
WIRELESSWORLD DECEMBER 198'

Displacement current

A field theory approach

by Lawrence A. Jones, M.Sc. (Eng.)

A study of a capacitor as a

transmission line by Catt, Davidson
and Walton in the December 1978
issue contains, in the author's

opinion, inaccuracies, mainly due to
the subject being treated as a circuit

theory. This article presents an
analysis from a field theory viewpoint
and shows the importance of the
concept of displacement current.

Displacement current is perhaps one of the

most difficult field theory concepts and it

has been suggested'* that Maxwell de-

veloped it by direct analogy with his equa-

tion

It must be borne in mind, however, that

this analog)' fails when the forces on
moving charges are considered. Displace-

ment current is a necessary consequence of

Coulomb’s law when charges change with

time, and the electric field becomes non-

conscrvativc.

The fundamental point of Coulomb’s

law is that this force is transmitted through

any medium, i.e., space is just as real a

medium as a metal. Consider Coulomb’s

law:
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In Fig. 1 we have two conducting

spheres. Sphere A has a fixed charge while

sphere B is connected to ground. As long

as both spheres are stationary there will be

a constant force exerted by A on B and

vice-versa. Let us now start moving sphere

A towards sphere B. For simplicity wc will

consider changes of force in the v-dircction

Fig. 1. Two conducting spheres. As long as
both spheres are stationary there will be a

constant force exerted byA on B and vice-

versa.

only, using the following formulae:

3Ey 1 3 •—£ =
at 4<te9 a/

4jie„ Is/
y

2~?2 2y~*

therefore:

S/)
-V = ifjft -2

3/ 4.1^ dt
*

Thus, if the electrostatic energy in the

electric field changes, the energy change

has to manifest itself in some way. It does

so by producing an external flow of current

in the conductor connected to sphere B

.

It is important to realize that this

displacement current does not have the

significance of a current in the sense of

being the motion of charges. After all, free

charge cannot exist in free space, and

hence, there cannot be a force proportional

to

on the displacement current in empty
space. In order to examine the effects of

time-changing electric fields three
examples will be considered.

For the first example it is required that

the charge on a conducting sphere be mea-

sured by discharging it on to a large

conducting plate connected to an oscillo-

scope. The resulting voltage pulse is mea-

sured and, since the input capacitance of

the oscilloscope is known, the charge on

the sphere can be calculated. When the

resulting pulse is measured and the charge

calculated, a serious discrepancy is found
to exist between the actual charge on the

sphere, which may be found by direct

measurement in a Faraday cage, and the

charge measured on the oscilloscope; the

explanation is interesting.

The energy stored in the electric field is

given by
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As the sphere approaches the plate, the

volume of the field is decreasing, so the

energy stored in the field has been re-

duced; but where has the energy gone? As
the sphere approaches the plate more nega-

tive charge is induced on to the plate and

thus more positive charge will flow to

ground. At the instant of discharge a pulse

is registered on the oscilloscope. This

pulse is simply the charge that has not

been neutralized by the induced charge on

the large conducting plate, i.e., if there

was originally +10nC on the sphere and

only -8nC induced on the plate then

~2nC would flow into the oscilloscope,

hence the discrepancy.

Oscilloscope

Fig. 2. The set-up used for explaining the

discrepancy between calculatedand
measured electrostatic charges.

The method illustrated in Fig. 2 was

used to confirm this theory'. In this set-up

an extra electrode connected to the oscillo-

scope's second channel is inserted through

a hole in the conducting plate. A protective

sleeve insulates this electrode from the

plate. Once again the sphere is brought

towards the plate but is now allowed to

discharge onto the needle. In this case,

only — InC has been induced on the needle

so consequently, +9nC will flow into the

oscilloscope. The positive pulse measured

on the oscilloscope will be almost equal to

the charge on the sphere. Similarly, when
the discharge occurs, the -8nC induced

on the plate will be released since the

electric field has collapsed. A pulse of

-8nC will be measured on the second

channel of the oscilloscope.

The consideration of a capacitor as a

transmission line has been discussed* in

the proposal that displacement current is

erroneous. Consider the capacitor in Fig.

3(a): at time r = 0 the switch is closed and
the capacitor starts to charge. A capacitor

cannot charge up instantaneously: it will

start to charge with the formation of field

line ab, then cd, ef, etc. I lenee, the initial
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current flow, ij, will be

This current flows until field line ab is

formed. At a time t seconds later, a current

>2 will flow shown by

*2 =

establishing field line cd and so on. Figure

3(b) shows this diagrammatically.

From the above explanation it may be
deduced that the transmission line capaci-

tor is in effect an infinite number of small

capacitors. I would suggest that this is the

reason why it has never been possible to

measure inductance in a capacitor, because

each capacitor will acquire an infinitely

small charge. Obviously this very small

amount of moving charge will have an
associated magnetic field, but this field

will be so weak that it will be undetectable,

hence the absence of inductance in a capa-

citor. It is important to realize that this

situation can only arise in a capacitor, be-

cause all the applied electrical energy is

used in establishing an electric field.

In a standard transmission line with a

resistive load the situation is somewhat
different. The conductors are spaced well

apart from each other so the electric field

will be negligible and all rhe electrical

energy will be transferred into the load. In

this case electrical energy is transported

from one point to another, whereas in the

case of the capacitor the energy is distri-

buted over a large area. Inductance now
becomes important as a constant time-

changing current will produce a changing

magnetic field, i.e.
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or in circuit terms,

Fig. 3. As a capacitor does not charge up
instantaneously, it can be considered to

charge up beginning with the formation of
field ab, then cd, etc.

Fig. 4. After switch S of 4(a) is dosed, 4(b),

4(c) and 4(d) show the charge distribution

for charged/uncharged capacitor pairs of
various values. Simplified circuits for

measuring capacitor discharge are shown
in 4(e) and 4(f).
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Finally, in considering the effects of

displacement current, it is worth discus-

sing the problem of a charged capacitor

being connected to an uncharged capacitor

(see Fig. 4) and the mystery of where the

‘missing' charge gccs
?

. The usual explana-

tion is that the closure of the switch ini-

tiates the transfer of energy, producing an
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Fig. 5. As spheresA and B of 5(a) move
together, af/at will change with time on the

outer fringes until the total field is uniform
as shown in 5(b), resulting in an increase in

capacitance between spheres A and B.

oscillation of charge between the two capa-
citors which finally decays to a steady

state.

Consider these two equations for the

charge and energy in a capacitor;

Q = CV and E = \
t

L G

It is accepted that the charge remains the

same before and after the discharge, as can

be proved by experiment, but

and

Bi 1 <t

2 C

Ei -I 1 **

2 2 C
which would imply an energy loss.

A more thorough study of the equation

for the energy stored in a capacitor pro-

vides some interesting information. The
total energy stored in an electric field is

A parallel plate capacitor is an approxi-

mation of a true field, which is represented

bv two infinite spheres. There arc two
ways of increasing the capacitance value.

One is to move the two spheres closer

continued on page 81
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lator. The v.c.o., a type of relaxation oscil-

lator, is essentially a variable constant-cur-

rent source charging a small capacitor.

When the voltage reaches a preset value, a

comparator causes the capacitor to be

discharged. The output of this oscillator

takes the form of narrow pulses ranging

from 100kHz to 25MHz.
A four-bit counter, reset and enabled by

the clock oscillator, counts the pulses from

successive cycles. The outputs are com-

pared by a four-bit digital comparator.

This forms the output-data stream. Auto-

matic clock phasing is achieved as des-

cribed, an error signal resetting the two

dividers that produce the data rate clock.

Two clock phases are provided for use in

the sync, sequence detector described

later. A.c. coupling is used to simplify the

design.

Serial-to-parallel conversion

The output from the s.p.l. decoder is a

serial stream of n.r.z. data with a two-

phase clock. The next step is to convert the

data to ten-bit words with a ‘word clock’ to

signify the presence of a new word. A
further useful signal generated at this point

is a data-valid level, indicating that the

available data is true h.r.p.l. It is easy to

divide the serial-bit stream into ten-bit

words using a counter, but the problem is

to divide the stream at the correct point so

that the bits arc correctly located in the

word. The h.r.p.l. (high-resolution picture

transmission) format contains a synch-

ronizing sequence, consisting of six words,

which divides the data up into blocks of

11090 words long. These blocks are called

frames and Table 1 shows the structure of

one data frame. Six arc transmitted every

second, each containing the information

from one line scan of the radiometer and

telemetry. The telemetry is updated at a

different rate, but this may be ignored.

Information from the five spectral

bands is multiplexed sequentially so

further processing is required later to iso-

late one speccral-band image. The space-

craft at present in orbit carry a four chan-

nel radiometer so the data in channel 3 is a

repeat of channel 4. Future spacecraft will

carry all five channels.

Sync, detection and word
framing
In order to locate the sync, sequence

within the serial-bit stream, it is passed

through a shift register, clocked at the data

rate. After each new bit is entered, the

outputs arc cheeked for the sequence.

Ideally the register should be sixty bits

long and each bit should be correct before

the sync, flag is raised. However, this re-

quirement can be reduced to say 24-bits

but with an increased chance of picking up

a false sync, signal. Because there are also

errors in the data, the chance of picking up

24 out of 24 correct is better than 60 out of

60. Although other solutions are possible,

24-bit shift registers are easily constructed

and the detection circuit is simplified.

Suppose the detector is set to find the

last 24-bits of the sequence. When the flag

is raised it means that the contents ofword

six arc located in the ten bits of the register

nearest the input. 'Phis frame-sync, flag

can be used to reset a decade divider

which, when in its zero State, indicates the

presence of a new 10-bit word. When the

next complete word is available the coun-

ter will again have reached zero, thus di-

viding up the bit stream. The counter

should stay synchronized but if through

clock loss it does not, it will be corrected

by the next sync . flag 1 1 090 words later

.

The lrame-sync. flag can also be used by

the data-handling computer to indicate the

Displacement current
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together, causing the charge co move (via

the displacement current) as shown in Fig.

5. This method uses much electrostatic

energy as the masses of the electrodes arc

very large compared with the mass of the

charge. The weight of 0.02 coulombs is

1.13Xl0"Bkg.

The second method for increasing capa-

citance is to transport the charges by a

conduction current. This method is much

more ‘energy efficient’ as the only losses

are those associated with the collision of

the charges with ions. Resulting ohmic

losses are negligible in short capacitor

leads.

The author disagrees with the

previously mentioned oscillation explana-

tion, despite the fact that the differential

equation lor a discharge can be very com-

plex
1

,
and asks why the same charge is

measured before and after the switch is

closed? If the circuit did oscillate, the os-

cillation would obviously decay and the

charge would be neutralized by recombi-

nation with an equal and opposite charge,

with the liberation of heat. Secondly, since

the capacitors arc in parallel, the charge

density will be the same. Consequently,

once the charge has redistributed itself, the

system will be static.

Finally, it is worth considering the mag-

nitude of current that would have to be

present if energy was to be temporarily

"stored in the inductor. For example, con-

sider a capacitor of 5000pF connected to

another of a similar value. Let the voltage

be 10V. The energy stored in the capaci-

tor, E. can be found by

E = ^CV2 = 0.25 joules

If half this energy were to be stored in an

inductor with very short leads of lpH,

then

0.125J = 4*10-6x/2

so /is 300A.

start of a new image line. If the data is very

noisy, some sync, sequences will be missed

and so the presence of valid data is signi-

fied bv regular sync. If the computer also

uses this flag to avoid a software word

search, its presence must be guaranteed, so

a second signal is generated called g sync.,

synchronized to the frame sync, (f sync.)

by a similar reset counter method.

Fig. 15 shows a practical serial-to-

parallcl converter. Some of the circuit uses

t.t.l. and some c.m.o.s. This change mid-

way through the circuit was made so that

an existing computer interface could be

used but t.t.l. may be used throughout if

convenient. The 10-bit words at the sluft

register output are only valid during the

word-clock pulse; if there is a possibility of

delay before collection by the computer, a

latch should be used.

This completes the data decoding part of

the system. The outputs comprise:

- 10 parallel-data lines

- 1 word clock at word rate (66.54kHz)

- 1 data-valid signal

- 1 frame-sync, pulse at line rate (6Hz)

Digital data must be processed and

turned into images and the method used

will depend to a great extent on the re-

sources available to the constructor.
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Conclusion

The energy equation for a capacitor as-

sumes that any change is brought about by

letting the field do the work. Charge can-

not be created or destroyed, although

equal amounts of positive and negative

charge may be simultaneously created, ob-

tained by separation and lost by recombi-

nation.
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