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The switching analysis of a tunnel diode with a parallel capacitive load is extended to include the cases of stray tunnel diode and lead
inductance. Computed and experimental waveforms are presented and these are discussed using simple analytical models. Some
applications of the capacitively loaded tunnel diode are briefly described.

1. Introduction

The uses of tunnel diodes (td) in modern electronics
as memory elements, pulse shapers, discriminators,
scalers, etc. have been extensively described in the
literature of the last ten years. Scant consideration has
been given, however, to the uses of a td with a capaci-
tive load.

This paper will briefly describe the switching of a
capacitively loaded td and some practical applications
of capacitive loading, The effects of parasitic induc-
tances are described with the aid of computed and
practical waveforms’). It is shown that there are two
distinct oscillation modes which the circuit designer
must consider.

The equivalent circuit of the tunnel diode?) used in
the analysis is shown in fig. 1. The following differential
equations which describe the behaviour of the circuit of
fig. 1 are solved by the Runge-Kutta method®) of
solution using an IBM 1620 digital computer:

do,fdt = (ir—1;)/ C;,

dirfdt = (v —v;){ L,

doyfdt = i JCL + (v~ )R /Ly,

digfdt = (vy—v )/ Ly,

UT = {(LLLTdIm/dt)‘i‘ LLﬂj + LTUL}/(LL-’- LT)‘
The static characteristic curve (i;—v;) of the td is shown
in fig. 2 and this curve is approximated by 65 linear
segments for the computation. The junction capaci-
tance C; at the junction voltage v; was calculated from
the standard equation
cj = Cv(p'd - Vv)*/(Vd_uj)‘}_a

where V, is the diffusion voltage and C, is the junction
capacitance at the valley voltage V.. For all theoretical
results presented C, is 20 pF.

Experimentally, td and load currents were displayed
on the Tektronix 661 oscilloscope by means of the
CT-1/P6040 current probe, and voltages with the
500 2 P6034. The input waveform has a 5 ns rise time,
(cf the td switching time about 2 ns).

2. Simple capacitive loading (R; =0 Q, L; =I=0nH)

Fig. 3a shows calculated switching waveforms de-
monstrating the wellknown increase in rise time and
delay time with load. Assuming C; =~ C,, it is clear that
the simple case is equivalent to unloaded switching
with junction capacitance {C,+C,). Switching times,
then, are proportional to (C,+ Cp). The load pulse
beight/half width ratio is thus approximately propor-
tional to C/(C,+ C)* and is a maximum for Cp = C,
(fig. 3b). The switching trajectories, (ir—vr), in the
i;—v; plane, are shown in fig. 3c. '

An immediate application of capacitive loading is an
approximate method of measuring td valley capaci-
tance. A slow ramp trigger current is used and the td
voltage rise time is plotted against load capacitance,
Cy. If the rise time without load is £, the rise time is
2t, when Cy =C,.
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Fig. 1. General circuit for computations.
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Fig. 2. Static characteristic of tunnel diode junction.
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Fig. 3. Simple capacitive loading (Li=Lr=0nH, RL.=02, :
Din=5.5 mA step, C.=10, 20, 50 100 pF). Fig. 5. Switching trajectories for inputs with finite rise times
(a) voltage transients; {b)load currents; (c) switching trajectories. {Lz=2nH, C.=20 pF). Rise time =0.1 ns (a); 1.0 ns (b).
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The second use of capacitive loading, with which this
paper is primarily concerned, is to conduct part of the
capacitive current generated by switching, from the
circuit via a low impedance path i.e. to form a generator
of narrow Gaussian shaped current pulses. Any stray
circuit inductance will clearly generate oscillations un-
der the effect of switching transients and any practical
circuit will have to take such oscillation into account.
In fact, preliminary investigations of the pulse generator
described later were discouraging due to oscillation in
the output pulse.

3. Stray tunnel diode inductance (R; =0 2, L; =0 nH)

Typical switching waveforms for a step input are
shown in fig. 4. A simplified circuit is proposed as a
model for an approximate analysis. The resistive part
of the td junction is neglected and only C;, Ly and
Cj(~ C,} are considered. A step input, I;,, initiates a
voltage osciliation,

(T;/CL(CLICL) (Hmg)sin(wol),
where

C, = C,C {C,+Cy) and wg = (LyC) %

Analytically predicted and computed oscillation fre-
quencies are within the limits of frequency estimation
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from computed results, at the valiey point. Amplitudes
compare less favourably due to the ignored negative
resistance, (e.g. 20 mV analytical, 25 mV computed at
the valley). It is, however, evident that the oscillation
produced by stray tunnel diode inductance is initiated
by the input waveform. The effect of increasing the
input rise time is shown in fig. 5. Analytically, the
voltage oscillation is predicted as '

(Lia/CL{(C/C L)L {(03T)} sin(wot),

for a ramp input rising at a rate [;;/T, i.e. an input [,
is effectively a step if rise time T< (L{C,)Y, (typically
about 0.3 ns). If input rise times are of the order of a few
ps, a few nH of stray inductance will not initiate this
particular oscillation mode. Some experimental wave-
forms are shown in fig. 6. The large values of inductance
(lengths of straight wire were used) are required by the
5 ns input rise time before any oscillation is apparent.

4. Stray load inductance (R =0 2, L;=0nH)

Once again, some selected transients are shown in
figs. 7 and 8. A simple analytical model, similar to that
in the previous case is considered by assuming a ramp
voltage rise {td switching) across the L; — C; load. The
resulting load current is

)]

Fig. 6. Voltage transients and switching trajectories for finite tunnel diode inductance (T.D. 1N3716, fp =4.50 mA, I, =0.61 mA,
Cy = 19 pF, Im = 5.0 mA, input rise time =5 ps, Cp= 18 pF). Voltage transients: vert. 100 mV/div, hor. 10 ns/div; Trajectories:
vert. 1 mA/div, hor, 100 mV/div; Lr = 240 nH (a), 60 nH (b).
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s00l. (Ly+ Ly)— Cy series combination and it is therefore the
a00l. total series loop inductance which is important.
m"\; 300, 10pff f20rL, /5083 IG0p¢ 1n fig. 11, the step input delay and rise time variations
200l are shown with stray inductance and [oad _capacitance.
100 (o} Delay and rise times are defined, respectively, as the
J times the td voltage takes to reach V, +5{V;— V) and
2 4 & 61012 14 16 18 20 22 24 26 28 asec. to go from that to V;—%(V;—V,). Clearly, the de-
5 ' finition breaks down when there is a superimposed
oscillation. The values shown are for an estimated hy-
r pothetical smooth voltage rise over which the oscilla-
mA tion is superimposed. The use of rise time variation
for valley capacitance measurement evidently gives a
lower than true value and the error is more sensitive
v {mV) 500 to td inductance {about 159, for L; =2 nH).
50 20pt 5. Resistive damping
A logical course of action to reduce load oscillation
ir is to include a series damping resistance. The effect of
mA 5 Q and 50 Q resistances is shown in fig. 12
L 6. Current pulse generators
veimV) 500 . .
. Clearly, the line output of the simple pulse generator
> shown in fig. 13 will be a close approximation of the
_ idealised Gaussian pulse for moderate stray induc-
od tances and input rise times. Typical observed wave-
forms are shown in fig. 15a. Note that the pulse
v W 250 2
Fig. 7. Switching with finite load inductance (Lyr=0nH, RL=01£, i |
I'w=5.5mA step, Ly = 20 nH, Cr.= 10, 20, 50, 100 pF). mA
(a) voltage transients; (b) switching trajectories; (¢) load currents.
3
i 2
Cu(V/T) {1 —cos(wet)}, mA |
where wy=(L,Cy)”*and V/Tis therate of td switching.
However, because the junction voltage is itself affected °t
by the oscillation, the estimated analytical resuits are 8
. not expected to compare favourably with the more i T
detailed computer calculations. Fig. 9 shows computed mA 6
load currents for three input current ramp step rise St
times. The basic pulse shape is not greatly dependent 4t
on the output waveform except where this affects the 3t
delay and rise times of the junction switching. Practical 2L
waveforms are shown in fig. 10 for direct comparison [
with the theoretical results. P\ W 1O PO A Y A L
The effect of L, has been shown to be negligible for 274 5 BUD fefaliy Ta Vaozz 2426 29 30
practical purposes, {(more correctly the oscillation mode TIME {nsec)
previously discussed is negligible), and L, (i.e. the pre- ()

sent oscillation mode), dominates the oscillation ob-
served in practice. As far as the present oscillation

mode ts concerned, the switching source looks into a Fig. 7. (o).




250 J. E. MORRIS ef al.

500
400
r:{, 300 1nH
200 ___.10 nH
20nH
100 -===50nH )

L [ Lt 1)
I 2 3 4 5 6 7 8 9 10 Il 12 I3 nsec

4 LAY —— I nH

i e — —CnH
3 U = T eonH
il ———=50nH

5 InH 5 onH |
ir iy
mA mA

)
vimV) 500 (¢} vT(mV)/ 500
20nH 50 nH
5] 5
it ir
mA mA
V7 (MV] 560 V{mVT 500

Fig. 8. Switching with finite load inductance (Lr=0nH, RL.=0 0o,
Iin= 5 mA step, Cr. =20 pF, Lr=1, 10, 20, 50 nH).
(a) voltage transients; (b) switching trajectories; (¢)load currents.
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Fig. 10. Switching with finite load inductance (T.D. IN3716,
L=450mA, Ir= 0.61 mA, Cv=19pF, In=>50 mA, input
rise time = 5 ns, L = 20-25 nH).

M /‘\ (a) voltage transient and 1oad current (Cr= 6 pF;
g U‘é s e N vert. 200 mV;"dw and 0.4 mA/div, hor. 2.5 ns/div);
TIME (nsec) (b) voltage transient and load current (CL= 18_pF,
: vert. 200 mV/div and 1 mA/div, hor. 5 ns/div);

Fig. 9. Effect.iof imput rise time on load pulse (Lr=0nH, (c) voltage transient, load current and switching trajectory:
Li=20nH, Ri=0£, Crn=Cy=20pF, In=355mA ramp {Cr = 100 pF, vert. 200 mv/div. 4 mA/divand 1 mA/div,
step, input rise times = 0.1, 5.0, 20 ns). hor. S ns/div and 100 mV/div). :
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Fig. 11, Delay time and rise time variation
(Re.=0£, In= 3.5 mA step),
with Co{lr=0nH, Lt=2nH; L1.=0nH, Ir=0nH;
Ly =20nH, Lr=01nH);
with Lg(Cr. =20 pF, Lr=0nH);
with Lr(Cy =20 pF, L1.=0nH).

4T
Ca
3 S0
iL
(mA) 2} 500

1 1
36 38 40 42 44
TIME (nsec)

Y .
6/ 48
Fig. 12. Effect of resistive damping (Lr.=20nH, Lt= 0nH,

CLo=Cv=20pF, In=>55mA ramp step, rise time=40ns,
RL=0,3,502).
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Fig. 13. Simple pulse generator.

height/half width ratio is no longer a maximum for

" Cp=C,. Pulse height is, of course, reduced and half

width increased by the series resistance, but these effects
are offset, more or less, by residual circuit oscillation
which may also cause some overshoot. -

Such a circuit has extremely limited application by
virtue of the td inherent bi-directionality and lack of
isolation of output from input. Isolation is provided by
the circuit shown in fig. 14 with the necessary damping
resistance included. The emitter input impedance,
which the td sees, is low, but the collector impedance,

Iin o
8. . 8/
SZ 50n§
{ 50a
500
= -4V -

Fig. 14. Tunnel diede — transistor pulse generator.

looking back from the output, is high, providing good
isolation. Note that the transistor is turned on at all
times and the bias current I, has to be greater than

(Ip - IV)CLII(CL + Cv)’

in order to maintain this condition when the td resets.
Ideally, the 3.5 V across the collector-base junction
keeps the transistor out of saturation and the base cur-
rent low so the entire load pulse is transmitted to the
output circuit. This is only true for transistors with.
cut-off frequencies much higher than the pulse fre-
quency. When the td switching time is of the same .
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Fig. 15. Pulse generator output waveforms {T.D. 1N3716,
L =48mA. [,=08mA, Cv=23pF, CL=22pF, RL=472,
input rise time = 5 ns, input amplitude (1) 5.0 mA, (2) 5.5 mA,
(3) 10.0 mA, vert. 1 mA/div, hor. § ns/div].
(&) simple pulse generator; (b) tunnel diode-transistor pulse
generator.

order or less than the transistor base charging time
then there is significant pulse amplitude loss and, (con-
sidering the high frequency grounded base equivalent
circuit of the transistor) pulse spread in the effectively
inductive collector. So the speed limitations on the
circuit are provided by the transistor cut-off frequency.

Typical waveforms shown in fig. 15b are for the 1N3716
td (switching time about 2 ns) with a 2N976 transistor
(fr about 900 MHz). The circuit has operated success-
fully with monostable (unjvibrator) biassing of the td.
Faster td’s {1N3857, 1N3858) requiring larger damping
resistances to offset the effective inductance of the
transistor, tend to spread the pulse.

7. Conclusions

Oscillation effects in capacitively loaded td circuits
fall into two categories. Provided trigger currents are
not too fast, only one mode is observed and may be
minimised by 1educing the total series loop inductance
and by the inclusion of damping resistance. These pre-
cautions are included in the construction of a simple
generator of narrow current pulses.

The limitations of the present treatment require some
comment. The immediate object is to illustrate the type
of effects encountered in capacitively loaded td circuits
and to demonstrate the feasibility of such simple cir-
cuits as generators of narrow current pulses. In the
same way that consideration of inductive effects on

resistive loading led to the development of the separa-

trix concept and stability criteria, so a more detailed
examination of inductive effects or capacitive loading
may necessitate modification of triggering require-
ments, bias point stability, transient responses to short
trigger pulses, etc. Development of the pulse generator
similarly requires detajled consideration of the tran-
sient response due to the transistor equivalent circuit
and effects of transistor cut-off frequency and propa-
gation time. The negative output pulse produced when
the tunnel diode resets may be undesirable in some
applications and its elimination or suppression has to
be considered.

The work described above was carried out in the
Department of Physics, University of Auckland with
financial support from the N.Z. Universities Research
Grants Committee. The authors gratefully acknow-
ledge the assistance of Mr. P. M. Fenwick with the
computer programming.

References

1y 3, E. Morris, M.Sc. Thesis (University of Auckland, 1967).

2) 1. B. Earnshaw, Ph.D. Thesis (University of Auckland, 1966).

8) J, Singer, Elements of numerical analysis {Academic Press,
1964).



