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CURRENT SWITCHING CIRCUITRY
Jack Gilbert Salvador

Lawrence Radiation Laboratory
University of California
 Berkeley, California -

January 11, 1960
Abstract
~ This papér discusses a group‘of high-speed switching

circuits using the basic o:urreni:--swii;chinvgv> mode of operation.
Existing li terature has described the steady-state analysis of -

- the basic current-switching mode in performing numerous "

ldgical combina'tions. The first part of this papei' presents a

dynamic analysis of the basic current-switching mode. In pre-

" vious work the assumption has been made that the dynamic

switching characteristic of the circuit is that of a common-base

arrip'lifiér with a current step applied to the emitter. When
linear analysis techniques are used to find the nétural,frequen-

cies present in the circuit, such an aésu‘mption argues that the

'gam—bandwxdth product is the dominant natural frequency a,nd

therefore determines the switching time.

~ This paper shows that the basic current-switching mode
is really an overdriven amplifier in a common-emitter configu-
ration. Therefore the dominant natural frequency, which
determines the switching time, is actually fﬁ’ the short-circuit
cutoff frequency in the common-emitter configuration. The
comparison of switching-time estimates and experimental
measureménts,, considering only the gain-bandwidth product,
often shows agreement within less than a factor of two. The
paper presents the reasons for this conformity but describes
the errors introduced by considering the géin-baudw’idth

product alone.
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The second part of this papé: is the dyﬁémic and steady-
state analysis of a current-switching flip-flop. Authors of
existing literature have assumed that the effect of the regener-
ative loop is negligible during switching and that the circuit
switches in the basic\-.chrrent-switching mode. This paper shows -
that the natural frequency of the regenerative lbb_b lies in the right-
hand plane of the complex frequency plane, and is dominarit during
switching. ' ‘
A conventional saturated Eccles-Jordan circuit is compared
analytically and éxperimenta.l.ly with the current-switching flip-
flop. Switching time, pulse pair resolution, and repetition rate

describe each circuit's operation.
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Part I: Dynamic Analysis of Basic Current-Switching Mode

" The basic éurrent-switching circuit is shown in Fig. l.

The configuration is that of a differential amplifier with one input
tied to a reference potential. If Vb is greater tl;an vbb’ T1 is
"on' and 'I‘Z‘ is "off.7 " If V, is less than V ., ' T, is "off“- and T,
is "on." The circuit can bé thought of as a current source and
two curreﬁt sinks with the transistoré acting as directional
switches. Since most transistors require only a few tenths of a
volt base-to-emitter bias to be either on or off, the side to which
the current is switched can be controlled by very small voltages.

Consider for a moment the transistor as a switch. The '
speed of response of a transitor as a switch is determined by the
"alpha cutoff' frequency, where alpha cutoff is defined as the
short-circuit cutoff frequency of the transistor in the common-base
éonfiguration. In any given circuit the time constant associated
with the collector capacitance may limit switching speed before
'~ the alpha-cutoff limit is reached. When thinking of very fast
response times one must alae consider the delay due to minority-
~carrier storage when a transmtor is in the saturated condition.
In addition to these factors one must consider that for most con-
ﬁguration_s a transistor cannot be "overdriven' when athching
from on to off, as it can be when switching from off to on. '

| Alpha cutoff and collectoz; capacitance are marked functions

‘of the steady-state operating point of the transistor. A curve of
~ collector current versus alpha cutoff has a peak point as some
value of collector current. Collector capacity, on the other hand
is an inverse-power function of the base-to- coliector voltage.
For optimum switchmg times, then, the transistor should oper-
ate on a load line that has a large, fairly constant base-to-
collector voltage and has current swings ardund the optimum
value of collector current.

Now look again at Fig. 1. The load resistance can be

_chosen such that the collector-voltage swing is the same as the



Fig. 1. Basic current-switching circuit.
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base-voltage swing. If the collector-supply voltage is several
times the base swing, one has a reasonably constant base-to-
' collector voltage. The current source in the emitter is set at

~ the optimum value to give a maximum alpha-cutoff frequenéy.
Since the transistor is never satura;:ed, the delay due to mihority-"
' carrier storage is eliminated. This means that when predicting
the on-to-off time for the transistor one need consider only the
'ac_tive'aregion operation of the transistor.
| v Figure 2 is a small-signal equivalent circuit of the basic
current-switching configuration. The only energy-storage elements
present in the circuit are the collector capacitances and the trans-

istor-equivalent current generators. For a rdugh' approximation
' the dominant-time-constant approach will be used to simplify the
equivalent circuit. . By eliminating the source of any time constant
that is an order of magnitude away from the region of interest,
one can obtain a rough approximatio,n of switchihg times obtainable
in a given circuit. This rough approximation will be called a
“zero-order!'' approximation for the remainder of this paper.

The emitter resistors are an order of magnitude smaller

than the other resistances present in the circuit, so that they can

be ignored. The time constants associated with the energy-storage

elements are as follows;

: (R +rb')rb’ v
Collector capacitance: 7 _= 2 +R cC -
. c . ' L C
R +r
v s o
Transistor-equivalent - I/wfv

current generator:

For very fasttransistors the collector-capacitance time
constant is of the same order of magnvitude as the time constant
associated with the transistor. The effect of collector capacitance
for these cases can be accounted for by degrading the gain-

 bandwidth product by a degradation factor D. The degradation

#



Fig. 2.

T

Small-signal equivalent circuit.
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factor is a constant determined byl the circuit and transistor

parameters, and is defined for the current-switching configuration

1
as

(R +r. ") r. ?
D=1+a --,*’--.-‘3—;-l°-+RL c,.
R +rb C :

Figure 3 is the simplified equivalent circuit for the basic
current-switching configuration. This equivalent circuit neglects
collector capacitance. The characteristic equation for the circuit

duriﬁg switching is

a, wt[(Vb;Vbb)(pfwt) + Ierb' (p+wp)]
LlP) = =R+ 2w, e v e

(1

- The natural frequencies given by Eq. (1) are W, and mp, the
short-circuit gain-bandwidth product and the cutoff frequency.
respectively. in the common-emitter configuration.

Equation (2) is the time-domain solution, assuming a step
ihput for collector current, -neglecting' initial conditions. It is
obvious that the term containing w, is a good order of magnitude
- smaller than the term containing wﬁ. and can be. neglected with

little error.

. BolVy,"Vipp) 1. 1
‘ ‘c(#) = —R:FZ_;;— 1 - 'oT; exp (-wﬂt) +-—B-; exP( -_o:tt) (2)

There are several conclusions to be drawn from ‘Egs. (1)
and (2). First, it is obvious that the dominant natural frequency
during switching is wﬁ. Second, ‘the fast switching times obtainable
from this circuit are a result of overdrive to the base of the
transistor., A

For fast switching times the guantity wﬁt in (2) is a small

fraction. Therefore taking just the first two terms of the series



Fig. 3. Simplified equivalent circuit.
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e*cpansxon of the exponent1al is a reasonable approxxmatwn. The

result, ignoring the wt term. is

<V» -V,
(t) = L b " Tbb

ot
Rs +2rb

wghyt - | | (3)

'Sélving this equation for t, one has
- .
lc (t) (RS + 21 o)

Lo BB gy e
(Vs Vip) wgB, | |

By definition the short—cn'cuxt ga1n-bandw1dth product in '

‘the common-emitter confxguration is
w, = B wﬁ
Making this substitution in Eq (4) nges the sw1tch1ng time \

in terms of the ga1n-bandw1dth product:.

B i(':(t-) R, ¥ 2r0' )

(Vb_‘ Vpp) @

Equation (5) explains why the approach used in earher 11t-
erature of a common-base configuration with a step of current.
applied to the emitter gave reasonable results in terms of predicted
switching times. 8 The fallacy of previbﬁs work lies in the fact that
it did not show that svvitch{ng times are a function of the base-
spreading resistance of the transistor as well as source impedancé.

Siﬁce the driven transistor switches on as the reference
transistor switches off , Eqs. (6) and (7) give the turn-on and

turn-off times respectwely for a step input:

-

Bo V= Vi)

Lp, (Vp-Vyp) -0-9 1, ® +2rb)]ao J

13

~ J§
t—aﬁ:—ln

(6)
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_ : Bo Vp-VpptleTy 11 -0 J )

In ; ;
: L] | .t ’ S,
0.1a I (R_+2r ) -B, [I (Ro+r))(l-a)=(Vy-Vy)

Y

e
(7)

Table I shows predicted switching times versus experirriental
switching times. Because of the extremely fast switching times
the basic current-switching circuit is capable of, the experimental
verification was made with slow transistors so that accurate

measurements could be made,

\

Table I

e ———
Switching times for transistors -

Predicted ' Experimental
A {nhanosec) : - (nanosec)
Driven transistor 110 _ 120
Reference transistor 123 o 120

The transistors (type 2N35) used for experimental work have

the following parameters:

Short-circuit cutoff frequency in the common-emitter

_ configuration: v fs =101 ke
Low-frequency current gain in the common-emitter
configuration:'l _ B, = 40 | ‘
Short-circuit gain-bandwidth product in the common-emitter
configuration: ‘ ft = 4 Mc B
Base-spreading resistance: rbE = 100 ohms

Source impedance: : Rs = 200 ohms"
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Part II: Dynamic and Steady-State Analysis of Current-Switching
' Flip-Flop

Figure 4 shows a direct-coupled current-switching flip;-
f-liop. To direct couple from the collector circuit of one transistor
to the base of the other transistor a level-shift is required. .

This part1cu1ar circuit uses a so-called 'zener ' diode for a level-
shifting device. By proper steady-state design the ''zener'' diode
is always biased on; therefore, there is no loss of switéhing time
or attenuation of .signal in the level Vshifting network, since the

dynarmc impedance and effective capa.c1tance of the turned-on
'"zener'' . are approxmoately zero. o

Figure 4 shows the dc levels present in a typlcal c1rcu1t
assuming the circuit has been prev:.ously 'set.'" The values
glven neglect ohmic drops in a forward-biased base-to- emltter
junction. Only transistor T-2 is on once the c1rcu1t is actually
set. T ’ ‘

Figure 5 g.ives'the dc levels in the circuit withl‘ha?res‘e‘t .
signal applied to the base of T-4. As can be seen, - T-2 is
now biased off and T-4 is on. The point of interest in th1s _
state is that T-3, whiéh,is the lock-in transistor for the ''reset'
condition, has 3/8 volt rev-éi'se bias from baSe to efnitter, so that
it is still in the off condition. lf the base potentlal of T-4 mow
goes negative, the emitter, wh1ch is clamped to the base potent1a1
also goes negative. When the em1-tte_:_;r potential has reached a
point slightly more negative than the base of T-3, T-3 turns on
~andvc1amps the emitter point to its base potenﬁal. Any further
negative swing on the base of T-4 causes this transistor tc; be
back-biased and turn off. The circuit is now in its second stable
state, the ''reset" position. ' ‘

There are two important points to understand. The first is

~that the circuit does:not actually assume a stable state until the
reset (or set) pulse is bemg_removed. The second p01nt is that
for thé purposes of dynamic analysis of switching times there are

only two transistors active in the circuit at any one time.



Fig. 4. Current-switching flip-flop; circuit previously set.
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Fig. 5. Current-switching flip-flop; reset signal signal

applied to base of T-4.
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Figure 6 is a small-signal equivalent circuit of the

flip-flop with the reset pulse applied. The assumptibnis made
that the circuit has previously been set and that the reset pulse
has brought T-4 into the active region. It must be noted that
even ‘though the analysis is presented for the reset condition, the
~same assumptions and results apply directly to the set condition
using transistors T-l1 and T-3 instead of T-2 and T-4. The
equivalent circuit shown does not include the level-shifting network,
since it does not contribute in any way to the dyna.mic 'res'ponse of
the circuit but is present only to provide the correct dc levels.

| The collector current of the driven transistor as a function

of time is given by

‘ ' V '
(1~2a0) (VCC-Vb) + (1~a0) (l-mo) ,(Rs+rb)1e+aolarb

i () = : .
‘(l«ao) (Rs+2rb} + RL(lmZQO)
| R,
S : expw, fa | 1+: L —1-1
(“"“T‘ﬁ"‘ﬁ? ) Rt Rgtery,

(8)

The ‘;.:'osit_ive exp‘c'mentia.lvclearly shows (2) that the circuit
is regenerative during switching; and (b) thaf the natural frequency
‘associated with the regenerative loop is dominant during switching.
(See Appendix II.) The dominant natural frequency has a value
approximately equal to the gain-bandwidth product modified by
a ratio of the circuit impedances.

For transistors with small values of rb R Eq (8) can

be sumpllfled to

t
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Fig. 6. Small-signal equivalent circuit of flip-flop.
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V -V 1
i) = —SS—B (1 . -
Ry . L
e\t RTR TR
L. s -°b
l//
X exp| o 1+ - -1 w, t . (9)
R, +R +2r
L. S

Solving this equation for the 0~to~90% rise time, one has

1
'0-90% = f R, T
ao(l'i“ ; e)—-let
: RL + Rs + Z;b
0.9a_I.R \ R
Xln‘l- oeL. 1 + L ao‘.
V_cc- Vb RL+ Rs+ Zrb' :
(10)

_ Once the rise time of a flip-flop has been established,
‘the criterion of usefulness of any flip-flop as an element ina
‘system is usually given in terms of pulse pair resolution and
maximum repetition rate. Because of the small voltage swings
used in this circuit, a criterion had to established as to the
mwiniroum accepiable output, A coliector voltage swing of 90%
was established as the minimum required output.

In a conventional direct-coupled flip-flop, the "on''
transistor is operated well into the saturated region. This means
- minority-carrier storage is a major problem in the circuit.

Since a conventional Eccles-Jordan flip-flop can be designed to

operate right on the edge of the saturated region, the minority-

carrier storage time can be minimized. Minority-carrier st;_)rage is not
a problem in the current-switching flip-flop, .thérefore the author

felt that a comparison of the current switching flip-flop with a

conventional Eccles-Jordan circuit would be more meaningful
in terms of circuit capabilities.
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In a conventional Eccles-Jordan flip-flop the recovery time
of the coupling capacitances is normally the limiting quantity. Since
the current-_sﬁvitching flip-flop is a direct-~-coupled circuit, the
limiting quantity is the transistor switching time. Once the ci.rcuit
has been set s the reset pulse can be applied immediately. The
' 'same reasoning leads to the conclusion that the maximum rep-
etition rate is limited only by the switching timme of the trensistorsu
The only restriction that must be placed upon this result is that
the set or reset pulse must be of the same duration as the switch-
ing time. This results from the fact that except for the “‘nﬁemery"
of collector capacitances, there are no elements presen_t in the.

' circuit to remember what the state of the circuit was when the
‘trigger pulse_ was removed. If the tr‘igger pulse is jremoved' when
" the eireuit is only pait_ially switched, the lock-in transistor on the
"‘:d'.riven side will try to turn on. Then the conditic’nis exists of
j havmg both lock=in transistors in the a.ctwe reomn with nothmg to
determme which way the circuit should go.
| Before expenmental results are given to verify the foregoing
conciusmns, a conventicnal Eccles- Jordan type of £l1p-£lop wxll
be presented so that a comparison may be made and»the results -
- will be more meaningful. s
Figure 7 is a conventional saturated Eccles .Jordan flip-
flop. The dynamic analysis of this circuit has been covered
éxtensively in previous work so that the equations are presentéd
without derwatmn L5 Based on a zero-order appr0x1matmn,

3Eq. (11) gives the 0-to0-90% risetime of this c1rcu1t

to-90% = - !91 —e . ooy
. ey a, ~ 0.9

‘The basic assumptions involved in the derivation of Eq.
(11) are as follows: '
{(a) the time constant associated with the collector

capacitance is negligible;
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Fig. 7. Eccles-Jordan flip-flop.
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- (b) there is negligible change in charge on the
coupling capacitors during switchmg, '
(c) rb' and r, are negligible with respect to the
other impedances present in the circuit. .
For the circuit shown in Fig. 7 the circuit yalués were
optimized experimentally. Using these vé.lu’es, a dominant-
- time -constant analysis shows that the above assumptxons are
valid. _
To determi’ne the minimum pulse resolution and the maximum’

.repetitxon rate, the effect of the memory 'of the coupling capac-

"4":”"‘j"itors must be considered.

‘I’he general equatlon for the collector current as a
: function of time is

t

icl(t) =K+ KI exp wt + K, —_exp-&tt © . (12)

Since during switching the positive exponential is dominéht; '
only the constant K, need be considered. From a first-order

~analysis which takes into account the m1t1a1 cond1txons of the

©  circuit, one has

o 'removed

=1/2 [ 2 (O+)- 1(04-)4-6 (v 2(()4-)--V 1(0+))+ I } ,
- (13)
_, Where (0+) and i Z(O-l-) are the initial cond1tions of the
'collector currents, S _
cl (0+) and V c2. (0+) are the mxtial conditions of the couplmg

capacitors )

and I is the value of the collector current when the trigger is

Consider now the effect upon the circuit of applying two
‘closely spaced pulses. Assume that the first pulse sets the c1rcu1t N
go that T-1 would be in the saturated condition., . The second

pulse then is a reset pulse which turns T-2 on and “T-1 off.
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'Siﬁce ‘Eq. (12) was given for T-1, after the second puise is
applied K-1 must be negative, as T-1 is now the off-going
transistor. ‘.'I‘he initial conditions of the currents are fixed,
since one transistor is saturated and the other transistor off.
The value of the collector current when the trig‘gier is removed"
is determined by the amplitude and duration of the ‘trigger pu}.se._
This leaves the difference in potential on the coupling capacitdrs
as the determining factor for regeneration.

A minimum value for the difference in potential of the
coupling capacitors can be determined from the conditions
étated above. - Durmg recovery time, one capac1tor is charging
and the other is discharging. Knowing the time constants associated
with each capacitor allows one to set the difference in voltage as
. a function of time equal to the minimum value. The circuit under.
‘consideration was designed so that the time constant associated
_'»wifh the capacitors is the same for both. Solving the equation
described above for time, t; gives the minimum pulse pair
resolution.

The minimum pulse-pair resolution as a function of the
time constant of the coupling capacitors and a constant X, which
is defined as the fraction of saturations current flowing when the

trigger pulse is removed, are given by

t=T, In@/x). . (14)
If the second puise were closer, in time, than the time
given by Eq. (14), the constant K-l associated with the positive
exponent1al would be of the wrong sign for the circuit to be
regenerative. Therefore Eq. (14) gives a lower bound for
regeneration to exist in the circuit. The minimum pulse resolution
is one-half the period of the maximum continuous repetition‘ rate.

\
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Experimental Verification

The values of circuit components for the respecti&’e

circuits are those shown in Figs. 4 and 7. All circuit measure-

- ments were made with a Tektronix 545 oscilloscope.

The gain-bandwidth product and the short-circuit cutoff
frequency in the common-emitter configuration were measured
in a simple amplifier with the base-to-collector voltage and the
collector current set to the same values as used in the current-
switching‘circ_uitsv. B ‘ N
. The values of rb' were determined by measuring the
input 1mpedance of the transzstors in a common~em1tter amplifier
at a frequency equal to one-half the ga1n-bandw1dth product. At
_ this frequency or h1gher, the input 1mpedance is appr_‘ommately
equal to the base-spreading resistance: rb . |

A set of four matched transistors was selected and the
- same transistors used in all circuits dlscussed

Table 11 gives a comparison between experlmental and
predlcted quantities for the Eccles- Jordan and current- sw1tchmg :
fhp-flqps. All experimental results are within 20% of the predicted
values. It should be noted that the predicted results are always
bet‘:t‘e_i"than the experimental results. This is as expected in view
..of the appro;cimations made in deriving the équations fc‘)r._g_wjggh'-
ing times.

Considering on[y the rise time of the circuit, it would
appear that the Eécles-Jordan circuit would be the best circuit
‘to use. The major differences between the circuits become
obvious when the pulse-pair resolution and the maximum repetition -
' rates are compared. Interms of pulse-pair resolution there is a
factor-of-four difference in the two circuits. However, the maximum
continuous repetition rate is different by a factor of seven. Basically
the wide differences in the last two quéntities given can be attributed
to the recovery time of the coupling capacitors. In the current-
switching circuit, the only energy-storage elements present are
the transistors, therefore the frequency response and base spread-

ing resistances of the transistors are the limiting quantities.
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Table II

Comparisori of'flip-f'lop circuits

Eccles-Jordan : , Current-switching

\

Predicted Experimental Predicted Experimental:

.

Rise time, 102 130 ' 115 . 130
0-90% (nanosec ' 'v '
Pulse-pair 460 500 115 135
resolution (nhanosec) . k
Maximum 1.09 0.910 8.7 7.2
repetition ’ ‘ ‘
rate {(Mc)

Another way of looking at the basic differences between the
' two circuits is as follows: in the _current-switching' éircuit, as
soon as the circuit is set, conditions are such that the circuit 2
“can become regenerative immediately if a reset pulse is applied.
“This is not true in the Eccles-Jordan circuit, since time must b.e
' ‘allowed for the coupling capacitors to recover at least partially.
The main advantage of the Eccles~Jordan c1rcu1t lies m
_ its simplicity, There are only two active devices present in the
~circuit. The advantage as far as transistor operation is concerned
" is.in the low power the transistor dissipates when in the saturated
condition. In the currenf—switching configuration thé on transistor
dissipates considerable power, as the collector-to-emitter voltage
is about the same whether the transistor is on or off.

The advantages of the current -switching circuit from
- the pomt of view of transistor operation are: (a) the transistor
never saturates; (b) collector capacxtance can be minimized,
" since base-to-collector voltage is essentiallyvcbns'tant;‘ (c) only
small voltage swings are required on the bases of the transistors,
so that low-voltage transistors are easily used.

When a flip-flop is being considered as an element in a

system, pa_rﬂi'cularly a larg'e one, the cost of the circuit must
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- be considered. Here the current-switching flip-flop is at an
obvious diéédvantége. It re'qﬁirés'fou'r transistors and two

zener diodes,' whereas the Eccles-Jordan circuit requires .onlby
two transistors. But in systems, such as large-scale computers,
in v.vhich_ext'rerr.sely fast flip-flops are required, the cufrent-

Aswitching flip-flop is finding increasing use.

N
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APPI_ NDIX I

Derivation of Equatlons Presented in Part I

The simplified equivalent circuit given in Fig., 3 is
assumed to be a valid representation of the basic cufrent;s&itching
' mode during switching. The assumptions and appro:-dinaﬁdxis’
necessary to arrive at Fig. 3 are explained in Part I of the paper.

The circuit equations are:

(A~1).,‘

iclvn o iel .

ic2=0,10 - (A-2)
ei trez= I - |  (A-3)
Ve V) Ty R tEp) a Tt (A

fpy t ol =iy s : (A-5)

iy *Onien T ign (A-6)

" In addition to the circuit equations, a 6ne-poie approxi-
mation is assumed to be a reasonable represenxatmnof the roll- -

" off of the transistor-equwalent current generator'

' a, @ _ ' .
e = 2 , - {A-T)
n +
p ant
B, = , (A-8)
n 1 ~a: :
n
e w, , _
ﬁn 2 ew———e—. where m‘3 = () - LR ) W . (A-9)
pt+tw
‘3 ,
Solving the circuit equations for ic 1 gives
- [}
i .= Vb Vbb ( %n )+ Ie b a
cl ~ . D
R8+2rb' 1~an. R‘?’_-&Zrb
_ (A-10)
" Substituting (A-7) and (A-9) into (A-10) leads to
—
L. “owt I (Vb-Vbb)p+(Vb-Vbb)mt+Ierb'p + Ierb"fﬁJ .
cl ™ ’ H
R_+ 2n! (p + w) (p + w) .
s b | ¢ B (A-11)



-26-

" is the characteristic equation.

Now, for p = - » one has

dt
a’i diy '
+ (w, +w) +i ;w0
dtz ot ¢] t cl Bt .
a W - :
£ e | (V, =V, ) + I x| . (A-12)
R_+ zrb' [ b bbbt “eb ﬁ] N

Taking the Laplace transformation of (12) and solving again for |

i l » One obtams

W (VYo + 17! 5] [p +p‘°° +“’ﬁJ (O+)

i4(p) =
el Bl + ) (B ¥ )
_ (A-13)
From a pai’tial—fraction expénsion.
K Kl KZ : ,
i .(p) = —— + + . (A-14)
cl
P - pt c.oﬁ P + wt ' o
~where
t . .
B EET [(Vp=Vip) & + I 7' g - |
K, = _ ’ - (A-15)
wﬁwt :
;
a, ‘
ﬁ;—:—?——- [:(Vb-vbb) w + I rb ﬁ - wﬁw 1 cl (0+)
K. =
1 “t, {-w + W
P8 o (A-16)
| [(v o) %t LT 9 - g% L1 (04
Kz.z .
- - (--c.ut + wB)

(A-17)

For small values of rb’ the following approxi_mation is valid:
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For turn-on'', i 1(O«r) = 0. Malqna thxs substxtudon and takmg

the inverse Laplace transform gives

(Vi-Vi) [ |
1cx(t) = po P bbT ( 1 - A exp-wﬁt + 2 _exp(—wtt) :
8
R +2ry - a ) By

(A-18)

Lookmg at (18). we see that the quantity -&L is much greater
than B——- 0 therefore the exponential conta.imng W, is

negligible:

cl(t) = ﬁo W' L 1' - :;--» exp [—-wﬁtﬂ ~v (A«-:l.?‘)

~ To find the equation for i_, as the transistor is driven
"off", consider the following: L

“(o+) =a I,

Equation (A-l6) can be simplified to
T o [vp-vy ]-[1-a ] i l(m-)

‘ K.l = o (A-20)
(1 -a)) : ‘
and |
o (v, J-[1-a ] i (04 |
K, = . (A-21)
2 p :
. ) Q ’
ivb’vbb'] -
For most circuit values, is of the same magnitude
' : Rs + Z:b : . .

as icl(0+) . Therefore one can say
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L
oy (V= Vip)

, - 8
R8+2rb

) L-a, i, (04).

This means the contribution of t'he' initial condition is negligible
and {19) is valid for determining both oa and off times for the driven
:ransitor,v _ | o | | ) |
Since the basic current-switching conﬁguration is not
symmetrical, owmg, to the presence of source 1mpudance. the
ccllector current as a function of time of the reference transistor
must be different from the driven transistor. _ A
Starting with the general circuit equations, and proceeciing
in the same manner as described above, one finds the

charactsristic equation for i Z(p):

2

o 2 E K
%“% IeRs“’ao} " %% (Yb"vbb) .

iap) = ,
(Rg +20.") () lp + o) (p + @)

. cZ(Ow)p B (R +2r.") + (R, +2r ' (wt+w§)]. a22)
(R, + Zrb’.) (9) {p + wt) (.p‘.+ wﬁ) ‘

' The partial-fraction expansion is
K - K
o 2y + 2

i p)=s —= & . . {A-23)
c2
. . P P+ wt : Bt wﬁ

where the constants have the values

K = Po [Ie (Rg + 1) (1 = ) = Yy, - Vbbﬂ ‘ (A-;Z-'i)"
© (R +27,") |




fzé‘,f_

o [T, + i) - °o>_ - Wb - Vi) | = 15004 ‘Rs“* 2ry ' M1-c,)

.Kl \ -
o L _ (R8+Zrb)no -
| (A-25) -
K o ay Ie(Rs 4 r.bi) {1 -nd)-(Vb..-Vbb) ‘—-;ic2 ‘Rs 4“21.1)').(1‘_@0)
2 - ‘ : — .
| | . o | (Rs+2rb')(l-o.°) e,

(A-z6)

for the "off' to "on'' condition, 2(04) =% g, therefore the
teference transistor collector current as a functxon of tzme is

' given by -

P2 (§.+r ')(1 a) - (V )
Rs * Zrb _ [3'0 . CLo
' {A-27)

Again the terin associated with Wes the gmn-bandmdth .

1 ,lt) =

product, is negligible:.

| Looking at the constant in Eq. (A-27) one can see that as
source impedance becomes negligible, the circuit becomes
symmetrical, and the current through both transzatcrs is re-

presented by (A-19).
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APPENDIX II

Derivation of Equations Presented in Part II

The simpliﬁed equivaleht circuit given By Fig. 6 is
assumed to be a valid representatiorx of a current-svntcmng, flip~
- flop during switching.

The circuit equations are: |

Y . e, . (A-28)

b2 ) ‘3 ‘bz - | o (A-29)

i-el + iez =1, | (A-30)
=P, 4 T b2 . | C(a-31)

cZ = pn b2’ | o (A-32)
;Vc -Vb = i RL + ‘bzrb - im(R + :b') : (A-33)

In addition to the circuit equations. Eqs. (A-7) and (A-9)
are assumed to be valid approximations of the transistor-equivalent
current generator
_ Solving the circuit equations £or i l(p). one ﬁnda the

characteristic equation for switching: :

[._(l-zb,o)(vcc-vb) + (l-ao) (Rsﬂ."bi)Ie+no(1Qco)Ierbi]

i ) =
_cli(p, _ R v _ T N R -
e p P w) Pt [1-% I e ﬂ
"R, +R_+2r, " ' R, +R _42p, ! .

L s b : ‘ L s b~

, (A-34)
'Agam taking the partial- fractxon expanaxon of (A-34), one has

K ' .Kl ‘KZ

i (p).=‘ ° 4 + : ‘
cl Ry, |
P pre Py [1-a (1 R ¥R ¥2r, )J

(A-35)

where
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c - (lolao)(ycc-vb)+- (l—ao) (R8+rb') Ie + ao(l-a ) 1 rb
« ' .- a, | 1+ = -

- e 3 J—

RL+R8 +_ Zrb - RL + Re+,2rb

(A-36)

< - (1-26.) (V, =Vy) + (1-a,) (Rgtry') I ta (l-a ) r.
1’ = T ; N

. R _ : _ R -
L ‘ e [li» L — :i
] . : )
R +R_+2r,' Ry * R + 2y

L’

O (A-3T)

(1-2a ) (V__-Vp) + (A-a )R, + 7, I +a, (1-a ) Ixy

2 ‘R R

: i - R v
- . . t ] . ]
o RL + R',s +- Zrb B - R’L + R + ry, {\ RL+RE+2r] l

 (A-38)

For transistors with small values of rb » base- apreadmg
resistance, and assuming small values of aource—impedanc@ R, .

one can make the following approximahone' ,
. 2 '. -
(1-2a ) (V__-V,) 2> (1-a )" (R, + ") 1,

- - - J
(1 zao) (Vcc vb) > ‘0»0(1 c"o) Ierb -
Now consider the natural frequencies given by Eq. (A-34}.

The gain-bandwidth product is one natural frequency while the
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second natural frequency is egsentially the gain—bandwidth product
modified by a ratio of circuit impedances. There is one méj’or o
difference, though: the modified gain-bandwidth product is a

positive exponential for realistic values of circuit resistances,

Except for times very near zers, the positive expenential is .
dominant, therefore the time-domain solution for collector current, :

including the approximations listed above, is

vy | 4 . R |
cl(t) = m_.__.}?...._, 1. lv - exp o‘o. 1+ L - b%t-i
. . Lo : § b

R-L , R _ \ RL+R +Zr'b

(A-39)
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