi_ovenun

ri_ovenun_ack

tae_out

Mux_Out is simply the semaphore for the packet traffic, the tx_pkt0 and tx_pktl

signals are the green light for the vector accumulator pack_outs
In case of collision vacc_doutO has priority

[ X engine }
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Main Control Signals and Registers

.
cooo M sim_rea_in req_in
e -
i
2 M sim_rea_in  rea_in
acc_len
[2:b]
0 [sim_rea_in  rea_in m =
tua_sel
0 ™ sim_rea_in  reg_in I toard_id)
board_id

INPUT REGISTERS

L X engine

vacc_twa_sel)
[Rena_tva_sel)

!
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Main Control Signals and Registers

\ \ \ \
= g > i > e
2

cnt_rst
ervor_cnt

new_acc

spec_cnt
error

S

req_out sim_reg_out

vacc_enr_cnto

req_out sim_req_out

b £

vacc_cnto

req_out sim_req_out

cnt_rst
pkt_cnt

eof

error_cnt
emror

vace_ld_statuso

req_out sim_reg_out

v

pack_out_cnto

req_out sim_req_out

b

E '-
X
|

pack_out_enn

cnt_rst

ervor_cnt

new_acc

eror

spec_cnt

-

req_out sim_reg_out

vacc_err_cnti

req_out sim_req_out

vacc_cni

req_out sim_req_out

cnt_rst

eof

eIor

pkt_cnt

error_cnt

vace Id statusit

req_out sim_reg_out

pack_out_cnti

req_out sim_req_out

v

Keeping tracks of packets

{ X engine

pack out emt
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Main Control Signals and Registers

0 [ sim_reg_in  reg_in 'E' < mu_idle]|
mu_idle_clk
0 Msinreain  reain—ai—W-<Gbe_out tiport
abe_out_port
0 [ sim_rea_in  req_in 'z' abe_out_ip_addn
gbe_out_ip
rst et o I
cn ’@—’mg_ou sim_reg_ou
[abe_txvid) valid
TR b bientn
b ousit—{overtbif-cnt [P Pirea_out sim_rea_outp
gbe_ew gbe_t+_en_cntd

11

cnt_rst

eof

valid

sendo

send1

flush

valid_cnt

req_out sim_req_out

q_valid_cnt

Y

eof_cnt

reg_out sim_reg_out P

q_eof_cnt

sendo_cnt

rea_out sim_rea_out

q_sendo_cnt

T

T

send1_cnt

Y

req_out sim_req_out

q_send1_cnt

flush_cnt

10 GbE configurations and stats

{ X engine

req_out sim_rea_out

g_send1_cntt
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Main Control Signals and Registers

‘% ?'1 —.b\m in out

[abe_t:_ugl e in out————
abe_tw_oven] == g in outf——W
- in out

paui_pkt_eni> .t i out——————

gpio_out  sim_out

Ra=]

led0

gpio_out  sim_out

>3]

led1

gpio_out  sim_out

=]

led2

apio_out  sim_out

>3]

led3

in out——M

gpio_out  sim_out

5]

led4

i out[——"

gpio_out  sim_out

—»=]

leds

in out >

gpio_out  sim_out

Ra=]

led&

gpio_out  sim_out

Ba=l

led?

ROACH’S LEDS

{ X engine
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The S-engine (Spatial FFT)

Roach-3

[ S engine }
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Getting data from F engine

ra_clata s _data dout M din

*( 1 et

diout —[xauiD_data]
i
& Constanty
;‘/ e _outofhaned [——"rx_oob ook [ ok -
i K aok_out —D-—[xaultl_mh]
[maui_row_rst]

r#_reset

,y( Frami47 rx_empty 9" r:_empty empty f——— empty

i empty_out [emnpty 0]
/4

z‘& 0 W] tx_data re_walid [ rx_valid walicd [ vidl

’ 7 wld_out [rsani0_valicl]
?K Fri_linkciown ] _linkdown  linkdown ™13

4 af————¥{t=_outafband

¥ Id_out [<aui0_link_cn]
i s full "] tx_full full = full

74

*K 1] p—— VARl full_out [full_o]

: - r#_almost_full — | r#_almost_ful af — twg_en - -

L 74

’,‘K aalU salli_sim_rmux2 Hali_TwiG

I‘ A | [rawi_twe_en] :‘.‘-—

/ Accept 32 data words (64 bits each) from roach, plus a 1 word header (16 words contains 128 samples
of a single subband of each antenna). Input data can be also simulated commanding a register.

[ S engine ]
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]

xauil _link _dnl>

E E
£ £

Getting data from F engine

din

oob

valid_in

dout
valid_out

eof

discard
feng_sync
linkdown_out
mrst

hdr

linkdown_in

hdr_valid

Clsaui pkt datal

Liaui_pkt valid

il

=)
B

*awi_packD

[xaui pkt eof]

e lzani link down

Raui_hdr_valid

i

xaui_pkt data)

xaui_hdr_valid

Ml

dout e [bufl_data] |
din
we
valid
eof_out
hdr _valid
ment < ufl mentl]
eof_in
ant
*awi_bufo

4 words containing 32 antennas of a single frequency in order.

We send in blocks of 2°, indexing with an “antenna” number

B

engine

-

128 x 4 = 512 words contain 128 ordered antenna for a single frequency.
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Buffering and preparing data for Spatial FFT

st
' enl:lut P d :
Some debug counters 2> 2! g—regott  sim_out
——®{en
xavibuf window cnt
st
T — >
z g reg_out sim_out
o« ” Em—— -
Antennas”, here, are dual pol xauibuf out ent
din sync_out < [buf_sync_out]  Buf sync precedes the first
window of a spectrum {i.e. channel 0)
vid
dout [data_buf]
eof :
window _vld [uf_vld_out]
ment
ment_out [curr _count]
[hou mrst] St ' C
new _window >< [window _sync] . )
L ant = ‘Window sync is a pulse accompanying
every window of data sent
hufferd
P clin
——®|tig [ < You can snap this point
e
hufout snap

The Spatial FFT works in dual pol, we will see
later on how to handle a single pol

[ S engine }
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o

e

=

/7 7 7/ / /

e

/ 7
/ /

<. < R =
7N\ TN /
7 ¥ 7

Spatial FFT - Stage 1

— " syncsync_out B fft_shifh
outt ™ In1 outt ™ In1 outt
outz ——W In2 ouz——"In2
In out2
outs M In3 outs——™In3
outs
out4 M In4 out4——MIn4
uncrami -
UFi%_8_0 H_window — er_maskouts

2ero_mask

fft_direct2
Virtexs

z

[+

=

=
g

%
=]

4 antennas per clock = 8 clocks for a complete set

[ S engine

J
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R Lt )
Y T
/

, ,
7 s ) /7

\
.KK
7
/ / /

=

_A:EK*.
7 7
/ / /

R

/

=S

Spatial FFT - Stage 1

Ve 1 suncsyne_out B fft_shif
outt ™ In1 o————™int 4
out2 ™ in2 outz——MIn2
—in Outz
outs ™ in3 outs M In3
outs
out4 P In+ outd——M In4
uncrami -
L'=l-‘-iv>1=8=0—/ R_window ™ en_maskouts
2ero_mask
0

ft_direct2
Virters

[H_fft_synq

[0

[+1]

[+4]

=3

[+€]

[+_fft_of

Each antenna subband processed separately

[ S engine J
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\
/ /
v / / / /

V.
,
7/ 7/

/7 7 7/

R

/

=S

Spatial FFT - Stage 1

e = e A
/% L

[osstnbn =i

ST

outt

outz

outs

Out4

1 syncsyne_out

™ in1 outt

| in2 out2

™ in3 outs

uncram1i
UFix_3_0

™ in4 out4

#_window

[_fft_shiff)
Pt gy

™ in2
outz

™ in3
outs

™ in4
— ™ er_maskout4

2ero_mask

=

fft_direct2
Virters

[H_fft_syng

[+

—
=

%
8

[44]

=
g

[+_fft_of

Any kind of window (registers preloaded) applied

[ S engine J
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Spatial FFT - Stage 1

'ff
i
¥ [[windon_smna~>— b ftng
i
% — 1 syncsync_out [ 3hi [+0]
b
JK outt —Min1 outt Bt o b | e
1:( outz W In2 out2 | in2
date_bug In outz ol
1 o outs ——MIn3 outs ™ in3
|
- outs | B3
¥ Outs W In4 Out4 P in4
4 uncrami - [ i
iy UFi#_3_0 H_window B on_maskouts
t s zero_mask 5
3
| |n{_2ero__maslﬂ - \ /
jii,'( - [
i‘ﬁ -7
i
0 [_fft_of
fft_direct2
Virters

Subband masks
(if needed, useful either for debug and to filter interference)

[ S engine J
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Spatial FFT - Stage 1

e o
W
/

/

R

/

s

.
o

)
»
i
K‘ . T EeeneotT | ot shith <__wa |
i
: L »
%\ outt —~ Int outt Int outt m
&
¥ outzf—in2  ou—————Win2
g [data_bu In outz
% outs—M{ins  ous————M{in3
b oy < wa |
o/ outs M In+ Oouté M In4
H uncram .
;( UFi#_8_0 H_window — ] en_maskouts
Ll
K o T
#

[+_fft_of

:Ek
7
7/

fft_direct2
Virters

/

Zero padding of the second polarization

[ S engine J
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Spatial FFT - Stage 1

!

—® syncsync_out B fft_shift

- »
outt ——™ In1 outt N ot

outz —W In2 otz In2

[date_buf) n out2

outs M In3 outs——MIn3

;€
i :

#

% /i

-

\
et =
7,

|

outs
# outé ——Mindé  Oul———Min4
:K\ uncrami -
i UFi%_8_0 ®_window — en_maskouts
i zero_mask
i :
; ™~

R
TN
p

s

-
o

\ \
T = 7
7 / /

fft_direct2
Virtex s

Keep control of overflows

(Sets the shifting schedule through the FFT to prevent overflow. Bit O specifies the behavior of stage 0, bit 1 of stage
1, and so on. If a stage is set to shift (with bit = 1), then every sample is divided by 2 at the output of that stage.)

[ S engine
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~

b :‘%&
7
/ /

/ / v

R

/

s

Spatial FFT - Stage 1

= as e g 1Y
/% L

—— syncsync_out | B fft_shif ::;,_
outt " In1 outt ™ In1 outt
outz ——W In2 oufz——MIn2

[data_buf) n out2
outs ——MIn3 outs——M{In3
outs |
outs M In4 outd M In4
uncrami - I
UFi%_8_0 ®_window — ] en_maskouts
2ero_mask
0

[+_fft_sync]

o,
=

[+

—
=

ot
8

X

o,

5
g

.
=]

[+_fft_of

Computes the Fast Fourier Transform with 2N channels for time samples

presented 2” at a time in parallel.

Outputs 8 beamlets per clock and it takes 8 clocks for all rows.

[ S engine J




Spatial FFT - Tranpose

g
(=]
J
%
t
& E £ £ £ £
J = =] = =) =)
L3

i

90

=3

square_transposer
n_inputs

Transpose a 23 x 23 Matrix

S engine
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-

\ \
Zacuas e -
/ / /

/ / /

=

\
o -
7
/ /

R
TN
p

s

s <

Y
-~ R oo e < e s o)
X 7 7 7 T B
v / / / 7 A
Rre
T
ind
7 s -
. R
Ty S

The windowed FFT along the
second dimension is similar to
the first one

It’s @ 16 streams x 8 clocks deep

Spatial FFT — 2D FFT stage

[ct_sync_oul)

sync sync_out
In1 out i
In2 outz »ine
In3 outs »{ins
out4 »ine
Ins outs »ins
Ing oute »ins
In? out? »in7
Ing outs s
w_window

outt

ouf2

outs

Out4

outs

outs

out?

er_mask outs

2ero_mask1

fft_directt
Virtens

[v4]

3

V14

2 2
8

L_fft_of

S engine
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Spatial FFT — Power spectrum

—a
ab —

&

re [— real_square L—mio

(I)—.'c a+b_@

im[— >
to ri 2-1 power
4 015_??::1 > power_adder
ab —
s
imag_square

Squares real and imaginary components of
complex input and adds them.

This is done for each beam, and then,
there is a cast from 36.35 to 25.24.

S S

e

&

L S engine

;E
:

2~3 powerl—hl din do‘ﬁ

ouh
A [36,35F >[25,24]
20 gin  dout ()
of
In2 ouf2z

=
=]
w
@
M
5]
4
n
=

s s

C 27- 3power n

=3
g
o =
S
7
Og
S
o

In3 R
poy (=7

o )

Zd (36,35 >(25,24] Out

G5 an oL D

Ins outs

=
o
W
]
M
w3
4
N
=

a s

Ing T outs
%
In? out?

=
=
w
e
M
w3
i
N
=

s s

[ 2/~ 3 power
Ind outs

&
E
g
o =
SRR
7

35
)
o
=

z

-

ry

v

w

o

=3

£

=

®
=3
E
&

o 2

=5
7

5

o
-
~n
H
o
b4
o
=
b
]

o |5

R T

M

g

AN

o

2

=

o

i1 136,35 >[25,24] outt1
i dout

G2 dn: Tood G2

in12 136,35 >[25,24] outt2

> P gt tars

n13 136,35 >[25,24] outt3

dn  dt

b 136,35 5[25,24] Outt4
i dout

(Gs) L ER G

s (36,35 >[25,24] outs
; dout

(6 g o Ge)

In16 136,35} 5[25,24] outts

g
4y
© s
e

“
E]
2
“

Delay Delayt
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Data reinterpreted as unsigned 32bit

is accumulated by 128,
and then concatenated

Spatial FFT — Accumulation

[pow_sync_oud)

[¥3_pow]

[Y4_pow]

[¥&_pow]

[Ya_pow)

[¥15_pow]

g

[mini_vacc_sync_out]

-

nnini_uacc_uld_outll

sync_out
new_acc
vid
In2
outt »
In+
outs »
In§
outs >
Ing
out? >
In10
oute L
In12
out11 L
In4
outt3 L
In16
out1s >
In13
out? |
In20
out19 L
In22
outz1 L
In24
out23 L
In26
out2s >
In28
out2? >
In30
out29 L
In32
out31 L
mini_vacc

In1

In2

In3

In4

In5

In&

In?

Ing

In9

In10

In11

In12

In13

In14

In15

In16

out

Cram

{ S engine
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Spatial FFT — Integration

1
Y :

A Bcc_scale] > 1 1
b( dout 2 — 2 [qdr_vacc_daty)
! N Eh—®din ¢
W sunc dout  reinterpret b € 2 I
tult [48,16} >[16,0]
W din sync_out g 2-3 » 2 2 o ! B A

> uld_in vid , » 7 » P » 2 ! fadr._in_vid)

mini_vacc_musi

Data is accumulated, serialized, and then quantized

{ S engine

:n':. W r
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Spatial FFT — Parallel to serial

B B

sync

pulse ext vid
» 1 » 2 {2
Delavt Delay syne_out
st ol L [2:b)) 2_1 s
Delav2
Counter fecb) 1
outt L *do
(G =
vid_in Paddr
out2 - date? *d1
g
*addr
outs > dahz—i *d2
= ue
P addr
out4 a1 *d3
g
®addr
outs o »d4
g
P addr
outs a1 *ds
g (VT —
®addr
out? a1 > ds
g e—
P addr
outs a1 plar 272 {7
> dout
b '
.—P In M
" outs a1 »ds

[ S engine }

(...going into the vector accumulator...)

Serialization is done registering data into
single port RAMs and then a MUX loops
around addresses.

Previous accumalations guarantees that
there is enough time to serialize before
overlap.
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Spatial FFT — Quantization

- [qdr_vacc_daty)

— mini_vacc_of)

—< [gdr_vacc_swnd

The cast shape is:

— [qdr_in_vid)

[acc_scale) a £
dout 2
: (ab)— din ¢
W senc dout—™ reinterpret Pb -0 |
z convert_of 24
rult [48,16} >[16,0]
W din sync_out P SN
> uld_in vid » p P » !
mini_vacc_musi

48.16 = 16.0

{ S engine

You can apply an accumulation factor scale by programming a register (default 1)
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Spatial FFT — QDR, data ready for processing

| [cc_len] >
P din
| [adr_synd) } o A fatch
oob data outb we
tqdr_vacc_daia]:)—’l cast | date_in T
‘ . snap_vacco

A
e _e‘v" — - — — s ot gh -
s =< s R R
3 7 7 T A
i 7 v 7 / / XA
P e
F¥, g AN
7 1 Prn,
¥ 2 R R\
v :
. A D
o i 2
D

=

[Wacc_error

| [qdr_in_vid] :'“'

qdr_vacc
Vector Length: 131072

Data is reinterpreted as unsigned 32.0 to fit the requirements of
the ROACH corner turn memory (QDR, CASPER stdlib)

The vector length (# cycles) is set to 1024*32*4 = 131072

It is possible to get the 2D FFT simply by reading the snap bram
block on the 10/100 Mb Ethernet port using the katcp library

[ S engine J
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[cun_coun)

Main Control Signals and Registers

[pensca  Z>—wjen

[ new acqg =

cnt_rst

emor

new_ac

ervor_cnt

h 4

reg_outsim_req_out—#{=]

vacc_etr_cnio

spec_cnt
C

d
7l Ly

Cas

ment_regi

Conver2

h 4

[:b]

[:b)

h 4

req_outsim_rea_out—#{=]

vacc_cnto

req_outsim_rea_out—® =]

vacc_ment_ho

req_outsim_req_out =]

vacc_ment_lo

There are few output registers useful to debug
the system parameters such master counts or
even number of iterations of the QDR

{ S engine

en

Register13

req_out  sim_outp

adr_in_cnt

dr_syma_|

(

fast_ment)
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Main Control Signals and Registers

| [x_fft_shiﬂ]l hits 0-2: x shift

241041 P sim_reg_in reg_in L [ah]
Constant20 ctrl_sw Slice Goto32
1 b < yrmtsni| s 36:y shir
Slice1 Gotod1
e K g
= Z =j_ hit 7: xaui_tvg_en
Gota37
Sliced
) > fach] '; bits & - 11 xfft zero mask enable
Most of the controls are commanded with a 32 o s
bit register “ctrl_sw” where sets of bits have - ] »<{y_zero_mask]| bits 12 19 yfft zero mask enable
several meaning, such: Slice7 GotoSa
- Shifting schedule for the FFT (both x and y)
g [ah] > [ent_rst] | hit 24: packet counter rst
- Zeroes mask for the FFT (both x and y) Slice10
. . 1 » [ah] > [status_rst) | bit 28: reset status flags
- Various Reset signals
= ] > [acc_ctr_rst]l hit 29: acc counter rst
Slice3 Goto44
— (o] W eyl | bit 30: xaui rst
Slice2 Goto42

{ S engine




00T

Main Control Signals and Registers

1 ;

i ]

1"< ‘ | [window_sync] o &

§ ] rst 2 q

g/ en

(- x_fft_o »l

X e =< =T

& —{en

*‘( ft P

i b T2 "
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Even the output status is a sequence of bit

L S S concatenated in a 32 bit word




Acronyms

BEST Basic Elements for SKA Training

CASA Common Astronomy Software Applications

CASPER Collaboration for Astronomy Signal Processing and Electronics Research
EDK Embedded Development Kit

FFT Fast Fourier Transform

FPGA Field Programmable Gate Array

IDE Integrated Development Environment

IF Intermediate Frequency

IP Intellectual Property

NRAO National Radio Astronomy Observatory

PFB Poliphase Filter Bank

QDR Quad Data Rate

RF Radio Frequency

ROACH Reconfigurable Open Architecture Computing Hardware
SKA Square Kilometer Array
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