different plane

he ‘equipotential ground plane’ is a concept often used
T by system designers. As an aid to the practical prob-

lems gf controlling interference, however, it owes
more to mythology than science; its usefulness is about the
same as a talisman brandished to ward off evil spirits.

The purpose of this article is to prove the validity of the
Tast statement, and, in so doing, to introduce a method of
analysing interference in electronic systems — a method that
cannot be found in any book.! .

Essentially, this method is a procedure for deriving the
capacitive and inductive parameters of wiring assemblies,
and creating circuit models.

The formulation is introduced in terms of the coupling
between two wires over a ground plane, but can be devel-
oped to cater for more complex configurations. Even so, it is
not complicated. .

Anyone whose eyes have glazed over-at the mention of
div, curl, del, Maxwell equations, or boundary conditions,

_~an relax. Most of the mathematical operations involved in

s formulation are simple addition and subtraction. '

Method of analysis

Traditionally, the effect of the ground plane is simulated by
image conductors, and this treatment is ne exception. For
two wires over a plane, the number of conductors to consider
must be four; two real and two image conductors.

A set of four ‘primitive’ equations is defined, relating volt-
ages on the wires to the currents they carry. When this set of
cenductors is configured to camry signals, two loops are
involved. This leads to two ‘loop” equations, which can be
replicated by two ‘circuit” equations, derived from a circuit
model. .

‘Primitive’ parameters relate to the performance of the
conductors as antennae, ‘loop” parameters can be measured
using test equipment, and ‘circuit’ parameters are those
found in a circuit diagram. This distinction is important.

A circuit model is created to generaie two mesh equations.
Components of the circuit model are then related to the
inductive, capacitive and resistive elements of the primitive
equations. Acknowledgment of the fact that current varies
along the length of any signal carrying conductor leads to the

;e of T-networks in the final circuit model.
* A simple example is used to illustrate the response of a
“yictim’ circuit in one conductor/ground-loop to the presence
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lan Darney explains
how to analyse and
solve such problems.

Vp
Ipg

Vpyg

Fig. 1. Primitive ~ i.e. absolute — veltages and currents in four conductors

Ip1
(Clockwise)

tps

(Anticlockwise)
L2

VL1T
V§_1T

Fig. 2. Loop voltages and currents involved when two voltage
sources are applied — one to the ends of conductors 1 and 2,
the other to conductors 3 and 4.

of 4 step voltage in the other loop. No tedious calcuiations
are involved, since mathematical and circuit analysis soft-
ware is used to full advantage.

This first example demonstrates conclusively that there is
no such thing as an equipotential ground plane in a func-
tioning system.

Shielding of any signal conductor is achieved, simply by
routeing a second conductor along its length, and grounding
this second conductor at both ends. Characteristics of the
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If conductors 2 and 4-are replaced by a ground plane and Wz is

Formulations
. Consider the four isolated wires of Fig. 1. The configuration can replaced by a short circuit, the picture changes to that shown on
! be visualised as a section of-a long structure, allowing end  Fig. 3..The relationships of equations (6} and (7) continue fo
affects to be ignored. Assuming sinusoidat voltages and currents apply. Substituting them in equation set (1) and taking account:.’
exist in the conductors, then,” . _ of symmetry of the image conductors leads to the foop egua-
v B LGNS, e T e e e el

Voy = Zpy Xipy + Zpyy Xlpy + _ZPI3 Xips + ZLpiy Xipy Vi =2y Xy + Zyp Xy,

Vs 5 Loy Xdpi + Zpsiy Ky Zyyy Ripy+ Ziis Xlpg
Vs = Zgal K bpy o+ Zpyy X “f’z_*_' Zpyy Xpy + Zpsy Kipy B!

DUV = Zy Ria o Loy X+ Lpgz % fpy +Zpag X pa

.- where the subscript ‘P identifies all primitives. If the integers I_. 5

Fand '} identify. individual - conductors; then “the.. primitive... |- 2

impedances can_rbe detined, T S T T
JoCp:
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where'j is the Emplex operator, o is the angular frequen Vi
‘is the separation between the axes of conductors i and j, r; is the
ditfs of-rondyctor i Lis the-lengthy; whileig-and it are the per-

mittivity and pefmeability of the insulation. = T
Assumptions inherent in equations {3) and (4) are that I>>r,
that theichatge and currenit-are evenly: distributed on thessyrface =€

of each ‘wire, and that the concept of ‘action at-a distance’ is : ‘the. Toop -eduanons-

The farmiulae for prifitive _
seern, unusual, because these parameters are used to describe the
hataciristics: of the. conductors whénthe assembly is acting
ke an antenna. Theyrels te the surrounding magnetic and elec-
! o current in the, structure. Quantities defined in terms,

Fhenries or farads car havé more tharro sinterpretation!
One feature of primitive impedances is that they are symmet-

{ ince. =t it follows that Zpj=Zpy. Now assume that-a.,
R T e R g g

is applied bétweeti the entls of conductors

t a voltage source, 2Vi,, is applied between the

tids of conductors:3:and.4;as sho Fig. 2;

“1*.can be related to primitive valt;
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orresponding:ends of conc
‘Loop voltages with subscript
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merely By: inspecting equati
Appendix,.underthe heading.

R
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By invoking the star-to-delta tran
ppendi eat;the junction of the three capacitors
be remoaved, giving the final circuit model of Fig: 7. :
Using equation set {12), the resistors of Fig. 7 can be related to
ardware 7 i,
‘With a one-to-one correlation between the conductors of Fig.
 and the horizontal branches of the circuit, Fig. 7can he treat-
o a8 & section ‘of‘a:thiee-condiictor transmission line:
ulation is surprisingly. accurate?. C

sformation - shown “in. the.
£,

" Return current = -l

: .Eﬁéfagqusé amf #érél:f?gbfaéeéiby:a éﬁﬂﬁnd'g!a

ELECTRONICS WORLD August 1998




new configuration are assessed without difficulty.
Using this technique with modern software, the design of
equipment can be tailored to meet emc requirements.

Coupling via the ground plane

To put flesh on the bones of the dry theory in the panel enti-
tled ‘Formulations’, the first action is to assign dimensions to
the physical parameters of Fig. 3 shown in the panel. One
example is shown in Fig. 8.

At this point the value of matheriatical software3 becomes
evident. When such software is accéssed, the relevant equa-
tions can be typed on to the computer screen as easily as
words when a word processor is used. The Appendix pre-
sents the entire calculation process, including the input data
and the tabulation of results. Plugging these values into Fig.
7 gives the basic structure of Fig. 9.

In this example, conductor | is defined as the *culprit’, and
fed with a 5 V step voltage, Vi, via a 100€2 resistor. The
load at the far end is 1k£2. Conductor 3 is nominated as the
‘victim® conductor,
~The victim circuit is shorted at one end and loaded with

12 at the other. Voltage ¥, across the resistor is deemed

to be the signal under review. No conductor has zero resis-

tance, so a finite value has been assigned to the ground
plane.

Having created a circuit model, the next step is to analyse
it, and this brings into play the processing power of circuit
analysis software®, In this application, such software is even
more impressive than the mathematical variety, because it
obviates the need to check any equation.

All that is necessary is to draw the circuit on the screen and
define component values. The computer program generates
the necessary vectors for use in the analysis. The type of
analysis, the test limits, and the signals t¢ be examined are
then selected, and at the touch of a key the output is pre-
sented on the screen.

For ithe circuit of Fig. 9, the ransient voltage V,,, is shown
in Fig. 10. This should be no surprise (o anyone who has
monitored fogic signals on an oscilloscope using a voltage
probe. The spurious signal has the classical damped sinu-
soidal waveform, indicating an oscillatory condition.

Reflections

/Tvneed to puzzle very long to identify the reason for this:
"ot loads at each end of the transmission line are causing

reflections.

Charges are surging backwards and forward along the two
metre line, mostly along the ground conductor. Energy is
stored dynamically in the electric and magnetic field sur-
rounding the conductors. '

With the ground plane acting as an inductor and oscillatory
current flowing in that inductor, a significant voltage is
developed along the length. Since the victim loop utilises the
ground plane to form its return conductor, this voltage
appears in series with the expected signal in that loop.

A spurious signal, Vi, is received by any circuit which
monitors the voltage across Ryjem. From the point of view
of the victim circuit, current in the structure is emanating
from an external source. Circuit theory tells us that the same
effect can be achieved by a voltage generator in series with
the gronnd conductor. The ground plane acks as a voltage
source. It is anything but an‘equipotential sarface. ’

However that is not the only deduction. In addition to pre-
dicting the existence of a ringing signal, Fig. 10 provides
information on the frequency of oscillation (about 33MHz)
and on the amplitude, peaking ai about 200mV. This par-

llar resonance correlates with the quarter wave frequency.

" Further development of the circuit model to include the
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- Zoiz .
VL11 iL1 iL2

Fig. 4. This circuit gives a set of equations similar to loop
equations.

Leit Reir Cent Fig. 5. Initial circuit model,
' - identifying individual components.

Fig. 6. The model is
improved by
converting each
branch to a T network.

Ao Loy Aot Lon
WM Conductor 1
Cdyz '
Loz -|- Leiz
rv%n , ® rvw%n_Ground plane
Cdac«i Cdyz

Rozz  leze == == Rope Loz
2 2 2 2 Conductor 3

Note: Circled numbers identify nodes common to Figs 6 and 7

Fig. 7. Final circuit model after transformation from star to defta.

cu!pnt'conductor 20mm
diameter = 0. Smm\ r1a =20 l victim conductor
/d|ameter_ 0.6mm
1
h=20mm
v
4
iength of section = 2m
- image conductors
3 3
2 4

Fig. 8. Physical dimensions of the two wires over a ground
plane used in the example.
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active components which interface with the conductors is a
simple matter. If the signal across Ryigp, 15 1o be monitored
by a logic gate, then simulation will show whether or not the
device will generate a spurious pulse in response. Measures
can be taken, at the initial design stage, to prevent such an
occurrence. -

818nH" 30m  818nH

1008

culprit conductor

‘_?Igulprit ‘Vou:

ground piane

victim conductor

Fig. 9. Circuit model of two wires over a greund plane.

200+
Fig. 10. Response Vour
of victim circuit to
a 5Vstep in culprit 1001
circuit.
a2
ERN
=
-100
200 .
T B B ! SR N B ! | |
20 0 20 40 60 80 100 120 140 160 180 200

Time - nanoseconds

conductor 1= signal conductor

diameter = 0. Gmm\ lz‘mm.

- conductor 3 = return conduetor

/ diameter = 0.6mm
—&

. h = 20mm
length of section = 2m

¥

S

Fig. 11. One way to reduce interference is to alfocate a
second conductor fo carry the refurn current. This should be
mounted as close as possible to the one carrying signal

current.
Source
5002  30m  379nH 30m 379nH .
: signal conductor
22p3 t '
Vout
30m  379nH
i return conductor

14pt
0.tm  599nH

ground plane

f—

an
1V sine wave

Fig. 12. Circuit model for the two wires over a ground plane configuration
shown of Fig. 11.

Shielding: the first step

Perhaps the most important way of reducing interference is
to allocate a conductor to carry return current, and to rouie
that conductor as close as possible to the one carrying signal
current. Figure 11 shows the new wiring configuration,

Exploring the implications of this is quite a simple iask.
Going to the Appendix and altering the value of ry3 from
20mm to 2mm will change all the reactive values in the tab-
ulation of results.

The simplest way of ensuring that conductor 3 acts as a
return conductor is to link it to local structure — the ground
plane — at both ends. Values of 50L2 and 100£2 are fairly rep-
resentative of the source and load resistors. Figure 12 illus-
trates the effect of these changes to the model.

Inspection of this circuit reveals that the inductance of the
return. conductor is less than that of the ground plane, even
though it presents a relatively high resistance. So this con-
ductor is indeed the preferred return path for bf signal current.

. Capacitance between signal and return conductors will
enhance this effect. As the frequency increases, the perfor-
mance of the wire pair approaches that of the ideal trans-
mission line, the most efficient way of carrying electrical
energy from source to load.

To determine the effect of mterference Fig. 12 includes a
sinusoidal voltage source of 1V in series with the ground.
Carrying out a frequency response analysis, again wsing
computer aided design,* results in Fig. 13. This shows that
between 10kHz and 10MHz, the attenuation of any spurious
signal is reore than 10dB.

-Above 10MHz capacitive effects cause the attenuation to
increase further, but beware of resonance peaks! The model
predicts one at 43MHz, pointing towards the half wave res-
onance. The dip in the curve corelates with quarter wave
resonance. Actual tests would determine the frequency of the
dip and peak more accurately.

Even in the presence of resonance, a wire pair will reduce
interference.

lmpllcatlons
Treating the structure as a large diameter conductor results in
three primitive equations and two loop equations. Circuit
model Fig.-7 remains valid, even though component formu-
lae change. By increasing the number of conductors in the
configuration, more complex circuit models can be created,
allowing all the usual circuit interconnections to be analysed. :
Using general-purpose test equipment such as the oscillo-

. T )
-4 Vot across 10042 load
or common mode voltage
-6 of 1V in ground/cable loop
ol V4
=
m-10}-
T -
121
~141.
—16l-
18l
T | B PPV Vo
100 1k 10k 100k M 10M 100t

Frequency - Hz

Fig. 13. Differential-mode response of wire pair over a
ground plane.

678

ELECTRONICS WORLD August 1998




scope, signal generator and toroidal transformer, it is possi-
ble to make practical measurements and build up circuit
models of actual hardware?. Circuit analysis of the models
will allow system performance during formal emc testing to
be predicted.

Transient analysis and frequency analysis of complex cir-
cuits are simple tasks with modern software?, Anyone who
can design electrical equipment can, Jearn to analyse eme.

In summary
Two conclusions of practical importance are,

® It is a bad mistake to assume that the ground plane is
an equipotential surface, or that two points marked
with the earth symbol are at the same voltage.

& A significant improvement in emc can be realised,
simply by allocating two conductors to every signal

.. and routeing those conductors together.

Uf even greater importance is the fact that circuit modelling
can be used to assess the merits and failings of any particu-
lar system, allowing design decisions to be based on analy-
sis rather than on a debatable set of guidelines. |
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Appendix — coupling calculations.
These are calculations for coupling between two wires over a ground
plane. Mathcad was used to compute the results.

n=4rl07 Him £:=8.854x10" p:=1.7x10" ohm.m (resistivity of copper)
ty

[, =03x107 ;=03x10" 15,=20x10" h:=20%10" [=2m
Derived dimensions

2 2
L,=2xh 1,= (rl.z) +(’i,z) Ga™1s

Derivation of electrical parameters

Le = }—u—ln{—r"z X ] Le, = H_ln{.r'v_“] Le,, = ul (’].3 ol "'3.4)

2\ nyXn, 7 \hs 2m \BaXhg,
oy im—r 2T Cop=—TE o, =

Iﬂ[’i'2 x rmJ ]n[k) !n[—ru X )

RiXhy N B Xy

Re,, = _,01_2_ Re,, = A 7

2?1.'(?’1.1) 275('5.3)
Star to delta transformation
cd, = — o X cd =G0 Chs

L2 Ce,, +Ce ,+Cc,, L2 Ce,, +Coy+Cey
Cd,, = Cey % Ceyp
. Ce,,+Ce, +Ccp,
Resulis
Le _{8.176x107 1.609x107
2 0 8.176x107)
0 1.953x107" 3.844x107"
Cd= 10 3.844x " farad
0 0 1.953%x10°
Re (003 0 n
— = ohm
2 0 003
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