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The Megin Triux Nepan MEG systemis abiomedicaldiagnosticand researcimstrument

for locating and timindpioelectric activity inside the braitt.usessuperconducting sensors,
submerged in liquid heliuno measuréhemagnetic fieldchangeasut si de t he subj
caused by thb r a newirdoral electc currents

This studyinvestigateshe feasibility ofreplacing the original linear powsupples of the
MEG system with switckmode power supfs The MEG systemmeasuring theveak
femtoteslalevel magnetic fieldsis alsosensitivefor electromagnetic disturbangeso the
switching relatechoisein the measurement dataeds to bexamined carefully.

A prototype switch-mode power supply unitis assembled wittcommercially available
SMPS modules inside the existing linear power supplyunit enclosure with original
connectorsto fit the prototypeunitin place of theexistingonein the system

Both the original and the prototype power suppbes testedo compae the nominal
characteristicsandto distinguishpower supplyoriginatedfrom theother sources afoise
The power supplies are first bench tesigtth resistive loads, thepresentablactive loads
and finallywith emptyroomMEG measurementwith afully functiond system.

The testswith the SMPSunit did notreveal anyobviousperformancedegradation The
overall noise in the MEG measurement remaiagitie samdevel. The tests were limited
to the digital electronics of the systendamouldbe extended to the analtrgnt endbefore
theswitch-mode power suppliesan beultimately determinedeasiblein this application
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AvainsanatDC-DC tehonmuuntimet, hakkuritehonléahteet, tehon lasihkbmagneettiset
hairiot, ladketieteellinen elektroniikka

Megin Triux neo, MEGarjestelma, on biolaaketieteellinen raiisjarjestelmgoka
hyodyntaa nestemaiseen heliumiin upotettuja suprajohtavia sensdrejen sahkodisen
toiminnan mittaamiseen paan ulkopuolelarjestelmaéaytetadn laaketieteen
diagnostiikassa seka perustieteellisessa tutkimuksessa

Tassa diplomitydssa tutkitaan mahdollisuutta korvata jarjestelman kayttamia lineaarisia
tehonlahteita dkkuritehonléahteilla. MEGarjestelma, joka mittaa hyvin heikkoja
femtoteslatasoisia magneettikenttid, on herkk& myos sdhkdmagneettisille hairidille, joten
mahdolliset hakkureiden aiheuttamat hairiot mittausdat@ssatkittavahuolellisesti.

Hakkuritehalahteita arvioidaakokoamallakaupallisesti saatavilla olevista
hakkurimoduuleista koekappale, joka hyddyntaa olemassa olevan tehonlahteen koteloa ja
liittimid, jotta sité voidaan testata jarjestelmésséa olemassa olevan tehontidhtieen

Seka temassalevan ettad koekappaleginnitelahttjerlaatua arvioidagrjotta voidaan
erottaa tehonlahteestéa aiheutuvat hairiét ulkoisista hairidista. Tehonlahteita arvioidaan
ensin vastuskuormalla, jonka jalkeen kaytetaan todenmukaista aktiivista kuormaa, ja
lopuksitehdaan tyhjan huonedhEG-kohinamittauksiakokonaisellgarjestelmalla.

Tehonlahteiden arvioinnissa ei tullut esiin merkittdvaa laadun heikentymista. Hairididen
kokonaisarvio MEGnittauksissa pysyi samalla tasolla. Arviointi rajoittligjitaaliseen
tiedonkeruuelektroniikkaan ja arviointi tulisi laajentagdsanalogiseen etuasteeseen, jotta
voidaan paasta varmuuteen siitd, soveltuvatko hakkuritehonlahteet tahan kayttokohteeseen.
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1 Introduction

This study for Megin Oyims toanalysehefeasibility andpossible adverseffects ofusing
switch-mode power supplieim their produd, Triux neo MEG-system.Due to the system
beingdesigned taecordextremely weak magnetic fielésnanating frontheliving human
brain i t als@sensitive tasurroundingelectromagnetic disturbancddhe mainelectronics
of the systemare currentlypowered with linear power suppliésr their known low noise
DC-output voltageand low EMI The motivation tevaluateghe switchhrmodetechnology is
its ability to performsignificantly more efficientlyreducing wasted energyeed forexcess
heat removalsize,weight,and costwhich makes iattractivealternativefor powering the
electronicsThe SMP®generate high frequensyvitchingnoisethatmaymakeits wayinto
the MEGmeasurement dateeducing thesignal qualityover a wide frequency bandhich
is themain concermf this study The wideband Rffeception and nonlinearity of tisensor

elementcausechallenges witlRFinterference mixindo the signal of interest.

Theeffectsof the SMP Sareexamined byassemblingprototypeswitchrmodepowersupply
unit and testing it against tleeiginal specificationsand heado-head with the origindinear
power supplyvith passive andctive load andfinally in the actual operational ME&/stem
for signal qualityanalysis.The systerEMC is ruled outof the scope of this studput itis
anecesary considerationn possible further evaluation of the technology.

The results of this studynay be used as a pretext flurther investigationfor SMPS
application anéssupportingnotes forfuture product development decision making.

Following subsectionmtroduce thédbackground of the MEGwitch-mode power supplies,

linear power supplies ardlevantelectrical safetyspectsn medical device redation.
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1.1 About the MEG

EEG = measuring the potential
+ differences on the scalp

MEG = measuring neuromagnetic fields
outside of the head

Figurel. Principle of MEG and EEGMegin Customer Training Material

Magnetoencephalography is hiomedical measurementmethod for recording the
electomagnetiactivity of the brainThe weak magnetic fields outside tekull, caused by
the bioelectricneural signalling,arerecorded with sensitivemagnetometerocated closely
around thes u b j e c {(Hammalaihem atdhl., 1993fFigure 1 shows the close relation to
electroencephalographiZEG. Theorigin of the measureghysical quantitiess the same
the neural bioelectricitywhichin EEG,is interpreted from the potential differesas the
scalp andin MEG, external magnetic field fluctuatisnFigure 2 illustrates # signal

acquisitionof the wholehead MEGsensoiarray:.

Field[

Figure2. MEG Signals(Megin Customer Training Material
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In conjunction with clever mathemagiomodellingand knowledg®f the sgnal source, the
recordedneural activity can belocatedin few mi | | i raectracygnsadprocedureof
Magnetic Source Imagind/Sl, andsuperimposed on a structural MRiageas illustrated
at the right side offigure 3 The MEGhasmany potentialind establishedesearch and
clinical applications wherepreciselocating and tirmg of the brain functiorareimportant
(Maldjian et al. 2022)

Median Ne llation

Tibial Nerve Stimulation

Figure3. Magnetic Source ImagingMegin Customer Training Material

The history of the MEGoes back to | &8lt9e7 0D%36 Ovthse nartch ee
measurements were made in the United Staye®avid Coha from the University of

lllinois. The first measurements were madéh a copper coil detectpbefore introdution

of theSuper Conducting Quantum Interference Device, SQbylJames Zimmermdrom

Ford Motor CompanyT he first SQUIDbased MEGmeasuremenwere conductedgain by

David Cohenn Massa&husetts Instit@of Technology MIT in 1971 The SQUID requires

cooling downwith liquid heliumto super conducting state atound 4 Ktemperaturego
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operatetFi gur e 4 i s a p h megoegcallgipededadom(©ahen,d96B)e n 6 s
(Zimmerman, Thiene and Harding 197Qphen, 1972)

Figure4. Dr. Cohen's shielded room at M(David Cohen)

In Finland, the researan biomagnetism an8QUIDs continuedn Helsinki University of
TechnologyLow Temperature Laboratotgd by Olli Lounasmaa n t h eln198Q7 0 6 s
brain research was chosen d&ell of research for the laboratoayd thé first one

channelMEG-devicewasput into servicesoon thereafteffFig. 5).

Figure5. One channel MEG in early 1980(kow Temperaturé.aboratory Aalto
University archive)
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In 1989 a spinoff companyNeuromag Oynowadays Megin Oyvas founded to
commercializeahe ongoingMEG-technology researciihe Finnish Innovation Fund
SITRA, already significantly funding the researbkecamehe majoity shareholder and
Mustekala Ky(squid, the animal, in Finnisha limited partnership company of six
research team membasmmitted toa minority shareThe first wholehead MEG system
with 122channelsvasinaugurated in 1992ndin 1998followed the 306-channekystem
which aredirectancestos of the presentday Megin product(Megin Oyarchives 1989)
(Heikkila, 2014)

+ 306
channels

* Supine
and
seated
positions

« 306 channels

* 3 measurement
positions

« Improved
dynamic range

- ARMOR™ sensors

- ARMOR™ electronics
- Internal helium recycler
- Patient positioning

* 122 channels
« First whole-
head MEG

Zero helium
boil-off
technology

Figure6. History of MEGIN instrumentation(Megin Customer Training Materijal

The current MegifTriux neosystemis equipped with statef-the-art SQUID sensorgFig.
7), simultaneous EEG recordiagd othepracticalimprovementsaround theeore MEG
systemsuch as thenternal helium recyclingnd software utilities fodata acquisition,

analysisand visualization.

* Flux transformer » Superconducting quantum
- Picks up magnetic flux from a few interference device (SQUID)
cm? and transfers it into the SQUID - Converts magnetic flux into a
voltage

<— Voltage —>

&«‘\\ | "’ﬂ

\ /
b
Q» EERR

|\~ Magnetic
flux @

% Current

Josephson 7/
Jjunction

Figure7. ARMORE sensor(Megin Customer Training Materjal
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Themain system partare located inside and outside of a magnetically shielded room, the
MSR.Inside the MSR is the probe unit with the SQUID sensalsnerged in liquid

helium, preamplifiers and control electroni¢and the patient bed/chairhe MSR shields
thesensitive masurement equipment from the environmentagneticactivity whichis
generallymany orders of magnitudegher than the measurbedain signals. Outside the
MSR are located thidter cabinef the main electroniosabinetand the stimulus cabinet.
The filter cabinet acts as atectricalinterface between the MSR and the outer world and
provides heavy filtering for all signagpingin and outof the MSR The main electronics
cabinet holds the data acquisitiand controklectronicsas well asanarray oflinear

power suppliesvhich provide power to theore electronicsThe stimulus cabindtoldsan
application specifiselection of equipmemtrovidingdifferent types of sensory stimuli to
the patient for evokerksponse studieflso, outside the MSR resides a directline
singlephase AGmotorthattilts the probe unito different positionsFigure 8 shows the

main system parts.

Figure8. Internal Helium Recycle(Megin Customer Training Materjdimage also
shows conveniently most of the main system paitis. probe unifA], the MSR[B], the
filter cabinet[C], the main electronics cabin&], thestimulus cabinefE], the lifting
motor[F].

The latest research activity around MEG sensor technology in the past few years has been
the utilization of the Optically Pumped Magnetometer, OPM. Instead of superconducting

sensorsthat require near absolute zero temperature to operate, OPMs rely on the nuclear
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magnetic resonance phenomendmeory related also to the MRI. In principle, an OPM

consists of a laser, an alkali atom vapor chamber and a photodetector. The laser light is
circularly polarized using a quarterave plate, after which it is passed through the vapor.

The circularly polarized light brings the vapor to a magnetically sensitive state by creating
anetspimol ari zation (fioptical p tic figddiaffegtothe. Ch a |
spinpolarization of the vapor in such a way that can be detected, as a function of the

magnetic field, from the light passing through the vapor.

High pressure
vapor

A 4

Z Laser light
¥ - P

Laser .
Photodiode

Figure9. General OPM schematresentation

The OPM is sometimes seen as a potential future alternative for the SQIHEMEG.

The advantages are freer placement of the sensors and closer proximity to the brain as the
insulation between cryogenics and scalp is not required. The practical white noise level of
the OPM is still much higher (30 0 0  fz)ThardoHthe SQUID (~2 T / zA The OPM
technology is currently being developed by mangre or less linkedesearch groups

around the world(Tierney et al., 2019)

1.2 TheLinear andSwitch-ModePower Supplies

A linear AC to DC power supply in principle consistsaofinefrequency transformera

rectifier stage and a transistor, that is used in its linear region as a variable redister.
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mainslevel AC voltage isfirst lowered with the transformerectified with a diode bridge
andthenregulated with théransistorThe efficiency ofalinear power supply is in the range
of 50 to 60 % at besind the remaitter is turned to heaivhich needs to be dissipated with
heavy heat sinkand/or fansThe linear power supplies acensidered nowadays heavy
bulky, and inefficient, and their usén mainstream electronidgaspracticallyended Figure

10 shows a schematic presentation of a linear power supply.

Line Filter "\&\r
frequency Rectifier capacitor

transformer 4ol

Utility Controller
supply

Rload

\ |
/s
VWA

Vref

FigurelO. Lineardc power supplyschematic presentation.

The galvanic isolatioboundarybetween the main&C input andpower supplyDC output
isatthe linefrequency transformerhe main advantageslaiear power supplies are simple

and robust desigistablevoltage regulation anildw noiseDC output.

Though thewide use of linear technology in AC to Dfower suppliesias diminished, the
linear DC to DC regulator&nown as lowdropout, LDO, regulatorgyrestill widely used in
point-of-load applicationsAs the main higher power regulators majytteswitching type,
thereis oftenuse fordedicatedow powerlinear regulators forsensitive componentsuch
as ADCs DACs or multipurpose processor chipthat require low noisesupply.
(Gunawardane et al., 2022)

Theswitchhrmode power supply regulates the voltage also with a transistioas avariable
resisor, but by switching rapidly fully on and ofin a schemeaenerallyknown as pulse
width modulation, PWMThe resulting squarn@ave s then rectified and filteretb stable

DC. The other major difference is that the mains voltage does not havditst bewered
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with a massive lindrequency transformer, but it can lorectly rectified beforethe

switching transistorFigure 11 shows a schematic presentation of a swwittle power

supply.

Highfrequency Lowpass
transformer filter

Rload

\|
/s

Rectifier 3

Utility .
supply Rectifier  Filter < ‘ Vref
capacitor Controller

Figurell: Switchrmode power supply schematic presentation.

Thehigh frequency transformarfter the switching staggovidesanadditional voltagetep
andanisolation boundary betweanainsnetworkand thepower supplyoutput.(Mohan,
Undeland and Robbins 2003)

The swichmode power supplies can achieve 90% efficiedtyere is still heat generated
mainly in the orstate resistince and the turan and-off times ofthe semiconductorghe
losses can be lowered by faster switching frequencytumebn-off times, butit leads to
higher frequency noisspectrumanddifficult electromagnetic interference issu&ashid,
2011) TheS MP S 6  ffileereng for bagh input and output for conducted interference and
possibly shielding and advanced PCQBchniques to counter radiated interferei(Cedt,
1988)

Numerous recent research articles involving SBacentrate around tledectromagnetic
emissionsEitherdevelopment and suggestion of notadologiesand contro{Manjunath,
Sudheer 2020and (Subotskaya, Bodano and Deutschmann 2@20nodelling of the

conducted and radiated emissidigbal et al., 202Q)(Bykhovsky, 2022)and (Leferink,

Roc'h 2011)
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1.3 Medical Device Electrical Safety Regulation

Medical device electrical safety regulation is an important area of regulatory compliance
for medical devices. Medical devices that rely on electricity for their operation must meet

certain safety requirements to ensure that they do not pose any risk to patients or operators.

In the European Union, medical device electrical safety is regulated Mettieal Device
Regulation (MDR) and the In Vitro Diagnostic Regulation (IVDR). These regulations
require medical device manufacturers to demonstrate compliance with relevant standards
for electrical safety, including the International Electrotechnical @msion IEC 60601

series of standardélhe European Parliament and the Council of The European Union,
2017)

In the United States, medical device electrical safety is regulated by the Food and Drug
Administration FDA, under the Federal Food, Drug, and Cosmeti¢c Rb&C Act, and

the Code of Federal Regulatioi®&FR. This regulation requires that medical devices be
designed and manufactured in accordance with recognized engineering standards to ensure
their electrical afety. The FDA also requires that medical device manufacturers provide
documentation demonstrating compliance with applicable electrical safety starida®ds.

Food & Drug Administration)

Other countries have their own regulations governing medicatelelectrical safety. For
example, Health Canada regulates medical devices under the Medical Devices Regulations,
which require compliance with the IEC 60601 series of standértésalth Canada, 2023)

In practice the patienandthe deviceoperatorshould be protected from dangerausrents
flowing through their bog parts in contact with the deviceven in predictable fault
scenarig. In careful risk assessmergpmemulti-step failure modesay be deemedso

incredibly rarethat with all the mitigations in placeéhe associated rigk negligible

The MEG recordingl o e s n 6t requi re t he aspachhut¢hadthert o t
essentiaffeatures such as the EEG and head position indicator reedld to be directly

attached tahe patientmakingcontact points to electrical devices.
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The isolated power supply is one link in the chain of sevaesns to protect the patient
from dangeroubody currents and ihneeds to be taken into account ingpecificationof
the power supplyThe relevant parameters goapacitive leakage currentsom the mains
supply, the dielectric strengthof the insulatios and sufficientcreepage and clearanc
distances.
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2 Methods

To evaluate the feasibility of utilizing Switahode power supplies in MEG system the
chosen method is straightforward in structure: building a prototype SMPS unit and testing
it. The testing is divided into two sets. First isefudes bench testing to evaluate the
prototype PSU characteristics in comparison to the original PSU and the second set is
testing in the full MEG systenThe prototype replaceme of theoriginal power supply

units, to find the effect on noise levelstibe actual MEG measurement. The procedures

are explained in this chapter.

2.1 Building the SMPS unit prototype

The building of the prototype starts with defining the specifications. The specifications
may not be exactly as in the original power supply égnoise levels, but the other
essential requirements are listed. To maintain reasonable schedule, the prototype unit is
assembled by using commercially available SMPS modules instead of designing
everything from the start. A specific setfade design wadd be more optimized in many
ways, but it would take significantly more time and rigorous design work, which is not in

scope of this study.
The identified essential requirements:

1. The SMPS modules must provide sufficient and stable DC outputs for theggowe
components.

2. The prototype must have suitable form factor and connedtidmes able to test it in
the system

3. SMPS modules must hs&olatedto provide similar level of patient and operator
protection

4. DC voltage and current output capability must beugin to pass theroduction
testsdefined for the original PSU
- +5Vdc, 455A
- +155Vdc,0.8A
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- +6.6Vdcl.7A
5. AC voltage input capability must cover the range of the original.PSU
- 230V £10%, 50 or 60 Hz

The physical requirements are defineddizsecting the original power supply unit and
taking measurements of the available space and how the connections could be made. It
turns out that the original power supply PCB may be used as a connector base board by
removing much of the large linear poveeipply components, line frequency transformer
and large electrolytic capacitors. All SMPS modules and wiring should be able to fit in the
freedup space and connections can be made via the PCB to the original confégtoes.

12 showsthefittings of the original linear power supply.

Figurel2. Original linear power supply. Inside of the enclosdraroidalline-frequency
transformer with medicdevel isolation [A], electrolytic capacitoefter the rectifie{B],
heatdissipation elemersdttached to the regulating transist{i}.
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After the specifications are clear, suitable SMPS modules must beffoamtrustworthy
distributors and ordered. As the world situation is difficult for component availability,
while doing this project, the range of suitable components that may be acquired in
reasonable time frame is more limited than usual. Suitable seleetn still be made with
some alteration to the original intentions. Even though the essential requirements can be

met, some headroom for suboptimal conditions is lost.

Now, there is not availabk oneSMPS module, which would have a single-BC

rectifier section, and downstream, all required appropriate or adjustable output voltage DC
DC converters with suitable current handling capabilitkestable rgulators for+6.6 V

for 2 A currentwere hard tagetin time, soaftercareful assessmeat the downstream
componentsit was replaced with two isolated 10 V regulatéin® other one connected
Aupsi de downo pr oviAbiwellgtwasheernmneditlzssing the5 s up p |
V supply by 3.3 % is acceptablie adjustthe dual 5 V& 15 V supply to 5.1% & 15.5 V.

The final power tree then consists of one dual outpiHDACconverte(+5.17V at8 A,

+155V at2.5 A), two identical single output DOC converterg10 Vat2 A) and an

additional single output ADC converter(-15.5V at2 A) with switching frequencies of

70 kHz, 250 kHz, and 45 kHz respectivelyne power tree is illustrated in figur8.1

T - R - I
I R - P

230V ac

Test current
AGDCModule e -15.5V dc max 25 0.8A/12.38W

Figurel3. SMPS prototype power tree.
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Theassembling of the prototype begins by disassembling the original PSU to the point that
new parts can be fitted inside. Transformer and large electrolytic capacitors are removed
using a hand soldering iron. Initial placement for the SMPS modules is matngtits

of the wires, connecting the modules to the base board, are estimated. On the DC outputs,
the moduleend of the wires can be terminated with crimp connectors which are

compatible with the acquired SMPS modules. Other ends of the wires are stdbied

base PCB, on the through hole pads of the removed output capacitors. The original
connections from the utility input can be crimp terminated and connected to the AC input
of the main ACDC SMPS module. The protective earth connections to the enelasd

the base PCB are preservEgyure ¥ shows the fittings of the prototype power supply.

Figurel4. The SMPS modules inside the original enclosure. Dual outpuD&Converter
attached to the covfA\], single output AGDC convertemattached to the covB], single
output DGDC converteraittached to the PCE]
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While fitting the modules inside the @osure, care needs to be taken to ensure sufficient
electrical isolation between conducting parts. Nonconducting-stfirsdrews are used to
separate the SMPS modules from the aluminum enclosure. The wiring is placed carefully
with no residue tension gbe insulations remain intact, and the pressed connections may

not slide off.

All the SMPS modules can be fitted inside the original enclosure with the connecting base
board with almost no difficulty. Even the original power monitoring processoord
current switches can be made to work with the SMPS modules as well as the status LEDs

indicating normal or faulty DC outputs.

2.1 Bench testing of the prototype

To learn about the characteristics of the SMPS prototype compared to the original PSU,
both ae first put through a series of oscilloscope measurements. The goal is to get a close
view of the noise levels on top of the DC outputs. For this purpose, a special power rail
probe is used. The power rail probe comprises of two signal paths that shsaeth

probe tip, a high impedance path for accurate DC measurement and an additmmal 50
path for the high frequency content. This allows us to find the low level, high frequency
noise on the DC rails that cannot be seen very well with basic equiprherprobe

Keysight N7020A0offers £ 850 mV dynamic range for tHactuationover DCand the
oscilloscopeKeysightDSOX4034A has-bit ADC. To balance between vertical clipping
and resolution, the scale is setltmV/div, full scale of 80 m\yieldingvertical

resolution 0f0.16 mV (Eq. 1 (Smith, 2020)

Pich YO pi¢ T W pig TG 6 1)

The measurement data is downloaded to PC in MATLAB format for further analysis,
especially for the noise spectrum visualizatiath FFT function

The first measurements are done with resistive loads to test the load regulation accuracy

based on the original production test protocol. The output voltages should not drop below
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suitable levels on maximal output currents. To conglteemultiple outputs on the same

power tree, all other outputs are loaded to higher than nominal output currents as well. The
ripple on the DC output is measured with a bandwidth that covers the tens of Hertz, which
Is considered interesting in MEG, to timegahertz region, beyond the switching

frequencies of the SMPS modules that might get aliased on the MEG measurement. The
expected result is finding mostly 50 Hz rectilesed noise with the linear power supply

and additionally switching inherent noisgth the SMPS prototypé-igures 15 and 16

show the measurement setup with a detached data acquisition rig.

Figurel5. The bench testing setuprototype (top) and original power suigsitested side
by side.
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Figurel6. Oscilloscope probe attached directhyatoonnector slot

The second phase of the bench testing involves one data acquisition board powered by the
power supply under test. The power rail measurements are done with mafkegquency

bandto find out the effect of the higspeed electronics running on the boardeseh
measurements may also serve as product development information for the data acquisition
board itself. The expected result is finding additional fégbed data interface originated

noise which propagates through the power rails.

2.2 Testing in the MEG sysm

The full system noise test is agreed to be done in the production facility where similar tests
are done to all customer systems before st
own product development system, but due to the office relocatibie eme, the system is

not in fully operable state. To be sure that no harm is caused to the delivered system by the

prototype power supply, it is fismoke teste

move towards the actual system.
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The first sep is already taken in the oscilloscope measurements while using one data
acquisition board as a live test load. From these measurements, it should already be
noticeable from the voltage rail fluctuations that the board is on live state and the software

has not hanged due to unstable power supply for the processing units.

The second step is to use a software development rack with a similar data acquisition
board. This time, using a serial terminal connection to interact with the embedded
software, it can behecked from the sethonitoring functions that the internal voltages on
the board show appropriate readings and more generally, that the software boots up and

runs normally.

Third step is applying the prototype power supply in the product developm&rsys

while in not fully operable state at the time, it can still be powered up and the relevant self
monitoring readings can be accessed. Different from the previous step, the prototype is
now running as a part of the full system. It powers up severabhdatasition boards, all

live and running the embedded software, though meaningful MEG measurements cannot
be performed.

Finally in the fourth and final stegf thesystem testing, if all previous tests have been
passed, with nothing suspicious happenihgre should be enough evidence that no harm

is probable to the system in production and the system noise tests can be performed with
the prototype power supply. The testffmy chart ispresentedn figure 17.
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Figurel?7. The MEG noise test flow chart

The acquired MEG measurement data is downloaded from the acquisition workstation for
further analysis. The data is analyzed with proprietary software tools developed at Megin
to assess theossible noise issues at customer sites and for product development. The data
can also be extracted in MATLAB format and accessible down to single samples if closer

inspection or development of different kinds of analyses are needed.
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3 Results

This chaper presentshe results of the measurements described in the previous chapter. The
oscilloscope data in MATLAB format is analysed and graphically visualized. The MEG data
is visualized using Megindés own anallysi s
differences between the Linear and the SM#3altsto conclude if using the SMPS degrades

the MEG performance significantly, catastrophically or at all and if the findings from the

power rail measurements support the conclusion.

3.1 Bench testing

Thefirst set of measurements are based on the production test specification of the original
power supply for applicable parts. These include load regulation and ripple characteristics.
The load regulation is presented in table form and the ripple wavefominspacta are

presented in graphical form.

3.1.1 Load regulation test

Load regulation test is used to determine if the output voltage of the regulator stays within
specified range in expected load conditions using a resistive load. The conditions listed
below mme from the production test specification. An electronic Isagsed in constant
current mode to set the test load with 1 mA accuracy. Outputs, other than the one being
tested, are loaded with a power resistor array with higher than nominal curreavittepr
necessary minimum load and to consider the cross regulation in theuipat SMPS

module.Test specifications are listed in table 1
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Tablel

Output Test current Pass criteria
+15.5 V 800 mA >15.1V
155V 800 mA <151V
+6.6 V 1.27 A >6.5V
6.6V 1.69 A <65V
+5V 4.55 A >49V

In the SMPS prototype, the 6.6 V outputs are replaced with +10 V outputs, so the test
currents are adjusted to equivalent potale 1 continued)

Table 1 (continued)

Output Test current Pass criteria
+10V 838 mA >9.9V
10V 1117 mA <99V

Table2: Linear power supply results

Output | Voltage with nominal load| Voltage with test loag Deviation
+15.5V |15.512 V 15.508 V -0.004 V
-155V |-15.543V -15.541V -0.002 V
+6.6V [6.612V 6.603 V -0.009 V
-6.6V |-6.633V -6.630 V -0.003
+5V 5.018 V 5.008 V -0.01V

Table3: SMPS prototype results

Output | Voltage with nominal load| Voltage with test loag Deviation

+15.5V |15.653 V 15594V -0.059 V
-155V [-15619V -15606 V -0.013 V
+10V |10.028 V 10.029 V 0.001V
-10V -10.026 V -10.026 V oV

+5V 5.160 V 5.138V -0.022 V
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Test results listed in taband3 show that the SMPS prototype passes the load regulation
tesk. Especially the £10 V regulators seem to be practicalgffected by the approximately

50 % of the regulators rated loading.

3.1.2 Voltage ripple test

The output voltage ripple is measured with an oscilloscope. The data is collected in
MATLAB format for visualization and analysis. The requirement for ripple, seéheén
production test specification, is 1 mV peakpeak at line frequency for all outputs. This
requirements purposefullyoverlooked,andthe focus idn coveringthe noise spectrum to

the MEG band of 5 kHz for head-head comparison and the switchifigquencies and
harmonics are inspected separatelgigher frequency band

Corresponding outputs of the Linear PSU and the SMPS prototype are compared in time
domain and frequency domain focusingtbeMEG band.Oscilloscope raasurements are
conductedn 10 MSPS sampling frequency in digitization mofi#l scale of 80 m\vith

no averaging or waveform holding. Time domain measurement DC values are set off to fit
waveforms in same graph and scakmllowing figures show examples of different

measurementra analysis typed/ore measurement graphs are collected in Appendix 1.
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Figurel8. +15.5 V comparison in time domain.

Figure B shows the comparison of SMPS and linear power supply ripple in time domain.
The linear output fluctuation is around 2 mV peak to peak, whereas in the-gvatizh

output it is around 15 mVaak to peak

+15BV output
T T
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Figure19. +15.5 V comparison in frequency domain, MEG band
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Figuue Bs hows t he comparison in frequency dom:
Some differences can be seen e.g., the line frequency harmonics seem to be lower in the
linear power supply. This may be the result of putting lots of effort in filtering the line

frequency harmonics in the original power supply design.

4 T

Ivol t(dlge

lo\n\\\\‘ 1 Lol 1 Lol 1 Lol 1 Lol 1 Lol

16 16 14 16 16 16
frequpcy

Figure20. +15.5 V comparison in frequency domain, medium band

Figure20s hows t he comparison in t he&MHzioesee um b :
the effects of SMPS switching activity. The difference becomes very prevalent up from the
tens of kHz and the switching frequency of 70 kHz and its multiples can be clearly

distinguished.

3.1.1 Active load measurements

The second phase of the oscilloscope measurements use a single data acquisition board as
an active load. Higher bandwidth is used to capture the effects of thegegh interfaces

on the board.
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Figure2l. +15.5V comparison with active load, high frequency

Figure21 shows thenigh frequency band extending to 1 GHz with an active data
acquisition board powered up by the power supplies. From the tens of MHz up, the
spectrum start® seem similar between the two power supplies. At this region, other
sources of electromagnetic emissions suatr@ss coupletiigh-speed interfacesnd

oscilloscope noisstart to dominate

3.2 MEG system testg

This section presents the results oftéms where the SMPS prototype is attached as a part
of the MEG system. The testing starts cautiously with smoke testing of a small part of the
system and proceeds gradually towards a fully functional system todéhat no damage

done to the expensive equipment.

3.2.1 Self-monitoring test

System testing begins with the S##velopment rack test. In this test, the -8&velopment
rack, fitted with one data acquisition board is powered up by the protB§peThe data

aqyuisition board is then interfaced with serial terminal connection to query the internal
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voltage monitoring function. The data acquisition board should output correct voltages to
the terminal. This way it is clear that the embedded softwaleésand nd hanged because

of unstable power supply or other disturbances in the digital signalling.

rdvolt @ 213 1.694
rdvolt 1 213 1.787
rdvolt 2 213 2.471
rdvolt 3 213 3.262

rdvolt 4 213 4.789

rdvolt 5 213 -5.655

rdvolt 6 213 12.834

rdvolt 7 213 -12.485

Figure22. Resulted output from the internal voltage monitoring

The output at figure2looks as expected and so we can be sure that the soiveante/e
on the board, ando unexpected failure has happened.

3.2.1 MEG noise test

The MEG noise tests are performed as described iMétieodschapter. The data is
collected in the manufacturinggmises with a complete system. The MEG noise spectrum
graph types are introducéeére,andthe rest othe complete collectiooan be found in the

Appendix 2
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Figure24. Noise spectrumPrototype PSU

Figures23and2lpr esent the first output graph
The graph presents an FFT of the combined MEG engaiyn data from the set of four
dataacquisition boards powered widlither the original linear power supply (Fig. 21) or
the SMPS prototypérig. 22) All other 28 boardsof the data acquisition systesme

powered with the original linear power supply. The data set is collected with 1 kHz

typ
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sanpling frequency and the span of the spectrum is BidirHz to 500 Hz. Lowpass filter

is applied with the corndrequency at 330 Hz and higiass filter at 0.1 Hz. The graphs

can be compared side by side to determine if there are differences in tlenfrggontent

or amplitude. The red | i mederence forleasiér pérde@ionc h me
of scale At glance, it seems there is no notable differdret@een the power supply types
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Figure 5 presents the low frequency noise values in chabypehannel basis. The

different colours represent thdferentpower suppes usedluring the tests; green lines

are the first tests with the original PSU, red lines ar@tbmtype PSUand blue lines are

the original power supply returnéak control all at 1, 3 and 5 kHz sampling frequencies.

Top graph is for magnetometers and bottom graph is for gradiometers. There seems to be
more differences between first ageicond rounds with the original PSU than there is
between the original and the prototype PSUs. The differences in the graphs are better
explained with environmental changes between different test rounds rather than the
difference of the PSUs.
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Figure26. FFT data histograms

The histograms of the previous datapresented in figure& The individual data samples
are counted by their noise levels to see how#hees are distributeaver the data set
Again, there seems to be more difference between the test runs than betweagpd3SU
likely explained by environmental changes.
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Figure28. Spectral density magnetometers

Figures Z and B present all test runs combined for gradiometers and magnetometers
separately. Herghe graphs seem quite similar with mostly minor differermeesway or
the other between original and prototype PSQise notablgointin the graph is in one of
the prototype power supply runs, between 10 to 20 HzeXtremely lowfrequency of the

Aglitcho may indicate s o me buhtelelswaea)it shoaltl
be confirmed by retesting

\

br
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Figure29. Spectral density magnetometers, linear

The final graph typé&rom the noise evaluation tors presented in figure®2 which shows

the data from the previous graph of magnetometers in a linear frecaastipm 0 to 100

Hz. Here the lowfrequency glitch mentioned before is visible at around 15 to 17 Hz, and it
seemghatthe red prototyp®SUlines areconsistentlyslightly higher, especiallyisible

around the 50 Hz lirGequency spike in the middl€omparing visually to thdeviation

on the other test runthe difference might be insignificariiyt it should be inspected

further to be sure.
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Figure 30. Gradiometervhite noiselevels
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Figure31. Magnetometewhite noiselevels

Figures30and31 presenthewhite noise levelat 800 Hz to 900 Hz barmhlculated from
the 5 kHz sampling frequentgst runs. Thse values angsed to quickly evaluatend
comparehe quality of thesystem and the installation environmdsdr the gradiometers,
the white noise levels seem to be quite unchanged betwepoviee suppliesin the
magnetometer levels, évenseemdike the noise levis are consistently lowen the
SMPS prototypéest run.
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4 Conclusions

The final concluding chapter reflects the study and forms an answer to the research
question; are thewitch mode power supplies a feasible technology to be used in the MEG
system? The study did not find clear noise performance degradation on the MEG
measurement, even though the effects of the SMPS operation were evident in the DC
voltage rails and the ptatype power supply was not at all optimized to the purpose. The
study considered only powering of the digital data acquisition hardware, and the stretch
opportunity of testing the SMPS also in the analog front end was not yet taken. The analog

front-end esting would be a reasonable following step in evaluating the technology.

The results of the study were presented to the senior MEG system experts and the possible

continuation of the SMPS technology evaluation with further testing were discussed.

The metlods choseto answer the research question were building a prototype SMPS unit
and testing it against the specifications of the original linear power supply and functionally
with the system. The methods aimed to provide information about how the switching
related noise affected the B@®ltage rails on the digital data acquisition hardware and
whether the additional noise, in the end, affected the noise levels on the actual MEG
measurements. The methods succeeded in providing credible evidence that the noise
performance of the MEG system was not affected considerably by the standard noise
performance criteria. There should still be more testing and evaluation before the SMPS
technology could beonsideredn the product roadmap. Similar testing methods cbeld
applied for the analog fromtnd measurements by replacinfyant-endlinear power

supply with a suitable SMPS prototype.

The test results include oscilloscope measurements feralD@oise, functional testing,

and noise measurements with the MEGaystThe oscilloscope measurements,

transformed to frequency domain, show the obvious increase in noise in the typical SMPS
operating bands. There doesndét seem to be
between linear and SMPS in the MEG operaliagd of O to 5 kHz, though there would

still be possibility of high frequency noise aliasing on the MEG measurement data. In the
much higher frequencies, beyond the most significant SMPS switching harmonics, other

noise sources such as higjpeed digitainterfaces and omnipresent radio transmitters
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possibly dominate the spectrum, and the difference between linear and SMPS becomes
ambi guous. The functional test results wit
with the digital processing systemmgich would have disrupted the software either in the

idle state on the first smoke tests or in the actual data acquisition state while measuring the
noise. The MEG noise test results give an impression of relatively well performing system
with no significant deviation of performance between linear and SMPS. Sampling

frequencies of 1, 3 and 5 kHz were used to consider the possible aliasing effect.

The analysis of the measurement dass performed by observing the difference in the

visual representation ahlkear and SMPS data. The raw time domain data from the
oscilloscope was downloaded to PC in MATLAB format. A MATLAB script was written

to transform the time domain data to frequency domain with an FFT function and plot the
result in base 10 logarithmic &nd yaxes. The FFT spectrum analysis used here is not as
precise as a sweep spectrum analysis would havehé&sms of frequency resolution and
dynamic accuracyThe frequency range of the FFT analysis is determined by the sampling
frequency of thescilloscope and the frequency resolution depends on the length of the
time domain record. With the equipment at hand, the maximum frequency component is
theoretically 2.5 GHz at Nyquist rate and the frequency resolution 5 Hz, which is deemed
good enoughdr the purpose. The relevant and expected spectral components can be
observed from the presented three different frequency bands. The MEG noise measurement
results are analysed with proprietary tools from Megin Oy. The analysis tools give MEG
system spedi graphical information about the noise performance, chamnehannel

and by sensor type. This makes the results comparable with all the other similarly recorded
noise evaluation data sets. The visual comparison between linear and SMPS data is also
stra ght forward with the output graphs from
numerical white noise value calculated from the data for each sensor, which is comparable
between different data sets. It was not covered in this study, but there would also be
possibility to extract all the MEG measurement data in numerical form and develop new

analysis tools for example in MATLAB or Python script, if deemed useful.

The higher motivation for this new technology evaluation is altogether replacing the, in
many way inefficient line frequency linear power supplies in the system with switch

mode power supplies. This study considered just the powering of the digital data
acquisition hardware and there are still other subsystem parts powered with the same kind
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of linea power supplies. To replace them all with SMPS units or even a combined larger
unit, all the subsystemsd possible perforr
Rethinking the power supplies of the whole system is a labadidsiswvith wide techni

and compliance aspects, but there is potential for cost reduction, production scalability and

new technological opportunities.
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Appendix1. Ripple analysis graphs
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FigureAl.2.-15.5 V comparison in frequency domain, MEG band
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Figure A1.5. +6.6 V (+10 V SMPS) comparison in frequency domain, MEG band
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Figure A1.6. +6.6 V (+10 V SMPS) comparison in frequency domain, medium band
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Figure A1.8-6.6 V (-10 V SMPS) comparison in frequency domain, MEG band



66V out(pMt SMPS
T T T T T
I

10‘7”” T T T T

T

10 1
E |

ol t(dlg e

I | I Lol I | I Lol
18 18 18 14 16 16
frequ@Epcy

oot I |

Figure A1.9-6.6 V (10 V SMPS) comparison in frequency domain, medium band
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Appendix2. Noise evaluation tool graphs

FigureA2.1. Noise spectrum: Original P$B kHz sampling frequency

Figure A2.2. Noise spectrum: Original PSU, 5 kHz sampling frequency
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Figure A2.3. Noisepectrum: Prototype PSU, 3 kHz sampling frequency
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Figure A2.4. Noise spectrurRrototype PSU, 5 kHz sampling frequency
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Figure A2.5. Noise spectrum: Original PSU returned, 1 kHz sampling frequency
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Figure A2.7 Noise spectrum: Original PSU returned, 5 kHz sampling frequency

Figure A2.8 Noise FFT data, 75 to 85 Hz band



