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ABSTRACT

This report represents the work performed under Phase
I of the contract. The object of Phase I was to determine a
reasonable design philosophy and to conduct preliminary investi-
gations to verify the soundness of the design approach. Under
Phase I, studies were limited to techniques and components which
could be suitably incorporated into dynamic switching circuits
utilizing semiconductor diode logic and vacuum-tube power de-
vices. Conventional transformer designs are being considered
to obtain the necessary impedance transformations.

The remainder of this report contains a discussion of
the design philosophy which is being followed in the development
of high-speed switching components. This is followed by descrip=
tions and results of component tests which have been made. Also
included in this report is a description of a promising circuit
configuration utilizing diode logic and a cascode power amplifier.
The report is concluded with a brief outline of the direction of
future effort.

OBJECTIVE

The object of this program is the engineering develop-
ment of a basic set of switching elements which may be used to
fabricate certain specific logical configurations. It is de=-
sired that the circuitry developed be capable of operating at
switching rates which are an order of magnitude greater than
rates presently employed in conventional digital switching cir-
cuits. This implies that the circuitry must operate effectively
at a switch rate of 10 mc/sec. Another objective of the program
is the determination and clarification of basic limitations of
the component parts of the circuitry.

iv
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DESIGN PHILOSOPHY

It is almost impossible to design high~speed switching circuitry on a
hitwor=miss basis. This is due primsrily to the inadequacies or limitations of
‘the basic elements. - None of the‘basicf91ementsnﬁdiodes, tubes, transformers,
etc,wuare'perfecta The successful circuit design must function correctly in
spite of these basic difficulties. The task of the circuit designer is the
optimization of the circuit design so that the best possible performance is
_ebtainEd, In other words, the designer must be acutely aware of the limitaw
tions of the basic component, and the design must account for these limitations.

Component limitations are the primary factors governing the specificas
tion of the besic design philosophy. Let us then begin the discussion of de~
sign philosophy with & short explamation of the component limitations.

-Perhaps the worst limitation arises from the capacitance associated
with the bagic components. All components such es tubes and dliodes have shunt
‘capacitance between elements. There also exists additional capacitance in the
form of stray capacitance due to wiring. In order to produce a voltage pulse
at a given point, it is necessary first to charge the capacitance at that point,
An exemination of a typical dynamic circuit configuration would reveal that
capacitance is charged from three components, diode getes, tubes, or trans-
formers. The gates and the tubes will approximate constant current generators
while the output from the transformers approximates a constant voltage genera=
tor. With a constent current generator the effect of capacitance is obtained
from the following equations: ‘

e = 1/C f”t,idt‘

Q
1f 1 = 0,£<0
1 = I,820
then
<0 o ohe = I/C At .

The ratio of Ae/At is determined by the ratio of I/C.




—— The University of Michigan «s Engineering Research Institute

As a basge, consider the standard onesmegacycle dynamic circuitry
used in the SEAC, MIDAC, and various other computers. The goal is to increase
the operation speed of this basic circuit by at least a factor of ten. Can
the capacitance at the various critical points be decreased by a factor of ten?
The enswer is obviously mp. It is apparent that the capacitence which pres-
‘ently exists cannot be substantially reduced. Some small reduction of capacis-
tance is obtainable if more direct wiring is employed. . However, this reduction
may be nullified if the tube selected for the power amplifier has greater ine
terelectrode capacitances than the 6AN5

'Nextvlet us congider the effects obtained if the circuit action is
speeded 'up by increasing the available charging current I. If perfect diodes
were avalleble, this would be a feasible solution, except from the viewpoint

~ of power dissipation. However, presently available diodes suffer undesirsble
trensient effects during the switching interval. In perticuler, the transient
recovery of diodes from comduction to nonconduction must be given serious
study. The diode does not recover imstantly, due to the existence of the
winority carriers in the diode at the time of switching. The diode is not
switched until these carriers have diffused out of the active diode region.
The number of carriers found in the diode at the time of switching is propor=
tional to the magnitude of the forwerd current. Thus, for any given diode the
fastest recovery time is obtained with the minimum forward curremt. The re-
covery time will roughly increase in proportion to am increase in forward
current. - Preliminary studies have indicated that back recovery effects are not

- as serious as might first be expecteds Even so, it is still important to obe
tain fast recovery times. This means that only small increases in charging
current can be obtained. The increase in cherging current will never approach
an order of magnitude. '

 One consideration remains. If the voltage Ae is reduced, a faster
operation can be achieved. This means that a gate designed to give a 10-v
pulse at 1 mc/sec should funection adequately at 10 mc if the voltage swing is
reduced to 1 v. This is the desired lowwcurrent gate. The reduction of the
gate~voltage swing must be accompanied by a propertional increase in the gy of
the power amplifier tube. In the MIDAC 1 me/sec circuits the 6ANS tube has an
effective gy, of about 7000 pmhoss A MIDAC gate structure operating at 10
‘mc/sec requires a pentode-type tube with a gy of 70,000 umhos. It is possible
with existing tubes to achieve a gy of 50,000 pmhos.

Let us now examine in gomewhat more detail the effects of gy and
gate~voltage changes on the performence of a dynamlc switching circuit.

A trensformer of optimum design will deliver a secondery current of
magnitude ' A
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‘where
,-'I'_P is the primary current,

CP is the capacitence seen at the primary,

E, is the magnitude of the pulse from the Secéndary,

T 15 the rise time desired,

;gtis the current required for one gate drive, and
N is the maximum parmiésiblemnumbér of gate drives,

.Now
IP = g_m Eg y

where Eg;is the grid swing.

The loss occurring in the gating can be accounted for by setting

Eg = A E, A<1.
\Eg may also be expressed in terms of current and capacitance:
BI,T
Cg
where v :
Cg is the capacitance seen by the output of the gating circult, end
B is the efficiency of the gating configuration.
Combining the previeous formulae yields
2 12 13
N = ﬁm___.__._
-th Cg
or
M2 T2 §
N = i s
where gm }
M = — , a flgure of merit, and
NCp Cg

i ’ ‘

E = AB, the gate efficiency defined as the product of the gate=
structure current and voltage-transfer ratios. -
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For the purpose of illustration assume

T = 1078 see,
E = 1/25, and
M = 5x 10° rad/sec.

For the above values N = 25, It is noted that a rather inefficient
gate structure was assumed, Also, the formula does not account for transformen
losses which certainly are not negligible at 10 me/sec. In spite of various
losses which have been neglected, the sbove calculation is important. It in=
dicates that 1Osme dynsmic circuitry which will provide an ‘adequate number of
gate drives can be achieved.

Little has been said sbout the transformer design. The ultimate
efficiency of a transformer at high frequencles seems to be primarily dependent
on the core material. To be sure, different methods of construction: produce
better transformers, but at high frequencies the core material seems to remain
the dominant factor. It appears that the choice of & core material must be a
compromise between permesbility end core losses. Existing ferrites which have
high permesbility also have high lossesy those with low losses have lower
‘permeabilities. It is impossible at this time to predict the exact behavier
-of high-frequency core material, for the reduction of permesbility is perhaps
‘counterbalanced by the reduced losses, which should tend to increase the time
rate of change of flux density B even though AB has decreased. Experimente=
tion and study ere required to determine the optimum transformer.

In brief, the design philosophy adopted seeks to minimize the gating
currents and the gateevoltege swing. The power-amplifier design effort is
directed toward a circuit having a very high g; and an excellent figure of
merits - Pentodes and casceded triodes seem best suited for this application.
The type of gate structure to be used or the number of gate drives required is
at present an open question. We shall determine the optimum gate structure
for high-frequency operation and the maximum number of gate drives available.

-INVESTIGATIONS OF VACUUM-TUBE DRIVER CONFIGURATIONS

THEORETTCAL -COMPARISON OF VAoth TUBES

As stated earlier in this report, the number of gate drives, Ny for
~gerial dynamic circuitry m@y ‘be expressed as
- MZ'I‘BE
: b
L
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where
M_ = gm » }rad/‘sele,
NGy Cg
T = pulse rise time, sec, and
E = gate efficiency.

The quantity M may be defined as a vacuum«tube figure of merit for this type of
eircuitry; -in order to obtain the largest number of gate drives at a given
repetition rate, M should be as large as possible. Consequently, a survey of
available tubes has been conducted with a view toward a meximum M. The results
of this survey sre presented in Table I.

From Teble I it is clear that the best of the conventional tubes is
the 436A tetrode. However, some of the triodes avallable have extremely large
trensconductances and would have a better figure of merit than the ¥36A if it

. were not for the Miller effect capacity. The cascode circuit described in the
next ‘section reduces the Miller cepecitance amd thereby increases the figure of
merit.

THE CASCODE CIRCUIT

The cascode circuit of Fig. 1 represents an approach which reduces
the input capacitance due to the Miller effect. A high figure of merit is
thereby obtained from the very-high-g, triodes. The Miller effect in this
circuit depends on the gain to the plate of tube one, K;3 Ky is small because
‘the plate load for tube one is the impedance looking into the cathode of tube
‘two, which is a small impendence approximately equal to 1/gg-

.Thus we may write
Cin = Cgx + (1 =Ki) Cpg - ()
In order to determine the input capacitance, one must‘first'determihe
the impedance Re looking into the cathode of tube two. Re may be found from a

congideration of the equivalent circuit of Fig. 2. The following equations are
written by inspection of the equivalent cirecuit:

'IP 21‘1) + RL (2)

x4
P

Substituting (3) into (E)Véhﬁfsimplifying, one obtains

S e (1)
5. -
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tube
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Fig. 1. .The cascode circuit.

MEpy

. .
Pa g Ry,

Fig. 2. Cascode equivalent circuit.

Substituting (4) into (3) 5O has

BE (p+Dr
Epl = plEg-i-“ & P
(n +2) ry + Ry,

T
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The impedance we desire is evidently the ratio of voltage to current at that
point: ’

Re - 2L (6)

Tp

Substituting (4) and (5) into (6), one has finally

rp ¥ Rc

Re = —;—:fz- . (7)

The gain K; is that of a triode with plate load Rg:

Ky = PR (8)
Iy * Re

- u (rP + RL)

(p + 2) ry + By,

Therefore, from (1) the input capacitance is

[-l-'l (TP + RL)
Ci = Cgk + [(u+ 2) rp ‘+ RL +]] Cgp » (9)

If Ry, << (p + 2) Ths this may be simplified to

Ci = Cgx + (2 + RL/rP) Cop (10)

The figure of merit of the cascode circuit is also dependent on the
output capacitance, which is evidently the capacitance plate=to-grid plus some
fraction of the capacitance plate~to=cathode since this latter capacitance does
not have the full output voltage impressed. The effect of Cpk will be that of |
. a capacitance whose size is Cpk multiplied by the ratio of the voltage im=-
pressed on Cpk to the total output voltage. Thus

- Ko - Ky
Cout = Cpg ¥ =" Opk (11)
2
where Ko = overall gain.
The gain Ko is
Kz = Eo/Bi = (RpI,)/E; . (12)

Substituting Ip from (8), one has

«u (p+1) R
Eé T e+ 2) ry + Ry, ’ 13

If Ry, << (u +2) r_, this reduces to

b




one has

(14

—— The University of Michigan

« Engineering Research Institute
Ko &+ = (M/I‘p) RL = “ngL-.
Substituting the values for Kiy and Kz into the formula for output capacitancé,

p(p+1) Ry = p (rp +Ry)

(14)

‘outs Cog +

Ite

Ceuit.

lﬁ’;‘v(ﬂ» + 1) RL

Cpg + (1= 1/ (e Ry) Cpi -
The figures of merit for particular tubes in a eascode configuration
with an overall gain of 20 are presented in Table II.
416A is evidemtly the best. A test circult using the 437A triode has been
studied experimentally in ordeér to study the feasibility of the cascode cirs
_TABLE II

FIGURE OF MERIT OF CASCODE TRIODES WITH AN OVERALL GATN OF 20

Cpk

(15)

Of these tubes, the

M (rad/psec)

BI7A 1374 ST
Cin (puf) 13.5 20.1 8
Cout (BEE) 3.28 bk 2
g, (ma/volt) ol b5 50

- 3600 4780 12,500

superiority in experiment.

EXPERIMENTAL PERFORMANCE OF THE 436A TETRODE COMPARED WITH CASCODE 437A TRIOIES|

. The theoretical performance of the cascode 43TA's is slightly better
(approximately 14%) than that of a single 436A. Experimental performance has
been obgerved with a 33l transformer metched to a IOO*ohm.secendary load as the
plate load. The transformer was wound on a Ferroxcube 3«C ferrite cup corej
this is not the best possible tramsformery but it serves to compare vacuum
‘tuhes. The grid input consisted of pulses at approximately a 10.6 me/sec
repetition rate with a pulse duration of about 0,05 psec. The bias, plate
supply, and input signal voltages were adjusted for each tube so that the
maximm signal output was obtained within the rating of the tube.
given in Teble III, show that, ithe output curremt per volt of drive is approxi-
mately 16% more for the 437A.. Thus the 437A's maintain their theoretical

The results,
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- TABLE III

COMPARTSON OF THE 436A TETRODE AND CASCODE 437A TRIODES

s - OQutput
B+ ‘Biasg Grld Signal Current EQ
Eg, VOlts IO) ‘ma ‘ g
Y374 250  =2.6 5.2 340 69.2

h36A 120 b 4.6 260 56,5

TYPICAL OPERATION OF CASCODE 437A'S

The large grid swing used in the foregoing section for comparing the
4L37A and 436A tubes would be impractical in a computer circuit because 20-ma
gates would be required to produce the 5.2=v grid swing at 10 me. A more
realistic hema gate will deliver 1 v to the grid; with a =0.5-v bias, the
cascode eircuit will then produce sbout 100 ma in the 100=-chm load through the
3:1 tramsformer at 10.6 mc. Agein it is emphasized thet the trensformer core
material used in these 10-me experiments was intended for l-mc operation; it is
anticipated that the use of ferrites designed for high-frequency application
will result in a better transformer. '

DIRECTION OF FUTURE DEVELOPMENT

Power Amplifier.-=Although the difference in performance of the 436A
and 437A tubes is perhaps not great enough to justify the use of two tubes in
the cascode circult, the L16A will theoretically perform three times as well as
the 436A. Since the cascode configuration has worked well with one tube typey
it is ressonsble to expect that the theoretical advantege of the 416A will be
realized. Hence, future experimental pulse amplifiers will comsist of cascode
416A triodes.

Diode Structures.wéreliminary diode investigations have been cone
‘| cerned with the characteristics of various commercial diodes. Future effort is
| to be directed toward studies of gating configuration using nowsideal diodes.

Transformer Design,--Transformer studies which sre just beginning
will consist of a study;of commercially available core meterials and sample
tramsformers. In particular, we seek &n optimum transformer design compatible
with the cascode power amplifier.
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THEORETICAL STUDIES OF DIODE GATING STRUCTURES

INTRODUCTION

‘ The basic MIDAC=SEAC packege has, for purpose of analysis, been
broken down into three parts: input logic configuration, tube, and transformer,
This section deals particularly with the problems associated with the input
logic cireuit operation at high clock repetition rates.

To date the major portion of the work dome on gate design has assumed
ideal diodes. However, it was felt at the beginning that considersble atten-
tion should be directed toward congidering the diodes as nonlineer circuit eles=
ments. Thus, a diode testing program was begun to evaluate currently availaeble|
diodes under conditions more typical of the anticipated gate structure than
those conditions specified by the manufacturer. ‘

The point~contact diodes exhibit a sharp reverse current spike when
switched from a forward to a reverse blas condition. It is this reverse tran-
sient and the associlated recovery time which are of major interest In the de=
sign of high-speed switching circuits.

The approach taken to this problem has been first to study the facw
tors affecting recovery and second to consider both anmalytically and experi-
mentally the importance of the non«ideal diode behavior in the overall circuilt
opéeration.

Although there is a "best™ diode, the conclusion to date is that if

forward currents through the diode are limited to 2 ma, any good poimt=contact
diode will work satisfactorily at pulse widths of .Ob usec.

REVERSE TRANSIENT

If some assumptions are made regarding the diode, it is possible to
obtaln a solution for this reverse current as a function of time.

1. If the cross-sectionsl dimensions are much greater than the
diode thickness, then the problem becomes one dimensional.

2. A pointecontact diode can be approximated by a junction diode.
Test results show this to be a reasonable assumption.

3,  If the conc&htration of P >> N, then it can be assumed that
current flow at the junction is only hole current.

11
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Since the hole current at the junction is equal to the total current,
and if an expression is known for the current at the junction, the reverse
current at any cross section is completely described.

Current flow is composed of conduction and diffusion components:

QP

Io= ampB-aby5 (16)
where
q = charge of an electron or hole,
bp = hole mobility in the N region,
Ep = magnitude of the electric field in the N region,
Dp = diffusion constant for holes in the N region, and
ap . . . .
E» = hole density gradient in the N region.
X
At the junction, current flow is by diffusion onlys
Ir' = -q Dp %E . (17)
x=0 X

Thus, to solve for the reverse current it is then necessary to solve
the continuous~flow or one-dimensional diffusion equation (18) for the proper
set of boundary conditions associated with the reverse current transient:

% _fmo-P . O (18)
- T P32
ot, 8 02x
where
P = hole density in W region,
Pyo = hole concentration in N region under conditions of no externally

applied bias, and

Tp = life-time of holes in N region.

The reverse transient is composed of durations Ty and To. (See Fig.
3.) After a semiconductor diode has been passing current in the forward
direction for a period of time sufficient to allow the hole density P to reach
its steady-state value, the concentration gradient is as shown in Fig. 4a. When
the bias is reversed, the concéntration gradient assumes successive conditions
at times ti, tz, ta, and t4.

12




tegt diode

It (avg) —
Input
25-ke square using

‘Tektronix type 105
generator~

Qutput

1

e b1

B ’ l =

;i||:||.|: @ S—

rrt

rrt

rrt

—— The University_of Michigan Ehgineel{ing Research Institute

i

If = forward current
Iz = reverse current
Ey = back bias

reverse recovery time has
been defined here to be the .
time in psec for I. = .33 Ipg

Ty + Ts for junction diodes

T for point=contact diodes
where T; << Tp

Fig. 3. Reverse transient measurement.

13
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Steady~State Hole Concentration
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Figh 4. Theoretical junction diode.
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During T; the hole diffusion out of the N region is limited by the
resistance of the external circuit. Thus T3 is a function of the external
circuit resistance and the previous forward current.*

Reverse recovefy time measurements have shown that for point=-contact
and small junction diodes T << Ts. .One possible reason»fof this would be the .
relatively small volume of P and N material used in the construction of the
ebove type diode as compared to the larger volumes used in such junction diodes
as the G.E. 1N91, where Ty does become an important factor.

Since Ty << T here, we can limit our interest to the time Tp. Re-
verse recovery time (Ty.t) is equal to To for the diodes considered. (See Fig.

3.)

Thus we are interested In solving the diffusion equation for the
following boundary conditions (see Fig. 4): R =0, x =0 and P = 0, x = L
at t = O, to obtain P = f(x,t) t = 0.

The procedure is to solve Equation 18 for the houndary conditions
given and thus ‘evaluate two of the three resulting constants. However, in
order to satisfy the third constant it is necessary to require Equation 19 to
equal Equation 20 at t = O:

P £ (x,t) for t >0 (19)

P f (x,8) for t <O0. (20)

Equations 19 and 20 both result from the solution of Equation 18, but
Equation 20 is the steady-state solution for hole density before switching bias
conditions.

The mathematical steps have been omitted as routine methods of
solving partial differential equations are useds

Py max L. (19)

X exp [} o (i + (gﬁé)ej[k. (20)
Tp LO i

¥Somet imes reference is made to holes being swept out of the N region. It is
true that those holes adjacent to the junction are "swept out,” but the
majority of the N region holes "die" as a result of recombination.

15
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Then from Equation 17 at x = 0 and L,/L << 1,

D - .
t )
I, B ‘
where L 2
B = oo .

x L2

The diffusion constant is related to hole mobility by Einstein's

‘relation
kT ,
D, = o ko (22)
<n2k Tp.p !
where .
' P = meximum hole concentration on the N side of the junction

under steady-stete forward bias conditions,

Ly = length of N regionm,

‘L = NDytp

P'P

T = absolute temperature in degrees, &and

k Boltzmann's constant.

]

Certainly as small B as possible is desired. However, care should
be taken in drawing conclusions, especially in regard to temperature effects.
The model taken is quite simple, and such considerations as surface recombina=
tion have been neglected.

However, there are three conclusions that can be drawn:

1, Since hole mobility (uﬁ) is less than electron mobility (u,),
there would be & gain in recovery time if the current was
primarily electron current rathﬁr'than hole current as assumed
here.

2, The hole mobility of silicon (pﬁ) is less than the hole mobility
for germenium (p.). Therefore, diodes made from basic germenium
may be supegﬁgr 70 silicon diodes of ldentical constructiom.

3. Most certainly small dimensions are very important as L, appears
88 a squared term.

16
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There are a number of factors that affect reverse recovery time
(Trrt)° '

1. Tyt is a function of the diode physics by Equation 21,
2. Typpt is a function of steady-state forward current (If).

Notice in Equation 21 that the term Pp ygox appears. By Boltzmann's
equation governing diffusion across the junction,

q4 Eex

Phmex = Pno € g7 : (23)

Eey 1s the external forward bias, and is a function of forward current (If)
3. Tppy is a function of pulse rate (prf).

If the pulse rate is such that the forward-current steady-state condition
is not reached, then the reverse recovery time is certainly less.

L. Reverse recovery time has been assumed equal to To, but if Ty is
not negligible, circuit resistance then becomes much more important.

5. The back bias Ey also affects back recovery time, but to a much
lesser extent than would be expected.

Considering all the above,

Tppy = T{Ip, Pre, €, R, cj) . (24)

The junction capacitance (C.) has been included. The Junction be=
tween the N and P regions is also referred to in the literature as the de=-
pletion layer. This physical capacitance is to be distinguished from an
"effective hole-storage capacitance" resulting from the hole storage in the N
region.

If a correlation were found between measured capacitance and re-
covery time, it would indicate the hole=storage effect would be unimportant
compared to charge storage of Cj. Recovery time and capacitances have been
measured, and it has been found that there is no correlation, as would be ex-
pected. »

It cen be shown that junction capacitance is a function of back bias
(Ey). The junction between the two types of crystalline impurities is charac-
terized by a lack of holes and electrons in what is known as the depletion
layer. Adjacent to this region there are fixed ions that are net neutralized
by the mobile carriers in the respective regions. This situation is then
exactly equivalent to the parallel=-plate capacitor where

17
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C = eA/s,

€ = dieleatric.constant,

A = cross=sectional area, and
8 = distance between plates.

As B is increased,,the-déyleticn layer widens and the capacitance C
decreases.

REVERSE TRANSIENT MEASUREMENTS

Equation 24 summarizes the factors affecting reverse recovery time.
Figure 5 illustrates the type of data taken on.a number of types of polnt-cons
tact diodess The HD-2182 diode hes been used for illustration because of its
relstive consistency.

Notice the followingy

1. Tupt is independent of eircuit resistance.

2. T,y incresses monotonieally with inereased forward current.,

3«  The junction capaciltance CJ and the reverse recovery btime T ot
as functions of Ey, are apparently related. However; data from
- other diodes have shown Cj vs Ey to be egsentially constant for
all point«contact diodes while T... V& I, curves vary between
the dashed limits shown not only for various diode types but
within & particular‘typev Thus, Ty # £ cj,,

b, Tert 1ncreased with reduced E, indicating that a large~amplitude
input pulse to the “and" gate would be desired if T rrt Were

eritical in the "and" gate structure.

Although exceptions to each of the above have been observed, partics
ularly among the 1N191 and 1N117, the remarks above can be made regarding
point«contact diedes in general., The fallowing types have been tested: 1NI117,
1N191, Fremch IN191, H.D. 2109*, H.D. 2182%, and & new silicon=junction diode
by Hughes with a very good recovery time. If consistency of charscteristic
trends can be defined as well behavad, the starred (*) diodes have this
-characteristic of dependability

Table IV is included to support the following proposition., That is,
good recovery times mey be expected among all types of point=contact diodes.
Therefore, other properties will probebly be the determinihg factors in picking
a good diode. ‘
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Diode under test

Tektronix . Key
type 105 R To input of Diode Symbol
square £ ¢ Tektronix-514AD CRO HD2182- ° 0o
b Cin = 20 uuf -
ggr\\’gro'ror I HD2182-2 000
- HD 2182-3
PRF-25KC I¢(overage) HD2182-4 éé é
Ep =back bias

I¢ =peak for current
CJ- =junction capacitance

14—
8
12—
10—
1
8— _ 2
2 | \ S +
= 6l 0 |10 2
o E .#l
41— +.08— ®
- Fl H4
21— 06—
ol L I 1 | | sl | | |
O 2 4 6 8 10 12 14 (K 5K 20K 25K
Ep Rg (OHMS)
Ep =9volts
~ 14—
n
= 7
t 3_.IO—
- t
. FfLHB——
06—
.04 —
S9N I T O I O
O 2 4 6 8 10 12 14 O I 2 3 4 5 6 7 8
Ep 1; (PEAK) IN ma

Fig. 5. Reverse transient characteristics.
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TABLE IV

DISTRIBUTION OF DIODE TYPES BASED ON RECOVERY ‘TIME MEASUREMENTS

Trrf : Ip =2 ma ‘ Ip = 4 ma

mze A'll‘lll'? IN191 FIN191 150 2109 2182 1N117 IN191 FIN191 150 2109 2182

-.00

01

.02

403

Ok X x

05 xmxx  xxx XX X

.06 X X X XXXX XXXX X

07 : x X X X

.08 X X : X 0x ' X X XXXX
%09 XX X x

«10 X X XX '
«11

.12 X X
) X

<1k

)

.16
e LT

.18

.19
.20

LT B ]

B =9 volts in all cases
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From Fig. 3, a/b = IRO/If' Let Rpp = initial back resistance and
Rf = forward steady-state resistance. Then from Fig. 5, if a/b = 1, Rgp = Ry,
and if a/b << 1, Rpg >> Rs.

Thus, if the diode in switching from forward to back bias can.be
assumed to be a nonlinear resistance element of the form R BO € €% the impor-
tance of a/b 1 is apparent. Two diodes, H.D, 2109 and Hughes Sl-Junctlon,
have very desirable a/b ratios (Table V).

To illustraté the importance of Rpp on & simple two-input and gate
(truth = 1 = a pulse), the following experiment was tried:

For a good diode, RBO 10% Q is conservative. Therefore let
"‘Rp = RBO el Trrt Rpp during the entire pulse. ’

Let Rp = 10

+ 22.5 v

10K

|1
1

10K

-1.5 v -22;_}-/‘ -:;

L

— -1.5 v
-1.5 v
Vertical: 1 volt/cm
Horizontal: .1 usec/cm
i M 10-Q resistor not pulled down
-« t
3
T :l =‘||| :Il ||"EE::=H*‘l£ HHHHHHTH 8
ﬁ*;i 10 Q@ resistor pulled down to
£ 2 v ' — . .
< % simulate T = A « B
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TABLE V

REVERSE TO FORWARD RESISTANCE RATIO

' a/o Ratio
Piode Ir=2ms  Ir=hm
INI:W - 6 n6 9»)‘]'
T .8 Y
8 1;17 u867
9 ) 433
INIGL = X 3 ‘.183'
' 5 3 175
6 «35 267
F191 « 1 .566 .36
) 566 .36
3 .67 RS
L .70 45
5 67 Ty
150 =1 .60 375
2 <95 .65
¥HD 2109 = 1 267 L1h
2 267 S
HD 2182 « 1 1.13 867
2 1,13 290
3 1.07 .83
L 1.11 .83
.
E, = 9 volts :
_ v
*Gied¥* w1 4278 154
2 972 4513
L 4930 628

*These dpdes.have proven to be of superior quality.
**5ilicon Junction

e2
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One point in regard to measurement of reverse transients is of partic-
ular importancej that is, the magnitude of the scope input capacitance (Fig. 3).
Figure 6a data are taken on a IN191 at high valuesof forward current wnder the
test conditions indicated. Figure 6b illustrates the effect of increased scope
capacitance.

Figure 6¢ is the Hughes published data for the 1N191, indicating a
marked disagreement between these measured values and published data as they
differ by a factor of 3. An incresse in scope input capaciteance could well
account for these differences.

- PRELIMINARY INVESTIGATION OF LOGICAL CONFIGURATIONS

Consider first the gating structure of Fig. Ta. For optimum design
diodes at varlous points in the circuit require different characteristics.

For diode A it is desired to have the same voltage drop aeross it for
various values of forward current as the purpose of this diode is to clamp point
(2) as other gates are pulsed. That is, the slope of the static characteristic
curve is large, or AE/AT ——3 O.

At Iy = 20 ma the following data were obtained:

Diode Type  8lope
HD 2182 20
French IN191 10
HD 2109 6.66
IN117 6.00
1N191 3.5
Hughes SiwJunction 2.8

Tt is noticed in Table VI that the forwerd resistances, Rp, at lower
values of Ip do not differ by an order of magnitude as indicated here. The
change in slope at low value of forward current accounts for this difference.

Notiee that diode D of Fig. 7a is also a grid clamp, but here AE/AI is
no longer of major concern as this diode, being on the "or" output, is either
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Tektronix E=20
type 105 R To input of p <%V
square wave Tektronix 514 AD CRO =
generator Eb Cin=12upf Re=2.5KQ
. PRF 25 Kc/sec
' I average
24— o
23— o |.8}—
o
22— 1.6} 0
f:,: 21— 0 5 |.41+—
] 3 (e] )
2 20 312 L¢=20ma
19— ol
' o
18— o 8
17 8 |
P T T Y I O O A I
O 5 10 15 20 25 30 O 10 20 30 40 50 60 70 80
I (PEAK) IN ma Cin (upf) ADDED
(A) (B)
30MA
1]:
o —a]
O5u sec -=f - Oomsec
O.lusec 1.3 —=
400K |r
50K || |
|
— i L—— Trrt
(c) |
Fig. 6. Reverse transient characteristics of a 1N191,
el
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Mg;w’?. )

. | -1.5v +22.5v .
Diode A I 47 KO l@j
Diode B DlodeC l" Diode D
680uu 1L '1®\ L @\ @\ ,
L1 d U ]
| | -
47 KQ | 1y
: IOKS, Cg
-22.5y : I
1.5v ”
() _T_ | -225v
680uut ]
s | |
47KQ
-225v
+22.5v
| r
Q |, @ % !
T D ) | _
| I Iu- '
| :
o T Cg
5 W L]
s g glOKQ\
-|.5V l E 0_22 5V
(b) | ' :
| |
PA
~1.5v

Cg = Grid capacitance

Logic configuration. -

25



—— The University of Michigan

+ Engineering Research Institute

TABLE VI

LOGIC STAGE VOLTAGE EFFICIENCY (A)

‘DiO&e* Ip DIC Yolﬁekﬁvelg Re | lPrlge fﬁglifugi A | Cgﬁggzien
INILT 2485 =1.5 1,05 =.35 156 & 3.4 1.6 1.90 47.5% NovTube
HD 2109 2,25 =1.5 =1.00 =,30 13% 4 3.5 2.1 2.40 60%  No Tube
HD 2182 2.25 1.5 =1.00 =.30 134 4 3.4 1.6 1.9 47.5% No Tube
Siew] 2,25 =15 ~1.00 =55 24k & 3.4 2,00 2,05 51,3% No Tube
INILT  2.25 =1.5 «1.00 <40 178 & 3.4 1.3 1.50 37.5% With Tube
HD 2109 2.25 «1.5 =1.00 =,30 13% % 3,3 1.5 1.80 45%  With Tube
St | 2.25 «1.5 «1.00 =,55 24t L 3.2 1.6 1m65 41,%% With Tube
INILT 43 =15 = .90 =50 111 & 3.4 1.5 1.5 37.5% No Tube
HD 2109 4.5 «1.5 = ,90 =40 89 4 3.5 1.9 2.0 50% No Tube
HD 2182 4.5 =l.5 = .90 =35 T77.8 & 3.3 1.3 1.45 36.3% No Tube
SiaJ 4,5 1.5 = .90 <80 178 L4 3.5 2.3 2,0 50% No Tube
CINILT A5 With Tube
HD 2109 4.5 With Tube
Si-J k.5 With Tube
N7 6,75 <16 - .90 =50 T & 3.3 1.3 1.3 37.5% No Tube
CHD 2109 6.75 «l.6 = .90 =50 & 4 3.5 1.8 1.8 45%  No Tube
HD 2182 6.75 =1.6 ur;9o - 40 ‘59-3 b 3.2 0.9 1.0 25%  No Tube
SiwJ 6,75 =16 = .90 +.40 59,3 4 3.5 1.1 2.0 50%  No Tube
INIL7T  6.75 =16 = .90 =50 T4 4 3.3 1Q1 1.1 . 27.5% With Tube
HD 2109 6.75 =1.6 = .90 =50 Th 4 3.4 1.k 1k 35%  With Tube
_éi»i' 6.75 -1.6 = .8 *<.60 88.9 4 3.4 1.6 1.5 37.5% With Tube
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If' = gteady-state forwardA current th_r‘ough the gridvcl.ampv diode, ‘

*A11 of the above represent the best of the particular diode type.
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condﬁcting or it is not. In the work to date, it has been found important when
designing for noise clipping to consider the d«c voltage drop across diode D ag

E(4)d~c l

|Beame | - [Borame | £ [Bledase

The transient effect of dlode B is not eritical for two reasons. First, during
the transient time Rpg &% becomes large after a very short period. Second,
when gl gates are pulsed, the reverse current tends to charge the grid capaci=-
tance.

~ In both circuits of Fig. 7 it 1s the output clemp diode that is of
major concern, ags it i1s this diode that steals a portion of the charging cur~
“rent I,

In general, the principal problem is to get the grid up. If current
I is needed to charge Cg, then R; and the pulls«down supply E, are chosen such
as to discharge Cg in the desired time. Therefore, asuuming Cg can be dis-
charged, the forward transients of diodes, A, B, and D and the reverse transient]
of dlode C after the pulse can be neglected.

Using essentially the circuit of Fig. Ta as a one~input "and" gate to
determine possible transient effects in the diode B position, it was found that
at Ir = 2,5 ma all point-contact diodes performed equally well.

When additional input was ‘added to simulate the logical function.&g,
the noise through the gate for a 3»v input pulse of .02«psec duration was found
to be approximately .3 v. If capacitance were put in parallel with the pulsed
"and"™ diode, the following nolse outputs were observed at point (2):

Cppf Noise Voltage

0 3
10 1

20 ' 1.5

The circuit of Fig. Tb iz a simplification of the circuilt of Fig. Ta.
Since the d=c resistance of the transformer winding is = 0 Q, the clamp diode
may be eliminated by pulling down the secondary to - 1.5 v.

Formerly, the pulse transformer, had to supply 2I + € to raise the
potential of point (1). However, in the present circuit, the transformer need
put out only the sufficient current to the parallel combination of the damping
resistance and wiring capacitance to cut off the "and" diode.

The current efficieficy B as defined in the introduction now becomes
equal to 1, whereas formerly it was at best equal to 1/2.
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Since the grid«clamp diode is of major concern, the data of Table VI
‘have been taken using the eircuit in Fig. Tb to determine the voltage effiw
ciency of a single input "and" gate for various types of output clamp diodess

_ bulse amplitude at point (3)
pulse amplitude at point (1)

A = voltsge efficiency

The output column (3) has been corrected for the difference in noise
clipping due to voltage drop across the clamp diode. For these tests, .4 v of
noise clipping has been taken as standard.

Voltage efficiency decreases with increased forwsrd current through
the clamp diode as expected. Since the recovery times are roughly comparsble
for all point=contact diodes, it is thus substantisted thet it is the a/b ratio
or large Rpp that is the critical diode property.

With the tube included, the voltage efficiency of the circuit de=
creases. by sbout 10% due to the grid drawing eurrent during a pertlon of the
pulse ta obtain the high values of g

In conclusion, the H.D. 210’9 offers the best possibilities for the
following reassons:

1. Low steady-state-forward resistance compared to the silicon=
Junction«

2, Smell a/b ratio.
3. Good transient properties.

More of these diodes are on order as we originally hed only a few
samples. )

DIRECTION OF FUTURE ANALYSIS

. Future effort is to be placed on the realization of efficient high=
frequency gating structures:. Both experimental and analytical studies jare con~
templated. An apalytical study of an orsand-or gating structure reslized with
nen=ideal dicdes has been started but no results are presently available, The
‘effects of capacitance are included in the model under study. The results of
this study should yield valusble design data pertaining to highsfrequency
gabing structure using existing noneideal diodes.
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