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Quantifying EMI Resulting from
Finite-Impedance Reference Planes

David M. HockansonStudent Member, IEEEJames L. DrewniakiMember, IEEE
Todd H. Hubing,Senior Member, IEEEThomas P. Van Dorergenior Member, IEEE,
Fei Sha,Member, IEEE Cheung-Wei Lam, and Lawrence Rubin

Abstract—Parasitic inductance in printed circuit board (PCB) One noise-source mechanism results from signal currents
geometries can detrimentally impact the electromagnetic interfer- returning through reference structures with finite impedance.
ence (EMI) performance and signal integrity of high-speed digital This mechanism has previously been denatadent-driven

designs. This paper identifies and quantifies the parameters that . L ) . .
affect the inductance of some typical PCB geometries. Closed- [1]. In an equivalent circuit representation, the differential-

form expressions are provided for estimating the inductances of Mode signal current returning to its source results in a “voltage

simple trace and ground plane configurations. drop” across the finite impedance of the signal return. This
Index Terms—Electromagnetic coupling, electromagnetic inter- potential difference can then drive two portions of the extended
ference, inductance ground against each other as a dipole-type antenna leading

to an EMI problem. The extended ground structures that
form a dipole-type antenna can include reference planes on
the PCB, attached cables, or a conducting chassis. In the
HE parasitic inductance, capacitance, and resistanceapproximate EMI antenna model, the signal trace is assumed to
traces, vias, and planes on a printed circuit board (PCBg negligible, and only those conductors carrying the majority
are important at high frequencies for modeling electromagf the common-mode current are included. An example of
netic interference (EMI) and susceptibility processes. Theaecurrent-driven noise source mechanism is a multi-signal
parasitics comprise the effective noise source mechaniflexible cable connecting two multilayer PCB’s, with signal
and coupling path of an integrated circuit (IC) source teeturn routed only through a few lines [2]. The relatively
an unintentional “antenna,” which can result in an EMI ohigh inductance associated with this signal return geometry
susceptibility problem. Parasitic inductance in PCB geometriessults in a potential difference between the reference planes
is often the most difficult parameter to quantify. The concepts) the two PCB’s. Any cables attached to the boards can then
of inductance and partial inductance play a key role in PCii® driven against each other resulting in an EMI problem.
modeling. The inductance of the signal path is an importa@uantifying the inductance in signal return paths and refer-
parameter in high-speed signal integrity calculations. Deltance planes, and developing an effective noise-voltage source
| noise modeling, crosstalk calculations, and common-moétem a return current through this inductance is important in
noise-source identification all rely on good estimates of tlenstructing equivalent circuit models for modeling EMI noise
inductance associated with traces, vias, and signal return patbarce-mechanisms.
on PCB's. The inductance associated with a finite width PCB reference
Equivalent circuit models of EMI processes at the boaa ground plane that results in an EMI noise source is
level for geometries known to lead to problems that exce@desented in this paper. The concept of partial inductance
regulatory limits are desirable at the design stage for estimatiisgbriefly reviewed to compare and contrast the approach
radiated emissions. A useful model includes an effectiygesented herein to previous work. Analytical expressions for
noise source, and the parasitics (inductance, capacitance, thedpartial inductance of a trace over a ground plane, and
resistance) that comprise the coupling path of the noise-soupagtial inductance of a finite-width ground-plane are given.
to the EMI antenna. This equivalent circuit can then be uséeasurements are presented for several cases of plane width
together with a known or suspected EMI antenna and a fullnd trace height above the ground plane to corroborate the
wave solution of Maxwell's equations to estimate radiation.analytical result for the variation of the partial inductance of
a finite-width plane with plane width and trace height. The

experimental and analytical results, in general, agree well.
Manuscript received October 21, 1996; revised July 28, 1997. This paper
was supported in part by Fischer Custom Communications, NSF Graduate II. PARTIAL INDUCTANCE CONCEPT
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For a wire loop, the inductance is a function of the loop
geometry as well as the shape and dimensions of the conductor.
Although inductance is defined only for complete loops, it
is often advantageous in developing equivalent circuits to
assignpartial inductancevalues to sections of a current loop
[3]. This concept is useful in determining the effect of a
particular segment on the overall inductance of a current path.
For example, lowering the overall inductance of a particular
geometry can be best accomplished by focusing attention on
the segments of the path with the greatest partial inductance.
The concept of partial inductance is also useful for estimating

the voltage “dropped” across part of a circuit due to a current - i Wire sepment ¥
through a portion of a conductive path. T
A useful definition for partial inductance in a closed path GV

with n segments is
Liotal = Lpl + Lp2 +---+ Lpn (2)

where L, is the partial inductance of th&h segment, and
Liota1 IS the ratio of the total flux coupling the loop to the
current in the loop. The current in each segment of the loop
is equal, i.e., all current is conduction current. One definition
for the partial inductance of th&h segment is the net flux
that wraps theth segment, divided by the current in Segment
1. Since lines of magnetic flux are closed, the flux that wraps
Segment and couples the loop is equal to the quantity of flux ¢ Y
that couples the current Segmenio infinity, i.e., -— YWire -u':;mw

U;  net flux coupling Segmeito infinity

— = . : —. (3 (b)
1 amplitude of current in Segment

Fig. 1. Loop area used to define (a) self-partial inductance, (b) mutual-partial
inductance, and net partial inductance.

Ly =

The magnetic vector potentiai is related to the magnetic
field H by H = (1/1)V x A. Employing Stoke’s theorem,

the flux can be written in terms of a line integral [4] Li; is the net flux produced by a current Segmgnthat

passes through the loop coupling Segmeietinfinity divided
U= M// H.ds— // (V x ]i)-d_;‘: j{ A.-dl (4-a) by ;. Fo_r exa_lmple,ng = W,/1, as shown in F_ig. 4(b).
L For two identical parallel segments, the partial inductance
o o Ly, = L1 — L2 (i.e., the self-partial inductance minus the
and mutual-partial inductance) is equal to the total flux coupling
- o the loop (between the two conductors) due to Segment 1,
i :/ A-dl. (4-b) " givided by the current in Segment 1 as seen in Fig. 4(b). In
general, the partial inductance of a Segmenan be defined
It is important to note from (4-b) that the calculation of partias the self-partial inductance plus or minus the mutual-partial

inductance for each segment still requires a knowledge of tfigjuctances between Segmenand all other loop segments,
entire current path for determlnlng Therefore, the sameje., [5]

wire segment located in two different loops will, in general,

have a different partial inductance. Ly = Ly + Z Lij. (5)
Ruehli developed a concept he denotadf-partial induc-
tancethat is defined for a given segment of a loop independent i#

of the location or orientation of any other loop segment [5['he sign of the mutual-partial inductance is determined by
For a straight wire segment with a finite wire radius as showhe relative orientation of the current on the two segments.
in Fig. 1(a), a rectangular loop is defined that is bounded Ibfythe flux from both segments passes through the infinite
the wire segment on one side and infinity on the other. Twectangular loop area in the same direction, the sign is positive.
lines perpendicular to the wire segment and extending froRor segments with current flowing in opposite directions as
the ends of the segment to infinity form the other two sideshown in Fig. 4(b), the sign is negative. Ruehli’'s approach
of the loop. Ruehli defined the self-partial inductance as tie partial inductance is very general. Rueli al have
ratio of the net flux passing through this loop to the curresuccessfully developed the partial element equivalent circuit
on the wire segment (in the absence of all other segmeffEEC) method using the self- and mutual-partial inductance
and currents). Ruehli also definedrutual-partial inductance concepts for analyzing complicated geometries [6]-[8]. In
between two wire segments. The mutual-partial inductanaddition to its generality, an advantage to Ruehli’'s formulation
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Fig. 2. Schematic drawing showing the physics of a current-driven noise-source mechanism.

is that the resulting equivalent circuit model incorporateer uniform current distributions over the conductors, and are
the mutual interactions among elements. From an intuitie®mplex. For nonuniform current distributions the conductor
viewpoint this result is desirable. The approach taken hereitust be broken into smaller parts which may be modeled with
employs Ruehli’s fundamental concepts (the physics must &einiform current distribution and then the interaction between
the same), but differs in the manner that portions of fluall elements must be analyzed. This approach (like Ruehli's)
are assigned to parameters in an equivalent circuit modisl.complicated, but yields accurate results when numerically
The approach is not as general as Ruehli's, and is employathlyzed. Leferink has compiled a table of relatively simple
primarily to facilitate EMI noise source calculations fromexpressions for calculating the partial inductance of various
analytical expressions, and straight-forward comparisons wijeometries [10], and gives a brief description of the methods of
experimental results. An advantage of the approach pursutivation. The reader is directed by Leferink to the references
herein is that analytical expressions can be obtained fior a more thorough investigation. Leferink tabulates several
some geometries of particular interest for EMI noise sour@artial inductance formulas for reference planes in trace-
modeling, such as the partial inductance of a finite-widtjround plane geometries. Expressions for several geometries
ground plane. Analytical expressions facilitate equivalent civary asln (h/w), whereh is the height of the trace over the
cuit modeling of EMI processes, and quick calculations. Theference plane and is the width of the reference plane.
approach is equivalent to Ruehli’s, but does not involve thievo of Leferink’s tabulated formulas vary &5/w [11], [12].
intermediate step of calculating arself or mutual-partial Hubinget al. developed an expression varying/g&v for the
inductances for segments of the conduction current path. Tpertial inductance of a plane in a trace over a finite ground
disadvantage is that a closed form expression may not flane geometry by assuming the current in the “tails” of
obtainable for all geometries of interest. Further, while thiae distribution of an infinite plane is redistributed over the
approach is intended for EMI calculations, Ruehli's approadimite plane uniformly [11]. Van Houtert al. developed an

is more satisfactory for signal integrity investigations. expression varying as/w for the transfer impedance between
the voltage along a finite width plane and the current in the
. COMMON-MODE INDUCTANCE plane [12]. Anh/w variation of the partial inductance for a

finite-width plane is derived here and experimentally verified.

C_urrent-driven noise-source mec_hanisms in printed-circyif,o singularity in the current at the edges of the plane is
designs are a consequence of high-frequency currents jfecnorated for the work presented herein, and, as a result,

turning through “ground” structures of finite impedance [lkne constant coefficient associated with g expression
Flux wraps around ground planes of finite dimension causigars from those tabulated by Leferink.

common-mode current to flow. Magnetic flux, or the stor-

age of magnetic energy can be modeled schematically as .

a partial inductance. The resulting voltage drop can drive 1race Over an Infinite Ground Plane

two portions of an extended conductor against each other adt is desirable in developing equivalent circuit models for
an EMI antenna. The EMI noise-source for a current-drivamise sources to decompose the inductance of a trace over a
mechanism may be defined &3 ~ Lo (d/dt)Ipar as  finite width ground plane into a partial inductance of the signal
shown in Fig. 2, whereL~y; denotes the “common-modetrace, and the ground plane. For signal integrity calculations
inductance,” which here is the partial inductance of the sigrihlis decomposition is possibly unnecessary, however, for EMI
return or ground structure. Traces over finite ground planesnpise-source modeling it is essential. The total inductance is
PCB geometries can result in a voltage drop along the platie total flux linking the loop formed by the trace over the
which may lead to common-mode radiation. Approximatinground plane. The net flux coupled to infinity above the trace
the common-mode inductance can aid in predicting potentialassociated with the partial inductance of the trace, and that
common-mode radiation problems in the design stage. Eibercoupled to infinity below the ground plane with the plane.

al. have developed formulas based on Neumann'’s formula forThe partial inductance of a trace over an infinite ground
general rectangular geometries [9]. The formulas presented plane is considered first because the results are needed in
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Fig. 3. Narrow trace centered above a plane.
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determining the partial inductance of a finite ground plane. path of

The trace centered over a ground plane is shown in Fig. 3. ) Ay >oo) = — integration
Assuming the trace is narrow, the current on the trace can be P . J|for calculating
approximated by a uniform distribution | I total flux

; ! wrapping
: ‘ trace
jtrace(x) = égé(y - h)H(g) (6) . total ﬂ_ux
A,=0 wrapping A,=0
wherell(z/a) is a spatial unit pulse of width centered at = y ‘ utgﬁclzggfh :

0. The thickness of the strip is neglected. The magnetic vector, P o

potential A produced byJac.(x) for this two-dimensional | ; ~ ~ !

(2-D) case is z : A,ly =h) - : Trace
. 00200005 2222222 =72 AR AR AR ARRARZRAZREATRA
Atrace(xa y)

= —éu—l e Inf(z —2') +(y—h)Hds' (7)
a7 J—(a/2)

where the 2-D static Green's functioG(7, #) =
(1/4m)In[(z — 2")? + (y — ¥/')?] is used. If the plane
below the trace is infinitdw — o), image theory can be

total flux

[
[
|
employed to determine the total magnetic vector potential Ay=0 I ; ;’i‘?gfg;% ' A=0
for y > 0 as unit length
1 path of
L o - |, integration
Atotal(eoc, (2, 9) i . M for calculating
ul +(a/2){1 i« N4y — Y [ .| total flux
=—z— n(z—2)+w-n»)7  Fre —_— wrappin
dam J_(a/2) Afy »e2)=0 planrz:p :

—In[(z —2")2 + (y+ h)?]} do’. (8)

Fig. 4. Integration paths for determining the flux per unit length wrapping
o . the trace and plane, respectively.
The partial inductance of the trace is the net total flux cou-

pled from the trace to infinityy( — oo ), as indicated in Fig. 4. ixfinite ground plane is

The magnetic flux wrapping the trace or ground plane for the

general case of finite ground plane width, can be calculated bgf‘gﬁf;;‘z;:w)

evaluating the line integral of the magnetic vector potential as 5

in (4-a), and the partial inductance calculated by dividing the _ /|, [, . <4h> n dh -t ( a ) <E>
flux by the current. The path of the line integral for the partial 2m a m
inductance calculation is the rectangle that extends to infinity ©)
with a normal in theg direction as shown in Fig. 4. The depth

of the rectangle is simplylz, because the flux per unit lengthSimilarly, the partial inductance of the infinite plane can be
is the parameter of interest. Since the magnetic vector potendigfermined by evaluating the magnetic vector potential at the
is always parallel to the current, only thlecomponent of the origin. As a result, the partial inductance of the ground plane
magnetic vector potential is nonzero. Further, the valuglofis zero, i.e.,

is zero agy — oo. Then,fc A-dl evaluated around the loop A -0 (10)

to infinity, which is the net flux coupling the trace, reduces to Plane(y—co)

an integration ofA only along the trace. Since per unit lengtiThe partial inductance of the ground plane is expected to
partial inductance is being calculated, this is simgly(0,2). be zero because no magnetic flux lines can “wrap” around
The partial inductance of the trace is then determined froaplane of infinite extent. The total inductance per unit length
the total magnetic vector potential at the center of the tra@ssociated with a trace over an infinite plane is then equal to
divided by the current I. Integrating (8) féx, ) = (0,2) and the partial inductance of the trace. Conformal mapping has
dividing by |, the partial inductance of a trace located over drmeen previously used to approximate the transmission line

a

4h
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parameters of a microstrip line. Using conformal mapping,
the inductance per unit length is given by [13]

(1t 8h a
27r1n<a +4h>
a

- <1

Lmicrostrip ~ a h — a
u[ﬁ +1.393 4 0.6671n (ﬁ +1.444)] @
a

—>1.
h=

Equations (9) and (11) do not appear similar, however both
equations can be approximated for the extreme cases as

h : A
= a>h E
Lmicrostrip ~ NCL 4h (12)
—1In <—> h > a. Current distribution :
27 a on finite plane ~ :

The current distribution on the infinite plane is obtained
from the magnetic vector potential in (8) as

. Current distribution
',-f%infinite plane

jplate(w: o) (.’L’)

" wi?2 wi2 Current to
1. - be redistributed be redistributed
= ﬁy x V x Atotal(w:w> (z,0) (b)
a a Fig. 5. (&) Flux lines wrapping around a trace and a finite plane. (b) Current
. . z+ 3 . €= 3 distribution on a finite and an infinite plane.
= —z— |tan — tan
am h h

current under the shaded region of Fig. 5(b) should then be
(13) redistributed in such a fashion that the current density is very
large at the edges of the plane. One current model with the

Therefore the total magnetic vector potential for> 0 with desired edge singularities is

the return current on the infinite ground plane is

. J x
Atotal(w:oo) (.’L’, y) Plate(w<oo) ( )

pl [T +2
— N €T —
= Atrace(xv y) + Z4CL7T2 / = —%£H(£) 1 tan_l 2
/e —oo LW To\w a h
T+ 5 =5
o (550 o (55, |
An[(z —2")? 4+ y?] da’ (14) (%3 4h 1
i . o — tan™ _—— (15)
where the second (integral) term is the contribution due to h wm w2 )
the current on the plane. This expression will be used in the (_) -t
following section to determine the partial inductance of a finitgnere integration over the plate yields a total currdnt
width plane that results in an EMI noise-source. (assumingw > h, a). The second term of the current-density
expression (the redistributed portion) was chosen because it

B. Trace Over a Finite Ground Plane has the desired edge singularities and is integrable.

Flux lines wrapping around a plane of finite dimension give 1he total magnetic vector potential for a finite plane using
rise to a partial inductance of the plane. A current through® current distribution of (15) is
this partial inductance results in an EMI noise-source that can ]itotal(ww) (z,9)
drive two portions of an extended conductor against each other

+(w/2
leading to common-mode radiation as depicted in Fig. 2. The = ]itrace(a:,y) +z NIQ / e
amount of flux that encircles the plane is small compared to the 407 J—(wy/2)
total flux coupling the trace-plane loop. Therefore, as long as ' + @ o2
the plane width is much greater than the distance between the - [tan™t . 2 | - tan™t A 2

trace and plane, the total inductance will not be significantly

changed by considering the finite extent of the plane. The Ih /2
current density in (13) extends to infinity. The current beyond Anf(x —2')? + 9] do’ + z“—g /

w/2 for the infinite plane must be redistributed over the plane Wi J—(w/2)

of width w for the finite case. Flux lines wrap around the finite (G @')? + 7] da’ (16)
plane as shown in Fig. 5(a). The flux lines are very dense at w2 ) '

the edges of the plate indicating a high current density. The (5) -
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For partial inductance calculationd, is integrated in thec = the current!, i.e.,
0 plane, and

o L partial =~ L partial - ﬁ2(1 24 1)
Atotal(w<oo) (Ovy) R (o) e (w=c0) ™ w
. ul [ ~L patial (H/m) (20)
= Atrace(o y) +2z / TEw=oe)
Hdar? - ~ Moy~ E 21
_ A\ L}tﬁ;ct;i(w) N3 52(11 +1)~ p (nH/cm)  (21)
tan™ ) tan™ 3 2
WhereL}t):Ct:l is given by (9). The total inductance calcu-
) (w/2) lated is the Same for both the case of the infinite ground plane
Infz? + 3] da’ — 4 7r2 / and the finite plane. This results from the assumption that the
_ a a-~ - plane width was much greater than the trace-plane separation.
5 T 9 One consequence of the inductance results is that the signal
- | tan- ban h integrity aspects of the trace-plane configuration are unaffected
L J by changing the plane width (for planes with > h). For
I [x + 47 da’ — / example if the ground plane is wide with respect to the trace-
4a7r2 +(w/2) plane separation, doubling the plane width has no discernable
a effect on the loop impedance for the signal current. However,
" ) ) doubling the plane width halvek¢,,, and reduces the EMI
an~ —tan™ . . L.
noise-source driving common-mode radiation by 6 dB.
T w/2) _An upper bour_wd_ for the common-mode inductance asso-
nfe’? + 7] da’ +22ﬂ/ ciated with the finite plane can be calculated by assuming
3 the excess current is redistributed uniformly over the plate
1n[$’2+y2] , (see Fig. 5). The current distribution on the plate is then
w—Qde 17 approximately
(5) - a
2 Jplate(u<oo> (.’L’)

I
where the first integral in (16) has been rewritten as the sum= —z— H(w)
of three integrals, andi is evaluated at: = O. Substituting a a

(14) in (17), the magnetic vector potentialsat= 0 is 1 - z+ 2\ - =g ) an
a h h
Atotal(w<oo> (0 y) (22)
I —1
= Atotal(u ey (0,97) 2 tan and the total magnetic vector potential in the= 0 plane is
Atotal(w<oo> (07 y)
a: ? + y 2! W 2hul w
.’IZ',Q + h? - = Atotal(u o) (0 y) w7r2 (111 5 + 1)
ulh / o) /
+2 In(z 2 +3?) do’. (23)
I lyl + /v + ) Zwtn? | w
UM 22 1. @s) (w/2)
wn 2 The partial inductance of the trace calculated from

Atotalw<w(07h) is virtually unchanged by the current
redistribution, because the partial inductance of the plane is
Fory < w/2, which is the case of interest, the total magneti§mall compared to the partial inductance of the trace. The
vector potential is approximately total inductance of the trace over a ground plane is still very
nearly the partial-inductance of the trace. However, the total
Atotal(w<oo>(07 Y %;itotal(w:oo)(oyy) 3 éuTIh2(ln2 +1). magnetic vector potential at the origin is

(19) Auciatncy (0,0) = =245 2. (24)

Therefore, the partial inductance of the finite plane, or

Since the trace-plane separatibns assumed much smaller,
inductance is

thanw/2, the partial inductance of the trace and the plane ca %ommon -mode”
be determined using (19) by evaluating the magnetic vector dph

. . AT L — Lpzrtn ~ &
potential aty = h, andy = 0, respectively, and dividing by oM il Y rrw

gl=

(nH/cm). (25)
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TABLE |
VALUES OF TOTAL INDUCTANCE CALCULATED ANALYTICALLY USING (9) AND (11), AND EXPERIMENTALLY USING THE DATA PROVIDED BY THE
HP4291A MPEDANCE ANALYZER FOR A TRACE 2 mm WDE, 20 cm LONG, AND A HEIGHT i ABOVE THE REFERENCE PLANE

Total Inductance Results

Height of trace Experimental Analytical Conformal
above reference Result, (n) Result (nH) % Difference Mapping % Difference
plane (mm) Result (nH)
1.65 86 88 2.3% 77 10.5%
3.3 115 116 0.8% 104 9.5%
6.6 144 143 0.7% 131 9.0%
2ft X 2ft aluminum 3
P 844TE plate < 15 cm —M e———15 cm—|
Amplifier BNC Connector
Port 2
Network Precision (E:Jrrite Sleeve Return-current
Analyzer Cables plane of width w
Port 1 «—DUT f and length 20 cm
/\f SMA
Type N Connector
Connectors

Current Probe @ ———20 cmn——¥
11 58 cm w 2mm 3

Fig. 6. Equipment configuration for determining the common-mode current 1 eml -
generated on a cable using an HP8753C network analyzer. Trace of height A

The common-mode inductance expression resulting from a "Groundplane” 29
uniform current differs only slightly from the expression for Structure
a nonuniform current distribution. Either form should provide
first order accuracy for predicting the level of the common-
mode noise-source.

cm

b X

Fig. 7. Test configuration for measuring the affect of trace height and plane
width on the common-mode inductance.

IV. EXPERIMENTAL RESULTS

The effects of trace height and plane width on the commogn( resulting in a rectangular loop of dimensions 20,
mode noise-source due to the finite ground impedance wWejgere  was the trace height above the ground plane. The
investigated experimentally. An HP8753C network analyz@face was 2 mm wide. The ground p|ane regions near the
was employed for|Sy;| measurements. The experimentadource and shorted ends were extended to a width of 58 cm
configuration is illustrated schematically in Fig. 6. Port 1 ofg the common-mode noise-source §wIpn Lear) would
the network analyzer was the driving source for the circuibe dominated by the flux wrapping around the plane of width
and the output of a common-mode current probe was inpytpeneath the signal trace. First, the total inductance of the
to Port 2. An HP8447F RF Amplifier (28 dB amplification:opop composed of the 2 mm wide trace over the reference
9 kHz-50 MHz) was used to increase the dynamic range glane and terminated in a short circuit was calculated using
the measurements. The effective source impedance for {98 The calculated inductance values were compared with
circuit was the 500 impedance of the network analyzer. Athe values determined from input impedance measurements
2" x 2" square aluminum plate was used in all the measuremgjith an HP4291A Impedance Analyzer, as an initial check
procedures in order to obtain a sufficiently large common the theory. The calculated and experimentally determined
mode current to measure, and to provide a test environmgfjuctance values, and percent difference are shown in Table 1.
for making repeatable measurements. The measured commpie analytical and experimental values in general agree well.
mode current was not a function of the network analyzqhe analytical results calculated using (9) agree with the ex-
cable dressing when the aluminum plate was employed. Th&rimental results within a few percent, however, the analytical

common-mode current was measured using a Fischer F-3gedults using (11) predict an inductance that is typically 10%
(200 kHz—-250 MHZ) current probe. A ferrite sleeve (ZOQit less than the experimenta| results.

100 MHz) was employed to reduce parasitic coupling to the
current probe. The transfer impedances of the current proke partial Inductance Variation withwy and 4
and the amplifier were included in the calibration procedures

using the error correction capabilities of the HP8753C networkThe common—mode noise-source fo.r thg geometry in Fig. 7

IS current-driven [1], and is the potential difference generated

analyzer. the signal return current through the finite impedance plane
The experimental test device is shown in Fig. 7. A 0.08%y © Sig 9 P P

Pf width w below the trace. Below the antenna resonance

in a semi-rigid coaxial cable was electrically well connecte . .
requencies the common-mode current measured with the
to the bottom of the large ground plane. The center conductor

was extended through the plane (from the bottom side of tﬁ%rrent-probe is [1]
plane), and connected to a trace on the top side of the test [ Iew| = kw? Lo Can Vou

— 26
board. The 20 cm trace was shorted to the plane at the load | Zin| (26)
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Fig. 9. Measured input impedance results with the HP4291A
Impedance/Material Analyzer for the EMI antenna configuration of
Fig. 8 withw = 5, w = 10, andw = 20 cm.

A 4

Fig. 8. Test configuration for measuring the antenna input impedance wi

respect to changes in plane width. i place) terminated in 5@. Fig. 9 shows the results for

w = 5, 10, and 20 cm. Small resonances were measured at
approximately 7, 20, and 35 MHz. The three resonances may
whereLc )y is the reference plane partial inductance given liye associated with the unusual geometry of the test device,
(21), Zant = jwCans is the EMI antenna impedance (which ishut because of the relatively low frequencies they are more
capacitive below resonancek;,| is the input impedance seeniikely associated with the parasitics of the experimental setup.
at the source terminals, add< » < 1 is a constant to indicate The curves generally decrease at approximately 20 dB/decade
that the current probe is not located at the effective feed pou expected for a predominantly capacitive antenna input
of the EMI antenna. It is assumed thaf, = 50 +jwLiotal,  impedance, although the resonances perturb the slope slightly.
and that the antenna impedance does not significantly affegfing the data at 5 MHz, the capacitance of the effective EMI
the differential-mode drive current. The signal circuit inpuantenna increases approximately 0.5 dB when the width of the
impedance measurements corroborate this assumption. fé&@rn-current plane is doubled.
EMI antenna in this case is the extended ground structureThe common-mode current driven by the finite impedance
with the two pieces on each side of the necked region @turn plane noise source shown in Fig. 7 was measured for
width w comprising two portions of a “dipole-type” antennayy, = 5, 10, and 20 cm withh = 1.65 mm. The input
The aluminum plate connected to one side and the 20 ¢impedanceZ;, at Port 1 (looking into the 20 cm signal
length of the signal return plane over which the common-mogece terminated in a short) was measured with an HP4291A
noise-source is distributed are also portions of the antenhapedance/Material Analyzer. No discernable difference was
The differential-mode current i¥py/Z;,. Assuming a 50 measured in the input impedance for= 5, 10, and 20 cm,
2 source impedanceZ;, = 50 +jwLliotal, Where Lioia1 IS and the magnitude of the input impedance was less than 50
the total inductance of the signal and return loop. At thier frequencies below 50 MHz. Consequently, the drive current
measurement frequencies the test configuration is electrically,,; = Vpy/Zin) Was the same for all three geometries.
short so that the trace can be treated as a lumped elementurther, sincelZ;,| was approximately 50, 51, and 37 at

In order to test (21), it is essential to either keep th®, 20, and 50 MHz, respectively; the drive currdipty; was
antenna input impedance constant, or adequately accountrisiatively constant over the measured frequency range. The
it in the measurements. The test configuration depicted doammon-mode current at the effective source terminals of
Fig. 7 has an antenna input impedance that varies with tihe antenna (where the triangular current distribution peaks)
width of the return-current plane. The noise-source is dig then|lcns| ~ WLy Cant|Voar/Zim|. With the transfer-
tributed over the length of the reference plane beneath tingpedances of the current-probe and amplifier taken into
trace, which makes accurate experimental investigations agfcount in the calibration procedure, the voltage at Port 2 is
the antenna input impedance difficult. However, the antenna j
input impedance can be approximated by measuring the input Vy = 50%7 (27)
impedance at a defined pair of terminals using the HP4291A
Impedance/Material Analyzer (1 MHz—1.8 GHz). The geomé{yherem is a proportionality constant becau_se the common-
try for this experiment is shown in Fig. 8. The return-currefflode current is not measured at the effective antenna termi-
plane of widthw is separated at the source end from the re@glS- The factor of two shown in the denominator results from
of the ground plane by a 2 mm wide gap. The trace wake calibration procedure. The magnitudeSf is
removed and the center conductor of the 0.085 in coaxial Vo 50
cable was connected to the return-current plane of width | 521 I‘ 2 m
w across the gap. The test device was connected to the "
experimental configuration of Fig. 6 with Port 1 connected twwhereV,™ = Vp,, /2, because the 5@ source impedance is
the Impedance Analyzer and Port 2 (with the current prolmatched to the characteristic impedance of the cabigg; is

50/%3.[0]\4

2|~ (28)
1

2
~ rw” Loy Cant
Vou
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Fig. 10. Measured common-mode current for a return-current plane width of 5, 10, and 20 cm, and a trace leighl 65 mm.

the RF source voltage of the network analyzer. Using (21), andlibration features of the HP8753C account for the frequency
considering the change in antenna capacitance as discugssgonse of the measurement setup, but not for the interactions
above,|Ss; | increases by of the setup with the test board.
The common-mode current was also measured for several

2h am(f) heights of the trace above the return-current plane for a
wh 2 constant plane width ofv = 20 cm. The input impedance
— Coans (w) | Zin| Of the test configuration was measured at the feed point
w of the shorted signal trace with the HP4291A Impedance
Clan (w) Analyzer for h = 1.65, 3.3, and 6.6 mm. The measured
Cam(f) |Zin| at 20 MHz forh = 1.65, 3.3, and 6.6 mm was 52.2,
= 53.1, and 55.52. As a result, the drive currenfp,, was
~5.5dB (29) . . :

approximately constant for the three different geometries, as

when the return-current plane width was halved. Fig. 2€ll @s approximately constant in frequency up to 20 MHz.
shows the experimentglSy;| results for plane widths of At 50 MHz, the measured input impedané,| was 67.3,

w = 5, 10, and 20 cm with a trace heiglt = 1.65 75.1, and 88.%2. Consequently, the signal drive curreii,,

mm. The measured increase [ifi,;| when the return-current was varying between 20 and 50 MHz. However, the parasitic
plane width was halved was between 5 and 6 dB, wifigsonances in this frequency range associated with the test
typical values approximately 5.5 dB. The increase|$; | configuration masked the effect of the increasing drive current
when the plane width was decreased from 20-10 cm w@8 fcnm- _ _ _
between 4 and 5 dB at lower frequencies (5-9 MHz), which The antenna input impedance does not change with trace
may be a result of lower SNR at these frequencies. higight, since the antenna is comprised of only the extended
general the data corroborates the theoretically expected res@i@und conductors, @, | should increase by 6 dB according
well. Approximating a best-it line to the measurelyy,| [© (21) when the trace height is doubled, i.e.,

between 5 and 20 MHz, the increase in frequency is very 2

(w/2)
21

21

20logq ~20log,

=20log;,2 — 20log,

[\)

nearly 40 dB/decade as expected for a current-driven EMI 2 o At

source mechanism [1]. The small “pulses” in the data resulted 2010810 | g7,-| ~2010g, - ——— = 20logy 2

from noise spikes that were smoothed with the averaging 2 Ecant

capabilities of the network analyzer. The resonances in the data ~6.0 dB. (30)

at approximately 9, 25, and 33 MHz resulted from parasitic
effects between the measurement configuration and the teist 11 shows thgS,| results forh = 1.65, 3.3, and 6.6
board. The exact nature of the parasitics is unknown. Them. The difference inSs;| for frequencies below 9 MHz
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Fig. 11. Measured common-mode current for a trace height of 1.65, 3.3, and 6.6 mm, and a trace width 20 cm.

is between 4 and 5 dB, and is lower than expected, becad$ee data for a 2 mm trace was compared to that of a 5 cm

of a lower SNR than at higher frequencies. Above 10 MHayide trace centered over the reference plane kit 1.65

differences are between 5.5 and 6 dB, supporting the analytioah andw = 5 cm.

results of (21) for théx/w variation. The analytical conclusion A parallel plate transmission line of widtlh and heighth

that the common-mode inductance is proportionahfa is has an inductance per unit length

further supported by the close correlation of Figs. 10 and 11. h

The trace curves for these two sets of results (five different Lyplate = p— (H/cm) (32)

cases) should be virtually identical because the rafio was w

changed by a factor of two in both the case where the wigithassumingy >> h [14]. Because the parallel plate transmission

was changed, as well as when the heightas changed. Slight line has electrical symmetry, half of the magnetic flux wraps

discrepancies result from small changes in drive current afit¢ trace conductor, and half of the flux wraps the reference

antenna impedance as the parameteasdw were changed. Plane. Therefore, the common-mode inductakhes, associ-
The proportionality constant is unknown and prevents ated with the reference plane in the parallel plate transmission

direct calculation ofLcy; from the experimental data. Whenlineé geometry is half of the total loop inductance

Lc g is calculated using the the experimental data with iplat 1ih

1, the result is approximately one half of the analytical value L == (32)

2w’
(possibly indicatingx = 0.5). This factor of two occurs . o )
when calculating the experimental value b, using any ASsuming that the circuit input impedance 60 (2) and an-

of the three ratios of, to w for which data is available. The t€Nna inputimpedance is the same for the two trace geometries,
uniformity of the factor of two may indicate that the current"® difference in common-mode current is

distribution on the EMI antenna outside the source region does Iplate Iplate ph

not change ad.c s changes, rather only the EMI noise-source Iey _ Loy _ 2w ~3.3dB
A oniy: tr e = e = ~ 3. .

or the magnitude of the current distribution changes. JEncrostip - puicosaip - puh 2n2 + 1)

T2

B. Partial Inductance Coefficient Evaluation (33)

A separate experiment was performed to investigate tfibe experimental results are shown in Fig. 12. A difference
coefficient Z;/72)(In 2 + 1) ~ 4(nH/cm) in the partial in the data for the two cases of 3—4 dB up to approximately
inductance expression. The test configuration of Fig. 7 w80 MHz supports the analytical expression for the common-
used with two different trace widths over a 5 cm wide refereneeode inductance of the reference plane for the microstrip
plane. First, a 2 mm wide trace was centered over the referegemmetry. Above 30 MHz the difference increases slightly
plane. The common-mode current that results is given by (2@)ith frequency to approximately 5 dB at 50 MHz. The increase
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Fig. 12. Measured common-mode current for a trace height of 1.65 mm and a trace widte& cm for trace widthst = 2 mm anda = 5 cm.

is due to the low inductance of the parallel plate transmissi@MI noise-source may be diminished. One shortcoming of
line as compared to the microstrip geometry. Equation (3B)creasing the width of the ground plane to reduce the noise-
assumes that the input impedance of the two circuit geometrggsirce is the consequent reduction of the input impedance
is the same. However, the inductance of the circuit with ithe ground plane is a major portion of an EMI antenna.

planar transmission line is approximately 8.3 nH; an order éfowever, if the cables and chassis of a device are the principal
magnitude less than the inductance of the microstrip loop. pieces of the EMI antennas, it is probable that changes in
50 MHz the difference in input impedance is approximatelground plane width will not noticeably change the antenna
1.1 dB, which accounts for the discrepancy at the highemput impedance.

frequencies.
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