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Introduction
In this paper I am going to present the application of the Transmission Line Matrix modelling
method to a numerical simulation of the ballistic bridge in what I hope is a tribute to two
individuals, Arnold Lynch and Peter Johns.  There are several driving forces behind this work.
One is the investigation of the development of concepts - in the 1850s William Thomson was
lauded as one of the few who could understand and apply Fourier techniques.  How would things
have been if he had the insights that we now have?  Another motivation is merely showing that it
is possible and the third, and for me most important is the need to address some unfinished
business.  Marshall Killen, who had spent his career as an electrician with Western Union at their
Azores cable station suggested to this author that had he been let loose he could certainly have
achieved an artificial line on the inductively loaded telegraph cables; with one exception (the
graded-loaded cable) these were operated simplex.

The paper will start with  brief resumés of the theories of the ballistic galvanometer and the
ballistic bridge. This will be followed by an introduction to TLM modelling.  The use of insight
could be seen as a retreat from the Maxwellian approach and a revisitation of the Faraday view
of the world.  The paper will make use of material that was presented at previous history
meetings.  At our 2001 meeting Arnold Lynch [1] gave a talk on the ballistic bridge which
inspired this work.  The pity is that it was never written up as a paper in the Proceedings.
Readers may also find this author's paper on the history of numerical modelling [2] as a useful
supplement to this work.

The ballistic galvanometer
The ballistic galvanometer was a device with a long period of vibration, so that it could be used
to measure the quantity of charge.

Q =
HT sin α / 2( )

πG
(1)

In this expression T is the period of vibration, G is the field created by a unit current (a constant
for any galvanometer).  H is the strength of the field in which the needle swings.  α is the
maximum amplitude of the first swing.  Thus if a light spot on a screen located D units from the
galvanometer mirror is deflected by d units, then the quantity of charge is given by
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λ  is a damping constant and K is a constant of the galvanometer in its experimental
surroundings.



The Ballistic Bridge
The DC balance conditions are insufficient when we come to making bridge measurement
involving reactances.  The above theory notwithstanding, in the applications described below the
ballistic galvanometer serves the dual function of obtaining a DC balance and noting when there
is a reactive imbalance, revealed by a kick when the supply is switched on or has its polarity
changed.  The deSauty bridge (figure 1) is an early example where a ballistic galvanometer was
used for this purpose.  In this case balance is achieved when RC time constants are matched

R1C1 = R2C2 (3)

Figure 1 Scheme for a deSauty bridge.  The response of the galvanometer to changes in polarity
are monitored and balance is obtained when the RC time constants of the two arms are equalised

Figure 2 shows another bridge where we can switch in and out the reactances so as to get DC
balance and a 'no-kick' condition.  In this case the reactive components can be switched out or
we can wait until the transients have passed.  We then have a DC balance when
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Once the non-reactive components of the bridge have been balanced we switch the supply and
monitor the response on our ballistic galvanometer.  The reactances are balanced when the
galvanometer does not 'kick' at the instant of switching.  This 'no-kick' condition when occurs
when
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Figure 2 Bridge for measuring unknown inductor using known capacitor (or vice versa).  Note
the use of series RL and parallel RC at opposing quadrants.

TLM models for lumped electrical components
My paper, presented at the Birmingham meeting to launch the History PN [2] was probably a
response to a disagreement that I had with Ivor Catt after his paper at our Norwich meeting [3].
It was also a tribute to the second of my pioneers from PO Dollis Hill, Peter Johns, who
essentially did the same thing as Catt.  However, whereas Catt used Heaviside excitation, Johns
used delta pulses which meant that different parts of the sampled signal train did not interact with
each other.  The picture shown below (figure 3) is an example of applying this method to sound
propagation in the presence of a temperature inversion.  The inhomogeneity in sound speeds is
subsumed by Johns' ingenious incorporation of 'stubs' a concept that he borrowed from his work
as a microwave engineer with the Post Office.

Figure 3  (top-right) Inhomogeneous acoustic propagation due to a meteorological temperature
inversion. (top-left) Indication of inhomogeneous sound speeds which are  modelled in TLM
using 'stubs'.  This bottom picture shows the sound amplitude at ground level and explains why
we can often hear sounds from considerable distances on a cold morning.



We must now introduce some theory, indeed, the only really heavy duty theory in the paper.  If
we have a transmission line (characteristic impedance Z0) of length, l terminated by a load, ZT,
then if we look in (figure 4) we will see an apparent impedance given by

 

Z(l)
Z0

=
ZL + Z0 jTan(βl)
Z0 + ZL jTan(βl)

(5)

Figure 4 The apparent impedance which a terminating load presents when viewed through a
length of transmission line

If ZL = ∞, i.e. an electric open-circuit

 
Z(l) = Z0

jTan(βl)
=
Z0

jβl
 (if βl is small) (6)

It can be shown that 
 
Z(l) = 1

jωC
 (the line appears as if it is a capacitive reactance).

Similarly, if ZL = 0, i.e. an electric short circuit, then  Z(l) = jωL  (an inductive reactance).

Another of John's great insights was to use stubs just like these in place of reactive components
in real circuits [4] see figure 5.  In his definition a stub was of length Δx/2 so that it travelled
from one end to another during Δt/2.  It is reflected in phase (in the case of an open circuit) or in
anti-phase (in the case of a short circuit) and arrives back to the observer after a further Δt/2.
The value Δt is the sampling interval.

figure 5  A resonator and its TLM circuit analogue comprising one short-circuit and one open-
circuit transmission line stub



So, let us imagine that we wanted to model the response of an LR circuit to a step change in
voltage, we would need to start with the Thévenin equivalent circuit, whose origins require a
little explanation.  We are dealing with pulses and everything depends on the position of the
observer.  In figure 6 we see observers at the pulse and at the end of an open-circuit terminated
line,

Figure 6.  Two viewpoints (internal and external observers) of what is happening to an impulse
travelling along a transmission line

So far as the impulse is concerned it has an amplitude V and is travelling in a medium of uniform
impedance, that is until it is shocked to discover that the line is finite and the termination is open-
circuit (middle panel).  At this point the amplitude becomes 2V as it undergoes total reflection.
After that it is perfectly happy and returns with amplitude V, as if nothing had happened.  The
external observer knows that the line is finite but it the first panel it can see nothing.  Only at the



instant of arrival of the pulse (the sampling instant) does he/she see 2V and thereafter, nothing.
So, so far as the external observer is concerned he/she is looking at a line of short-circuit
impedance, Z and open-circuit voltage, 2V.  This is the Thévenin equivalent that we use.  Armed
with this we can return to our LR circuit and figures 7(a) - 7(c) shows how we evolve a circuit
that is suitable for our computer-based numerical analysis.

Figure 7  The evolution of a TLM analogue model from the original circuit (a), through the
intermediate involving a stub replacement for the reactive component (b), to the Thévenin
equivalent which can be easily analysed (c).

The current through the circuit in figure 7(c) at the k-th sampling instant is

k I =
Vs − 2 k

iv
R + Z

(7)

The voltage at the intersection between the resistor and the 'inductor' is

kVL = 2 k
iv + k IZ (8)

This is also the voltage which appears across the transmission line at the sampling time k.  We
can also view this as superposition of the incoming pulse k

iv  and the scattered pulse k
sv .  From

this we can calculate the scattered pulse

kVL = k
iv + k

sv     or    k
sv = kVL − k

iv (9)

This signal travels to the short-circuit termination during Δt/2.  On arrival it becomes inverted
and returns to the other end of the transmission line.  So we have that the pulse which is incident
at the new time is



k+1
iv = − k

sv (10)

Out TLM algorithm then comprises the repeated application of equations (7) - (10), and if we
were to plot the current kI against k we would obtain an exact replica of what would be obtained
from an analytical solution

TLM model of a ballistic bridge
The circuit arrangement that we will consider is the generic inductive bridge that was considered
by Lynch [1] as shown in figure 8.  The balance conditions are

 DC balance when R1
R2

=
R3
R4

(11a)

'no-kick' condition when L1
R1

+
L4
R4

=
L2
R2

+
L3
R3

(11b)

Figure 8  The ballistic bridge arrangement considered by Arnold Lynch in his 2001 paper

In our model we decide on a reasonable unit of time-discretisation.  We might consider a value at
least one tenth of the smallest L/R.  The value of the impedance for the i-th inductance is given
by

ZLi
=

Li
Δt / 2( ) (12)



In our model we will start by taking one side as shown in figure 9(a) and, using the Thévenin
circuit (figure 9b) the objective is to determine the value of Va.  The analysis is exactly the same
as that used in eqns (8) - (11).  We then repeat the same process for the other side of the bridge to
obtain Vb.  If we knew the resistance and inductance of the galvanometer windings then we could
use (kVa - kVb) as a source for a further TLM model which would give us kIG, the instantaneous
galvanometer current.  However, we will not pursue this as this involves instrument specific
properties which I do not have.  Accordingly we will demonstrate some results for voltage
difference across the galvanometer.

Results for the simulation
In the computer model which has been used no external signal is applied for the first 400 time-
steps.  At that point a potential of 100V is applied and the behaviour of (kVa - kVb) is monitored
thereafter.  We will consider cases where the bridge is in and out of balance for DC and reactive
conditions

Case I R1 = 25 R2 = 20 R3 = 60 R4 = 40
L1 = 40 L2 = 0.1 L3 = 100 L4 = 100

Both in-phase and reactive components are out of balance, but the DC imbalance dominates .
We do not see any 'kick' voltage presented to the galvanometer



Case II R1 = 20 R2 = 20 R3 = 60 R4 = 40
L1 = 40 L2 = 0.1 L3 = 100 L4 = 100

Both components are out of balance, but the reactive 'kick' is quite evident

Case III R1 = 30 R2 = 20 R3 = 60 R4 = 40
L1 = 40 L2 = 0.1 L3 = 100 L4 = 100

DC component is in balance, but the reactive component is not



Case IV R1 = 30 R2 = 20 R3 = 60 R4 = 40
L1 = 40 L2 = 40 L3 = 100 L4 = 100

DC is balanced and the imbalance in the reactive components is much reduced

Case V R1 = 20 R2 = 60 R3 = 30 R4 = 90
L1 = 40 L2 = 60 L3 = 90 L4 = 180



Discussion
The case where R1 = R2 = R3 = R4 = 10, L1 = L2 = L3 = L4 = 20 was omitted because there is a
totally  unexciting zero response for all k.  However, although the results for Case V do not look
very promising in terms of balance, this is deceptive.  The truth is that the area enclosed by the
negative curve (equivalent to a negative charge) is identical to the area under the positive curve.
So long as the response time of the ballistic galvanometer is slow by comparison to these
transients then there is indeed 'no-kick'.

This paper could have been presented at many levels of abstraction.  I have chosen one which
attempts to show how our perception - our over-reliance on the Maxwellian approach has
hampered the evolution of an insightful (Faraday) approach which is particularly amenable to
computer formulation.  We have been able to demonstrate this in our analysis of an historical
electrical measurement system.  The outcome for a general reactive balance (Case V) was
perhaps unexpected and provides ideas which we might utilise in reaching our ultimate goal.

Figure 9 Ocean cable duplex circuit

Patrick Strange's paper on the history of the artificial line [6] remains a key document in this
enquiry.  It can be seen from the circuit arrangement presented above that a submarine telegraph
cable with electrical properties which can only be surmised from an end (as in figure 9) is
amenable to our treatment.  I conjecture that there are many arrangements of artificial line that
will give a balance.

Loaded cables represented a considerable technological advance, but the people at the time were
convinced that they could not be operated duplex.  Of course, our knowledge of transmission
lines and electromagnetic theory has advanced since that time.  For instance, we know that any
impedance can be matched by means of a 3-stub tuner, so it should be possible.  However, if we
were to create an artificial line for an inductively loaded cable, I conjecture that unless it was a
perfect match in all respects, we would get a reactive balance similar to case V and this could be



misinterpreted as an incoming signal.  However, returning to the case of the 3-stub tuner used in
microwave engineering, we know that the local electromagnetic patterns are quite confused and
the match is only perceived at some distance from the tuner. By analogy, I suggest that a piece of
conventional cable at the end of the loaded cable and the equivalent RC ladder network in the
artificial line could have acted as 'low-pass' filters which might have ensured a balanced system.

So, in conclusion, Marshall Killen was probably not correct in his conviction of being able to
balance an artificial line for a loaded cable.   On the other hand, the theory presented here
suggests that Western Union's graded-loaded cable was probably an overkill.
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