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KM3NeT is a deep-sea neutrino telescope of very large sealeetakm?) to be deployed and
operated in the Mediterranean Sea. Neutrino-induced eldgrarticles are detected by measuring
their Cherenkov light in sea-water, using Photomultipliebes inside transparent, pressure resis-
tant spherical enclosures. The aim is to instrument sekerabf sea volume with tens of thou-
sands of optical sensors, connected to the shore througineelgptical cables up to 100km. The
KM3NeT collaboration has successfully developed an opsieasor, the Digital Optical Module,
by placing 31, 3-inch Photomultiplier Tubes in a 17-inchsglaphere along with the readout elec-
tronics. Each Digital Optical Module is supplied power tigh a high voltage (400VDC) line,
converted to low voltage (12VDC) in a breakout box beforegng the Digital Optical Module.
The Power Converter Board, situated inside the Digital €gbtodule, is used to produce seven
voltage rails as required by the Digital Optical Module &lesic modules. This paper summa-
rizes the design considerations and implementation of tineePConverter Board and the results
of the trial runs so far.
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1. Introduction

The main objective of the KM3NeT collaboration [1] is the id@s construction and opera-
tion of a deep-sea research infrastructure in the Mediteera Sea, including a very large volume
neutrino telescope based on the optical Cherenkov techr(igig. 1). To detect the Cherenkov
light generated by neutrino-induced charged particlebérdeep-sea, we use Digital Optical Mod-
ules (DOMSs) [2], each consisting of photomultiplier tubB$ATS) inside a pressure resistant glass
sphere. Immersed in the deep sea, the Digital Optical Medwié operate under central con-
trol from the shore, and all digitized data from each DOM Wil sent to shore. Each DOM will
be linked to the shore through a photonic network with déferthroughput requirements for the
upstream (DOM-to-shore) and downstream (Shore-to-DONB ttansmission. In this paper, we
describe the functionality, the design and the implemantaif the Power Converter Board (PB)
that is located inside each DOM.

Figure 1: An artistic impression of the KM3NeT.

2. KM3NeT Power Architecture

Each DOM is powered by an electro-optical cable carryinggraand optical communications.
DOMs are arranged in vertical columns called Detection $)(ifJs) consisting of 18 DOMs each.
The telescope consists of a grid of such DUs (Fig. 1). Each$tdnnected via a 100m deep-sea
cable to a central junction box which receives power via g ldistance high-voltage cable to shore.
To minimize ohmic losses in the power cables and reduce capameter, 400VDC was chosen
as the voltage for the deep-sea power bus from the DUs to tiotigm box. The 400VDC bus is
converted to an intermediate 12VDC bus before entering B&uk. The 400VDC/12VDC power
converter for each DOM is housed in an external oil-filleckgsure balanced enclosure, connected
to the DOM by a short 60cm cable. The external convertersiisaalvanically the DOMs from
the 400VDC cable network providing safety against failund 8ooding of any DOM to the other
units in the network. The intermediate 12VDC bus voltagesjoies optimal conversion efficiency
between the 400VDC external bus and the internal DOM powiksrnanging from 1V to 5V.
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3. DOM Power Architecture

The DOM sphere contains several electronic modules suchCantral Logic Board (CLB)
built around a high performance FPGA, electronics for théBhtomultiplier Tube bases, optical
communications as well as several instrumentation modualdading an acoustic piezo-sensor
for the DOM positioning system, compasses and tilt-metemmonitor the orientation of PMTS,
temperature and humidity sensors, and an LED beacon fondiralibration. The PB receives
power from the 12VDC intermediate bus voltage and produixdew-voltage power rails for the
FPGA and the peripheral modules mentioned above and onegpnagable high-voltage rail for the
LED beacon. Non-isolated point-of-load (POL) DC-DC cotees are used for the six step-down
rails, and a step-up discrete regulator for the step-up L&&zon rail.

The DOM mechanical design, where 31 PMTs are fitted withirlithgéed space of a 17 inch
diameter sphere (Fig. 2), imposes strict constraints orfdima factor of the PB as well as the
other modules. As a result the PB must be disk-shaped, 130nagmrneter, with a 26mmx26mm
opening in its center (Fig. 3). The bottom side of the boardlésr of components so that a
thermal interface pad can be fitted between it and the alumiftame where it is attached. The
frame at that point is shaped as a solid spherical cap, mdllhgontact with the inner surface
of the DOM glass sphere. This maximizes the heat flow to theosoding sea water where the
ambient temperature is constant at arountiCl4orming a heat sink for the thermal losses of the
POL converters. This advantage, resulting from the fadtatd@OL converters are located on the
same board instead of being close to their loads, more tHaatefthe minor power distribution
losses over longer distances within the DOM. The FPGA boéudspinto the PB by means of
three board-to-board connectors. Two of these connectenssad for the power rails and the third
for the 12VDC bus input, the LED beacon rail and diagnostioais.

Figure 2: The KM3NeT Digital Optical Module (DOM).

4. Power Converter Board

The most important criteria in the design of a multi-rail gywconverter are its unit cost,
conversion efficiency, reliability, size constraints, dgmc response, output ripple and noise level,
power sequencing, RF emissions, acoustic noise, and tesgation. In addition, initial develop-
ment costs in terms of design effort and the time needed tdusmthe first working prototypes



Power Converter Board for KM3NeT K. Manolopoulos

Figure 3: The DOM Power Converter Board.

are often very important. In our case, cost and power coinreesficiency were very important
considerations at the outset, due to the relatively largab@ar of DOMs (of the order of 10,000)
planned for the entire telescope. A minor increase in DOMeosonsumption, compounded by
conversion and distribution losses over the long-distdngb-voltage lines, translates to a signif-
icant increase in on-shore power capacity and total enesgy aver the entire service life of the
telescope, typically 10 to 15 years for such large scaleipggxperiments.

The reliability of the electronic components was also ofpawunt importance due to the inac-
cessibility of DOMs in the deep sea, the high costs of redngeaind replacing any faulty DOMs,
and their long service life of at least 10 years. Effectiverthal management to minimize tem-
perature rise, de-rating of susceptible components, ugaaiity assured components, keeping the
circuits simple and using the minimum number of componergevgome of the design objectives
set in order to improve reliability. For instance, only cara capacitors are used for decoupling,
with a de-rating factor of 60% or better. Stress screenirtylamn-in tests are also envisaged for
the final product. To ensure final quality, the design of thede@lBeres to the guidelines of the
FIDES reliability standard used in KM3NeT (http://www.feleeliability.org/).

In addition to the above primary considerations, it wasrdé to use readily available com-
mercial off-the-shelf components (COTS) in combinatiothvei modular design approach for flex-
ibility in implementing future design changes, arising; iftstance, in case of component obsoles-
cence or procurement problems. This precluded the use gfleaighly specialized components
such as digital buck PWM controller ICs capable of contngilmultiple power stages with a high
degree of configurability, sequencing and tracking (e.gJTD9240).

Flexibility in implementing design changes was also imaotin view of the fact that the load
requirements for each rail were likely to change as the lgetaiesign of the various DOM elec-
tronic subsystems was progressing in parallel with the Fgydeand development. For this reason,
it was decided to implement two versions of the PB. A pre-pobidn version, to be used only dur-
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ing the development phase of the DOM, enhanced with capabifior measuring in real time the
power of each rail, and a production version without suctabdjpies in order to obtain the maxi-
mum power conversion efficiency. The pre-production versiould be used as a dynamic power
profiling tool for various DOM modules under developmentptovide feedback in optimizing the
PB design, especially the parameters determining the poweersion efficiencies.
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Figure 4: 1/0O block diagram and rail specifications of the Power CotardBoard.
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Figure 5: Power sequencing and start-up hysteresis specifications.

4.1 Power Converter Board Specifications

The PB rail voltages were specified at 1V, 1.8V, 2.5V, 3.38VZPMT) and 5V with expected
loads ranging from 1W to 2.3W. They are derived from the 12¥ bsing step-down switching
regulators. Due to the low noise and ripple requirementivirty the electronics of the PMTs, the
3.3V(PMT) rail is derived from a linear regulator (TI TPST44 driven by a switching regulator
that converts the 12V bus to an intermediate 3.8V rail in ptdaninimize the dropout voltage
and heating of the 3.3V linear regulator. In addition to thewe six step-down rails, a low power
step-up rail, digitally programmable via 12C from 5V up to\3@vith a maximum load of 5mA, is
also required. An independent on/off control signal is @isavided for this 30V ralil.

A block diagram of the PB is shown in Fig. 4, along with the nmaxim driving capabilities
and set voltages for each rail. The initial load estimatedHe step-down rails were 2.3A, 0.9A,
0.9A, 0.7A, 0.3A(PMT) and 0.4A for each rail respectivelyigamounts to a total output power of
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11.5W and, assuming a conservative 80% average conveiiteersty, 14.3W for the input power
drawn from the 12V bus. The output power estimate was latésad as the design of various
modules was progressing and is now about 8W.

The power sequencing requirements dictated by the FPGAaror&O voltages are illustrated
in Fig. 5a. Lower rail voltages must be powered-up beforénérigones, except for the 30V rail
which works independently and is not part of the power sequegrspecification. The power-down
sequence normally is the reverse of the power-up. Howeweintplify the design, this was not
implemented. Instead, the rails are left to decay freelyrtmigd potential in whatever order was
determined by the amounts of energy stored in the decouphpacitors. As this energy is very
small and decays smoothly (i.e. without any voltage ovestf)aand rapidly within 3ms (Fig. 6b),
the long term reliability of the FPGA and other ICs will not bffected. As it turned out, this
scheme results in the rails powering down (Fig. 6b) in theesaeguence as powering up (Fig. 6a).
The rising voltages at power-up are strictly monotonic agiired by the FPGA.

Two open collector "power-good" outputs are produced byPBdFigs. 4, 5). One collective
"power-good" is asserted when all rails (excluding the PMaye reached within 10% of their set
voltages. A separate "power-good" is used for the PMT, ted@nly when the PMT voltage and
all lower rails (i.e. 1V, 1.8V, 2.5V) have reached their pogeod state. To simplify the design and
avoid using a sequencer IC, the power-good scheme is implecheising the enable and power-
good outputs of the switching regulators in a daisy-cham (@omino-like) configuration, where
each regulator is enabled by the power good output of thequs\(lower) rail. One advantage of
this scheme is that as each regulator takes about 5ms touprtiig. 6a) and assert its power-good
output, the in-rush current on the 12V bus is drawn onetafia-in 5ms intervals, thus avoiding
any input voltage droops as can be seen in Fig. 6a. To furdtkrce the chances of any voltage
droops during power-up causing unstable behavior, a leg@teloop is implemented on the input
bus voltage as shown in Fig. 5b. The enable input of the firg) (@gulator in the sequence is
activated only when the 12V bus has reached 11V and deadivat the way down at 9V. At
11V the decoupling capacitors at the input of the regulaaoesfully charged, ensuring a smooth
dynamic response when the enable is asserted by the prestames

In the pre-production version of the PB, the 12C interfacig.(R) is used to monitor in real
time the voltage and current of all rails, including the 123 bThis can be done either by the FPGA
firmware, when the CLB is plugged into the PB, or by PC softwardependent of the CLB. A
second 12C connector allows the PB to be connected at the ta®méo a PC via a bespoke USB
interface board, for dynamic power profiling and data recayghurposes.

4.2 Implementation Issues and Performance

The pre-production version of the PB contains additiona $dch as analog-to-digital con-
verters (ADCSs), buffers, current sense resistors and musense amplifiers. As a result, its ef-
ficiency is reduced by about 5.5%, based on datasheet data.1Z¥it, 12-channel ADCs are
used (MAX1239) to measure 18 channels. The conversion datad out via I12C. An external
precision voltage reference is used for high accuracy in AbGersion. A standard 4-layer PCB
is used without any blind or buried vias in order to keep potidm costs low. Two power con-
nectors and one mixed power/signal connector are used gatpduPB onto the FPGA board (Fig.
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3). Decoupling capacitors are used on all switcher inputsautputs, along with ferrite beads for
filtering. An input DC power filter (Murata BNX022-01) is alsised at the 12V bus entry point.

A very critical design decision regarding each of the siystewn converters was whether to
implement it using discrete devices, i.e. a PWM switchingtealer IC with external components
(inductors, MOSFET current switches, capacitors), or gisirmodular point-of-load switching
regulator where all components are integrated into a mimolpackage. Each approach has its
own advantages and disadvantages and often it is not p@dsilpredict in advance which is the
best choice for a particular design without implementinthhin detail.

The discrete approach requires more effort and time to oo test and validate a design.
It is not flexible regarding changes in the specificationsweleer, it has the advantage of poten-
tially higher conversion efficiency by fine-tuning the destg the specific load characteristics and
optimizing component selection such as MOSFET switchesa #sult its thermal performance is
better. Significant effort and expertise is needed to ogenCB layout in the discrete approach
and as a result reliability is reduced due to the likelihobdssembly errors, whereas POL mod-
ules are subject to higher levels of testing by the manufectand their PCB layout is carefully
optimized in terms of area, track lengths and RF emissionsgaRling output noise and ripple
both approaches are similar in performance. However, \highdiscrete approach, very careful
optimization of the PCB layout tracks is required to minimarasitic inductances which create
very high frequency noise spikes.

The modular POL approach is simpler and faster to implemedtrasults in more compact
designs with smaller footprint and simpler PCB layout. Theg optimized by the manufacturer
regarding size, heat flow and EMI. In addition, their relidpiis much higher than what can be
expected from a discrete design in terms of initial asserabilyrs, overloading or response to other
fault conditions, and component lifetime failures. Modulasigns implement more sophisticated
protection mechanisms and are subjected to far more exéeasd rigorous tests by the manufac-
turer than most discrete designs by the typical end user.

An initial attempt for a PB design based on discrete cordrolCs (LTC3603, LTC3601)
proved unsatisfactory, with high levels of noise and ripgigibuted to non-optimal PCB layout
and component placement. Subsequently a modular POL agppmeas adopted. Initially two
high-performance modular POLs were short-listed, LTM8Q34) and LTM8033 (3A). These are
potted in an land-grid-array (LGA) frame, with very low EMingssions conforming fully to the
requirements of EN55022 Class B, and switching frequenam f200kHz to 2.4MHz. However
their unit price was high, about EUR 13.00 and EUR 15.82 eacfuantities of 100. After initial
evaluation, these were rejected mainly on grounds of usit ¢&nally two POL modules from Mu-
rata were selected, the OKL-T/1-W12 (1A) and OKL-T/3-W12)3These are open frame LGA
modules with fixed switching frequencies of 800kHz and 60Dkespectively and unit prices of
EUR 2.18 and EUR 4.35 each in quantities of 100.

The current PB design is based on the Murata devices medtaimeve. The additional fea-
tures offered by the LT devices did not justify the significartra cost. However, the 1A Murata
device has no integrated power-good output, therefore &mrext circuit was implemented using a
dual comparator and a gate, which has an additional EUR 0i#8ast for each switcher. Regard-
ing reliability, for the 3A POL Murata quotes 10,011,000 r@oMTBF by the Telecordia method
(4a), and 5,549,000 hours MTBF by the MIL-HDBK-217N2 mett{dd).
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Several PB units have been constructed and deployed. Theefly of the pre-production
version is measured to 81.5% and is estimated to increase 8p% when the current sensing
and measurement capability is removed (based on dataséegt d he ripple and noise figures
are less than 20mV peak-to-peak, which is satisfactory torpurposes. Our efforts are now
concentrated on developing and using the power profilingufea to characterize accurately the
power consumption of the various modules within DOM. Thitadzan then be used to optimize
certain rails, possibly using a discrete controller apphoand also for stress screening and burn-in
purposes at the production phase.

@)

Figure 6: Oscilloscope capture of (a) power-up sequence (scale:i,\Bfas/div), (b) power-down sequence
(scale: 1V/div, 1ms/div), under full load.

5. Conclusions

In this paper we presented a flexible multi-rail convertesigie based on widely available,
off-the shelf integrated power modules (modular POL caevs), to simplify the design effort
and speed up the production of working prototypes. Thes®iymes are enhanced with measure-
ment and data acquisition instrumentation for the purp@$edynamic load characterization of
each power rail. Following system integration, measurdésare conducted and the results of load
characterization can be used in further redesign of certis replacing the modular POL con-
verters by discrete regulators with external magneticspvaer transistors, if higher conversion
efficiency is required. As itis not possible to predict in adee whether a system based on modular
or discrete regulators satisfies better the list of desigara, both designs must be implemented
fully and compared before the final product is delivered t@snaroduction. The results of load
characterization can also be used for testing, stressrsogeer burn-in in the production phases
of the project.
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