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Abstract. Large projects like the SKA have an intrinsic complexity due to their scale. In
this context, the application of a management design system becomes fundamental. For this
purpose the SysML language, a UML customization for engineering applications, has been ap-
plied. As far as our work is concerned, we focused on the SKA Low Telescope - Tile Processing
Module, designing diagrams at different detail levels. We designed a conceptual model of the
TPM, primarily focusing on the main interfaces and the major data flows between product
items. Functionalities are derived from use cases and allocated to hardware modules in order
to guarantee the project’s internal consistency and features. This model has been used both
as internal documentation and as job specification, to commit part of the design to external
entities.
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1. Introduction

The Square Kilometre Array (SKA) is an in-
ternational project to build a radio telescope
tens of times more sensitive and hundreds of
times faster at mapping the sky than todays
best radio astronomy facilities. It will be built
in part in Australia and in part in South Africa.
The SKA is mainly divided into three tele-
scopes, Low Telescope, Mid Telescope and
Survey Telescope, according to the frequency
band in which they operate. The construction
of the Survey Telescope is currently deferred
(Dewdney et al.|2015]).

The Low Telescope, or Low Frequency
Aperture Array (LFAA) covers the frequency
band from 50 MHz to 350 MHz. LFAA is made
up of 2!7 stationary antennas with no moving

parts. Signals from these antennas are grouped
into 512 stations of 35 m each, which are elec-
tronically steered using digital signal process-
ing techniques.

SKA management requires the application
of a committed design system to avoid incon-
sistencies as much as possible and to iden-
tify scientific needs and the main project func-
tionalities from the very beginning of the de-
velopment cycle. We contributed to and still
working on the design by applying a Systems
Modeling Language, SysML. The tool we used
for the design is No Magic Cameo Systems
Modeler. In particular, we focused on the de-
sign of the Tile Processing Module, TPM, of
the Low Telescope, specifically, we concen-
trated on the TPM firmware. A detailed de-
scription of TPM is presented in Chap[3l
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It is important to note that the main scope
of the application of a System Modelling
Language is not the direct writing of the VHDL
code, but to provide the programmer of the
VHDL code with a description as accurate as
possible of the main functionalities that the al-
gorithm to be developed should have.

2. System Modeling Language

The SysML modeling language has been de-
veloped starting from the Unified Modeling
Language (UML). UML is mainly used for
software applications, while SysML gives to
the designer the possibility to apply it to any
system from an engineering point of view
(INCOSEI2006).

One of the main advantages in applying
the SysML is its interdisciplinary approach
(Delligatti|2013), it can be applied indiscrim-
inately from very small devices to extremely
large and complex systems, like SKA. Other
advantages are connected to the project de-
velopment cycle: customer requirements and
main project functionalities are identified from
its very beginning; technical and economical
aspects are considered in parallel during the
whole design phase and at different scale level;
they can therefore be controlled more effi-
ciently.

SysML allows the design of several kind of
diagrams. Each diagram highlights only some
particular aspects of the project (Friedenthal et
al. [2011). The model behind the SysML de-
scribes the elements and relations in the project
consistently. Therefore a change in one of the
diagrams causes a change in all the connected
ones.

Considering the model we developed for
the TPM firmware, we used four diagram

types:

— USE CASE DIAGRAM: answers the ques-
tion “how is the system used?”, identifies
the main actors and how they interact with
the system.

— ACTIVITY DIAGRAM: shows what hap-
pens when one of the use cases is imple-
mented. It can also show alternatives and
parallel actions in the work-flow.
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— BLOCK DEFINITION DIAGRAM: de-
scribes the system’s architecture and shows
the hierarchy in terms of blocks and sub-
blocks.

— INTERNAL BLOCK DIAGRAM: shows
the internal structure and the connections
between blocks in terms of properties and
links between them.

2.1. SysML application to LFAA

Fig. [l shows the structural breakdown of SKA
Telescope. The level of details goes down to
the main components of the tile processing
module, highlighting the TPM Firmware for
which we design some of the diagrams. We
concentrated on those we consider more inter-
esting.

This design system is modular since all the
small parts developed by the various consor-
tia, related to the part they are working on, can
be combined to form the global SKA SysML
model.

The Low Telescope model is made up of
several diagrams that can go into the level of
detail desired. Through different types of dia-
grams it is possible to highlight different points
of view of the same aspect and the relations
among different aspects, in order to better anal-
yse them.

2.2. SysML Model definition

The application of SysML to SKA starts from
the identification of the main requirements.
From the scientific point of view, the important
questions it has to answer are "What should the
system do” and "How should the system oper-
ate”. Some of the items considered during the
development cycle are:

— the system should operate in the real world:
it will encounter problems connected to its
management by people.

— the technology used during the design
phase: existent technology can be used,
which therefore could become outdated at
the end of the construction phase or, on
the contrary, developing technology can
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Fig. 1. Structural decomposition of SKA

be used whose real potentiality is not at
present known.

— the system should operate within a legisla-
tive context and respect the environment.

— the design process is iterative since dur-
ing the design itself, new requirements and
constraints will arise and should be inte-
grated in the overall design of the system.

The process in Fig.Z]shows the main steps
that lead to the definition of a SysML model.
The starting point for the development of the
SysML model is the identification of the main
requirements that the system should provide.
Considering these requirements, the "USE
CASE” diagrams have been developed, which
becomes the starting point for identifying the
constituent elements of the system and the ac-
tions that each of these elements is able to per-
form. Furthermore, the main characteristics of
the elements have been defined, considering
the data they are constituted by and the inter-
faces between those data.

3. Tile Processing Module

The TPM structure is described in Fig.f] The
Low Telescope is made up of an extremely
large number of LFAA stations, each station
consists of 256 antennas, divided in 16 tile of
16 antennas each (Comoretto]2015).

Each Tile is composed of a tile process-
ing module (for data processing) which digi-

talizes the signal coming from the 16 antennas
and processes it (Comoretto [2016). The signal
coming from the 16 antennas, with two polari-
sations, is converted to digital by 16 ADC with
two channels each.

Every TPM is made up of two FPGA, in-
terconnected between them, each processes the
signal coming from 8§ antennas. An external
memory is connected to each FPGA and each
TPM has an internal control system which in-
teracts with both the FPGAs. An Ethernet in-
terface is also connected to each FPGA, to ex-
change data between boards and to send the
processed data to the correlator.

3.1. Firmware Diagrams

Following the process described in Chap.Z]we
present the diagrams that have been used. As
anticipated, four different kinds of diagrams
have been designed to describe the firmware,
the first one is the Use case Diagram, fol-
lowed by Actvity Diagrams, Block Definition
Diagrams and an Internal Block Diagrams.

3.1.1. Use Case Diagram

This diagram describes the high level function-
alities and their relations to external actors. The
objective of the diagram in Fig.¢jis the produc-
tion of a Station Beam for each station, which



144

Use case

Requirements g

Fig. 2. SysML approach to system design

Belli: SysML of a large FPGA project: SKA TPM

Actions

i
Relations

\4
Elements

.

TESD 14 SDRAM
Antenna () ADC 96 bits x L2RK
2ol
i —_— A0 GhE i
FPGA () QSFP+ 40 GhE
Antenna 7 ADC
e N
= pal. ADC
PG CPLD
i) interfac he———= 1 GhE
1 FPGA interface
{E26)
Antenna 8 ADC o
2ol
| FPGA | APOLE 40 GhE
i QSEP+
Antenm |5
2 pal. ADC SDRAM
96 bits x 128K

Fig. 3. Tile Processing Module Structure

represents the signal coming from a specific
sky region.

For the production of the beam it is nec-
essary to collect the data from the antennas,
correlate these data through a correlator, and
control the process through a monitoring and
control station.

Furthermore, the diagram shows that the
action “Produce Station Beam” to be per-
formed necessitates the implementation of all
the actions indicated in the lower part of the
diagram.

3.1.2. Activity diagram

To analyse the functionalities in detail, we used
the activity diagram in Fig[3l The “Produce
Station Beam” activity is central in the Use
Case Diagram in Fig[l The columns represent

the blocks, i.e. the physical objects which will
implement the actions that they were assigned.

The rectangles represent the actions, while
the arrows symbolize the passage of informa-
tion, i.e. the activities sequence to be followed.
These sequences can be more or less compli-
cated, in Fig[3 it is possible to note that the
upper left part is more linear, while the lower
right part presents a more convoluted sequence
of actions.

3.1.3. Block Definition Diagram

The blocks defined in the activity diagram in
Fig[3, are summarized and presented in a more
hierarchical way in the block definition dia-
gram in Fig[@, in the form of blocks and sub-
blocks.



Belli: SysML of a large FPGA project: SKA TPM

145

package Signal Processing Firmware_Bshaviour[ [} Signal Procsssing Software Use Cases u

" collect
Calibration }
Samples S

Antenna Assembly

~  Produce
Station Beam
LFAA LMC S et CSP Low
e T
- s \ ~
- ~
- s \ ~
. s . ~
R — - * \
¢~ Generate test «include» «includes , uincludes = _sinclude»
signal /) o e
N s e B 7 \ ~
= > ~
- \ ~
«include» = P b ~
| =3 kY s
= s “
W & y'a '] =
«Continuous use case» «Continuous use case» «Cantinuous use case» «Cantinuous use case»
Collect Total Power Data Channelize Samples Generate Tile Beam Generate Station Beam
Fig. 4. Firmware - Use Case Diagram
‘activity Produce Station Beam{ ADC sarmples, taton beam. partal beam I parial beam aut ) [ 5 Produce Station Bearm 1]
“aocater “alocater “alocater “alcate ocater aacater
JESD104 interface Channelizer Tile beamformer Corner turner Station beamformerAdder 10/406 interface
| ocm (meeeve L channeiize
DRI A0C Sampigs 3 sampies
chans
: Calibrate
i rtenna chans
(daneed FFomTite |t cno tle (¥ Store Datp
= T )
Isuer ready
|
b VAR R others |
“cantralBuffers | | Fratel ]
E= |
v v
“Generate header pesmin TReceive | partial beam| S
eader > parial Bea partial beam in
e sompes
 _(tsumLocal
N Tile
] beam samples TS
4 hers z artialbeam|
2 o partial Bearp | PN e beamout |
Lasttle
bbeam samples
z FTransmit
fROmat ) formatted beam station Beam
station beam

station beam |

Fig. 5. Firmware - Activity Diagram

The “parts” included at the bottom side of 3.1.4. Internal Block Diagram
each block are the related sub-blocks that as-
semble the block they are contained in. The di-
agram indicates also multiplicity information
and may contain other kinds of relations, such

as use of external blocks.

Fig.EI shows how the blocks are physically con-
nected between them. The diagram highlights
the relations among blocks, defining the inter-
faces they are characterized by, i.e. the rela-
tions between blocks. The interfaces in the di-



146

Belli: SysML of a large FPGA project: SKA TPM

«se2 ProductTreeDiagrams
package Signal Processing Firmware_Structure [ [ Signal Processing Firmware_ProductTree |

«SKA Product»
Signal Processing Firmware

corner turner ; Corner turner

station beamformer : Station beamformeradder

“SKA Products i f2F interface : F2F interface |ESD104 KA Products
10/40G interface = 1% JESD104 interface
mac ; 10/40 GEE MAC total power - Total Power meter
formatter . SPEAD formatter timing . ADC timing
udp : ETH/UDP farmatter ip: JESD104 P
decoder | SPEAD decoder
test signal «SKA Products»
P Test signal generator
Diagnostics
imgnostics <SKA Broduct
calib sample capt Calibration sample capturs AX14 control
cross Spectrometer - Cross Spectrometer axid e
total Pawer meter - Total Power meter . _— =
Station Beamformer
channelizer stationBearnformer
o tile bearnformer
Channelizer «SKA Product» «SKA Product»
e Tile beamformer Station Beamformer
ealibration © Calibration — —
align : Delay alignment region selector ; Region selector [1] core | Station beamformeradder
spectrometer | Cross Spectromater control ; Tile beamformer contral [1] corner turner ; Corner turner
channelzer_pfb : channelizer_pfh beamformer = Freq domain beamformer [1, *] fmt : SB_Farmatter
channelizer_axi4 if : channelZer_axi4_if beam adder : Beam adder [1] if : StatignBeamfarmeraxidlf
Fig. 6. Firmware - Block Definition Diagram
Class Sinal Processing Frmware | i) Sianal Processing Frmmare 1] L o—"
“.pqam
| oo ) | . el | [ GRS - Sle beamformer i Tile bearfarmer | o .
e mchgy B i ‘ S e _
- : i p—gL . )
Lo ] } \ - = ‘
TESD < ftiming ct! ‘In\pow ol ’7«\ “Vcel <l spt et atl
N} il . .
rne i ‘Stati spead_out spead_in net_intf : 10/406G interface
v [ e e ot Lo oo i byttt sonst o e sscee
il il = 5 & i
L temgy R T, : ‘
0 ® u] B N T N
1((\ Fddr ‘ el [SPEAD o [uo et [MA( ol
o

‘ axia : AXIA control

Fig. 7. Firmware - Internal Block Diagram

agram are represented by blocks; however they
can also be described by specific objects.

3.2. Station Beamformer Diagrams

All the process described in Paf3.d can
be repeated in greater detail. The Station
Beamformer activity, represented by an ele-
ment in Figlf, is described in Fig[8. This ac-
tivity diagram depicts a more convoluted pro-
cess: various parts interact with each other, ex-
changing information; alternative solutions can
be undertaken depending on the element of the

series of data that is going to be processed.
Furthermore, there are also interconnections
with other diagrams, with information coming
from, or going to blocks belonging to other di-
agrams.

The described activity is related to the for-
mation of a Station Beam, i.e. the combined
signal of 256 antennas. The activities in the di-
agram in Fig$ have combined together 16 an-
tennas in a tile beam and stored it in a mem-
ory. Net interfaces receive information related
to the pack of data processed and sum it to
the archived data. There is a series of data that
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goes backwards and forwards between mem- Diagram in Fig.P]shows the interfaces and the
ories and net interfaces. The Internal Block connections between blocks identified in the
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activity diagram of Fig[8} in this case we can
also note bi-directional connections. It is possi-
ble to go down to even greater detail, analysing
the composition of the blocks identified in this
latest level, defining the interfaces that charac-
terise them. At this latest level of detail, all the
information necessary for the composition of
the VHDL code is available.

The code can also include information on
costs and consumption of each single module;
in this way, when the codes of all the modules
are ready, it is possible to have information on
the overall cost and consumption of the system.

4. Conclusions

Considering the complexity of the SKA
project, a designing management system is
important and necessary for its development.
There are various computer applications able
to produce SysML diagrams; in this case we
used No Magic Cameo Systems Modeler.

We developed a system of diagrams for the
description of the functionalities and behaviour
of the TPM Firmware. We started from the def-
inition of the Use Case Diagram; we identified
the actions to be undertaken that are part of
the system, the blocks that will perform these
actions and their behaviour. The diagrams pre-
sented in the current paper represent a selection
of those developed to describe the project. The
diagram system developed includes the main
actors and the activities which are part of and
act in the project. The detail level until which
the iterative process of designing diagrams has
been carried out is the one that allows a pro-

Belli: SysML of a large FPGA project: SKA TPM

grammer, even from an external company and
therefore with a restricted knowledge of the
project, to write the VHDL code of the single
modules.

As highlighted before, the objective of the
development of a SysML model is not the di-
rect production of the code from the diagrams
designed, but provides all the necessary infor-
mation and detailed description of the func-
tionality that the VHDL code shall supply.
Acknowledgements. This work is supported by the
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