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Displacement current 
- and how to get rid of it 

by I. Catt and M. F. Davidson (CAM Consultants) 
and D. S. Walton (Icthus Instruments Ltd) 

To enable the continuity of electric 
current to be retained across a capacitor 
Maxwell proposed a "displacement 
current ". By treating the capacitor as a 
special kind of transmission line this 
mathematical convenience is no longer 
required. 

CONVENTIONAL electromagnetic 
theory proposes that when an electric 
current flows down a wire into a 
capacitor it spreads out across the plate, 
producing an electric charge which in 
turn leads to an electric field between 
the capacitor plates. The valuable con- 
cept of continuity of electric current is 
then retained by postulating (after 
Maxwell)1 a "displacement current ", 
which is a mathematical manipulation 
of the electric field E between the 
capacitor plates which has the dimen- 
sions of electric current and completes 
the flow of "electricity" (Fig. 1 (a) and 
(b) ). This approach permits us to retain 
Kirchhoff's Laws and other valuable 
concepts, even though superficially it 
appears that at the capacitor there is a 
break in the otherwise continuous flow 
of electric current. 

The flaw in this model is revealed 
when we notice that the electric current 
entered the capacitor at one point only 
on the capacitor plate. We must then 
explain how the electric charge flowing 
down the wire suddenly distributes 
itself uniformly across the whole 
capacitor plate. We know that this can- 
not happen since charge cannot flow 
out across the plate at a velocity in 
excess of the velocity of light. This 
paradoxical situation is brought about 
by a fundamental flaw in the basic 
model. Work on high speed logic de- 
sign2 has shown that the model of a 
lumped capacitance is faulty, and "dis- 
placement current" is an artefact of this 
faulty model. 

The true model is quite different. 
Electric current enters the capacitor 
through a wire and then spreads out 
across the plate of the capacitor in the 
same way as ripples flow out from a 
stone dropped into a pond. If we con- 
sider only one pie- shaped wedge of the 
capacitor, as in Fig 1 (c), we can recog- 
nise it as a parallel plate transmission 
line whose only unusual feature is that 
the line width is increasing (and hence 
the impedance is decreasing). The 

capacitor is made up of a number of 
these pie- shaped transmission lines in 
parallel, so the proper model for a 
capacitor is a transmission line. 

Equivalent series resistance for a 
capacitor is the initial characteristic 
impedance of this transmission line at a 
radius equal to the radius of the input 
wires. Series inductance does not exist. 
Pace the many documented values for 
series inductance in a capacitor, this 
confirms experience that when the so- 
called series inductance of a capacitor is 
measured it turns out to be no more 
than the series inductance of the wires 
connected to the capacitor. No 
mechanism has ever been proposed for 
an internal series inductance in a 
capacitor. 

Since any capacitor has now become 
a transmission line, it is no more 
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Fig. 1 Process of current flowing into a 
capacitor and spreading out across a 
plate is shown in (a) .. "13). The struc- 
ture in (b) can be considered as being 
made up of a number of pie -shaped 
wedges as in (c), -each of which is a 
transmission line. 

necessary to postulate "displacement 
current" in a capacitor than it is 
necessary to do so for a transmission 
line. The excision of "displacement cur- 
rent" from Electromagnetic Theory has 
been based on arguments which are 
independent of the classic dispute over 
whether the electric current causes the 
electromagnetic field or vice versa. 

Appendix 
Comparison of the transmission line 
model with the lumped model of a 
capacitor in an RC circuit. 
Taking the above discussion further, 
consider a transmission line as shown in 
Fig. 2, assumed to be terminated with a 
resistance RT (not shown). The reflec- 
tian coefficient is p= (RT- Za) /(RT +Zo) 
where Zo is the characteristic imped- 
ance of the line. If the line is open - 
circuit at the right -hand end, as shown 
(and therefore RT is infinite), the p = + 1. 

We will assume that R»Zo. 
When switch S is closed (at time t= 0) 

a step of voltage V.Z0 /(R +Za) is pro- 
pagated down the line. This reflects 
from the open circuit at the right hand 
end to give a total voltage 2V.Za/ 
(R +Z0). Reflection from the left end 
makes a further contribution of [V.Z0/ 
(R +Z0)] x [(R- Z0) /(R +Z0)] and so on. 
In general after n two -way passes the 
voltage after n passes is V" and, 

VZo R-Zo " "+1=V"+2R+Zo[R+Zo, (1) 

In order to avoid a rather difficult inte- 
gration it is possible to sum this series to 
n terms using the formula, 

a(1 -v") 
(2) 

1 -v 

where a is the first term of a geometrical 
progression and v the ratio between 
terms. (This formula is easily verified by 
induction.) Substituting in (2) the 
parameters from (1), 

i.e. a - 

2VZ0 

R +Zo 

R-Z0 
V 

R+Zo 
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We obtain, 

2VZo 
1 

R+Zo [ 
V" R-Z0 

1 R+Z0 

R-Z0 n 

R+Zo, (5) 

=V[1 
[R+Zol 

"l (6) 

This is the correct description of what 
is happening as a capacitor charges. We 
can now go on to show that it is 

approximated by an exponential. We 
have 

V"=V[1 [R+Zo9n 
(7) 

Consider the term, 

T-( R -Z° 
In 

R +Zo) 

(1 -Zo /R " 

1 +Zo /R) 

If Zo /R«1 this term is asymptotically 
equal to 

2R Zo 

Now define k = 2Zon /R. Substitution 
gives: 

T =[1-1.2 

By definition, as n -°° we have, 

-2Zon 
T=e-k=e 

And therefore: 

Vn =V [1 e 
R 

-2Zon 
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4s Fig. 2 Amopen -ended transmission line. 
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Fig. 3 Comparison of the transmission 
line model 1- (1- 2Z0/R)" in the curve A 

with the lumped model 1- a -2Zpn R in 

curve B, for 2Zo /R = 0.1. 
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Now, after time t, n = V,t /21, where 
V, = velocity of propagation. 

Therefore 

V(t)=V t1e-V`t.ZoJ R 

For any transmission line it can be 
shown that: 

Zo=f if 
1 

Vc 
µE 

CI =/f 
where C1= capacitance per unit length, 
and f is the same geometrical factor in 

each case. The "total capacitance" of 
length 1 of line = l.C1 =C. 

Hence 
V`Z0 1 

IR RC 

and therefore 
V(t) = V(1 -e -t RC) 

which is the standard result. This model 
does not require use of the concept of 
charge. A graphical comparison of the 
results is shown in Fig. 3. 
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Digital broadcasting problems 
THE BBC's initial experiments with digital 
sound broadcasting (July issue, News, p.50) 
have shown that there are major reception 
problems in heavily built =up areas due to 
multipath propagation, according to James 
Redmond, the Corporation's director of en- 
gineering. Speaking on broadcasting deve- 
lopments in his inaugural address as new 
president of the IEE, he said that valleys 
running transversely to the direction of 
propagation from the transmitter can cause 
this kind of problem for people living in the 
valley. The hills on the transmitter side of the 
valley attenuate the direct signal while those 
on the other side provide several strong 
reflected signals. 

It was found that the Tyne valley caused 
this kind of effect in parts of Gateshead. 
When comparing differential p.s.k. and f.m. 
reception while touring that neighbourhood, 
BBC engineers found that d.p.s.k. reception 
was virtually perfect for the greater part of 
the time but was quite unacceptable in a few 

regions when using a receiver with a simple 
digital decoder. Where reception was unac- 
ceptable the receiver muted. After giving a 
comparative demonstration of d.p.s.k. and 
f.m. reception in this region, Mr Redmond 
commented that clearly there was a lot to do 
and they probably would have to try other 
forms of modulation to decide which would 
give the best reliability. The work was only 
just beginning and "it is so unusual for the 
broadcast engineer to find himself with an 
absolutely clean slate in the utilisation of a 
frequency band that the responsibility of 
choosing wisely is a very heavy one. The 
opportunity is unlikely to arise again in our 
lifetimes." 

James Redmond retires as director of 
engineering this year after a long and dis- 
tinguished career in the BBC. He joined in 
1937 as a sound engineer in Edinburgh and 
progressed through the organization, be- 
coming assistant director of engineering in 
1967 and director in 1968. 
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