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We will begin with an experiment. 

WeybuiltytheycircuityshownyinyFigurey2.yAy6.25”ybyy4.5”yy
(15.9ycmybyy11.4ycm)yprintedycircuityboardywasyconstructedy
withytheytopsideyofytheyboardyreservedyforyayV+yplaneyandythey
bottomysideyforyayV-yplane.yAyclockyoscillator,yanyEpsonySG51P,y
wasyplacedytoyoneysideyofytheyboard,yspacedy3.75”y(9.5ycm)y
awayyfromyay74HC02ydeviceyservingyasyayload.yTheypowery
supplyyconsistedyofyay9-voltybatteryyfeedingyay7805yregulatory
whoseyoutputywasyloadedywithyay10ymicrofaradytantalumy
capacitor.yPlacedybeneathytheyclockyoscillatoryandythey74HC02y
deviceywerey.02yuFywaferytypeybypassycapacitorsyfromyCircuity
ComponentsyInc.,yPartyNo.y293A14.yTheyboardywasymadeyouty
ofyayphenolicymaterialyandywasy.07”y(1.8ymm)ythick.y

Inyorderytoyconnectytheysourceytoytheyload,yaywireywasyused.y
Itywasyplacedyadjacentytoytheyundersideyofytheyboard.yThey
wire’syconductorywasysolidycoppery.03”y(.76ymm)yinydiameter.y
Itsyinsulationywasy.015”y(.38ymm)ythick.yAy50yohmycarbony
compositionyresistorywasyconnectedyimmediatelyytoytheyoutputy
ofytheyclockydriver.yAy50ypicofaradycapacitorywasyplacedyatythey
inputyofythey74HC02ydeviceytoysimulateyheavyyloading.yThey
clockyoscillatoryhadyspecsytypicalyofyayHCydevice.yInyordery
toysimulateytheyeffectyofyradiationyofytheyattachedyI/O,ytwoy
telescopingyantennayelementsywereyattachedytoyeitherysideyofy
theyPCByandywereyelectricallyyconnectedyonlyytoytheyV-plane.y

Emissionsytestsywereyperformedyatyanyopenyfieldytestysite.yThey
siteyhadybeenypreviouslyycheckedyagainstyopenyareaytestysitey
standardsyandyhadybeenyaccreditedybyyNIST.yMeasurementsy

EMI:  
Why Digital 
Devices 
Radiate 
by Glen Dash

Ampyx LLC

Figure 1: Here in the simplest of circuits, a clock oscillator 
drives a load with current returning either through a wire or 

trace as in (a) or through a return plane as in (b)� Both designs 
can create EMI� Some inductance will exist in the return path 
causing any wires connected directly or incrementally to it to 
radiate� A plane has less inductance than a wire or trace, but 

significant emissions can arise from both designs� 
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Figure 2: We assembled and tested this circuit to see if theory would correctly predict observed emissions� 



wereytakenyatopyay.8ymeterywoodenyturntableywhichywasy
rotatedytoydetectymaximumyemissions.yAsyexpected,ywheny
theyattachedytelescopingyantennasywereytunedyforyresonance,y
maximumyemissionsyatytheyresonantyfrequencyywereyobservedy
whenytheytelescopingyarmsylayyparallelytoyayhorizontallyy
polarizedyantenna.yMeasurementsywereyperformedyatyay
distanceyofy10ymetersyandytheyantennaywasyraisedyandyloweredy
toydetectymaximumyemissionsyoveryay1ytoy4ymeteryrange.y

Weybeganyourystudyybyyfocusingyonyoneyfrequency,ytheyfifthy
harmonicyofytheyclockyaty125yMHz.yTheytelescopingyelementsy
wereytunedytoyresonanceyatythatyfrequencyyandyleftythereyforythey
durationyofytheytest.yTheycircuityshownyinyFigurey2yproducedy
39.4ydBuV/myofyradiationyaty10ymeters.y

Ourynextytaskywasytoyexplainywhyythisycircuityradiates,y
calculateytheypredictedyradiationyandyseeyifyitymatchedyoury
measuredyresults.y

Ityisynowywellyestablishedyoneymechanismycausingyradiationy
atytheseyfrequenciesyisythatyillustratedyinyFigurey1.yAyclockyory
clock/driverycombinationyservesyasyaysourceydrivingyaydistanty
load.yTheysignalyproducedyisyaytrapezoidalywavey(squareywavey
withyfiniteyriseyandyfallytimes)yandytheysourceyhasyanyinternaly
resistance,yRo,yandyinductance,yLo.yTheyloady(Z2yinyFigurey1)y
isyaylogicygate,ywhich,yforyMOSybasedytechnologies,ycanybey
modeledyasyaycapacitance.yAyseriesyresistance,yRSyisysometimesy
insertedyatytheysourceyendytoysuppressyringing.y

Theoryystatesythatythey“drivenywire,”ythatyisytheywirey
connectingytheysourceytoytheyloadycanybeycharacterizedyasy
anyinductor.ySimilarly,ytheyreturnytracey(Figurey1a)yoryplaney
(Figurey1b)ycanyalsoybeycharacterizedyasyanyinductoryatyy
125yMHzy(Z3).yAyreturnyplaneyhasyayconsiderablyylowery
inductanceythanyayreturnytrace.y

Ifyweyknowytheycurrentypassingythroughytheyreturnyplaneyory
trace,ythenybyyusingytheyinductanceyvariousymodelsypredicty
weycanycalculateyayvoltageydropyacrossytheyreturnytraceyory
plane.yThisyvoltageydropywillydriveyanyywiresyattachedytoythey
returnypathyasyifytheyywereyantennas.yBasically,ytheyreturnytracey
oryplaneyservesyasyaylowyimpedanceyvoltageysourceydrivingy
attachedywires.yAnyywiresydirectlyyoryincrementallyyconnectedy
toytheyreturnytracesyoryplaneywillyradiate.yInyayworst-casey
scenario,ytheywiresyattachedytoytheyreturnytraceyoryplaneycanybey
stretchedyoutytoyformyaydipoleyresonantyatyoneyofytheyharmonicsy
ofytheyclockyoscillator.yThatyisywhatywasydoneyhere.y

AyTektronixyCT1ycurrentyprobeywasyusedytoymeasureythey
currentythroughytheydrivenywire.yTheycurrentywaveformyisy
shownyinyFigurey3.yTheyamplitudeyofytheycurrentywasyalsoy
measuredybyyusingyayspectrumyanalyzer.yAtyayfrequencyyofyy
125yMHzytheyamplitudeyofytheycurrentymeasuredywasyy
2.8ymilliampsyRMS.y(Theycurrentyprobeywasyremovedyduringy
EMIytesting.)y
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Theyinductanceyofytheyreturnyplane,yaccordingytoyKadenyasy
reportedybyyLeferinky[1],yis:y

Where:y

L return planey=yreturnyplaneyinductancey

wy=ywidthyofytheyplaneyinymetersy
dy=ydistanceybetweenytheydrivenytraceyandytheyreturnyplaneyiny
metersy

ly=ylengthyofytheydrivenytraceyinymeters,yl >>dy
µ0y=ypermeabilityyofyfreeyspacey=y4πyxy10

-7yHenries/metery

Hockanson,yetyalymadeyayslightlyydifferenty
predictiony[2].yItyis:

Theyconstantykyisygeometryydependent.yIty
isyayfunctionyofytheycurrentydistributionyiny
theyreturnyplane.yKaden’syformulayassumesy
thatytheyreturnycurrentyspreadsyoutyevenlyy
acrossytheyreturnyplane.yButythisyisynotyso.yIty
isynowyknownythatytheycurrentyinytheyreturny
planeyconcentratesybeneathytheydrivenytrace.y
Theyconstantykythereforeycanybeydifficultytoy
predict.yEstimatesyplaceykybetweeny2yandy5.y

We’llyuseytheyupperylimityofythisyrange,y
k=5ytoyarriveyatyayworst-caseypredictionyfory
theyradiation.yInsertingytheyvaluesyforythey
circuityinyFigurey2y(d=.76ymm,yw=114ymm,y
l=9.5ycm)yyieldsyanyinductanceyvalueyfory
theyreturnyplaneyofy.033ynH/cmyory.32ynHyy
inytotal.yAty125yMHzyanyimpedanceyofyy
.25jyohmsywouldyresultydueytoythisy
inductance.yTheyvoltageydropyacrossythey
returnycanybeyreadilyycomputedyfromythey
measuredycurrentyaty125yMHzyy
(2.8ymilliamps).yTheyvoltageyacrossythey
return,ytheymodelypredicts,yisy.07yVolts.y

Thisyvoltageydrivesytheyattachedytelescopingy
antenna,ytheyarmsyofywhichywereyadjustedy
toyhalfywaveyresonanceycreatingyayhalfy
waveyresonantydipole.yWeycanycalculateythey
predictedyfreeyspaceyemissionsyfromyayhalfy
waveyresonantydipoleyusingytheyfollowingy
formulay[3]:y

 
Figure 3: The current in the driven wire, and therefore the return, was measured 

using a Tektronix CT1 current probe� 

 
Figure 4: Slicing the return raises the return inductance resulting in increased 

radiation� 
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Where:y

E(V/m)y=yfreeyspaceyfieldystrengthy
G anty=ygainyofyayresonantyhalfywaveydipoleyoveryisotropicy=y
2.1ydBiy=y1.3y

ry=ydistanceyfromytheycircuitytoytheymeasuringyantennayiny
metersy=y10ymetersy

Vry=ytheyvoltageydroppedyacrossytheyreturnyplaney=y.07yVoltsy

Z anty=yimpedanceyofytheyradiatingyantennay=y73yohmsyforyay
halfywaveydipole.y

Ourymodelypredictsyfreeyspaceyradiationyofy35.2ydBuV/myatyy
10ymeters.y

Testingyoveryaygroundyplaneyaffectsytheyimpedanceyofy
theyradiatingyantennaysomewhatyandyprovidesyforygroundy
reflection.yAsyanyapproximation,yweycanyassumeythatytheynety
ofytheseyeffectsyisytoyincreaseyemissionsybyy5ydByaty125yMHz.y
Usingythisyadjustment,yourymodelypredictsyemissionsyofyy
40.2ydBuV/m,yquiteycloseytoytheymeasuredyvalue.y

OurysimpleycircuityofyFigurey2yusedysolidypoweryplanes.y
Practicalypoweryplanes,yhowever,yareynotysolidybutyarey
interruptedybyyholesyandygaps.yModelsyproposedybyy
researchersypredictythatyemissionsywillyriseydramaticallyyifythey
returnyplaneyisyinterruptedywithyayslityasyshownyinyy

Figurey4.yTheyslitycutsycompletelyythroughytheyPCB,y
interruptingybothytheyV+yandyV-yplanes.yItyisy.065”y(1.65ymm)y
wideyandyextendsyfromyoneyedgeyofytheyboardytoyaypointy1”y
(2.54ycm)ypastytheytrace.yTheymeasuredyemissionsyaty125yMHzy
didyriseydramatically,ytoy59.8ydBuV/m.

Hill,yetyal.,y[4]ymodelsytheyincreasedyinductanceybyyanalyzingy
theygapyasyayshortedytransmissionyline.yDash,yetyaly[5]y
calculatesythisyinductanceytoybe:y

Where:y

wy=ytheywidthyofytheyplaneytoytheyleftyandyrightyofytheyslotyiny
metersy

sy=ytheywidthyofytheyslotyitselfyinymetersy
wy>>ysyandyL gapy<<yλy

Applyingythisyformulaytoyourytestycircuity(s=1.65ymm,y
w=6.86ycm)yandyconsideringythatyL gapy=2.54ycmyyieldsyay
predictedyvalueyofyreturnyplaneyinductanceyofy4.4ynHyresultingy
inypredictedyemissionsyofy63.0ydBuV/myaty10ymeters.yThisy
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valueyisyinyreasonableyagreementywithythey
measuredyvalue.y

Researchersyalsoyagreeythatyifytheyreturny
planeyisyinterruptedybyyholesyratherythany
ayslit,ytheyincreasedyinductanceycausedybyy
theypresenceyofytheyholesywillyincreasey
emissionsyonlyyslightly.yFigurey5yshowsy
theycircuityofyFigurey2ywithyholesydrilledy
throughytheyplane,yinterruptingybothytheyV+y
andyV-yplanes.yHolesywereyplacedy.16”yy
(4.1ymm)ycenterytoycenteryandywerey.125”y
(3.2ymm)yinydiameter.yNoychangeyiny
emissionsywasynotedyaty125yMHzydueytoyy
theypresenceyofytheyholes.y

Next,yweyevaluatedyanyunorthodoxy
methodyforyreducingyemissionsyfromyany
imperfectyreturnyplaney[6].yThisymethody
usesyaycommonymodeychokeylocatedyneary
theyclock.yInytheory,ytheypresenceyofythey
commonymodeychokeyshouldyforceycurrenty
toyreturnythroughytheyreturnywire,ytheyoney
thatypassesythroughytheycommonymodey
choke,yinsteadyofythroughytheyreturnyplane.y
Evenyifytheyreturnyplaneywasyinductivey
becauseyofytheypresenceyofyanyopeningysuchy
asyayslit,ylittleyvoltageywouldybeydroppedy
acrossytheyreturnyplaneysimplyybecauseythey
RFycurrentydoesynotypassythroughyit.y

WeyusedytheycircuityofyFigurey6.yTheyy
returnyplaneywasygapedyasyinyFigurey4.yy
Aytwistedypairyconsistingyofy24yAWGy
magnetywireywasypassedythroughytwoyy
Fair-Ritey2643000801yNo.y43ytypeyferritey
beadsy1y1/2ytimesyandywasythenyconnectedy
theyclockyandytheyload.yTheyreturnywireywasy
connectedytoytheygroundyplaneyimmediatelyy
adjacentytoytheyclockyandytheyload.y
Emissionsyfellydramaticallyyaty125yMHz,yy
toy38.7ydBuv/myaty10ymeters.y

 
Figure 5

 
Figure 6: One unorthodox method of suppressing radiation is to use a 

common mode choke in the drive circuit� 

Test Conditions Figure Measured Emissions 
(dBuV/m at 10m) 

Predicted Emissions 
(dBuV/m at 10m) 

Solid Return Plane Figure 2 39.4 40.2 

Slotted Return Plane Figure 4 59.8 63.0 

Holed Return Plane Figure 5 40.2 ~ 41 

Slotted Return Plane with CM Choke Figure 6 38.7 -

Solid Return Plane with CM Choke N/A 32.7 -

Clock Running Alone with No Wires Attached N/A 29.7 -

Table 1: Radiation detected at 125 MHz is shown under varying conditions� 



2010 Annual Guide   IN Compliance    33 

EM
C/EM

I
EMI:  Why Digita l  Devices  Radiate

Emissionsywereythenymeasuredyusingyay
circuitythatyemployedybothyaycommonymodey
choke,yasyshownyinyFigurey6,yandytheysolidy
groundyplaneyofyFigurey2.yEmissionsyfelly
onceyagain,ythisytimeytoy32.7ydBuV/m.yy
Asyayfinalytest,ytheyconnectionybetweenythey
clockyandytheyloadywasyremovedysoythatythey
clockyoscillatorycouldyrunybyyitselfywithouty
anyywiresyattached.yAty125yMHzytheyclocky
oscillator,yoperatingyaloneyandyfedypowery
throughysolidyV+yandyV-yplanes,yproducedy
29.7ydBuv/myofyemissions,yonlyy3ydBylessy
thanytheyemissionsyproducedybyytheyuseyofyay
combinationyofyaycommonymodeychokeyandy
aysolidyreturnyplane.yDatayisysummarizedyy
inyTabley1.y

Soyfar,ysoygood.yTheoryyworksywellyatyy
125yMHz.yButytheoryydoesynotyworkywellyaty
theyninthyharmonic,y225yMHzy(Tabley2).yy
Inyfact,ywhatyisyremarkableyaboutythey
225yMHzydatayisythatyitywasyseeminglyy
unaffectedybyyanythingythatyweydid.yThey
logicalyconclusionytoybeydrawnywasythaty
emissionsyatytheyhigheryharmonicsywerey

Figure 7: Variously called I dd Delta, Idd Noise or “Shoot Through” current, a 
spike in supply current drawn occurs as a MOS gate changes state� 
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notysoymuchydueytoycurrentyonytheydrivenywireybutywerey
dueytoysomeyinternalymechanismyinytheyintegratedycircuitsy
themselves.y

TheyintegratedycircuitsyusedywereyofytheyMOSyfamily.yFigurey7y
showsytheybasicystructureyofyayMOSydevice.yPychannelyandyy
Nychannelydevicesyserveyasyswitchesyalternatelyyconnectingy
theyoutputytoyV+yandyV-,ydependingyonytheyinputyvoltage.yVeryy
littleycurrentyflowsyfromyV+ytoyV-ywhenyaygateyisyeitheryinyitsy
highyorylowystate.yForyexample,ywhenytheyinputyofyaygateyisy

inyitsyhighystate,ytheyNychannelyFETyisyturnedyonyconnectingy
theyoutputytoyV-.yTheyPychannelydeviceyisyinyitsyoffystateyandy
presentsyayveryyhighyimpedanceybetweenyV+yandytheyoutput.y
Therefore,ylittleycurrentyflowsybetweenyV+yandyV-.yTheysamey
situationyisytrueyinyreverseywhenyinputyisylowyandytheyoutputy
isyhigh.yInytheytransitionyregion,yhowever,ycurrentydoesyflowy
fromyV+ytoyV-.yThisycurrentyisyayfunctionyofyinputyvoltage,yandy
isyshownyinyFigurey7.yItypeaksysomewhereyinytheymiddleyofythey
inputyvoltageyrange,yandyisyknownyasy“IyddyDelta,”y“IyddyNoise”y
orysometimesyasy“shootythrough”ycurrent.y

TheyeffectyofyIyddyDeltayisytoyproduceyay
veryybriefycurrentypulseyeveryytimeythey
gateychangesystate.yTheynetyresultyisyay
currentypulseyonytheysupplyyplanesyofy
approximatelyy1ymilliampypeakyandyabouty
1ynanosecondyinywidthyeachytimeyaytypicaly
74HC02ygateyswitches.y

Unfortunately,ytheyamountyofyradiationywey
canyexpectydueytoyIyddyDeltaycanybeydifficulty
toypredict.yForyoneything,ymanufacturersy
rarelyyciteyIyddyDeltayinytheirydataysheets.y
Foryanother,yIyddyDeltayisyhighlyyvariable.y
Amongyotherythingsyityisyayfunctionyofythey
supplyyvoltage,yvaryingyasyayfunctionyofyy
Vccytoythey2.2ypower.y[7].

Figurey8yshowsyhowythisycurrentypulseyturnsy
intoyayvoltageyacrossytheyreturnyplane.yy
IyddyNoiseycurrentymostlyypassesythroughy
anyybypassycapacitoryimmediatelyyadjacenty
toytheyintegratedycircuit.yHowever,ythey
impedanceyofythatycapacitoryisyfinite,yandy
someyofytheycurrentyisyfedybackythroughythey
supplyyplanes.yThisycreatesyaynoiseyvoltagey
dueytoytheyimpedanceyofytheyreturnyplane.y

Test Conditions Figure Measured Emissions 
(dBuV/m at 10m) 

Solid Return Plane Figure 2 50.2 

Slotted Return Plane Figure 4 51.2 

Holed Return Plane Figure 5 50.1 

Slotted Return Plane 
with CM Choke 

Figure 6 49.6 

Solid Return Plane with 
CM Choke 

N/A 50.1 

Table 2: Radiation detected at 225 MHz under varying conditions is shown� 
Unlike the radiation detected at 125 MHz, the changing conditions did not 

affect the radiation at 225 MHz significantly� 

Figure 8: The spike in supply current caused by I dd Delta creates a current flow 
through the return plane� 

Frequency (MHz) Circuit of Figure 4 Circuit of Figure 9b Reduction (dB) 

75 41.3 27.3 14.0 

125 59.8 31.2 28.6 

175 53.4 34.3 19.1 

225 51.2 33.6 17.6 

275 33.8 27.8 6.0 

325 48.4 22.7 25.7 

375 48.4 <20 >28.4 

425 39.4 <20 >19.4 

475 37.3 <20 >17.3 

525 31.7 <20 >11.7 

Table 3: Reductions in Emissions (dB/uV at 10m) 
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Figure 9: A small pi filter on the supply of the 25 MHz clock as shown in (b) dramatically reduced radiation at 225 MHz�  
Even a short length of wire as shown in (c) significantly reduced radiation by forming an LC filter�  

The filter works by reducing I dd Delta� 
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As mentioned, our test circuit already had wafer type 
capacitors placed immediately below the ICs. So as a further 
experiment, we isolated the V+ pin (pin 14 on both devices) 
from the V+ plane. A wire was connected as shown in  
Figure 9c. Although identical on a schematic, this 
configuration provided some filtering because of the wire’s 
inductance. Test results show a reduction of 9 dB at 225 MHz. 
The next step was to add a second bypass capacitor as shown 
in Figure 9b (a 1000 picofarad surface mount multilayer type) 
and to replace the wire with a surface mount device designed 
to increase series impedance over a wide frequency range. 
A TDK MMZ2012S301 was chosen which, according to the 
manufacturer’s data sheet, exhibits an impedance of greater 
than 300 ohms at the frequencies of interest. An additional 
reduction of more than 19 dB was noted. 

Table 3 demonstrates the results of our efforts. Note that 
improvement was achieved without using any filtering near 
our “I/O” (telescoping elements) or shielding. n
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