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FDTD and Experimental Investigation of EMI from
Stacked-Card PCB Configurations

David M. HockansonMember, IEEE Xiaoning Ye Student Member, IEEEHames L. DrewnigiMember, IEEE
Todd H. Hubing Senior Member, IEEEThomas P. Van DorerSenior Member, IEEEand
Richard E. DuBroff Senior Member, IEEE

Abstract—Stacked-card and modules-on-backplane printed cir- in electromagnetic interference (EMI) have been demonstrated
cuit-board geometries are advantageous for conserving real-estate experimentally [1]-[3]. Two classes of coupling mechanisms
in many designs. Unfortunately, at high frequencies, electro- 5.6 \gjtage-driven and current-driven [1]. The current-driven

magnetic interference (EMI) resulting from the nonnegligible hani is of ticular i t for PCB t
impedance of the signal return at the connector may occur. This Mecnanismis o1 particuiar imporance ior CORNECLON

effective EMI coupling path results in the daughtercard being 9€ometries, and is reviewed herein for this application.

driven against the motherboard and attached cables, resulting in ~ Fig. 1 shows a two-dimensional (2-D) view of a stacked-card

common-mode radiation. The connector geometry can be mod- configuration with a daughtercard and motherboard. A trace
ified to minimize the EMI coupling path when high frequencies 5 yoted along the motherboard and onto the daughtercard
are routed between the motherboard and daughtercard. Current L . .

speeds and printed circuit board (PCB) sizes result in geometries where it is terminated. The signal-return path between the

that are of significant dimensions in terms of a wavelength at the daughtercard reference plane and the motherboard reference
upper frequency end of the signal spectrum. The PCB geometries plane is a conductor segment located some distance from
are then of sufficient electrical extent to be effective EMl antennas. the signal conductor. Another return path may be considered

The resonant lengths of the EMI antennas may, however, be quite the “EMI antenna” current path depicted in the figure as a

removed from the typical half-wavelength dipole resonances. The . . .
finite-difference time-domain method can be used to numerically capacitor (displacement current). The connection between the

analyze the printed circuit-board geometries, determine antenna daughtercard and motherboard is comprised of a large loop,
resonances, and investigate EMI coupling paths. EMI resulting where the magnetic flux shown in Fig. 1 is predominantly

from the stacked-card configuration has been investigated exper- circling the signal conductor, and the signal-return conductor.
imentally and numerically to ascertain the EMI coupling path at The flux wrapping the signal-return conductor results in an
the bus connector, and EMI antennas. . h
effective EMI noise source between the daughtercard and
Index Terms—Electromagnetic coupling, electromagnetic inter- the motherboard (assuming the height is electrically small),
ference (EMI), finite difference time domain (FDTD) methods, 5.4 js referred to as a current-driven coupling mechanism.
Impedance measurement, poles, printed circuit layout, zeros. Typically, the impedance of the EMI antenna is large, and little
common-mode current is driven onto the antenna. However,
|. INTRODUCTION when the geometry is of resonant dimensions, the impedance
z%f the EMI antenna may be less than 1Q0and the induced
ommon-mode currents can result in radiation. The flux that
ps the signal-return connector can be modeled as a partial

HE evolution of the electronics industry has placed si
minimization among the primary attributes in emergin
product designs. Stacked-card and modules-on-backpl . o
printed circuit board (PCB) configurations have proven to e uctance [4]. By constructing a connector that minimizes the

successful methods for conserving real-estate. Unfortunatél ’rtial indyctance of the s_ignal-return_ conductor, the effect of a
noise can be coupled throughout the system as a result® frent—dnven EMI coupling mechanism at the connector can

connector parasitics. Mechanisms by which differential—moé)éa rﬁdf&?‘ ; the PCB for the stacked-card f
signals are converted to common-mode noise sources resultin he antennas on the b for the stacked-card config-
urdtion are not easily characterized. The antenna does not usu-

ally consist of simply wires and cables. Consequently, finding

Manuscript received October 20, 2000; revised July 24, 2000. This wolR€ frequency for which the “length” of the antenna is a half-
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‘ Displacement
\

the cable dressing leading to the HP8753D network analyzer. A

Fischer F-2000 clamp-on current probe (100 MHz—3000 MHZz)

was mounted adjacent to the aluminum plate and encircled the
Signal Conductor feeding coaxial cable. The probe was not specified to 10 MHz,
however the transfer impedance of the probe was sufficient
between 10 MHz and 100 MHz to measure the common-mode
current. A ferrite sleeve (102 at 100 MHz) was mounted
around the probe connector to reduce coupling to the current
probe. The bus-connector test configuration is located at the
edge of the daughtercard as opposed to slightly removed from
the card edge, as is typically the case in manufactured boards,
Fig. 1. Cross section of a stacked-card PCB configuration showing t”(!) Ord_er to facilitate changes in the Cor_methr geomet_ry for the
magnetic flux coupling the EMI antenna path. experiments. Often, stacked-card configurations for high-speed

designs are placed in shielding enclosures. In these cases,

bandwidth associated with the signals transmitted through té@mmon-mode current on motherboards, daughtercards, and
connector. The modules-on-backplane configuration has be@hles resulting from parasitics at the bus connector may couple
numerically studied using the FDTD method with reasonabl@ another internal device, or the chassis enclosure modes, and
agreement with experimental results [5]. The EMI associaté@diate through apertures or on I/O lines driven against the
with a stacked-card PCB design was studied here througffassis.
the common-mode current induced on a cable attached to thén HP8753D network analyzer was used to measygtevith
motherboard. For stacked-card PCB designs, EMI couplifige locations of Port 1 (the voltage source for the signal trace)
paths result from a variety of layout and design features. Figapd Port 2 (current-probe on the cable) as shown in Fig. 3. A
shows a few relevant examples found on typical stacked-c&gall copper ring was used to calibrate the network analyzer
designs. For example, the heat-sink on the microprocesgdd remove the frequency response of the current-probe. The
may be driven by parasitic capacitive coupling from the IC &opper ring was wrapped tightly around the current-probe and
a nearby trace, the nonzero impedance of the motherboarcF@Rnected to Port 1 during calibration. The currentin the copper
daughtercard reference plane signal return paths may reing at frequencies where the source impedance is significantly
in a current-driven mechanism [3], [6], and the bus connect@feater than the calibration ring loop inductance was
may result in a current-driven mechanism. Test geometries Ve

Current Path

Daughter-card

Motherboard
Return Conductor

were developed to experimentally and numerically study EMI Ipori 1 = — (1)
resulting from the nonzero impedance of the bus connectors 50
between daughtercards and motherboards. where

A test configuration with traces on the motherboard and j, .., is the current in the copper loop,
daughtercard is shown in Fig. 3. The traces are 2 mm widey is the RF source voltage of the network analyzer,
and 1.5 mm above the reference planes. The reference planes and

are constructed of electro-deposited copper on an FR4 dielecso was the source impedance of the network analyzer.
tric substrate. The cable extending from the motherboardTie voltage at Port 2 was

0.085-in semirigid coaxial cable. The cable is connected to the

bottom of the motherboard and penetrates the motherboard at Vo =50 Ipoyt 2 (2)

the trace origin 10 cm from the right PCB edge. The shield of

the coaxial cable is soldered to the motherboard wi6@ where Ip.,. » was the current sensed by the current probe.
connection, where it penetrates the plane at the signal trathe currents in Port 1 and Port 2 were related by the
The shield is also soldered to the ground plane along its lengtfansfer impedance of the current prot&-(f), therefore
The center conductor of the coaxial cable is extended throu§ih,, 2 = (Z7(f)/50)Iport 1. The voltage wave incident on
the motherboard and connected to the trace. The trace is rolRedt 1 wasV;" = Vs/2, because the 50-source impedance

to the connector. A 24-AWG wire is used as the signal-currewis matched to the characteristic impedance of the cables.
conductor between the motherboard trace and the daughterdetbre calibrationS;; was then

trace. The signal-current conductor is located at the center of

the connector edge of the daughtercard as shown in Fig. 3. V- 50 Zr(f) Vs 7
The daughtercard trace is routed 8 cm along the daughtercard |S, | = ‘% = 50 50 | _ ‘2 Tr(f)
and shorted to the daughtercard reference plane. A 24-AWG Vi Vs 50
wire is used for the signal-return conductor a distatideom 2

the signal conductor. The wire is soldered to the daughtercatferefore, the calibration procedure removed the factor

and the motherboard reference planes. The signal-input endef;,.( r)/50). Consequently, theS,;| was related to the
the coaxial cable is connected to an SMA bulkhead througmmon-mode current by

mounted in a 60 cm60 cm aluminum plate. The bulkhead con-
nector provides a 360connection to the aluminum plate. The
aluminum plate is used to isolate the stacked-card model from

‘. ©)

I

Ss1| = 50
|S21] =5 Ve

4)
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Heatsink
MiCro-processor

Traces ——" V Motherboard

Fig. 2. Representation of a general stacked-card geometry. EMI may result from coupling to heat-sinks, finite-impedance reference strustcoesemtdrs.

60 cm X 60 cm
Aluminum Plate—\

Return-current §
Conductor \

29~ Trace leading
to Port 1

= “Motherboard

Fig. 3. Stacked-card model with traces. The connector region is exploded to show the separation between the signal conductor and the return conductor

60 cm X 60 cm
Aluminum Plate’\

20 cm
Daughter-card

Return-current }
Conductor \

= ™ Motherboard

Fig. 4. Stacked-card model without traces. Connector region is exploded to show the separation between the signal conductor and the return conductor

Equation (4) was used to computg:, | for comparisons be- conductors changes as the standing wave pattern changes over
tween the experimental and numerical results. a significant portion of the measurement frequency range. A
The configuration depicted in Fig. 3 shows a trace geometnyodel neglecting the trace geometry is desirable to investi-
that begins on the motherboard, is routed onto the daughtgate the role of the bus connector as an EMI coupling path
card, and then terminated in a short circuit. Swept-frequenifythe trace geometry has little impact on the resulting EMI.
measurements were conducted between 10 MHz and 1 GMeasurements on the configuration shown in Fig. 4 with the
The trace geometry was 16 cm long, which is significant contrace geometry omitted were compared for that of Fig. 3 to
pared to a wavelength at frequencies beyond 120 MHz. Catetermine the significance of the trace geometry on the EMI
sequently, the current distribution is no longer uniform alongiechanism. In the configuration without the trace, Port 1 was
the trace. It is difficult with the model including the trace gelocated between the motherboard and the signal conductor in
ometry shown in Fig. 3 to investigate the EMI resulting fronthe connector. The signal conductor was terminated directly to
the connector geometry, because the current in the conne¢har daughtercard. The connector was 2 cm tall, which was less
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than one tenth of a wavelength at 1 GHz. The current is the 0 T T
approximately constant along the connector conductors. E
|S21| was measured for the geometries in Figs. 3 and 4 ai E
the results are shown in Fig. 5 for signal and return separatio 29 |
of d = 5 cm. The common-mode current increases at appro
imately 12 (dB/octave) below the first resonance, as expect: . |
for a current-driven mechanism [1]. For the caselef 2 cm, @ 40
which is not shown in the figure for clarity, the resonances occt a
at approximately the same location since they are determined —
the EMI antenna geometry, althouf3 | of the resonances dif-
fers slightly. The difference in the measuiéd, | (proportional
to |{cas|) is due to changes in the connector geometry, whic
changes the current distribution.

The signal geometry can be modeled as two transmissic  -80 : ey
. . 10 100 1000
lines connected by a lumped-element inductance up to 1 GF Frequency (MHz)

One transmission line represents the microstrip on the mother-

board, the other the microstrip on the daughtercard. The c@iy. 5. Comparison ofS,:| experimental results for a stacked-card model

nector can be modeled approximately as a Iumped-element"lﬁh and without a trace geometry, and FDTD results for the stacked-card model
. . . . . without a trace.

ductance. Given the dimensions and materials of the microstrip

geometry, the effective relative-dielectric constant was—

3.44 and the characteristic impedance was = 60 Q [7]. be more closely studied. Therefore, the model shown in Fig. 4

The inductance of the connector loop was measured usingveas chosen as the test-bed for this analysis. Ultimately, models

HP4912A impedance/material analyzer tolbe: 58 nH when generated from the bus-connector investigation might be used

the signal-return conductor was located 5 cm from the signat-conjunction with transmission line models and available IC

current conductor. models to predict EMI levels.

The input impedance at the input terminals on the mother-The FDTD method was used to numerically investigate the
board for the resulting transmission-line model has poles at agpacked-card configuration. Details of the FDTD method can be
proximately 180 MHz and 600 MHz, and zeros at 500 MHfound in [8] and [9]. The geometry shown in Fig. 4 was modeled
and 650 MHz. The first pole results in little current being drivemwith cubic cells 1 cm on a side, and a time st&p = 16.67
onto the microstrip. Thiss; | for the stacked-card configurationps. The planes were modeled as perfect-electric conductors
with a trace show less measured common-mode current aro(RE&Cs), and the wire and cable conductors were modeled with
180 MHz, because less differential-mode current results inaghin-wire algorithm [10], [11]. Only the conductors shown in
smaller current-driven coupling mechanism. Similarly, the zekig. 4 were modeled. The current probe was not modeled in
at 500 MHz is a resonance that has a low magnitude of curréné numerical studies. The source was &bfiodulated-sinc
at the center of the transmission line. Therefore, less currenfusiction with a radius modeled in a similar fashion as the wire
conducted at the connector to excite the current-driven me¢h2]. Perfectly matched layer (PML) absorbing boundaries
anism. Less common-mode current results as shown in FigwBre used to truncate the computational domain eight cells
when the traces are included than when the traces are omitfieaim the conductors [13]. Six PML layers were employed.
However, the nulls or common-mode current minima are the The FDTD results shown in Fig. 5 agree favorably with the
signal (microstrip) transmission-line resonances. The peaksexfperimental results (without traces) up to 1 GHz. The agree-
common-mode current shown in Fig. 5 are the result of EMhent for the case af = 2 cm (not shown in the figure) is also
antenna resonances associated with the large reference congaod. The omission of conductor loss inthe FDTD model results
tors, rather than transmission-line resonances associated withigher peaks at resonances than in the experimental data, but
the trace geometry. the frequency variations are the same. The primary discrepancy

The presence of the traces complicates the model, becabstveen the FDTD and experimental results shown in Fig. 5 is
the current-distribution on the microstrip traces changes withe difference if.Sz; | as the frequency increases. The problem
frequency. This study focuses on the relationship between tlesults from complications in the experimental data rather than
current in the connector, and the resulting common-mode ctine numerical model. A small calibration ring is used during cal-
rent on the cable. The connector height is small relative toilaration to remove the frequency response of the current probe.
wavelength at 1 GHz, and the impedance for the labp=(5 The calibration ring fits tightly around the current probe, how-
cm) is less than 5. Consequently, the current in the conever, the inductance of the ring becomes appreciable compared
nector changes minimally over the measured frequency rangge50 €} as the frequency increases. Including the calibration
Conversely, for the model shown in Fig. 3, where the trace geéng inductance in determining the numeritsy, | improves the
ometry is included, the input impedance of the transmission-liagreement between the numerical and experimental results to
geometry fluctuates between low and high impedance valuesaimproximately 700 MHz, however the error around the third res-
the range 10 MHz to 1 GHz, and, therefore, the magnitude @fiance peak increases. One possible reason for the increase in
the current at the connector is varying with frequency. By rerror around the thir{lS,; | peak is coupling to the current-probe
moving the trace, the EMI coupling path at the connector céwousing. The ferrite sleeve may not provide much impedance

—— Without trace: d = 5 cm
——~— Withtrace:d = 5cm

------- FDTD: without trace d = 5 cm
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0 . 0
F . [[—d=5cm
5 [l ---d=2cm
----- d=2mm
20 20 k| —— microstrip connector ‘S
3 g
g S v
54 3
[ -60
D
-60 b No extensions
' --- - Mother-board extended 20 cm ,
"""" -«~-=== Daughter-card extended 20 cm g0 M R ki 1(.)0 100(*)
- — RN 10
80 Cable extended 20 cm Frequency (MHZ)

1000

100
Frequency (MHz) Fig. 7. |S21] results for signal- and return-conductor separationsof5 cm,

) ) ) ) 2 cm, 2 mm, and a microstrip-style connector.
Fig. 6. |S521| results for the stacked-card configuration with= 5 cm and
no extended conductors, a 20-cmmotherboard extension, a 20-cmdaughtercard

extension, and a 20-cmeable extension. the motherboard was extended. Therefore, the primary EMI
antenna was the motherboard and cable for the first resonance.
near 1 GHz, therefore, electric flux lines can terminate on tfde EMI resulted from the finite impedance of the signal-return
current probe and current through this path can be conductehductor, and energy was capacitively coupled to the EMI
back to the source without being measured with the probe. antenna. The daughtercard over the motherboard was effectively
a parallel plate capacitor. The displacement-current path from
I1l. EXPERIMENTAL AND NUMERICAL RESULTS the daughtercard to the motherboard excited the EMI antenna.
. . An analogous antenna array geometry would be a short nonres-
There are three maxima in the results shown in Fig. 5 _frOHhant driven dipole parasitically coupling to a shorted resonant
10 to 1000 MHz. These resonances result from complex 'm%ri'pole in proximity. Consequently, when the daughtercard was

actions between various conductors comprising specific EMoged the coupling to the EMI antenna increased, although
antennas. Within a limited frequency range around each re$0a resonance frequency of the antenna did not shift.

nant maximum, a particular EMI antenna geometry dominates.FDTD results for the stacked-card configuration with ex-
Th”?e possible EMI antennas are the daqghtergard being driyefded conductors are also shown in Fig. 6. For the case with no
against the cable, the motherbpard *?e'”g d”Ye” against ensions, the FDTD resultis shown in Fig. 5. The experimental
cable, and the daughtercard being drllven against the MOtNGEY numerical results agree favorably over the entire frequency
board. Each resonance was analyzed n detall_and thg dom"}%Wge. One cause for the discrepancies is the conductor loss. The
EMI an_tenna structures were identified. Differential-mod umerical results are greater at resonant peaks, because the con-
energy 1s converted to c_ommon-mode energy becausc_e of M tors were modeled as PECs, whereas the physical conductors
finite impedance of the signal-return conductor connecting thg, ¢ |osg. Secondly, the dimensions of the experimental model

two planes. The.S|gnaI-r¢turn conductor was also changed 2 not precisely the same as the dimensions in the numerical
show how lowering the impedance of the signal-return paﬁ?odel because of machining tolerances

may reduce EMI. The EMI antenna in the frequency band around the first
) resonance was comprised of the motherboard and cable.
A. First Resonance Differential-mode energy was converted to common-mode

The first resonance is at approximately 90 MHz. The finitenergy because of the finite-impedance of the signal-return
impedance of the signal-return conductor was the EMI couplimgpnductor. This impedance could be lowered by reducing
mechanism, and the experimental configuration was alteredthe distancel between the signal and return conductors. The
identify the EMI antenna. The cable, daughtercard, and motl$-; | results for separations af = 5 cm, 2 cm, and 2 mm
erboard were alternately extended 20 cm. From antenna thearg shown in Fig. 7. Reducing the separation from 5 cm to
extending the conductors should shift the resonance lowerdncm reduced the common-mode current by approximately
frequency if the extended conductor is a primary componendB below 200 MHz. The common-mode current was reduced
in the antenna [14]. ThéS2|, which is proportional to the by approximately 12 dB when the separation was reduced
common-mode current on the cable, is shown in Fig. 6. from 5 cm to 2 mm. The impedance of the signal return may

The first resonance shifted lower in frequency when tredso be reduced by widening the return conductor, such as in
cable was extended, indicating that the cable was part of thenicrostrip configuration. A 2.5 cm wide copper strip was
EMI antenna. However, the resonance did not shift when teentered 2 mm behind the signal conductor and connected
daughtercard was extended, althoygh, | increased in mag- to the daughtercard and motherboard. A 30-dB reduction in
nitude. The resonance also shifted lower in frequency wheammon-mode currentis shown in Fig. 7 below 200 MHz when
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place at Port 1 as shown in Fig. 8(c). The motherboard and
daughtercard EMI antenna was investigated by analyzing the
Cable stacked-card geometry without a signal-return conductor. The
EMI antenna was mounted on the aluminum plate as shown in
Fig. 4 for all three EMI antenna input-impedance experiments.
The results for the input impedance of the three EMI antennas
are shown in Fig. 9. Relevant conductors in each EMI antenna
were extended, and the changes in input impedance determined.
The motherboard and daughtercard input-impedance results
are shown in Fig. 9(a). The resonance at approximately 300
Cable MHz results from the parallel-plate transmission-line configu-
ration of the daughtercard and motherboard. The length of the
transmission line was dominated by the daughtercard. Fringing
fields may have terminated on the portion of the motherboard
beyond the daughtercard, but extending the motherboard
did not shift the resonance, as shown in Fig. 9(a). However,
extending the daughtercard shifted the resonance lower in
frequency toward 100 MHz.
Cable The input impedance at the connector between the moth-
erboard and daughtercard is approximately] at the
guarter-wavelength resonance. This resonance resulted in
significant levels of current returning to the source through
the resonant transmission-line, as opposed to the dedicated
Fig. 8. Schematic representation of the modified EMI antennas: (a) daughSIrgnal._return conductor. The magnetic flux assoc_:lated Wlth
card and motherboard, (b) motherboard and cable, and (c) daughtercardﬁ]ﬁ high currents wrapped the motherboard, which excited
cable. Port 1 shows the location of the effective antenna terminals forimpedathe motherboard and cable [6]. The resonance is a result of
measurements. the parallel-plate guarter-wavelength resonance, however, the
common-mode current increased at the second peak when the
the return conductor is changed from a wire 5 cm from theable was extended, as shown in Fig. 6. The common-mode
signal conductor to the microstrip-style connector. Numericalirrent increased, because extending the cable resulted in a
results were also generated for these cases, with agreemenjeites-type resonance near 300 MHz, as shown in Fig. 9(b).

Motherboard

the modeling similar to the previous cases. Consequently, the common-mode current for the test configura-
tion in Fig. 4 increased at the second resonance when the cable
B. Second Resonance was extended, as illustrated in Fig. 6. Furthermore, when the

The second resonant maximum in the common-mode currém@therboard was extended, a series-type resonance occurred
results of Fig. 6 occurs at approximately 350 MHz. Theear 250 MHz as shown in Fig. 9(b). The combination of the
relevant antenna at the second resonance was investigatediigh currents on the motherboard and the resonance at 250
extending the conductors and measurifig |. Extending the MHz shifted the second common-mode current peak of Fig. 6
cable resulted in greater common-mode current, but did rewer in frequency when the motherboard was extended.
shift the resonance. This change will be explained below whenThe results for the daughtercard and cable antenna are shown
EMI antenna input impedance is discussed. Extending theFig. 9(c). The resonances associated with the daughtercard
motherboard and daughtercard resulted in a lower resonaaoé cable antenna did not appear to affect the common-mode
frequency, although other peaks shifted lower in frequeneyrrent shown in Fig. 6 significantly. This may indicate that the
in proximity to 350 MHz. Therefore, the EMI antenna in thelaughtercard and cable EMI antenna was too closely coupled to
frequency band around the second resonance included tiine other two antennas to be excited independently.
daughtercard and motherboard. However, the common-modé-DTD results are also presented in Fig. 9 for comparison with
current was measured on the cable, which must then be partraf experimental results. The results agree reasonably well to 1
the EMI antenna. Input impedance measurements and modeliigz, except when the cable was extended 20 cm. The calibra-
provided further insight regarding the second resonance. tionreference-plane was not exactly at the same point for the nu-

An HP4912A impedance/material analyzer (1 MHz-1.Berical model and experimental model, because of machining
GHz) was used to measure the input impedance for the thaifficulties. The differences in the location of the calibration ref-
EMI antennas. Schematic representations of the three antearence-plane may be the cause of the discrepancies.
geometries are shown in Fig. 8. The motherboard and cabléThe common-mode current induced on the cable at the
EMI antenna was evaluated by placing the antenna terminaéxond resonance resulted from the high currents conducted
between the motherboard and the cable. The daughtercalmhg the daughtercard and motherboard near the motherboard
geometry was removed from these measurements. The daugid daughtercard transmission-line resonance. The current on
tercard and cable antenna was evaluated by truncating the motherboard results in a magnetic field that couples the
motherboard at the connector. The antenna terminals wenetherboard and cable EMI antenna. Lowering the partial
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improved connector geometry provided a low-impedance path
for currents to return to the source. Unfortunately, the second
resonance resulted from a very low impedance parasitic-return
path. Reducing the partial inductance of the signal-return con-
ductor did not significantly lower the common-mode current on
the cable, because it was difficult to provide a lower impedance
than the motherboard and daughtercard impedance at this trans-
mission-line resonance. The best reduction in noise, achieved
with the microstrip-style connector, was approximately 6 dB at
the second peak, as shown in Fig. 7.

C. Third Resonance

The third peak in common-mode current for the stacked-card
configuration occurred at approximately 700 MHz, as illus-
trated in Fig. 6. The resonant antenna was determined by
evaluating each EMI antenna independently. Fig. 9(b) shows
the input impedance of the motherboard and cable EMI antenna
with antenna terminals between the motherboard and the cable.
A series-type resonance occurred at approximately 700 MHz.
A resonance is evident at 700 MHz when the motherboard and
cable conductors were extended, as well. As shown in Fig. 9(b),
extending the motherboard does not change the impedance
near 700 MHz, perhaps because the motherboard is already
so large at 700 MHz that extending the motherboard further is
ineffective. A new resonance is shifted to 700 MHz when the
cable is extended, however, the input impedance on either side
of the resonance is increased, as shown in Fig. 9(b).

A small resonance near 700 MHz also occurs in the daugh-
tercard and cable antenna, as illustrated in Fig. 9(c), but it is
inconsistent with theSs; | results shown in Fig. 6. Extending
the cable lowered the input impedance of the daughtercard and
cable EMI antenna, which should have resulted in an increase
in common-mode current. However, the common-mode cur-
rent decreased near the third resonance when the cable was
extended, as depicted in Fig. 6. Conversely, the impedance of
the motherboard and cable EMI antenna on either side of the
third common-mode current peak increased when the cable was
extended, as shown in Fig. 9(b). Extending the cable should
therefore result in lower common-mode current, which is
consistent with Fig. 6. Another resonance was shifted down to
approximately 650 MHz when the daughtercard was extended
as indicated in Fig. 9(a). Consequently, another resonance at
650 MHz is seen in Fig. 6 when the daughtercard was extended,
although the original resonance at 700 MHz remained. At high
frequencies, the EMI antennas are closely coupled, and it is dif-
ficult to determine the dominant EMI antenna as unequivocally
as with the other two common-mode current peaks. However,
the common-mode current and input-impedance results at
the third maximum support the motherboard and cable EMI
antenna as the dominant EMI antenna.

The impedance of the signal-return path was relatively un-
affected by changing the bus-connector, unless the spacing be-

Fig. 9. Magnitude of the input impedance for the three EMI antendaveen the signal and return conductors was reduced to 2 mm.

configurations: (a) daughtercard and motherboard, (b) motherboard and cafpige input-impedance results for the four bus-connector con-
and (c) daughtercard and cable.

figurations ¢ = 5 cm, 2 cm, 2 mm, and the microstrip-style
connector) are shown in Fig. 10 measured with terminals at

inductance of the signal-return conductor in the connector fieert 1 as shown in Fig. 4. The pole-zero pair near 300 MHz
duced the noise significantly at the first resonance, because tesults from the parallel combination of the inductance of the
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Fig. 10. Measured magnitude of the input impedance at Port 1 for the
stacked-card configuration with signal-return conductor separafiea$ cm, F

2 cm, 2 mm, and a microstrip-style connector.

connector, and the parallel-plate transmission-line of the motl 20 ¢

erboard and daughtercard. The impedance of the connector v _
essentially unchanged at frequencies above 400 MHz until tt3
signal-return conductor separation was reduced to 2 mm. TI="~
impedance of the signal-return wire may be approximated ¢
half of the total impedance, assuming that the magnetic flux i
the connector loop wraps the wire conductors and not the larg
plate conductors. Reducing the impedance of the connector |
sults in a reduction in the EMI coupling path. Consequently, th AR A ‘
common-mode current was relatively unchanged near the thi 10 100 1000
resonance until the signal-return conductor separation was 1
duced to 2 mm, as shown in Fig. 7.

A 30-dB reduction in common-mode current was achieved ®)
by reducing the impedance between the daughtercard andflgell. (a) Input-impedance and (). | numerical results for the stacked-
motherboard reference planes with a microstrip-style connecfi, confouraton wi et corduciors & e and 2 cn fom he sgney
As illustrated in Fig. 10, the total connector impedance was r&des of the return conductor, 2 cm from the return conductor, and experimental
duced by only 4 dB when the microstrip-style connector wégsults for the microstrip-style connector.
employed, as compared to the connector configuration where

the signal-return was 2 mm from the signal conductor. Howurn impedance that may reduce EMI. FDTD was used to inves-
ever, the partial inductance of the signal-return conductor asggate the changes in the EMI performance of a bus connector
ciated with the magnetic flux wrapping that conductor leads {gith multiple signal-return conductors.

radiated EMI [6]. The majority of the magnetic flux in the mi- Three multiple signal-return conductor configurations were
crostrip-style connector wrapped the signal conductor. Theffvestigated. The stacked-card geometry with two signal-return
fore, the impedance of the signal-return structure, and, congenductors (5 cm and 2 cm from the signal conductor), four
quently, the EMI, was significantly reduced. The reduction Gfignal-return conductors (5 cm, 4 cm, 3 cm, and 2 cm from the
the signal-return impedance may also be considered as mégnal conductor), and two symmetrically located signal-return
netic-flux containment. A signal return geometry that cannot kenductors (2 cm from both sides of the signal conductor) were
wrapped by magnetic flux, like a coaxial shield, should minimodeled with FDTD. The input impedance g5, | results for
mize coupling between the connector and the EMI antennas fae multiple signal-return configurations are shown in Fig. 11.
frequencies where the magnetic-field is the dominant EMI codumerical results for the bus-connector with a return conductor

1S2

Frequency (MHz)

pling mechanism. 2 cm from the signal and the experimental results for the mi-
crostrip-style connector are included as a reference.
D. Multiple Return-Current Conductors The total inductance of the signal-return loop at the bus con-

nector was reduced by 1 dB when multiple signal-return conduc-
Multiple signal-return conductors are often used in bus coters were used on only one side of the signal conductor, as shown
nectors for impedance control. Although the primary reason for the input-impedance results of Fig. 11(a). Placing the refer-
using multiple reference conductors in the bus is to improwesce conductors on both sides of the signal conductor reduced the
signal integrity, multiple conductors result in a lower signal-reetal inductance by 3.4 dB compared to the total inductance with
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one signal-return conductor at 2 cm. The peaks of the resonanstesked-card model below 1 GHz. The peaks resulted from
were less severe when multiple conductors are used. complex interactions between reference conductors. However,
The magnitude of the magnetic field around a wire declinélse peaks could be associated with specific reference con-
rapidly with distance. The majority of the current flows on theluctors in the model. The first and third peaks resulted from
signal-return conductor closest to the signal conductor. Congeresonant EMI antenna comprised of the motherboard and
quently, the impedance of the signal-return path did not change attached cable. However, the second peak, near 350 MHz,
significantly when multiple wire conductors were placed on on@sulted from a transmission-line resonance of the daughter-
side of the signal conductor. The partial inductance of the signglrd and motherboard. At resonance, the daughtercard and
returns may be significantly reduced when reference conductesgtherboard parallel-plate transmission-line had a very low
are placed on both sides of the signal conductor, because ifigedance. High currents were returned to the motherboard
signal-return current will be more uniformly distributed [15]by the parasitic transmission-line structure, instead of the
Fig. 11(b) shows that the common-mode current was reducgsticated signal-return conductor. Establishing a dedicated
by no more than 2 dB when multiple signal-return conductofgw-impedance return path was more difficult near the second
were placed on one side of the signal conductor. By symmetisak, because an unintentional low-impedance return path
the impedance of the signal-return path is reduced by a factoisted that resulted in EMI.
two when the signal-return conductors are placed on both sidegn general, larger signal-return conductors, such as in a mi-
of the signal conductor. Therefore, the common-mode curreftbstrip geometry reduced the EMI. Multiple signal-return con-
was reduced by 6 dB below 200 MHz (and away from anteni@ctors may also reduce the impedance of the signal-return path,
resonances) when signal-return conductors were placed on bgth FpTD was used to investigate the use of multiple signal-re-
sides of the signal conductor, as compared to one signal-retyf§f conductors in the bus connector. The effective EMI cou-
conductor placed 2 cm from the signal conductor. pling path was dominated by the signal-return conductor that
Multiple signal-return conductors did not significantly,as ciosest to the signal conductor. Multiple signal-return con-
reduce EMI in the stacked-card model beyond 500 MHg,,qtors placed on one side of the signal conductor resulted in no
The impedance of the wire conductors above 500 MHZ W, e than a 2-dB reduction in common-mode current compared
much higher than the impedance of the motherboard a'gfjlhe results where the closest signal-return was used as the sole
daughtercard parallel-plate transmission-line. Therefore, t &dicated return-current path. Placing additional signal-return

common-mode current above 500 MHz was relatively Ul g, ictors on both sides of the signal conductor, however, re-

char;]ged gnl;:-; S ;rlebmu(_:'rostnp—style. cgnn:zc(;or was erlnpl?; ted the common-mode current by approximately 6-dB below
as shown in Fig. 11(b). However, as indicate previously, atldgg pyyz. Multiple signal-return conductors did not appear to
quarter-wave motherboard and daughtercard transmission-line

resonance. the transmission-line impedance was sufficie ?,gnificantlyimprove the EMI performance of the bus connector
' . . P clen yond 200 MHz, because the common-mode current was dom-
low that even a microstrip-style connector could not signifi-

cantly decrease the common-mode current at 400 MHz. inated by EMI antenna resonances.
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