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1. Introduction

This memo will discuss the data transmission network for the Square Kilometre Array (SKA).
The SKA has enormous bit rate requirements, set by the science goals and the specific
implementation of receptor technologies in the array. In addition it has a wide expanse, driven by
the requirements of high resolution astronomy. This memo will discuss the cost scaling of the
data transmission system with bit rate and distance. Particular attention has been paid, here, to
those parts of the SKA that are on long baselines. Receptors at these distances will be dish
based systems using wide-band single pixel feeds.

This memo has been written with three key objectives in mind:

1. To provide an indication of how costs scale as dishes and stations are distributed on long
baselines.

2. To provide to a clear analysis of the various factors that affect the proposed
implementation strategies for SKA data networks and indicate those things that need to
be considered in the analysis of solutions.

3. It has also been written to provide information to other groups within the SKA community
whose prime expertise does not lie in the data transport domain, but who may make
decisions that affect SKA networks.

It is not the purpose of this memo to provide absolute costs to the SKA. The reader should not
attempt to cost the SKA using the figures within this memo. Indeed, one of the functions of
PrepSKA WP2 is to produce a costed system design for the SKA.

A number of implementation scenarios for data transport on long links have been examined in
this analysis. These are:

e A dish solution. - This network takes data rates from all the dishes on baselines above
180 km to a correlator at a signal processing facility.

e A station solution. i This network takes beamformed data, from dishes arranged into
stations, back to a correlator at a signal processing facility. The fibre connections in this
scenario are built specifically for the SKA.

e A dark fibre solution. i This network takes beamformed data, from dishes arranged into
stations, back to a correlator at a signal processing facility. The fibre connections in this
scenario are implemented using existing leased dark fibre.

e A commercial bandwidth solution. i This network takes beamformed data, from dishes
arranged into stations back to a correlator at a signal processing facility. In this scenario
the bandwidth from each station is provided in a turn-key contract with a bandwidth
provider with an existing network.



2. Executive Summary

Design Solution Dominant Cost drivers Key Cost assumptions
used
Dish solution e Trenching cost/km u 10,000 per

¢ Length of trenching (depends upon
Baseline length)

e Cost of transmission equipment
(depends upon Number of Dishes)

Station solution e Trenching cost/km u 10,000 per
¢ Length of trenching (depends upon
baseline length)

Dark Fibre solution | e Cost of the dark fibre/annum G 500 perpefib

e Length of dark fibre required kilometre per annum
(depends upon Baseline length and
Number of Stations)

Bandwidth solution | ¢ Cost per lambda or Gbps /annum unknown

e Bandwidth Requirements (depends
upon Number of stations and
bandwidth per station)

The dominant cost drivers for each design scenario.

The table above lists the dominant cost drivers for data transport networks from long baseline
stations in the SKA. Science cases should be examined to identify science goals that will be
impacted if the costs associated with long baselines require compromises in baseline length,
station (or dish) count or bandwidth on long baselines.

The analysis of the costs associated with a dish solution show that the number of transmission
systems required, accompanied by the cost of the cable network, leads to an expensive data
transport system relative to other solutions.

The station solution leads to a much reduced data transmission overhead and offers
opportunities to deliver network solutions using dark fibre or self-built networks. The additional
cost overhead of transmitting more bandwidth is not a driving factor, when compared to the cost
of cabling and transmission for a minimum bandwidth over long distances. For this reason it may
be possible to offer multiple beams from the output of a beamformed station at long baselines.

A dark fibre solution provides not only, potentially, the least cost but a reduced operational
overhead solution for providing data transport for the long baseline stations. For a practical
implementation for the SKA, existing dark fibre must be available in the quantities and locations
required. This has an impact on configuration studies, where stations in the configuration design
may have to be moved in order to place them near a dark fibre network.

A bandwidth solution offers the least operational overhead of all the solutions described here.
The size of the SKA bandwidth requirements, far exceed the capacity of current commercial
networks. A reduction in SKA bandwidths would result in corresponding reductions in bandwidth,
field of view or frequency coverage. It is true to observe however, that commercial traffic is
increasing at a rapid rate over time, whilst the SKA bandwidth requirements remain static. This
means that as the networks expand with time they may, given a rapid and sustained growth rate,
eventually be large enough to cope with the additional capacity the SKA bandwidth would place
on them. This is currently an unknown and we can only monitor this situation as the project
progresses.



3. Contents

I 1 1 0T [ Tod 1 0] o PSR 1
2. EXECULIVE SUMMAIY ...ttt e et e e e e e e e et e e e e e e e e aaaaaaas 2
T 0 14 (=] o £ F PSPPSR 3
N €110 11T 1Y SR 4
5. BIit RALES fOr the SKA ... ittt e s e e e eseaeseesaesssassssssssssensnnsnnes 5
6. NEtWOIK ArChITECIUIE ...t e e e e e e et a s e e e e e e eeenaan s 6
7.  Data tranSmISSION SYSTEIM .....uuiiieeii i e e e et e e e e e et e e e e e e e e e e et e s e e e aeeeeeneaaaans 6
8. Methodology and Assumptions used in the analysis..................uuveiiiiiiiiiiiiiiiiis 7
9. Cost scaling for @ diSh SOIULION. .........uuuuiiiiiiiiiiiiiiiiiieiii bbb eenenenne 8
10. Cost scaling for a station SOIULION. ...........uuiiii i e eanees 11
11. Cost scaling for a dark fibre SOIULION. .........coevviiiiiiiiiiii 13
12. Cost scaling for a bandwidth SOIULION. ..o 15
RS T I o T3 11 = T o0 1] S SPPRSPR 19
14. Comparison of 10 year cost of ownership for the different design scenarios ................ 20
L T @0 [od 013 (o £ PPP PP PPPPPPPPP 21
G U= (=T =T Tt SSPPPSR 22
APPENDIX A - Bit Rates for wide band single pixel feed (WBSPF) dishes..........ccccccce........ 23
APPENDIX B - Bit Rates for Aperture arrays (AAS) .....coooe oo 25

APPENDIX C 1 Bit Rates for Phased Array FEEAS..........coovveeiiieeeeeeeeeeeeeeeeeeeeeeeeee 27



4. Glossary

CAGR Compound Annual Growth Rate

e-MERLIN UK Based fibre linked Radio Interferometer

EU European Union

e-VLBI Fibre linked Very Long Baseline Interferometry
Gbps Giga bits per second (10°)

GUI Graphical User Interface

IRU Indefeasible Right of Use

IXP Internet Exchange Point

Km kilometre

M&C Monitor and Control

NREN National Research and Education Network
PAFs Phased Array Feeds

Pbps Peta bits per second (10™)

PrepSKA WP2 Programme of work that will produce a costed system design for the SKA
SKA Square Kilometre Array

SPF Signal Processing Facility

Tbps Tera bits per second (10%%)

TCP/IP Transmission Control Protocol/Internet Protocol
UDP User Datagram Protocol

WBSPF Wide Band Single Pixel Feed



5. Bit Rates for the SKA

The bit rate, R, of receptors in the SKA scales proportionally according to the relationship shown
in Eqn. 1 [1]

BAggeD
R occ —— Eqgn. 1
A
Where B is the bandwidth of the receptors, Atot is the total collecting area of thearray , Y i s

Field of View of the receptors and A is the mean of the wavelengths of interest.
This relationship holds, irrespective of receptor technology, whilst an additional, technology
dependent, scaling factor determines the actual bit rate. Appendices A-C includes detailed
calculations of how bit rates are calculated for each receptor type. In summary these maximum
bit rates are:

e 160 Gbps per dish with a Single Pixel Feed

e 420 Ghps per dish with a Phased Array Feed

e 13 Thps per Aperture Array Station

Reduction of data rates to the minimum required to achieve instrumental science goals is driven
by a desire to reduce cost and complexity in the system. It is clear from Eqn.1 that a reduction in
bit rates, transported over the data transmission system, will have an impact on the science
performance of the SKA as an instrument. This means that if the cost of the data transmission
system imposes a limit on the bit rates, then it will, in turn, restrict the scientific capabilities of the
instrument. Careful consideration is required in order to identify compromises between science
goals and implementation costs. The goal will be to maximise cost reductions for the lowest
impact on instrument performance.

In order to place the scale of the SKA data requirements in some perspective, one might
compare SKA data rates to the total IP traffic generated globally in all areas of business and
consumer use. Cisco [2] predict that in 2008 the total, global IP traffic will be 10,803 Petabytes
per month, or the equivalent of 35,725 Gbps.* Taking the Cisco figures as a guide the SKA
elements, operating at full bit rate, will generate the equivalent of the global IP traffic for 2008
with only:

e 210 WBSPF dishes, or

¢ 80 Dishes fitted with PAFs or,

e 3 aperture array stations.
Looking at the figures at a fixed point in time does not take into account the pace of growth
within the telecoms market. Cisco predicts that IP traffic is increasing at a rate of 46% CAGR
(Compound Annual Growth Rate). The SKA data requirements will remain static in comparison
to a rapidly growing market. Predictions over the timescales of the SKA are difficult to make and
contain many unknowns. Based on the Cisco figures one may predict that the global IP traffic
will have grown a 100 fold, to a predicted rate of 3.0 Pbps by 2020. This provides reasons for
optimism, that on the timescales of the SKA construction, the data transport equipment costs will
reduce with economies of scale.

! These figures have been compared witiures fromJohn Stankey of AT&T [3] for the purposes of sanity checking
the data.
He presented figures for AT&T backbone traffic in 2007 showing them running at 1,100 Gbps. This is in line with

t
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suggesting the backbone will carry 580 Gbps by 2010.



6. Network Architecture

In order to establish a model for the cost scaling of the SKA it is necessary to make certain
assumptions about the architecture of the network itself. The following section will describe the
model network that was used as the basis for the subsequent analysis.
A radio telescope data network differs from standard commercial networks in a number of ways:
e Aradio telescope can accept a lower availability than a commercial network.
e The removal of a dish, or station from a radio telescope array will not prevent
observations from taking place.
e The data is not, in its own right, valuable.
e The network is deterministic. That is to say the data always flows from one known
location to another. The data rate and the routing remain constant.
e The data traffic is unidirectional (this excludes, of course, the clock and M&C functions)
e The network does not produce revenue.
e The stability of timing is critical
e The data rates are large

The nature of the network leads us naturally to the implementation of large data streaming
6pi pesd i n a st ar Thisadwed ar¢chitectwerhfisibgen usedtiniothear radio
telescopes around the world [4] and cost estimates can be made using past purchase prices.
Commercial networks favour ring or mesh architectures for their ability to provide alternative
routes in the case of breakages, and hence better reliability. Ring and mesh architectures are,
however, more expensive and require intelligence in the networking equipment. For the SKA,
further analysis of the M&C network reliability requirements may lead us to a compromise
between ring or mesh and star architectures. For this memo a star network architecture is
assumed.

The array configuration used in this memo assumes that the array expands outwards from a
dense central core along five logarithmic spiral arms to baselines of 3,000 km. The analysis has
concentrated on the last 25% of the array on the longest baselines, between 180 km and 3,000
km. Whilst the longest baseline is assumed to be 3,000 km this corresponds to an assumed
trenching distance of 3,600 km.

7. Datatransmission system

The data transmission system for a star network of data pipes, at its simplest, is made up of the
following:
e Afibre network:- this might be constructed and installed as part of the infrastructure of
the telescope, or leased using dark fibre on a commercial network, or a combination of
both.

e A transmitter at the channel rate

e Multiplexing components for combining many channels onto one fibre

e Optical amplifiers for amplification

e Dispersion compensators for both chromatic and polarisation dispersion
e Receiver at the channel rate

A simple 10 Gbps data transmission system will require optical amplification every 80 km and
regeneration of data every 600 km (requiring a receive, retiming and re-transmission). These



distances are dependent on the equipment used and commercial systems will be able to extend
the distance between regeneration sites using advanced techniques. Ongoing design work will
produce data transmission designs that will optimise the cost tradeoffs between sophisticated
transmission systems and the number of regeneration sites required.

In order to simplify the costing of the network, the multiplexing equipment is not included in the
analysis. This is a reasonable omission, since the units represent a fixed cost to each data link
and the numbers do not scale with distance. For channel counts of between 4 and 16, there is
no significant increase in the cost of the mux/demux units with data rates.

The dispersion compensation costs have been lumped with the optical amplifier costs, since the
two components will be packaged together for long distance links. No consideration is given in
this analysis to the additional efficiencies that could be achieved by using a single amplifier to
serve a number of dishes. This might be possible where a station or a dish has bandwidth
requirements that require less than 16 channels. This will certainly reduce costs, but will require
a detailed network design in order to establish how much this technique might reduce costs.

A channel rate of 10 Gbps was used in the analysis of transmission equipment costs. This
decision does not imply that solutions for the final SKA will necessarily be 10 Gbps and
developments in telecom equipment over the timescales of SKA construction may lead to the
implementation of higher channel rates. 40 Gbps equipment is available today and 100 Gbps
equipment is under rapid development within industry. It has been expedient to use 10 Gbps as
a reasonable assumption of the channel rate for this analysis, since purchase prices of similar
equipment are available to us from other radio telescope projects. In addition 10 Ghps is likely to
be the commaodity unit of transmission on the timescales of the SKA and the project will therefore
benefit from volume manufacturing prices.

8. Methodology and Assumptions used in the analysis

In this study no account has been taken of other facilities that may share the trench in the array,
such as power cables etc. The costs of the trenching are applied entirely to the data network
costs. Infrastructure, such as housing and power provision were not included in the analysis,
since it is assumed that equipment will be housed at sites where array infrastructure already
exists.

In order to arrive at a cost per dish, each dish was allocated its share of the trenching costs
according to its location. As an example, at the longest baseline, dish Dy was allocated the
section of trench length between it, and Dy_; its nearest neighbour, as well as a share of the next
section divided by 2 and the next divided by 3 and so on for the N sections to the core. Each
dish will require 2 fibre pairs, one for M&C and one for data transmission and clock distribution.
Whilst the cable network was costed in this analysis the transmission equipment for the M&C
and timing networks were not. The cable length assigned to the dish was simply assigned as the
distance of the dish along a spiral arm multiplied by the cabling cost. This represents an
overestimation of the costs, since it is certainly true that an optimised network design will
aggregate data channels to reduce fibre costs. For this reason the assumption is made that the
cost of dish or station cabling is proportional to the cost of half a fibre pair connected over the
link length.



At this stage in the project it is clear that the reliability of the cost estimates is not at the level we
need to achieve a costed system design for the SKA. No attempt is made here to achieve this
task, the calculated results show only how the costs scale as the distance and bit rate increases.
The costs used in this analysis are based, wherever possible on available data and are
estimated as follows:
e Trenching = 010,000 per km
e Fibre cabling incl cables, joints, terminatio
e Dark fibre costs incl of mai nt e peafibre pgair, per Kildme@tte, per annum
The cost estimates used in the analysis for network infrastructure were:
e Transmitter & Receiver pair = 02,000 each
e Optical Amplifier & dispersion compensator =
Maintenance costs were estimated at 2% of the total construction costs of the network.

The costings and graphs shown here were calculated and generated in Microsoft Excel.
9. Cost scaling for a dish solution.

In this section the cost scaling of bit rate and distance for 150 dishes, at baselines between 180
km and 3,000 km, along one of five spiral arms was examined. These dishes represent 5% of
the total collecting area of the array. The other 4 spiral arms will scale in the same fashion. In
this scenario the data, for each dish is transported back to a signal processing facility (SPF) for
correlation.

Figures 1 and 2 illustrate the cost of the transmission equipment and how this cost per dish
scales with bit rate and distance. Figure 1 shows this analysis with the bit rate axis in plain view.
Figure 2 shows the same graph with the distance axis in plain view. It is clear that whilst the
costs do scale with rising bit rate the predominant cost driver for the long baseline dishes is
distance. This is because the number of optical amplifier sites and regenerator sites rises as
distance increases. This analysis examines only bit rates upto 160 Gbps per dish and since
optical amplifiers can accommodate sixteen, 10 Gbps channels per amplifier the number of
amplifiers in the system is the same irrespective of bit rate. The rise in costs with bit rates is due
to the increase in the number of transmitter and receiver pairs.



Bit Rate- Distance Cost Scaling
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Figure 1. How costs scale with bit rates for a full transmission dish solution

Bit Rate- Distance Cost Scaling
Unit cost per dish of optical transmission only
No Trenching costs included
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Figure 2. How costs scale with distance for a full transmission dish solution

The addition of cabling and trenching to the equipment costs, significantly increases the cost per
dish. This is illustrated in Figure 3. The exponential rise in trenching costs with distance reflects
the logarithmic arrangement of the dishes along the spiral arms. Those dishes at the longest
baselines have the largest share of the trenching costs.

An alternative approach to looking at the cost scaling for a dish solution is to consider how the
costs might scale if the collecting area remains constant, but the baseline length changes. Fig 4.
shows how the costs scale in this case. The linear scaling with length is evident from the graph.
This illustrates the significant contribution of distance to network costs.



Figure 5 shows the 10 year costs of ownership for dishes on long baselines, on one spiral arm,

of a 5 arm configuration. This analysis includes the maintenance costs, assumed to be 2% of the
total construction costs per annum. Clearly trenching and cabling costs dominate.

Unk Cost/dish

Millions

Cost scaling of unit cost/dish with bit rate and distance.

Blt Rate Ghps

Figure 3. Cost Scaling with distance and bit rate for a full transmission dish solution including trenching and

cabling.
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Figure 5. Relative share of the total 10 year cost of ownership of trenching, cabling and transmission
equipment. Based on dishes spread along a single spiral arm of a5 arm array.

10. Cost scaling for a station solution.

If the transmission of dish data directly back to an SPF is expensive then a compromise position,

may be, to beamform the most distantd i s h e s

nThése dtations will comtdin a number

of dishes each and the beamformed data will be transmitted back to an SPF for correlation with
dishes from the core.
In an array of 40 stations, each containing ~19 dishest he corr espondi nagl5f i el d
GHz, for each station will be ~0.02 deg? compared to ~1 deg? for the full dish solution described

in section 9. As well as a compromise in the field of view at long baselines this solution also

leads to a restriction in the flexibility of the instrument and it will certainly be more difficult to

calibrate the outlying stations.

The transmission systems used in the station solution are the same as the dish and will scale in
the same way (as illustrated in figures 1 & 2). Beamforming stations on long baselines has the
advantage that the number of transmission systems required is reduced by a factor of 19 per
spiral arm, with the cost savings that follow. The effect of this becomes clear in the total cost
analysis shown in Figure 7.

11



Cost scaling of unit cost/station with bit rate and distance
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Figure 6. Cost Scaling with distance and bit rate for a station solution including trenching and cabling.

The addition of cabling and trenching to the equipment costs, significantly increases the cost per
station. This is illustrated in Figure 6. The exponential rise in trenching costs per station is far
steeper than in the case of the full dish solution. Again, this is no surprise, since the total
trenching length required is similar in both cases but there are fewer stations to share the total
cost. Hence the per station cost is much larger. On the other hand the reduced number of data
transmission systems means the fibre cabling costs will be less than a dish solution. It is worth
noting that the trench lengths in the analysis of a dish solution and a station solution are not
exactly the same. This is because the trenching length is assumed to be a straight line between
one point and the next along the spiral arm. Having fewer points to connect, leads to a very
slight reduction in the trenching length for the same length spiral arm.

This analysis shows that the incremental cost of transmitting increasing bit rates is not significant
compared to the number of transmission systems required or the distance of transmission. This
suggests that it may be possible, for a small additional cost, to use a full 160 Gbps bandwidth
back from a beamformer to transmit multiple beams, should this be required.

Figure 7 shows the 10 year costs of ownership for stations on long baselines, on one spiral arm,
of a 5 arm configuration. It includes an estimated 0.5 km of local trenching and cabling at the
station and maintenance costs assumed at 2% of the total construction costs per annum.

12
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Figure 7. Relative share of the total 10 year cost of ownership of trenching, cabling and transmission
equipment. Based on 8 stations spread along a single spiral arm of a 5 arm array.

11. Cost scaling for a dark fibre solution.

The costs described in the previous sections are dominated by trenching costs. Evidently it will
be desirable to reduce the cost of trenching. This can be done in one of three ways:

1. Reduce the cost/km of trenching

2. Reduce the distance of the longest baseline

3. Reduce the amount of trenching required

The practise of wusi ng itasingaproprietary tfansmissien sgstedis 61 i ght i
known as leased dark fibre. The use of dark fibre can significantly reduce the trenching
overhead for a new project. The ability to lease dark fibre is dependent on the availability of
fibres in the site country and the location of the long baseline sites. Dark fibre contracts,
otherwise known as IRUs (Indefeasible Right to Use) can be negotiated in a number of ways.
The cost of leasing the dark fibre over a fixed term can be lumped into capital expenditure or
paid annually from operational budgets. An IRU will usually last for between 10 and 15 years.
The time over which the telescope will have a guaranteed right of use over the fibre will be a
point of negotiation with the supplier. There is a risk, with this solution, that at some fixed time in
the future the telescope may lose its fibre network, or be forced to renew a contract with less
favourable terms. This may not be an acceptable risk to the SKA user community and will be a
factor to weigh in the balance when adopting an implementation strategy.

A dark fibre network solution offers a number of advantages over the self-build option. In a self-
build solution there are a number of legal and operational responsibilities that fall on the project
to administer, such as:

e Rights of way during construction

e Liability

13



e Claims against individuals and companies for damage to the cable network

e Telecoms carrier taxes and regulatory overheads (if applicable) in the host company

e Repair of breakages
The fibre constructed for e-MERLIN in the UK was paid for by The University of Manchester, but
handed back to the operator of the dark fibre network in order to avoid becoming a network
operator, with all the overheads in time, money, liability and aggravation this entails. This model
might be used in the SKA, thus removing the considerable operational burden of operating a
national fibre network.

The price of the dark fibre will depend on its availability and will be dominated by market forces.
It is therefore difficult to predict what the price per km of dark fibre will be at the time of SKA
construction. However, we do have a number of data points for costing dark fibre for the period
2002-2005 [5][6][7]. These lead us to an assumption that dark fibre costs will be of the order
€500 per km, per fibre pair, per annum inclusive of maintenance. Additional costs will be

incurred for co-location sites along the route where fibre equipment can be housed. It is
assumed that a co-location site is required every 80 km and that they will be leased at a rate of
10004/ month over the term of the | RU

If the SKA bring back data, from all dishes to a Signal Processing Facility, then the 750 dishes
on long baselines, will require 2 fibre pairs each. The average telecoms provider will install a 96
to 144 fibre cable on trunk routes. A demand, therefore, of 1500 dark fibres would dominate their
network - even if subsequent aggregation and optimisation could occur. A dark fibre solution in
this instance does not seem a practical proposition.

On the other hand a dark fibre solution for 40 stations, whilst still a demand on the dark fibre
infrastructure of the site nation, does at least fall within the bounds of the possible. The use of
aggregation and optimisation of the dark fibre infrastructure could further reduce the number of
fibres required. The location of the long baseline station, if carefully selected could bring them to
within 25-50 km of a dark fibre route, thus reducing the burden of trenching costs still further.
The dark fibre routes will not be the shortest distance routes from the SPF, as assumed in
previous analysis. As an example, a 217 km baseline in e-MERLIN uses a dark fibre route that is
a factor of 1.9 times longer.

Figure 8 shows the 10 year cost of ownership of a dark fibre network. A minimum estimated
length of 11,200 km of dark fibre will be required for one spiral arm. This figure is calculated
using value of fibre length used in section 10. If we assume that a dark fibre solution will have a
25% overhead on link length, due to sub-optimal routing of the fibre routes with respect to the
telescope, then the required dark fibre length is 14,000 km. Although each station will require 2
fibre pairs, it is assumed that with optimisation this can be reduced to an average of 0.5 fibre pair
per station over the network. With a specific network design further aggregation and optimisation
may occur. The cost of the dark fibre per spiral arm is estimated as 14,000k m X 0. 5 X
03.5M per annum per spiral arm. An assumed 50 km of trenching and cabling has been included
in the costs to account for the local connection from a station to a dark fibre network. In addition,
the cost of trenching within a station from dishes to a beamformer has been included at an
assumed 0.5 km of cable and trenching per station.

14

u500



100

Millions

90

80

70

60

50

40 HI——— I —

Total cost per spiral arm

30 HE————— -

20 T — I — A —

I I e I e e I e e e e I e I e I e B e ) e I e T e B e I e

1G 10G 20G 30G 40G 50G 60G 70G 80G 90G 100G 110G 120G 130G 140G 150G 160G
Bit Rate

10 year cost of ownership of a single spiral arm for a dark fibre soluti

[ 10 year cost of ownershif
M Trenching & cabling
B Equipment

Figure 8. Relative share of the total 10 year cost of ownership of dark fibre lease and transmission equipment.
Based on a dark fibre solution along a single spiral arm of a 5 arm array.

12. Cost scaling for a bandwidth solution.

The prospect of outsourcing the data communications aspects of the SKA is attractive. It
transfers the risk and burden of implementation and operation to an external company.

The precedent for this type of solution for the SKA comes from the work done on e-VLBI over

the past few years. Many observatories now have

and can access national research and education network (NREN) facilities to transmit data to
the VLBI correlator at JIVE in the Netherlands. The observatories operate in diverse the local

environments and their local transmission arrangements are equally diverse. However, once on

the core NRENSs these systems operate using a dightpathéservice. This is a service on a single
or shared wavelength thatisroute d t hr ough the network to the
the higher level transport layers of the switching network. The current, fastest link, operated by

the participating observatories is a 10 Gbps link from the Max Planck Institute for Radio

Astronomy to JIVE.

The data is streamed using UDP transport layer protocol, in order to avoid the retransmit
functions of TCP/IP protocols that slow channel rates in order to preserve data. Packets are lost
through the network and care has to be taken at the receiver to avoid problems arising because

of indeterminate arrival of packets through a non-deterministic network.

The eVLBI programme operates on specific observing windows. Generally an observation will

take place for 2-3 days every 6 weeks. The NRENs in Europe have viewed this operational
model as one where experiments are conducted across the network. This falls within their
operating remit and for data rates below 10 Gbps the service has been free. Elsewhere services

have been provided at a price below the market average.

15
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The SKA operating model is different in a number of significant ways to the current eVLBI model.
1. The SKA will generate production traffic in an operation that is anticipated to work 24/7.
2. The traffic will be in quantities, as previously discussed, beyond those generated by the
populace of the world.
With this in mind, the SKA represents such a massive shift in requirements it is difficult to see
how to compare it with the e-VLBI model of operation, or even the current telecoms market of
Europe or the US. The SKA requirements will swamp any network in existence and require
operators to effectively construct a new network to serve the SKA alone. At the candidate sites
themselves the local broadband infrastructure operates at several orders of magnitude below the
estimates for SKA bit rate requirements. As an example the Western Australia Internet
Exchange, based in Perth, has recently posted peak aggregate traffic values of less than 1.5
Gbps [8], and the largest IXP in Australia Pipe IX [9] announced a peak traffic of 13 Ghps in
2008. In South Africa there is one IXP, in Johannesburg [10] operating at peak traffic rates of
just below 0.5 Gbps.
It is true to observe however, that commercial traffic is increasing at a rapid rate over time, whilst
the SKA bandwidth requirements remain static. This means that as the networks expand with
time they may eventually be large enough to cope with the additional capacity the SKA
bandwidth would place on them. This is currently an unknown and we can only monitor this
situation as the project progresses. Figure 9. Shows published figures of download traffic for
Australia [11] that have been extrapolated over time, using the Cisco growth figures of 46%
CAGR (described in section 5). This graph illustrates the size of the SKA bandwidth
requirements when compared with the download traffic of Australia. Even assuming the growth
remains aggressive over the SKA time period, the full SKA bandwidth will remain a large fraction
of network traffic.

National download figures in Gbps (AUS

7,000

Bit Rate requirements for 40
Stations with an instantaneous
bandwidth of 8 GHz

6,000 .-
—— > Predictions

5,000

4,000

Gbps

National download figures in Gbps (AU
3,000

2,000

Bit Rate requirements for 40
Stations with an instantaneous
bandwidth of 2 GHz

1,000

Bit Rate requirements for 40
Stations with an instantaneous
bandwidth of 500MHz

0

2006 2007 2008 2009 2010 2011 2012
YEAR

Figure 9. National Download figures for Australia, predicted using a 46% CAGR, alongside SKA bandwidth
requirements.
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Costing a bandwidth solution is particularly difficult, since the size of the SKA bandwidth demand
is beyond anything a standard network might transmit today. The Serenate project [12], funded
by the EU and commencing in 2002 produced a freely available economic model that prices a
given data link, based on costs obtainable in the 2004 timeframe. The costs are indicative only
and there are too many unknowns to project what these costs might be at the time of SKA
construction. However they are included here, as an indicator to compare with the other costs in
this document. Figure 10. shows the GUI input of the Serenate model, while Figures 11 and 12
indicate annual costs of a bandwidth solution for a 160 Gbps station at 3,000 km using both 10
Gbps and 40 Gbps equipment respectively. The Serenate model suggests that a single 160
Gbps link on the longest baseline of 3,000 km would cost ~85% of the dark fibre solution or the
self-built station solution for one spiral arm.

SERENATE ==

Introduction  Cenfiguration l Results ] Administration ]

BN Study into the evolution of European
Research and Education Networking

Network Cptions:

| Link: | Lambda j
Transmission: | 40Gb*xlambda j
Routing/Switching: | 40 - 40 j

Global Inputs:

Interzst rate: 'T [1/100] Lifetime of fibre: IT [years]

Capacity demand: IT [Gh] Lifetime of electronics: IT [ears]

Distances W [Km] ORM fibre: Izi [ of NFV]
O&M slectronics: IT [%% of NPV]
O&M regenerators: IT [%% of NPV]

Calculate and show results

Figure 10. Input into the Serenate Model of a 160 Gbps link over a 3,000 km range
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r |
SERENATE [

Introduction | Configurstion  Results | Administration |

N Study into the evolution of European
Research and Education Networking

Total cost for the entire connection:

Total ORM Leasing Total Total Annual
Investment Cost per year costs Annual Cost Cost per Gb
Link: | [ | 1wzo0000 | 1n200.000 | 70,000
Transmission: | | | | |
Switching: |  7.850,000 | 1,570,000 | | 274w | 17,071
Grand Total: | 780000 | 1570000 |  1n200000 | 13331410 | 87,071

Figure 11. Total annual cost for a single, 160 Gbps link, using 10 Gbps equipment on a 3000 km baseline

SERENATE =X

Introduction | Configuration  Results | Administration |

BN <tudy into the evolution of European
Research and Education Networking

Total cost for the entire connection:

Total OaM Leasing Total Totzl Annusl
Investment Cost per year costs Annual Cost Cost per Gb
Link: | | | zsonpon | 200000 | 17,500
Transmission: | | | | |
Switching: | 2,670,000 | 534,000 | | 529,027 | 5,806
Grand Totsh: | 2,670,000 | 534000 | zs00m0f| 37eeaz | 23,306

Figure 12. Total annual cost for a single, 160 Gbps link, using 40 Gbps equipment on a 3000 km baseline



13. Dominant costs.

The cost estimates used in this analysis are based, wherever possible on available data.
However at this stage in the project it is clear that the reliability of the data available is not at the

level we need to achieve a costed system design for the SKA. It is useful therefore to highlight,
for each of the solutions presented here, where the dominant costs are and therefore which

costs will have the most impact on the design if changed.

Design Solution

Dominant Cost drivers

Key Cost assumptions
used

Dish solution

Trenching cost/km

Length of trenching (depends upon
Baseline length)

Cost of transmission equipment
(depends upon Number of Dishes)

a4 10,000 per

Station solution

Trenching cost/km
Length of trenching (depends upon
baseline length)

a4 10,000 per

Dark Fibre solution

Cost of the dark fibre/annum
Length of dark fibre required
(depends upon Baseline length and
Number of Stations)

U 500 per fibre pair per
kilometre per annum

Bandwidth solution

Cost per lambda or Gbps /annum
Bandwidth Requirements (depends
upon Number of stations and
bandwidth per station)

unknown

Figure 13. Dominant costs for the various design solutions presented.
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14. Comparison of 10 year cost of ownership for the different design scenarios
Dish Solution

Station Solution

Millions

Unit Cost

100

10 year cost of ownership of a single spiral ari

=10 year cost of ownershif

m Trenching & cabling

= Equipment

1G 10G 20G 30G 40G 50G 60G 70G 80G 90G 100G 110G 120G 130G 140G 150G 160G
Bit Rate

Total cost per spiral arm

Millions

100

10 year cost of ownership of a single spiral ari

10G 20G 30G 40G 50G 60G 70G 80G 90G 100G 110G 120G 130G 140G 150G 160G
Bit Rate

B Maintenance over 10 year
B Trenching & cabling

® Equipment

100

Millions

10 year cost of ownership of a single spiral arm for a dark fibre soluti

90

80

70

60

50

Total cost per spiral arm

Bit Rate

1G 10G 20G 30G 40G 50G 60G 70G 80G 90G 100G 110G 120G 130G 140G 150G 160G

10 year cost of ownershif
B Trenching & cabling
W Equipment

Dark Fibre Solution
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15. Conclusions

The dominant cost drivers for data transport networks from long baseline stations in the SKA
are baseline length, the number of stations or dishes at long baselines, and to a lesser
degree bandwidth. Requirements of the dominant cost drivers on long baselines will all
impact implementation designs and costs. Science cases should be examined to identify
science goals that will be impacted if the costs associated with long baselines require
compromises in baseline length, station (or dish) count or bandwidth on long baselines.

The analysis of the costs associated with an individual dish solution, whilst the most
attractive from the point of view of radio astronomy, show that the number of transmission
systems required, accompanied by the cost of the cable network, leads to an expensive data
transport system relative to other solutions.

The station solution leads to a much reduced data transmission overhead and offers
opportunities to deliver network solutions using dark fibre or self-built networks. The
additional cost overhead of transmitting more bandwidth in a proprietary transmission
system is not a driving factor, when compared to the cost of cabling and transmission for a
minimum bandwidth over long distances. For this reason it may be possible to offer multiple
beams from the output of a beamformed station at long baselines, depending on the
bandwidths required per beam.

A dark fibre solution, provides not only, potentially the least cost, but a reduced operational
overhead solution for providing data transport for the long baseline stations. For a practical
implementation for the SKA, existing dark fibre must be available in the quantities and
locations required. This has an impact on configuration studies, where stations in a carefully
crafted configuration design may have to be moved in order to place them near a dark fibre
network.

A bandwidth solution offers the least operational overhead of all the solutions described
here, but also the solution with the most unknowns. The size of the SKA bandwidth
requirements, far exceed the capacity of current commercial networks. However, commercial
traffic is increasing at a rapid rate over time, whilst the SKA bandwidth requirements remain
static. This means that as the networks expand with time they may, given a rapid and
sustained growth rate, eventually be large enough to cope with the additional capacity the
SKA bandwidth would place on them. This is currently an unknown and we can only monitor
this situation as the project progresses.
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APPENDIX A - Bit Rates for wide band single pixel feed (WBSPF) dishes

A.1 Derivation of Bit Rate equation.

For SPFs the bit rate R is proportional to the number of antennas N, and the bandwidth B of
each antenna, i.e.

R =BN Eqn. 2
Aror
N ox =z Eqgn. 3

Where d is the diameter of an antenna and Ay is the total collecting area of the dishes. The
field of vi tmaisgdivenbythe equatien, a n

() o — Eqn. 4

Rearranging these relationships in terms of N, gives;

Y. Py
=% Eqgn. 5
Thus
BAgo:0
RDC% Eqgn. 1

Where A is the wavelength of operation. Note that, from Eqn. 4, R is actually constant with
wavelength as expected for single pixel feed dishes.
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APPENDIX A - Bit Rates for wide band single pixel feed (WBSPF) dishes

A.2 Calculated Bit rates for WBSPF
R =EBN

In digitised systems the bandwidth B is subject to a Nyquist sampling rate, at the required
bits per sample, in 2 polarisations with additional 8 to 10 bit encoding (8B10B). The formula
is therefore subject to an additional [Nyquist sampling rate x #bits x 2 (polarisations) x 1.25
(8B10B)] muiltiplier.

R=2 X 1.25 X Nyquist X #bits X N

N= Aot/ Aant
A is defined by the sensitivity requirements of a particular experiment, S, and system
temperature, Tg¢sas wel |l as the additional area i mposed b
Therefore,
N — SZS:?'S
ET-E -
/4

o $X2X1.25 X Nyquist X #bits BST,,

ET d?

R = 3.18 X BST,,, X Nyquist X #bits
£d?
If the maximum specifications set by science goals are;
S= 12,000 m*K™; B=8GHz;, T4=35K; #bits=4;
d=15m; U= 6 5 %; Nyquist sampling rate = 2

Then the maximum value of R=585 Thits/s, or 160 Gbits/s per dish.
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APPENDIX B - Bit Rates for Aperture arrays (AAS)

B.1 Derivation of Bit Rate Eqn

AAOGs have a def i ne lNyudnaunnub ear doeff ipnaetdc hteost,al FoV, q.
of AA that is used to form a single beam.

R = BNmtchnbmm Eqgn.6

where nyeam is the number of beams needed to cover the total FoV.

o)
T 2 Eqn. 7

Npeam & ﬂ.ﬂr
dpatch

where dpaecni S t he di ameter of adaatch)ﬁi@\themaamcarbaoftmeot e that
patch.

Aror
Npatch h 4z Egn. 8
patch

Substituting Npeam and Npaen into the formula for R,

A ndz
R oc B-2tot —PACh o PA, QA Eqn. 1
dﬁarch A2 tot

which is the same formula as for WBS PF 6 s .
APPENDIX B - Bit Rates for Aperture arrays (AAS)

B.2 Calculated Bit Rates for AAs

R = BNpatchnbeam

In digitised systems the bandwidth B is subject to a Nyquist sampling rate, at the required
bits per sample, in 2 polarisations with additional 8 to 10 bit encoding (8B10B). The formula
is therefore subject to an additional [Nyquist sampling Rate x #bits x 2 (polarisations) x 1.25
(8B10B)] multiplier.

R = B X 2 X 1.25 X Nyquist X #bits X NpgecnMpoam
. A XA,
tch 2
e ﬂd‘,’lﬂtch

At IS defined by the sensitivity requirements of a particular experiment, S, and system
temperature, Tq,saswellasthe addi t i onal area Iimposed by the ai
reduction in sensitivity at scan angles away froc
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ST; 4K 5Toy

A — 758¥s and N _ _Th2tEvs

tot B patch Eﬁ”dﬁatch
The number of beams Npeam r € qui red to fill t he r esselationed fi el d

factor s is:
4 % O x M
MNypeam — 2
i Dc"'lmﬂﬂ:"!
d‘,‘.‘:ﬂtch

Where & ‘H'm””/d his the FWHM beam for the elements of the array.
pate

For AAs
BSTS}_SOJ‘I.
R = # (4X4x2%1.25 X Nyquist X #bits)

TI:EJI? Kz A?J’I.EE?‘!

For a field of view given in square degrees

B5T,, 0N (4% 4% 2% 125X Nyguist X #bits)

B

R= = % _
£f o2 A2 1802

mean

oo 123X 1073BST,, QA X Nyquist X #bits

]

Dcz AEHEE?‘! EJI?

If the maximum specifications set by science goals for AA-lo are;
B= 470 MHz; S= 10,000 m*K™; Ts=200K;, q= 20 G6; of.£=yl.05m; #bits=4;
=120 = 80 %; nbmber of Bt&tibts = 250; s = Nyquist sampling rate = 2
Then the maximum value of R= 1.9 Pbits/sec, or 7.77 Thits/sec per AA station.
If the maximum specifications set by science goals for AA-hi are;
B=700 MHz; S$=10,000 m?K™; Ts=35K; q=2507% dogeg=0.46 m; o= 1.2
#bits= 4; O = 80%, = 75 Wlpaich =56 M; = Niquist sampling Rate = 2

Then the maximum value of R=3.30 Pbits/sec, or 13.19 Thits/sec per AA station.
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