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ABSTRACT

It is weil known thaf the output characteristics of collector coupled
transisfor flip flops (Eccles Jordan type of circuit) may Be stabilized by
thg addition of clamping diodes to the output circuit. The work presented
shows that with a saturating type of flip flop this.s’ame clamping -:a.’cti’o@ may
be accomplished with a sihgle déuble-base breakdown-diod}e placed between
the collectors of the two ﬁransistors. The,advantage of such a method of
clambing lies in its simplicity, as only three solid state,'corﬁponents are
necessary; one double-base breakdown-diode and two transistors. The

switching time of such a flip flop is comparable with other type's of saturated

flip flops as the type of clamping has little effect upon switching"timbe. " The

noise generated by breakdown-diodes ranges from a few m.v. to a few hundred

m.v., and is considerably greater than the noise generaf:ed by a standard

_ diode. Consequently breakdown-diode clamping should-not be used where

‘noise is likely to be a serious problem.



switching, thus the actual current switched is the same in both circuits.

The second circuit has the clamping diodés. and power supply as before,

but iﬁ additién the transi;tors are prevented from saturating by the |
addition'. of two rﬁore diodes and another power supply. This circuit will have
decreased switching times for the transistors never reach saturation, but

- the number of diodes and power supplies required is increased.

J. G. Lihvill’z has used double-base breakdown-diodes between the

X
collectors of a collector and emitter coupled non- saturating F/F. This

arrangemént stabilizes the collector voltage swing of the F/F, vbu“‘c it does
I}Oﬁ' stabilize the collector voltagé -swing with respect vto circuit ground.
If the “‘cransistorsv are allowed to ‘satur“ate, and grounded emitter trénsist'ors
are used, the col_llector voltage swingé are then gi\}en a stable reference
to grouhci. | ’ ‘ v . ' ' ;
When usbing brea.kdown-cﬁode clamping, collector triggering is accorﬁ-\
plishéd by replacing the doﬁble-ba.se_ breakdown- diodé with two. single-—balse.‘
breakdown-diodes, and applying the triggeﬂr signal between the two .diodes.‘:
This same typé of triggering is obtained with the standard diode clamped
collector coupled F/F (Fig; 2.5), by placing a third diode in the power supply
lead of the (;llamping circuit and applying the trigger siénal at the _;unction,‘
of all three diodes. .
In cir'cu.its where noise is a problem breakdown-diodes rha.y not give
satisfactory‘service for their noise level is much greater than a normal
diode. The noise is.greatest at low diode currents, decreasing as the

diode current increases. The level of the noise will véry greatly, ranging

from a few m.v. to a few hundred m. v..

g



CHAPTER II

INTERNAL FLIP-FLOP OPERATION

" INTRODUCTION

in this chaptér-.the F/F will be described in a.qualitativvev'inanneﬂf._ ‘ This.
.will be done without the'aidv of mathematical anaiysis,. for here, only thé-:" _
more general aspects of the circuit are of interest. The first part of the " .
chapter will be devoted to a description of the Sté.tié char'act.e'r\ié_tica, iﬂ-.'
gludihg a discussion of,thé external.é-haracteri.s-t‘.icvs_and power diSéipationv
of tﬁe F/F. Following thié ié a; description of. the dynamic operation.

For convenience pnp tr,a}ns.istors will be é,s_siir‘ned in all d_i_s’cussions. A
This is done to simplify the diécussions as the same a‘.rgulmenté apply

.

.‘equa;lly well for both pnp and npn types of transistors.

" STATIC CONDITIONS

The operation of this F/F is comparable to a breakdown-diode reguiatof"‘
v-c.ircuivt (Fig. 2.1) in many respects. The chafacteris‘cics of the regulator -
circuit are much more depende_nt‘ upon tﬁe characteristics of tl'fe break-

down -diode than the power supply voltage and impe&ance, because thve break-
down-resistance of the breakdoWn-diode is very low (ideally éero). The F/F
has two such possible regulator circuits depending upon which state the F/F
is in. If transistor T1 is saturated and transistor T2 cut-off (Fig. 2.2),

the regulator is formed by resistance R1 énd breakdown-diode Dl' The

" output voltage of the transistor's regulator circuit (Vo) is negative and is
equal to the breakdown-voltage of the breakdown-diode while the other output
voltage (Vo2) is held at ground potential by the saturated transistor Tj.

In the other stable state (transistor T, saturated and transistor T; cut-off)

the regulator circuit is formed by resistance R, and breakdown-diode D3,

and the output of the transistor's regulator circuit is voltage Vo,.



In a bi-stable F/F of this type the d-c cross collector coﬁpling main-
tains the F/F in either of its two stable states. For example, if transistor
, were saturated (Fig. 2.2), the voItage'Voi would be at its most negative

value, and the base-current of transistor Ty would be drawn through dlode

T

&

D3 and re31stance R3 to node Vv ol The amount of this base-current is -
approximately the node voltage Vol divided by the resistance Rg, neglectihg
the ,c;ffset,voltage_s of diode D3 and the base-emitter junction of transistor |
Ty1. Transistor T2 is held off during this period by the action of diode Dy.
This diode is a silicon diodé, while transistor T, is a germanium tvransistor;
thus the diode has a greater offset voltage than the- transistor. This will
leave the base-emitter j‘un‘ctioh of transistor. ;i‘z back‘-biased; consequently,
cut-off, when the voltage V2 is near ground potential. In the supplementary
circﬁif;.(Fig. 2. 3) this back—‘bias is obtained by the action of the voltage t

| .d1v1ders Rj, Rg and Ry, Ry, |

| The circuit using the diodes D5 and D4 (Fig. 2.2) has the advantage
that only one‘power‘ supply is required, where the supplementary circuit
(Fig; 2. 3)7 reqﬁires a second power supply for its voltage divider network.
'On the other hand, the supplementary circuit is cheaper; for two resistors
and a common power supply réplace two diodes. The circuit uging the diodes
is a little faster than the supplementéry circuit because the base-emitter
junction will never be as far back-biased. (This will be explained more
fully in the next section on '""Dynamic Conditions"'. ) Both of these circuits
have advantages and disadvantages; the proper choice will depend ultimately

upon the p-articular-situation being considered.

EXTERNAL CHARACTERISTICS

The most desirable feature of this F/F are its simplicity and very



stable output eharacte‘ristics, whjle the me.jor disadvan_tage is its high
cost, due to the use of a double-base brea.kdownndiode‘($3. 00-$10. 00).
At the sacrifice of slightly de.gre.ding the output characteristics and siz_nplici'ty
~ the high.cost may be .reduced if the double-base breakdown-didae is replaced .
with clamping diodes and a power supply (Fig. 2. 6). -
Simplicity is achieved by allowing the transistors to saturate, and by -
using a double.-base breakdown-diode. Saturation allows for greater |
utilization of the transistor characteristics than other types of non-satura-
ting F/‘F's by removing thebneed for clamping diedea in the ""on'" state. |
The double base breakdown- d10de replaces the two clampmg diodes and power :
supply (Fig. 2.6) needed to provide a stable negative state of the F/F.

Only one power supply is required for the F/F (Fig. 2. 2) If the need or

- . advantages of a reduced number of power supphes is not great, a reduction

- in costs may be obtained by increasing the number of power supplies. The
supﬁlementa.ry circuit of Fig. 2.3 us‘e_'s twb power supplies‘ while the circﬁit
of Fig. 2.6 requires three. | . | |

The stable output characteristics of this F/F are a result of the com-
b1ned action of the saturated transistors and the double-base breakdown- '
‘diode. Through their ection both states of the F/F exhibit a low output
impedance and an output voltage that is nearly independent of F/F toler-
ancing, power supply variations, and load changes.

The output characteristics are represented by the equivalent circuit |
of Fig. 2.4. Fig. 2.4-A shows the F/F in a stable state (Transistor T1
saturated and transistor T2 cuvt-off)‘ and Fig. 2.4-B gives an approximate
equivalent circuit for the two output voltages \'2 ol and V o In these
two circuits R 1 is the saturatmn res1stance of transmtor Tl’ Rb

is the breakdown-resistance of the breakdown-diode, and Vb is the break-

down-voltage of the breakdown-diode. The saturation resistance RSl is



. normally small (5 to 10".ohr'ns is typical f65xj deep saturation) while the break-
down resistance (Ry) will range from a few ohms to fifty»ohm's,' depending upon
the particular breakdown-diode used. Since Rg) and Ry are both small the.
‘output-impedance of both stable states is very small (Rg or. Ry plus Ry).
The output voltage V  is primarily determined by Vi (Fig. 2.4), for the'IR
drops .across R and Ry are smail, thus the output voltage must be very
stable as the breakdown-voltage (Vb) is not subject to change.

The breakdown-resistance (Rb)- may be controlled by the designer as
“the fesistanee of an individual diode is fairly stable with time. vHo.wever,
-a’ wide variation exists between individual diodes of the same type so that
‘'some upper limit must be set on the breakdown-resistance. Normally it

is possible to use the upper 11m1t set by the manufacturers for this.

» POWER DISSIPATION -

The eff1c1ency of the F/F will be determlned by the type of load it
rﬁust dr1ve If the load requires large currents from the most negat1ve
output state of the F/F the power dissipated w111 be hlgh due to the |
characteristics of the breakdown-diode regulator circuit. If load current
is only supplied from the.ground state, the power dissipation will be
low, for this current is supplied thtough a saturated transistor.

The same factors effect the efficiency of the F/F as' effect the ef-
ficiency of the regulator circuit (Fig. 2.1). In such e regulator circuit,
regulation is achieved by wasting pjower. There is a fixed power loss in
the regulator resistance (Fig. 2. i), while the power loss in the breakdown-diode
is variable. The sum of this varieble pvouvter less and the load power is
always a constant, thus the total power .supplied to the system is likewise

constant. The most negative output of the F/F is similar to the output



=

of the regulator circuit; consequently, if large .vcurl_'e_nts _mﬁs_t be supplied
to the load, the dissipation of the regulator will ha.ye to be i.ncreased. This
entails making resistors Ry and R, small (this is alsq a_requirement for high
speed ope‘ration), and using a breakdown:diode with a high power rating. If
the large load currents are supplied from the ground state of the F/F,
the power dissipation may be made quite small, as this does not require
increasing the power diésipation of the regulator circuits, for the load
current is ‘supplied‘through the saturated transistor.

The power dissipati;m of the transistors is quitée small as the :transis- _

tors are operated in deep saturation, or cut-off at all times. At low rep-

“etition rates, the power dissipation of the saturated transistor is an I°R

loss (where R is the saturation resistance of the transistor). At very high

repetition rates, however, the power dissipation is increased, due to the

| high power dissipation during the switching transient. One of the advan-

tages of using saturated transistors is that a greater amount of power can
be handled with the same transistor than when the transistor is non-satura-

ting .

DYNAMIC CONDITIONS

The details of a change of state will now be éxamined to show the
sequence of events that take plé.ce during switching. In a direct coupled
F/F of this type, it is necessary to steer the driving current to the cut-off
transistor. The cut-off transistor (T, in Fig. 2.3) is driye'n intovit-s active
region by application of driving current I,2- Actually there is a short time
delay before thé active region is reached because initially the transistor is
reverse biased. This reverse bias must be overcome by the driving current
flowing into the coupling capacitor until the base v_oltage_has changed enough
to forward bias the transistor; at this point the t.rans'istor enters its active

region of operation.



This time delay may be shortened by decreasing the size of the coupling
capécitor; by increasing the amount of drivin/g current, or by designing the
circuit so that the reqtiifed change in base-voltage is small. JIt is the latter
possibility that makes th¢ supplementary circuit (Fig. 2.3) slower than the |
circuit of Fig. 2.2, for with the supplementar'y circuit a greater reverse
bias is required in order to allow for the necessary to.aleranc.'e of the voltage
divider. With the diode circuit (Fig. 2.2), however, the reverse-base -
voltage is very smaii (a few tenths of a volt) thus the change iﬁ base voltage
required to forward bias the transistor is less than with the supplementary
éircuit. |

Once the base-voltage (V,) has decreased sufficiently it will be clamped
by fhe forward-biased base-emitter junction of transistor T,. With tvi'ansistror
T2 biased into the active région,. its collectoi; current (I.2) be.gins‘ to increase—,
' ~while the current through the breakdown-diode decreases by a like amount.

- During this period, there is no change in the collector voltage Vol, because
there is no change in the net current supplied tovnode Vo1- Reduction of the
breakdown-diode curre'nt.produces an equal decrease in the saturation collector
current of transistor T1 (Icl). .This is a desirable effect, for'it shdrteﬁs

‘the time delay due to excess carrier storage in transistor Tlv. As the collector
current of transistor T, is increased still further, the breakdown-diode
current eventually reaches zero. At this point, the breakdown-diode cuts-

off (changes to a state of very high impedance)‘ thus producing an open

circuit between collectors.

Once the breakdown—diode'cuts—off further increase in the collector
current of transistor T, cause a corresponding decrease in the base current

of the saturated transistor Tj, until the saturated transistor is driven



out of saturation to the edge of its active region. At this poiz‘lt both tfaﬁsistors
are in their active regions of operation and the circﬁit w_ill' regenerate.

Regeneration takes place gnder nearly constant voltage conditions,

i.e., the chaﬁge in voltage across the coupling capaeitor's is small durihg
the regeﬁeratien period, consequently at the. end of regeneratibr_l the collector
voltage of transistor Tl (Vo2) has changed very little and will now start to
deeay toward the .collector power supply on a RC time constant determined
by the coupliﬁg ‘c‘apa.,citance and tile l_oad resistanee of the c‘eliector circuit

in series with tine base resistance of ‘the gbing “on" transistor T,. then
this voltage deeays far enough the breakdown diode\conducts thus 'cle.mping
the collector voltage. | | )

The collector voltage of .the goiﬁg "on"' transistor T, will be driven |
toward ground‘p,ot_ential primarly by the driving si‘gpal, for when saturatedf '
operation is used the driving signal'is normally fairly large. In cases where
the driving signal is not large t}.ii’s vo]tage is also driven toward ground po-’ .
tential by the going "off" transistor; the dr1ve in this case being the chargmg
of the other couphng condenser through the base of the going "'on'' transistor

T,.
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CHAPTER III

ANALYSIS OF SWITCHING TIME

INTRODUCTION

The object of this chapter"is to determine the sWitchiﬁg time of thé F/F '
when triggering enefgy is supplied to the b;ctse of the cut-off tran'sistor.. |
Whenvséturation is allowed, the transistors must pass thfough a noﬁ-linear
region into a new. region. of linear -operation. | .This type of operation is i'rﬁ-
possible;, or at best very difficult, to handle analy_tiéally without the aid of a
| computer, and .evén i:his apprioéich yields_ only specific solutions, which are
of little \}alue to the éiréuit designer. To 6vercjome this diffiéﬁlty a piece; v
wise-linear analyéis has been used where the operation of _thé'F/I‘; is broken
into é, number on small linear segments each of which. may be a.nalyzéd
.separately. When passing .from one linear region to another the boundary
conditions must be carried along in ordef t.o establish the initial conditions
for the'ne\.v region of linear oéeration. A delay time will be found for each
lineé.r region of operation by this p‘iece-wise-linea.rvmethod, and from these
the total switchihg time of the F/F will be simply‘the'v sum of the indifridual ae_
lay times. |

The detailed analysis will be made using the F/F circuit shown in
Fig. 2.2. It will be assumed that a steady state condition has been reached
before switching is started, é.nd that Fig. 2.4-A represents the F/F in its

steé.dy state condition (transistor Ty saturated and transistor T, cuf-off).

In this equivalent circuit_the saturated transistor is represented by its sa-
turation resistance, Rgj, while the cut-off transistor is represented by an
open circuit. Switching is initiated by removing current from the base of the

cut-off transistor TZ'
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TIME DELAY t,

When driving-current, IxZ; is first applied the base vol_tagé, ; VZ.’

‘of transistor Té will have to change by some small amount,aV,, before
transistor T’2 is Bias_ed into the active-region of 6pe=ration, There will be

- a time delay, t, associated with this change in base \'r'oltage since current

must first be supplied to ’c"apacitbl‘; C4° As the>ti_me-.cjorblstant of C4R4

is large‘ in relation to the delay time t nea‘r_ly all‘t_hé )dr.ivvaing current is

supplied through C4.,

The time. delay may be expres sedlthr'o'ﬁ_g'h a _Simple‘ ch“ar.ge balance

if the driving-current is supplied under cons‘tan.t'cg'urre‘nt- conditions. As

.':lbng as the time delay, t,, is small in cérﬁpar’i‘sdn with the time constant

- formed by the resistance of the driving circuit and ‘ca‘pacitor C,4. the assump- -

+

tion of a constant current drive is valid. With these assumptions the charge

supplied to C, must equal the charge supplied to the F/F from the drivi_’hg

circuit, consequently the time delay is

AVZ C4

1 = i (3.1)

x2

t) will be in units of mu seconds if AV, is expressed in volts, C4 is pui,
and I_, is m. a..
x2 ,

TIME DELAY tfz

At the end of delay time t, transistor TZ is just biased into its active

1
region of operation. Delay time t, will start at this point and end when the
breakdown-diode cuts-off. Since during this period the decrease in the
breakdown-diode current is equal to the increase in collector current of

transistor T, there is very little change in the node voltage Vol’ for the

net current into the node is constant. To find the delay time t5 the F/F
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is represented by the equivalent circuit shown in Fig... 3.1. In this equiva- _-

lent circuit Rsl’ RB) Vb’ and C4 are the same as in the previous equivalent ..
circuit (Fig. 2.4-A). v.The resistancés RB?. and Re are the .base and emitter
resistances of transistor TZ’ and ¢(s) is the dominant pole alpha of»transistor :

T (See Appendix I for a discussion of a dominant pole transistor equivalent

2"
circuit.) The shunt path consistingbof diode 7D4.and resistance R4 (Fig.
2.2) has been omitted for the current though it is negligibly small in compax;-.
ison with the current through C4., |
Delay time t, is found by solving the equivalent circuit of Fig. 3.1
~for a step input of drive current (Ixz)' and finding the time necessary for
the.éoilector current to build up sufficiently to unclamp the collector by
d'ri%)ing the current of the breakdown-diode to zero, thus cutting - off tile

breakdown-diode. This work has been carried out in Appendix II where it

» is found tha_t'

1+ D d S S
t, =~ wT _ IXZ R (3.2)
under the conditions that ‘
ﬂ > 1
B, > 1 4
In these expressions
Id - Steady state breakdown-diode current.
IX2 - Driving current.
u)T - Measured alpha cut-off frequency of the transistor.
D - Loss factor given by
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DELAY TIME t, (Saturation Delay)

" The saturation delay time (t3) is the time neéesSary te drive thg
saturated transiétor to the edge of its active regidn once the breakdbwn-
diode has been cut-off. The r'nethod of solution is to first determine the base
current of the saturated transistor as a function of the collector current of
the driving "on' transistor. Once this is foundvthe r’eséonse' of the ‘tran>sis_
tors is addc.ed,, thué_ giving the respoﬁse of f:he hy'poth'evticall collector current
6f the saturated Vtransi;stor as a function of the drive ’cur‘rent.‘ This hypo-; ,

thetical collector current is the collector current that would flow in the

‘saturated transistor-if it were not in saturation, and is given by

Icl(h) =“ IBl(sat)‘ 61 '

where I, is the base current of the saturated transistor and B, its

common emitter current gain at zero collector voltage. When the hypothe-

tical collector current decreases to the actual saturation collector current
regeneration begins, thus ending the saturation delay period. The change in

collector current during the saturation delay period is
al, = I, (sat) 61 - I_,(sat)

The details of this calculation have been carried out in appendix III and

will not be repeated heré. In making fhe calculations each transistor is
represented by a simpl_ie one pole 'e‘xpression. When the saturation delay

is small in relation to the dominant time cénstants of the ciréuit the saturation

delay is found in appendix III to be |
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2 {IBl(sat) ﬂ‘l - Icl(sat)}

Y (3. 3)
37 2 o 2 . 2" .
:H{KIP1 "+ K,P,% + KPS |
where
Pl is pole due to the coupling éir¢ﬁit of the F/F. |
1 { L, 1 z
Pl = C3 + CI% R.3. RB1 + RL
Bl
1+ —x

P, is the pole due to the driving on trénSi_stor.‘

P, = = Wp
TFD

P, is the pole due to the saturated transistor.
P, = ———— {i ~ onAi)
herew andwi are the forward and reverse alpha cut-off frequencies of the

saturated transistor, and oLn and o{i are the d-c alphas in the forward

and reverse direction, taken at zero collector voltage.

H = leﬁlgz,P2P3
R
L+ T+
3 L
K, = P, -7

Py (Py-P)P;-P))

P-4
P, (P~ P, )(P4-P,)

KZ':
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Py - %)
P, (B-P,)(P,-F))

DELAY TIME t, (The regeneration period)

Regeneration begins at the end of the saturation delay period for at

this time the going '"off'' transistor is biased at the edge Qf its active

‘region, thus giving the circuit a pole in the right h.:gl-f plane.

A first order estimate of the regeneration time may be obtained by |

o appl-ying the results of D. O. -'Pedersons3 paper on the regeneration time of

a non-saturated F/F. This work applies to the case of minimum external
drive, and consequently will set an upper limit on the regéneration time, as
any drive greater than the minimum will decrease the regeneration time.

The regeneration time ty from Pederson's formulation is

g ; 2P,
t, = - - 1n » (3.4)
4 (29(0 - I)P’0 - PC (1 -o(o)Pc . o
: o - G +q¢. P C_ v S
where - ' P = ¢ °o° ¢ "~ (3.5)
c Cl’ ‘
Po = Measured alpha cut-off frequency of the transistor.
L, = Average d-c common base current gain.
Gc = Total collector conductance.
C, = Coupling capacitance of the F/F.
C _ Collector capacitance of the transistor.
c
gh. = Base conductance of the transistor.

For the regeneration time given by equation 3.4 to be valid requires the

following conditions to be met:

‘g, » G_+a P C_ ' O (3.6)
C, » C, . o (3.7)

2o, -1P >P, - (3.8)
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The voltage drop across the coupling qapacitor's is assumed negligibly
small in the development of the re'genevrat'i;én v'time ‘exp'r.ession. Actually
there is quite a considerable voltage drop in the coupling capacitor supplying
current to the saturated transistbf, but this drop ié due to the .dfiying sign‘al
r ather than to the regeneration process. So far as the regenefation préc‘ess
is coﬂcenred this voltage drop does not constitute a loss in loop géin, but |
rather an increase in loop gain, for as the driving signal is increased the
regeneration time ié decrease;d.' Consequently the regeneration time found
from equation 3.4 will be an upper limit on the regeneration time.

DELAY TIME t (Collector Voltage Recovery)

Delay time ’t4v is the time necessary for the collector voltage of f.he now
cut-off transistor (TZ) to fall’ fo the breakdown—volta‘ge of the breakdown-
diode. Since reégeéneration takes _place so fast in relation to the RC tiine
constant of the collector circuit there. ’iAs very 1ittie change in the collecton_‘»
voltage during the regeneratiqn period. Consequently after regen}e.ratio;r,i '
the collector voltage will decay toward the collector power supply volta'fge
on a simple .R.C, time constant, where R is the total load resistance in séries
with the base resistar;g:e. of the going "on" transistor, and C is the combined’

capacitance of the coupling capacitance and any stray circuit capacitance.

This time delay is given by

ty = (RL + rb)(cL + C3) 1n IV—SJ\—Y_-'—Sll—\El— (’3. 9)
where

RL = Colle;tor load resistance.

rb = Base resistance of the going '"on' transistor.

Vs = Collector power supply voltage.

Vb = Bre_akdown vqltage of thé breakdown-diode.

C3 = Coupling capacitance.

C; = Stray load capacitance.
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CHAPTER IV

DESIGN INFORMATION

INTRODUCTION

In this chapter design information will Be ‘pre sented fhat-' should. give
a good graép of the major. design problems-involved. As always with this
type of problem it is neither worthwhile or po“ss_ible‘t;)‘ give a one, two, tf.hree.,
plug in the numbers, type of universal design procedures, for ‘every designer
._has his éwn specific problems and design criteria that he must meet. The
design problems of the F/F must be _considéréd and weighed with the overall
| system prob'lém before 'it is possible to arrive at a good design criteria,
for a good design is a balanéed design.

DESIGN OF THE STATIC LOAD CIRCUIT

The static load circuit (Fig. 4.1) consists of a breakdown-diode
regulator circuit where E-ccl is the supply voltage, R1 the supply resistance,
Ro the load resistance, and Vb the breékdowﬁ—voltage. The saturation
resistance Rsl appears in series-'wivth the breakdown-resistance R‘b"Of the
breakdown-diode. This equivalént circuit applies to the case when transistor
. Tl is saturated and transistor T, is in its cut-off condition. - Fig. 4.1b
is the same as Fig. 4.la, but in Fig. 4.1b Eccl’ Rl'- and RO have Been re-
placed by their Theven equivalent. In order to allow the breakdown—diode
to operate it is necessary for |

E R = NV (4.1)

fe) =
ccl —— o — b
Ro + R1 |
where N is larger than one. If this condition were not met the node voltage

V . could not raise sufficiently to allow the diode to breakdown; when N

ol

is large,' the normal condition for a fast circuit, the delay time t4 is re-

duced, as will be shown a little later.
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In a circuit of this type power supply Eccl and resistance R1 furnish.

current Is

= ccl b _
I, = R; | (4.2)

' that is divided between the load (i.e., IL flowing through Ro) and the break-
down-~diode. Since only curfent IL is useful for driving a load it should
be maximized, while the breakdéwn—-d'ic'sde current ID should be minimized so

that low power diodes may be us‘ed; When the circuit is switched, transistor

T, must supply endught current (I to node Voi to drive the node

c2{max)

voltage to zero. This current may be given by

. E_ - R
Le2(max) © st ‘ | | (4.3)
71
where ‘ICZ(max) is supplied by transmtor TZ' The maximum value of ICZ(max)

will be determined by the maximum pulse current of the transistor, or if
-the repetition rate is high by the poWer dissipation of the transistor. In

either case I is limited by the transistor, not the load circuit, so

c2 (max.)

~that it must be used as a design limit.
To_- maximize the load current IL with a limited transistor current

Ic2(max) the current I.s should be large, and as nearly equal to IcZ(max)

as possible. .Corlnbining equations 4.1, 4.2; and 4.3 |

_ | v -' -
IS = IcZ(max) (1- - b ) (4. 4)
: ccl
it is seen that Is approaches Ic2(max) as ECCl approaches infinity. Con-

sequently the ideal case would be to replace power supply Eccl and re-
sistance R, by a current source. This is not normally feasible, but it ‘
is possible to make the supply voltage,ECCl large, thus approaching a

tvrue current source.
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The static circuit may now be designed by spemfymg the maximum

transistor collector current (I Z(max) ), the power supply voltage (Eccl)”

the breakdown-diode voltage (Vb‘), and the recovery-factor N, With these

terms the remaining circuit quanities are given by

R = ——-(my— (4.5)
R, = I '.( ) (1 1' . 1 : v (4. 6)
max - ‘
c2 | -NVb - Eccl v
IL = I Z(max) | (/N - vb. ) - (4.7)
cel

ID = Icz(max) (1 - 1/N) | | : - (4. 8) |

I, = 'Icz(max) o - | ‘. " (4.9)

g2 o

. ' The stacking ratio (S),_ the nu_rnber of similar F/F that can be driven by -
~oneF/F, may be found by subtracting thé saturated transistors hold on
current Vb/R3v ‘fvro__m the load current IL and dividing by the drii/ing current

I . Thus
Tx

s = I~ Vp/Ry | - . (4.10)
i | ‘ '

% -

 Simplifying equation 4.10 and introducing the over-drive factor (K) (the

ratio of the actual drive to the minimum possible drive current) gives

| 1V
s=_£_2.——[ N - 2 (14 i )]  (4.1)

K

Figure 4. 2, derived from equation 4.7, is a plot of the load current

IL/ Icz(max) as a function of the recovery factor N and the voltage
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rétio ‘of the breakdown,‘{roltage V;t) to the power supply voltage Eccl' This
figure may also be used to obtain a first ordef approximation to the
stacking ratio - (S) when the hold-on current of the saturated transistor
is thg same as the driving current (Ix).of the F/F. : o |
A, B’ ' -

g = K Icz(max) -1 (4.12)

The value of IL/I z(max) may be tfa.ken directly from figure 4.2 and used in
. equations 4.12. Even when the hold on current isn't exactly equal to the
drive current, equation 4.12 may still be used as a fir'st order approximation

to the stacking ratio.
DYNAMIC CONSIDERATIONS IN THE DESIGN OF THE LOAD CIRCUITS

Ixi this sectionr the varioué delay times will Be expressed ifx terms of
_the 'desigr.quuanttiées Ié(nﬁax), Vi Ecepr and N, as well as the cut-off
frequéncy of the t_rans‘isto.r«a. With this information it is then possible to
proportion the' variouis delays to fit a particulaf aﬁpiicaﬁon.

Delay time ty is given by equation 3.1. AV2 in this expression is due.
' to current supplied. through R5 flowing through the hold on resistance R3
The drive current I may be expressed as V

1= KI (max) L (4.13)

| P | |

where K is the overdrive factor, Ic(max) the maximum transistor collector

current, and B the minimum beta. Expressing t in these new terms gives

_ C4 Ry ELP
1 K R5 Ic(max)

-

(4.14)

‘Delay time ty from equation 3.2 may be combined with equation 4.7 and 4.9

to give _
- 1*D ad (1 - 1/N) | (4.15)

t
2 T o x K
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where w), is the alpha cut-off frequency of the transistors and D the loss

factor of the transistors given by

D = (U C4( P + rSl + rb(l -?(Q) ) (4-16)

Delay time t, is reduced by decreasing the recovery factor N, for as N is
decreased the breakdown-dmde current decreases.
The recovery time tg equation 3.9 may be expressed as

c,+C

where C3 is the coupling capacxtor (F1g 2.2) and C is the stray load caéaci-
tance. -The effect of the recovery factor N on the recovery time is plotted

in Figure 4,3, It may be’ seen from this figure that the useful range of N

1 11es between 1.2 and 2. If Nis too small the recovery time is excessive and

is sub_]ect to large changes with small changes in the circuit tolerances, wh11e

| if it is too large the stackmg ratio will be severely reduced as can be seen from

- Equation 4.12 and Figure 4.2.

SELECTION OF THE COUPLING CAPACITORS (C3 and C4)

The coupling capacitors store charge that is ﬁsed, to drive the sat-
ura.ted transistors out of saturation. If these capacitors are too small the
storage delay‘ovf the transistors will be excessive, and if they are too large
the collector RC time-constant will be excessively large, and the initial
delay time t; will be mcreased in circuits employing high repetition rates.

The method chosen of approachlng thls problem w111 be that presented .
by Moody4 where the amount of stored charge in the base region of the satura-

ted transistor is determined from the intrinsic transistor equations of Ebers
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5 .
and Moll. Since this stored charge is removed by the application of reverse

base current flowing through the coupling capacitor the coupling capacitor must

hold at least as much Charge as is stored in the base'region of the saturated
transistor. As the saturation delay time is normally small in compé,'rison
with the RC time-constant formed by the coupling capacitors (C3 and C4)

: and‘the hold on resistance (R3 or R4) nearly all the reverse base current is
supplied through the coupling capacitors. Consequently a first order approxi-
mation for the coupling capacitofs is éound‘by using a capacitor that holds the

-same amount of éharge that is stored in the base region of the saturated

5

transistor. The stored charge in the base region is given by

B, . 1+z2 S P e S
Q =22 __ (1 Wy + 1 Pn W4 ) (4.18)
8 w : b - e
1+ —pP— |
S

.whe're_wr;‘ and t.l.)i are the normal and inverted alpha cut-off fr'eqﬁencies;

}Sn and j3i th.el normal and inverted common emitter current gains; Ib and Ie‘
are the steady state base and emitter currents just bef ore switching starts.
The charge stored in the coupling capacitor is determined by the breakdown

voltage Vb' and is given by
Q=C,V : (4.19)

Combining the last two equations and solving for the coupling capacitances

gives
Wn . W
X }Bn 1'+(Ui : ' 1 - ’?—L'Jrl_ .
C, = ' (1, —F 41 Pn W4 ) (4.20)
n + n e

ﬁn +ﬁi

Pi

-Examination of equation 4.20 shows the importance of using as small a hold-on
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base current as possible for }:ﬁe coefﬁcient associated with I is considerably
larger than the coefficient of Ié. For RCA 2N219 transistors the stored charge
due to a hold-on base current of one ma is responsible for 70% to 80% of the
total stored charge when the emitter current is 13 ma,

Asg the selection of couplmg capac1tance effects nearly all the delays
of the F/F its choice is very important. For a tho.rough treatment of the
subject the r:eade'r’ is refered to | |

thesis on

SELECTION OF THE STEADY STATE HOLD ON CURRENT

"In order to take full advantage of the low saturation resistance of the o
transistors it is oecessary to use fairly large base currents (i.e., around
1/2 ma or so) in order to keep the saturation resistance low (i.e., around
‘ten ohms) On the other hand excess saturation increases the charge stored
in the base region of the saturated transiStor, thus requiring the use of large
coupling capacitorev which are necessary to drive the tra:risisfors out of satura!—,
tion r:ipidiy. The saturation resistance may be found from Ebers a.nd'Molls5
model of an intrinsic transistor. Thus | |
' kT 1-, 1 _
r = q I .‘ (4.21)

K, X b

‘where and ¢, are the normal and inverted low fre uency alpha, and 1
X h i q P b

-

- is the steady state base current. r_ the saturation resistance is the small
signal resistance as seen between the collector and emitter terminals. If

I, is expressed in ma, then rs' will be in ohms and kT/q is about 25 at room

b.

temperature. The actual measured value of Ty will be larger than that given

by equation 4. 21 by the amount of the ohmic contact resistance of the collector
and emitter junctions. Normally this ohmic resistance is less than a few ohms
so that equation 4. 21 gives a good approximation for base currents of less

than a few ma.
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Figure 4',4 is a plot of equation 4.21 for RCA 2N219 transistors where
o Q(,i/_l-C’!i :is around 5. For a base current of 1/2 ma the s;tura.tion resistance
is about ten ohms, but anlerso at this point the saturation resistance is still a
- very sensitive function to small changes in base current. If the base current
is increased to one ma the saturation resistance is cut in half while its seﬁ-
sitivity to changes in base currentis cut b& a factor of four.

The output impédance of the F/F consists of the saturation resistance
.in one stable state, while in the other stable state the output impedanc’e'is'the '
saturation resistance in series with the breakdown—resistahée of the breakdowﬁ-
diode. The satur.a‘tio‘n »resistancé also gives cross‘co‘upling betwegn the two
outpufs, for a change in either load current produqes a corresponding voltage
change across the saturation resistance which is felt by both outptits. : When low
6utp1it impedance is required the choice of base current should be such as to
’kleep the satiiration resistance about the same order as that of the breakdov;/n-
diode or possibly a little smaller. Most B.reakdown-diédes have breakdown-
resistances frqm a few ohms to ﬁft.y' ohrhs or so, so the saturation resistance -

will need to be low (ten ohms was used for the 2N219).

CHOICE OF V, (The breakdown-voltage of the breakdown-diode)

-

From equation 4.1l it is-seen that lowering Vb has the Aesirable effect
of increasing the stacking ratio. On the other hand decreasing Vb requires an
‘increase in the coupling capacitance as can be seen from Equation 4. 20.

This increase in coupling capacitance does not change the collector circuits
tirﬁe—constant appreciably for as the coupling capacitance is increased the
corresponding collector resistance is decreased. The collector circuits time
constant may be given by

R R_ | |
Te =% RIR | (4.22)
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This expression may be expressed in the circuit design parameters as

N H | | |
_ _N o S (4.23)
?.C ‘I.c (ma_x) ‘ .

where H'is given by

n ..u) '
i 1+wi 1-.’!1,5__.
H;ﬁ_n_ (1, "‘_““’B + 1 Bn i y  (4.24)
Wn 1+

2. % Bn +pBi

- The important poinf of this discussion is that the collector circuits
time-const’ant»(Equation 4.24) is independent of the choice of Vb. In this
discussion the stray load capacitance has been ignored. Since this étray capaci-
fanée is independent of the coupling capacitance or Vb there is in‘reality some
_decrease in the collectors time-constant with decreasing Vb dge to the smaller .
‘equivalent load resistance (R.1 a.nd__Ro is parallel). |

As lowering the breakdown-voltage Vb has only desirable effects

_the lower limit is set only by the circuit tolerancirig. If Vb'beoo mes too low

.i‘t becomes impossible to control the hold onvculrre.nt of the saturated tran_;sis-
" tor. ‘This current is drawn throughvthévba"se of tfle saturated transistor and
then through the hold on resistance R3 or R4 (See Fig. 2.2). When thé volta‘ge
~across the hold on resistance becomes comparable with the base voltage (Vl)
the hold on current is subject to wide variations due to the changes in the base-
enﬁtter characteristics of the saturated transistor. To overcome this the F/F‘
should be designed so that the voltage drop across the hold-on resistance 1s

several times larger than the base voltage of the saturated transistor; in this

way reasonable control is maintained on the hold-on current.
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CHAPTER V

RESULTS AND CONCLUSIONS'

EXPERIMENTAL PROCEDURE

" The primary purpose of the expemmental work .undertaken has been
;to verify the delay times calculated pr_e’vmuslyo This was done by exper1menta11f
observing the step response of the. F/F to a step of current applied to the base |
of the cut-off transistor. The delay times were then estimated from the step.
reeponse oscillograms and checked against the calculated ‘delay times.
. The second phase of the ‘experi mental work was directed toward .
ﬁndmg the maximum repetition rate of the F/F. This was done by connecting

‘two similar units in a closed loop and observing the frequency of oscillation.

DESIGN OF THE EXPERIMENTAL F/F

The F/F used in ;11 experimental work was designed using RCA 2N219 R
transistors. These un1ts are rated for a maximum collector current of 15
,me. and have_ a norma.l Beta of 35 and an 1nve'rted Beta of 5. | The normal alpha. |
cut-off frequency is 8 mc while the inverted aipha cut-off' frequency is 1.1 mc.
Usmg a , 45 'volt power supply, 5.5 volt breakdown—dlodes, and a recovery
factor of 1.5 the circuit values are determined from equatlons 4.5 through 4. 9

These value‘s are

I R, = 31K

, r

Ro = .67 K

IL = 8.2 m.a.
ID = 5 ma

I .= 0.5 ma
x(min)

The steady state hold-on current must be at least as large as the

minimum base current Ix(rnin) of 0.5 ma in order to assure that the saturated
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condition is maintained. During the course of the experimental work, a value
of 0.8 ma was iis'ed for this» steady state hold-on current.

For a stacking ratio of 2 the oAvererive‘factor K is found from e'qua.ti.on
4.11 to be 7.7. The coupling capacitors (C3 and 'C4) aré found from equatéon
2.2l to be 120 i, but since this does not allow for any tolerancing in transistors
a value of 150JJij was used in the a_ctué.l 'éi,rcuit., .The,'compl-ete circuit is shown

in Figure 5.1.

EXPERIMENTAL RESULTS

.. The step response of the test circuit is ShoWn by th¢ ,oscillograrhs’;;of
Figure 5.2 and 5.3. The driving current (I Figure 5.1-a) i8 3.8 ma; the
same as the output load current available when a stackiﬁg ratio of two is used.
The dfive cﬁrrent,méy be considered a true step for it has a _rise tim‘e. 9f 1_ess
than 1 m—}x sec., two orders of magnitude f#ster tiaan any of the F/F's fise
‘times, | )
The oscillograms ovf Fig. 5.2 and 5. 3 all have the same time _bé.se
and have tirhe_ moving from left to right., Picture #1 (Fig. 5.2) shows the
dri;ring cufrent le, This is a step of -3.8 m. a.v that lasts forf.‘45))# sec.
Péctu're #2 shows the collector voltage Tl being tl;le coliector voltage of the
going "on"btransistor and 'I‘2 being the collector voltage of the going Moff!!
transistor. Picture #3 shows the base voltages; here a'.gaiﬁ Tl»is the going
' "on”ltransistor and T, the gcﬁng ""off" transistor. The sharp spike of T2
indicates that the going "off'" transistor is being reverse biased.

The pictureé in Fig. 5.3 have the same time base és those of Fig. 5. 2
(These pictures were taken with a floating scope so there is some distortion
dﬁe to feed—through from the trigger source.) Picture #l shows the base currents.
T, is the base curreht of the going ''on'" transistor; this current increases

1

throughout sWitching, first due to regeneration and then due to charging of
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the coupling capécitof through the bgse of’th_e"g’éing Yon' transistor. TZ

is thé base current of the going "off'' transistor; this current is actually negative
while excess éarriers are being removed from the base region of the transistor. -
The charge supplied to the transistor during this period may be estimated

from the area under the reverse current oscillogram. - This charge is about

5 x 10-10 coulombs, which is about (;O% of the available charge stored in the
coupling capacitor. Picture #2 shows the collector currentsv. Current T,

of the going "'off'' transistor has a sharp increase lasting for about 20 m M sec.v,
due to the driving ‘cur:ent charging up the coupling capacitor. After this spike
the collectof cu..rre‘nt decrea__.ses until the breakdown diodevcu‘ts-off. There is
then no further change until the transistor comes out of saturation, at which
time the collector current decays to zero while the F/F regenerates. Picture
" #3 shows the rcurrent in the breakdown-diode. If this diode had no capvacitance
the current through it would decay to zero and remain there uﬁtil the collgctor
~voltage of the gbing "off'! transistor reached the reverse breakdown-voltaée of .
the dioae. As the diode does have capacitance its current never stayé at fz_ero,
but continués to decrease, as can be seen in picture #3.. B

The following table gives a comparisqn of the experimental and cal-

- culated delay times of the F/F.

Delay Time Calculated +  Experimental
ty 30 30
ty : 20 30
ts . 82 90
ty - 180 160
tg 234 _ 240
Total - 546 490

Table 5.1 (All times in my) -sec)
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The experimental and calculated delay times corinpare‘ quite well.
The measured regeneration time (§4) is less than the calculated value, which
would be expected for minimum drive was assﬁmed in the calculations.
| Th’e repetition rate Qf the experimental F/F was chevcked by connecting
two units in a closed lo_oﬁ. ’i‘he frequéncy_ of os‘cill.a;tion was then tékeﬂ'as a
measure of the maximum repetition rate. The frequency of this oscillation
was found to be 350 K. C. ;. Sut :as fcﬁis figufe represents 13\5}0 F/F‘s in series

the maximum repetition rate for a single F/F would be 700 K. C..

CONCLUSIONS

The use of .double-bése breakdovs)n-cﬁode clamping in ébnjunction with
a saturating colléctor coupled F/F gives an output Kroltag'e swiﬁg t}\;’at is .stable
with ?espect to ground for bo£h output states of thve_F/F. The .6utput impedance .
is as low, and cah possibly be lower than a similar diode clamped F/F. |
Switching times are comparable wi\th other types of saturating F?F,' for it
.is the transistors that limit the switching time, not the means of clamping.

The power drain. of a F/F using breakdown clamping is constant, and
the same as a comparable diode clamping F/F with the exception that with
diode clamping, voltage dividers may be needed to.establis;h the clamping
‘}oltages, éonsequently there will be a power dissipation in the voltage dividers
. that would not be present when using breakaown-diode clamping.

The noise generated by breakdown-diodes is greater than for normal
diodes, so that in noise sensitive circuits breakdown-diodes must be used

-with care.
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APPENDIX 1

- DOMINANT POLE REPRESENTATION OF A COMMON EMITTER AMPLIFIER

The circuit to be considered here is a'common emitter amplifier

with a resistive load (RL) driven by a current source (idn ).

cewle
' ———g
bt
¢ . . CC _
Lin ? (’9 «“eé e 7 i

In this equwalent circuit C “is the junction capamtance, ry the base

res1stance, and Te the emitter re51stance, oL is the common base current

gain represented by '

T A (L.1)

where QO is the d-c alpha and wT is the measured alpha cut-off frequency.

Writing the node equations for the above equivalent circuit gives

Lins) [ge(l - W) +5C, | V- SC Vo) | (L2
0 = (&g -SC) V + (g, +5C) Vius) (I.3)
- Solving these equations for the network function Vout/lin’ and normalizing

with respect to (A)c( gives
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20 R8s
5548 - oo
out - _ 1 ' o ¢ |
Tin RSy — —— L (L4)
o ek “Wple FptTe)

For normal amp’li"fiei' 6peration_the following'inequality holds

- (rL+ r)C. 1 . (I1.5)
thus making it possible to obtain an approximate factorization of the de-
n.'omina,tor of 1. 4, for in this case

L G-x) e

1+ |
WG (ry+r ) > e G T T

Factoring I. 4 and removing the frequency normalization gives

_ V'out ‘ %o uj‘)Tge : ' 1 ,
2 - e (1.7)
in - \8e T Bp, c

) |
(S YT, : :)(s+((¢;:_—()1'_%' )c‘)

. ’ . ' (1- 0Lo) wT fp:
This expression hasv a dominant pole of1 T (r FrC -when the condition

set by inequality I. 5 holds. The dominant pole representation is then

given by
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22~ AR Py , o (1.8)

whére‘ﬁo is the d-¢ common emitter current gain and
P, = Wg /D . R ; (L9

1

where ()Jﬁ is the measured common emittér cut-off frequency and D is a

degradation factor

_ D“=_1+wT(er‘+ r)C, | o o o (1,102)
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APPENDIX II

From Figure 3.1 the following equations may be written:

) 1 | 1
ie {(-a)(x, tso, )t et T the Fat—sg )70 (-1
I, = - ie X(s) N ' (1. 2)
From Appendix I the alpha of transistor T, may be expressed as .
Ao WT .
&K (s) = w—F7—— (II. 3)
T Stwg
" The Jfollowing definitions '\;v'ill be made
Wp = W (- ey) o (I1. 4)
> . o (IL. 5)
S |
S oSy o~ +1r T r' T _ | (I1. 6)
2 b—"e sl’ 74

Solving II.1 and II. 2 using the above definitions gives the transfer function

of the circuit as

1., '
c2(s) _ %o wT Ts1 _ : S+\(‘1 (11. 7)
i T T +r +r. T +r_ +r, (1- ) ’
x2(s) b sl "e SZ+S \Pz""w e “sl b o }+‘(' W

T re+rs~1+rb 2
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Normalizing II. 6 with respect to wcx the alpha cut-off frequency of

transistor T2 givé S

- o Ty w
Te2(s) _ Ao¥sl _ S+ U/¥T (I1. 8)
1 T : B
- "x2(s) r +r_ ,+tr, . 2 : ‘
. e sl b S +8S 7~2 r tr_.+r. (I-a )\ ‘
_T&)——- + e sl "b [e) 2 (1_ o%)
T re+rsl+rb_ ] W : ‘
| Equation II. 8 may be factored into a dominant pole expression for in -
general
[ r +r .+r. (1 - o) T : : .
2 tel . :
o t e % E (-« e
T e sl b wr o o -
This identity is valid if the d-c beta (1/1- o&o) of transistor T, is much
larger than one. The dominant poie approximation representing II. 9 is’
c2(s)  _ %o 1 (I1.10)
I 1+ D I - ‘ | : .
x2(s) S+ o
T+D
where D is a loss factor given by:
= W - | - |
D T C4 (re + roy + rb(l 0(0) (II‘. 11)

Solving the dominant pole expression of I1.10 for a step input of drive-

current Ix2 gives
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L, T Ws | - |
-e T IFD 9 (I1.12)

=1

x2 1-.0(

o2t <

" The delay time t, may be found from II. 12 by setting Ic2(£) equal to the

maximum breakdown-diode current (Id) and solving for t.

"1+ D S

2= ®wp I Agl-ea) | | Cn13)
. - le) .
—2 /1,
Ao x
- T80 ) 113 1, ’ rent 1
The term ‘ o in equation II.13 is the base current needed to just
L= Gt ' ‘ ’

drive the breakdown-diode current to zero under d-c conditions, while Ixz :
is the actual base current being supplied to transistor T,. IxZ will be
~larger than Id(l -qo)/c‘vo under all coydltlons (It is impossible to produce
a change in state unless this condition is met. ), and normally it will be
considerably larger if any amount of ovérdrive is being employed. If the
ratio of IXz to Id(l _“O)/o(o is greater than two or three equation II.13 .

méy be approximated by

6, =—22 I " | | (11.14)
Wr T |

x2



APPENDIX. III

The first step is to find the base current of the saturated transistor

Iy (Fig. 3.2) as a function of the collector c‘u‘rre‘nt'o__f: the going "'on'
" transistor.
Writing the node equations frzofri Fig. 3.2 gives
V. (i 48 =V, (S(Cq+ Cy) 4 1 )+ys+'1 - o (LD
"1(s) * R C’ Tol(s) 73 L R R, "SR 2(s) ~ 7 ‘
3 , e 3 L L
Vo (il ot S+ (— +5C,) = 0 (1L 2)
) 1(s) * R3 RB1 3 ol(s) ﬁ3 ~3 _ : :
Solvin forI,,; = V1(s)
‘ ' Bl
I i 12(5) -_(sc3+-1/R3) _
Bl(s) = {szcc +s[c L1 1 \c‘ 1 .1 )}
¢ HC. (et —=—) | +
Bl 3L 3 'Ry, R; _L(R3 Rpy
1 1 .. 1 | (1L 3)
+ ) + , o
R Rg, Ry RB1+RL} -

For most design work it is possible to apprbximate equation III. 3 by a

simple dominant pole expre'ssion. Under the conditions that

R, < Ry RS Ry | - (111;.4)
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c, £ ¢, - | . (mws)

the dominant pole expression is

' S+ Z,° '
I =1 H 1 . , . - (I1I. 6)
Where
H. = A 1 ' o S (111 ‘7)
1 C R ' ' )
L Bl :
1+ c—t X
3 L
z, = -
1 v R3C3
-1 1 . 1 - : .
pP. = . . ( + : ) *(1I1. 9)
L G Cg Rs Rp1 ¥ Ry |
14 TRBI ,
S
‘The next step in finding IBl(s) is to "obtain_ an expression for the
driving current 12<s). . Equation II. 12 of Appendix II may be used for 12(5)‘
if it is shifted in time, i.e., at timet =0 Icz(t') (Equation II. 12) must be
equal to the Steady state breakdown diode current Id. - To accomplish this
shift let
t = t, + t' . S ' : . (1I1.10

where t is the time base used in Equation'II; 12, ty is the delay time necessary
for the breakdoWn diode to cut-off, and t' is the new time base. Substituting

II1. 10 into 1I.12 gives
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-Wpn ‘ L
Teaiwy © xzﬁz<1‘e “D'(t H)) . (una)

To remove t, from Equation III. 18 the equation is solved for t' = 0,
at which time IcZ(t) = Id. Tbe resulting expression for t, is then resub-

stituted into Equation III. 1l giving

Ig \® '%v | | |
Ly = e B2 [1 - (1 s ) ] (IIL. 12).

The losé facta of Equation I 11 cannot be used in eqiatibn II1.12 for there
is no longer any éoupling through saturation resistance roy ' The new loss

factor, taken from Appendix I is

y = W R. (C° .
D' = WoLRry (C, + Cy) (111..13)
Writing Equation III.12 in terms of S give 5
L(s) = 1, S+ 2,) (I11. 14)
o , S(S + PZS ,
where » v
P, = Ws | | | (1I1.15)
P I : :
z, = 2 Balxe : (111. 16)
. I, _

1 i " "o : .
When the drive current le is lgrge ZZ?> P,, and there is no need
to go through the time shifting. Under this condition the inverse Laplace

-of III. 11 may be used directly.

1

Lea(s) = LeB2 P2 57Ty (I11.17)
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The saturated transistor may be represented by a simple one pole

expression.

. P |
: - . 3 . »
ICl(S) - _IBI(S) /8 1 S ¥ P3 ' | : : (111.18)
where
W oawi 0% | o
P3 = w n+ 1 n 1 v | , (111.19)
Wn Wi : . :

w. and w; are the i"c;r‘w_ard"land rgvérse alpha cut-off frequehcies of the
saturated»transiétor,' ‘an"d o(,n‘-ahd O'Ql ar_le the d-c alphas in the forward
and rev‘erse diyrejctid_ri of_the saturated transistor, taken at zero collector -
voltage“.' |

- The collector current of tﬁé saturated tfanéisfor may now Be found

by combiniﬁg Equatilon.s' III. 6, III.17, and III.18 giving

| S+ Z , :
1 Vel Vot BBt L - (111. 20)
1(s) ~ ] — .20)
cl(s) <1+ ‘L, RB1> SIS+ P)S + PS5 + Py)
C R o
3 L : :
Transforming this into the time domain gives
_-Plt -Pot ' -P,t
Icl(t) H (K + K|, + K, + K,3 ) ~(IIL 21)
where o ,
H o xlcﬂlﬁ'z 23 I
, R
1 L Bl
t—— ¢
3 L
21
Ko 5P D (II1. _2,3)
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P'1 -z, : ,
K, = (I1I. 24)
1 PP, - P|)(P; - P) :

P, - Z, ' - : ,
= - ' _ _ (111. 25)
2~ PP, PZ)(P3-P2) . ,

k, =34 | D (I11. 25)

When the delay time is small in comparison with the three poles, i.e.,

1 .
t<—~]1—-‘t< P, « and t& 1 , an approximate series expansion of III. 21 may

be made giving for the delay time

5 ERSTORE f | (111 27)
: 2 z 3 . | :

H (K, P;" + K, P, + K;P,°)

Nt
It
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Fig. 2. 1. ‘Breakdown-diode regulator circuit.
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Fig. 2.2. Flip-flop employing breakdown-diodes.
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Fig. 2. 3. Supplementéz_'y flip-flop circuit.
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Fig. 2.4. Output characteristics equivalent circuits.
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~ Fig. 2.5. Saturated Eccles Jordan FF using clamping diodes.
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Fig. 3.1. Equivalent circuit for délay time t,.
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Fig. 3.2. Driving circuit of the saturated transistor.
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Fig.v 4.1, Static load circuit.
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Fig. 4. 4. Small signal intrinsic junction saturation resistance
for RCA 2N219 transistors.
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(1)

Driving current of the
saturated transistor.
2 ma/cm

(2)

Collector voltages
5V/cm

(3)

Base voltages.
0.5 V/cm

Time scale 0. 1}1- sec/cm (All photos have the same time base.)

T1 going '""on'" transistor.

T, going "off'" transistor.

STEP RESPONSE TEST

Fig. 5.2 )
ZN=2309
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(1)

Base currents.
5 ma/cm

(2)

Collector currents
20 ma/cm

(3)

Breakdown-diode current
5 ma/cm

Time scale 0. l}J-sec/cm (All photos have the same time base. )
T1 going ''on'' transistor.

T2 going "off'" transistor.

STEP RESPONSE TEST

Fig. 5.3
ZN=2310



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment.or contract
with the Commission, or his employment with such contractor.





