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CURRENT-SWITCHING CIRCUITRY
Jack Gilbert Salvador and D, O. Pederson

Lawrence Radiation Laboratory
University of California
Berkeley, California

July 17, 1961 -
Absfract

This paper discussea a group of high-speed ewitching circuits using the

baéic, cgrrentfswitchlng mode of operation. Existing literature has described the

R  steady-state an.aly'ais of fhe basic current-bwitching mode in performing numerous

lb;gléal combinations. The firét part of this @aper presents a dynamic analysie

~of the ba'eic current-switching mode. In previous work the a‘séumpti‘on has
'been made that the dynamic switching characteristic of the circuit is that of

a common-base ampliﬁer with a current step applied to the emitter When

linear analysis techniques are used to find the natural frequencies present in
the circuit such an assumption argues that the gain~bandwidth product is the
dominant natural frequency and therefore determines the switching time

This paper shows that the basic current-switching mode is really-an
overdriven ampli{ier in a commo:;-emitter coniiguxfation. Therefore the dom-
inant nafural frecjuenqy, .wl.:ic‘h QQtefmihe's the éwitch‘ing _tirhe. is actually fB.

the shbxt-éircuit cutoff f_requencir in the'common-emitter configuration. The

-comparison of switching-time estimates and experimental measurements, -

consider‘ing- only the gain-bandwld‘ﬁh prodﬁct, often shows agreement within

less than a factor of two. . The paper presents the reasons for this conformity

‘but describes the errors mtroduced by coneidering the- gam-bandwidth product

alone,

The second part of this paper is the dynamic and steady-state analysis

‘of a current-switching flip-flop. In existing literature authors have assumed
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_that thé effect of the regeneratiye loop is negligib;e during switching and that
the circuit switches in the basic current-swifching mode. This paper sthvs
that the natural frequency of the regenerative loop lies in the right -hand piane
" of the complex £requency plane, ‘and xa dominant during sthching

A conventional saturated Eccles Jordan circutt is compared analytically
and experimentally with the current-awitching flip-flop. Switching time, pulse

pair resolution, and repetition rate describe’ each circuit's operation.
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Part I: Dynamic Analyéis of Basic Curtent-SWﬁtching Mode

- The baSic current-switching circuit is shown in Fig. 1. The configura-

tion ie that of a dxﬂerential amplifier with One mput tied to a reference potentxal.'

b
'Tl is ,"oif" and- T - i8 "on.'" "The circult can be thought of as a current

I V is greater than V T“ is "on" and 'I‘ is ""off." If V_ {s less than

Vobe

source and two current smks with the transietors acting as directional switches.

Since most tranaistors require only a iew tenths of a voit base-to-emitter bias

to be either on or off the side to which the current ie awitched can be controlled

. by very small voltages

o Consider for a moment the transistor as a switch. The speed of re-

Aa.ponse of a trénsistoi‘ as a ewitch is determined by the "alpﬁa cutoff' .fre‘-‘-
~ quency, where alpha cutoff is definod as the short-circuit cutoff frequency

: of the transistor in the cOmmon-‘bése conflgurotion. In any given circuit the .

time constant associated with. the collector capacxtance may limit switching '

'speed before the alpha-cutoff llmit ls reached.  When thinking of very fast

response times one must also. consider the delay due to minority-carr:er stor-

.age when a traneistor is in the.saturated condition In addition to these factors

one must consider that for most configurations a transistor cannot be "over-

driven" when switching irom on to off, as it can be when awitching from off

to on. ’

. 'Alpha- cutoff and collector capacitance are marked functions'z .of the
'stead‘y-st'ate operating point of the tr‘a'nsistor. A curve of collector current

versus alpha cutof! has a peak point at some value of collector current. Col-

‘lector capacity, on the other hand, ie an inve:se-po__wer function of the base- |

to-collector voltage. For optimum switching timée, then the transistor should
operate on a load line that has a large, fairly constant base-to-collector volt~

age and has current swings around the optimum value of collector current.
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'Now look again at 'Fig. 1. The load resistance can be chosen so that

the collector- voltage awing is the same as the base -voltage swing. If the col-.

’lector supply voltage is several times the base swing. one haa a reasonably

constant baae to-collector voltage The current source in the emitter is set

at the optlmum value to give a maximum alpha cutoff frequency. Since the

t_ransietor is nevgr saturated, the de}ay dge to minority-carrier storage is

eliminaged. “ll‘h_!?s means that when prgﬁlicti\ng the on-to-off time for the tran-

sistor one need éoﬁéider only the operation of the transistor in the acti\vre.region.
| Figﬁfe 2 is a emall-signal equi’vaiént_éirtzuit of the baa{c‘current-awitch_-

ing cohfigu:ation. The only energy-storage elements present in the circuit are

the collector capacitances and the transistor-equivalent current generators.

For a rough approximation the dominant-time-constant approach will be used

to simplify the equivalent circuit. By eliminating thé sohrce of any time con- .

stant that is an order of magnitude ;way from the region of interest, one can :

Obtain a roug?in approximation of switching times obtainable in a giVen circuit.

Th{s:__rough é‘pproximation will be _(:alled a "zero-order" vappr'oxim'atio'n for the

re;-naindevr of this p;a?per.. | |
Thé emitter r\esis.tors are smaller by an order of magnitude than the .

other resistances present in the circuit, so that they can be ignored. The time

constants associated with the energy-storage elements are

»_ ' o (R +r )r v

collector capacitance: T = S + RLE CC.
et To J

transistor-equivalent

current generator: T = l/wt .

For irery fast transistors the collector-capacitance time constant is of

' the same order of magnitude as the time constant assocliated with the transistor.

The effect of collector capaéitance for these cases can be accounted for by
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dggrading the gain-band\#idth product by a degradation factor ‘D. The degra-

- dation factor is a constant determined by the circuit and transistor param-

etéra, and is defined for the current—swi-t.:chin:g configuration asl
MR 425" |
’ D-s: 1+ @t i} 8 b b + R

i‘c.
1 L} ¢
'Ra+;b-. .I.

Figure 3 is the siinpliﬁ-ed equivalent circuit for ’t!l:x‘é basi'é,c\;rrent-

'aWifching configuration. This equivalent circuit neglects collector capacQ

itance. The characteristic equation fdr the circuit during switching is

ag w, [(Vy Ve +a) +1 5" (0 4 wg)]
(R +2ry )p +ugp + o)

i'c(p) =

The natural frequencies given by Eq. (1) are -w, and wh. the short-circuit

t
gain-bandwidth product and the cutoff frequency, respectively, in the clomn"xon_—»

emitter configuration.
Equatibn (2) is the time-domain solution, assuming a step input, for

collector current, neglecting initial conditions. It ie obvious that the term

‘contalning ““’t is sman:er by .at least an order of magnitude than the term

éor;taini‘ng w; and can'be neglected with little error:

B .

ao(v 'Vbb) [ 1

v L
i(t)«- 1- = exp(-w,t)+ exp(-w,t) | . (2)
7 Pt g P |

b

'The're are several cOx;clusicms to be drawn from Eqgs. (‘l).and (2).
First, it ié obvious that the dominant natural freq\iency_during.switching

Second, the fast swi.tching-times obtainable from this circuit are a

%

.reéult of overdrive to the base of the transistof'

For fast switchmg times the quantity wﬁt in (Z) iz a small fraction.

"Therefore taking just the first two terms of the series expanaior: of the
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eicpbi;,ential ia'a reasonable approximation. The result, ignoring the w, term,
is
(V Vi) S ‘
it (t) 2 _Bh. wgBot . | (3
Solving fhi_s equation for t, one has
() (R + Zr.o') |
t= . o - 9)

By definition the ahort circuit gain«bandwxdth product in the common-

emitter ccnfiguration is

w = ‘30(0& |
A Making this subatitution in Eq (4) gives the switching time in terms of

the gam-bandwidth product,

i'(t)(R +2.r") , ' '
gz S8 0 . . o v' ' g ~(5)
'(vb"vbb)wt .

Equation (5) explaina why the approach used in earlier literature of a
éommon-baae configuration with a step of current applied to the emitter gave
" reasonable results in ter_ms of pr_edicted switching times. 8 The fallacy of
previous work lies in the }iact that it did not show that swigching times are a
function of the base-spreading resistance of the transistor as well as gource
impedancs. | |

Since the driven transistor switches on as the reference transistor switches

off, the turn-on énd turn-off times respectively for a step input are

té in

f"'ﬁo(v - vbb) - 0 g~ Iems+ Zrb')§ a (6)

{'W PR |

L
P
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and .
1
l

Bo vy, Vbb” ro' [1-ag]) o
0.10, 1 (R +2r'0) 50},1 (Rg+rgl-agh- (Vy -V b)tj

t:_wl_ 1n |
_

| ]

Table I shows pre.dictéd swiéching timés versus e;:.perimental switchihg ,
t-im-e-sv. Because of the extremely fast switching times the basic c‘ur'rent-éivt‘atich-‘
ing circuit is capable of, the’ e_xperimental verification was macie Vwithr slow |
- transistors so that accurate megsu‘rémer‘xts could be made.

The tranelstora.(type 2N35)_used for experimental 'work~have the fdllowo
Aing parameters: | | |

S;horf-gircuit cutoff frequency in the common-emitter

: cqnfiguration: - - f3=101ke

Low»-friequency current gain in the commcn,-emittér ' |

Aclpnﬁ_guratio_n: R R o ﬁd = 40
' Sﬁoi‘té"cifcuit gain-bandwidth product in the common emitter '

configuration: | o f = 4 Mc
_B’ase—spreéding resista’nce;v | : , Ty = 100.ohms

Source impedance: - A ' R_ = 200 ohms.
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Part 1L Dynamic and Steady -State Analysis of Current Switching

Flip -Flop

Figux"e 4 shows a'directacdﬁpled curréﬁhéwitching flip-flop. To
di.rvect-'couple ffom'the col.le(':tor'circi:uit of 6ne transistor tol the base of ihe
. other transmtor a level shxft is required Thise particular circuit uses a so-
called "zener" dxode for a level- shifting device. By proper eteady~atate design
the sener‘dxode is always biased on; therefore, there ie no loss of switching
tifne' or attenuation of éignal in the level shifting network, egince the dynamic
1mpedance and effective capacitance of the turned-on zener are approximately
zZero. |

Figure 4 shows the dc levels present in a typical cxrcmt, assuming
‘the circuit has been previously ''set." The values gwen neglact ohmic drops
in a forward-biased base»to~em1tt§r junction. Only transistor 'I‘-Z is on
vénée‘ the circuit is actually set. | A |

F{gure 5 gives the dc levels in the circuit with a resef signal applied
to the }basé of T-4. As can be seen, T-2 is now biésed off and T-4 is- on.
The point of intere#t in this state 'ﬂé that T-3, which is the lock-in traniistor
fox; the "reset" édnditicn. has 3/8 vb}t reverse bias from base to emitter, so
that it is still in the off condition. If the b'as»e potential of T-4 now goes neg-
ative, the emitter, which is clamped to the base potential also goes negative.
When the emitter potantial has reached a point slightly more negative than the
base of T-3, T- 3 turns on and clamps the emitter point to its base potential.
Any further negative swing on the base of T-4 .cauees this transistor to be
back-biaséd and t-ﬂrn_off. _ The-circuit is now inzts second stable state, the
;'eset po#ition | -

There are two importam pointa to understand .The first ie that the

circuit doea not actually assume a atable state until the reset (or set) pulse
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is being r_émow)ed; ‘Thé second p(.)it.lvt is that for the purposes of dynamic
analysis of swftchihgltiméa fhere‘”’a‘r»e only two q;ahsistoxs active in the cir-
cuit at any one time. | | |
Fi'gure 6 i a éméll sigi:a-l 'ecjuivaleht circuit of the flip-flop with thé
reset pulse applied The assumption is made that the circuit has previously

been set and that. the reaet pulse has brought T-4 into the active region It

must be noted that even though the analysia is presented for the reset con-

dition, the same assumptions and results apply directly to the set condxtlon

- using transistors T-1 and T-3 instead of T-2 and T-4, The equivalent

- circmt shown does not include the level- shtfting network, since it does not

contribute in any way to the dynamic response of the circuit but is presnet
only to provide the correct dc levels. |

The collecior current of th‘e 'drlven transiétor as a funcfion of time is
given by |

- (1-2agH(V_ -V, ) +(1-a ) (1 -0 )R, P FagTont -
c .

(l no)(R +2r ')+RL(1- ‘0)

j 1 ) / : R’L 7}
X{l- B exp w fay | 14 —] a1t
K [ L \ . L L ‘RL+Rs+zrb'f R
{ : o.of\l+ }‘ A Lo T )
\ . N B} . ' ‘
. Y .RL+R8+2rb-/ o

The pdaitive exponential cleaﬂ'y shows ‘that () the circuit ie regenerative

loop is dominant duribg switching. (See Appendix II.) .The_domi'nant natural

frequency has a value approxim‘ately squal to the vgain—bandwidth product mod-

ified by a ratio of the circuit impedances,

~ during switching; and (-b')v the natural frequency associated with the regenerative
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f‘or transistdrs with emall values of rb". Eq.' (8) can be simpliﬂed to

v -V

i () 5 S ® {1- — —_—
N TR | _ R \
L on lf . L !
AN ,R_'L+Rs+rb'/
| - R, ,
B 4 exp (10 14+ ) ~11 W t (9)
o : ' .. '
. Lo\ RL-+R8+2rb ; J
Solving this equation for the O;to—90 % rise time, one has
- 0-90._%' r R \ 3
0 agfre R
tag |1+ ; -lj wg
i RL+R +2rb‘/
/ e \
0.%9a i / R \
X1n|1- 0 L} 14 L } a, (10)
\ Ve Vs / \ R, +R_+2r)'

Once the rise time of a ﬂip flop has been establiahed the criterion
of usefulness of any ﬂip flop a8 ‘an element in a system is usually given in
terms of pulse pair reaolution and ma*cimum repetition rate Because of
the small voltage swings used in this circuit, a criterion had to be: estab~
.hshed as to the minimum~acceptable ou;put A collector voltage swing of
90 % was established as the minimum required output.

| The switching and memory criteria for convenuonal Eccles- Jordan

flip- ﬂops have been covered in detail in earher work. 9

A conventional flip- .
flop was designed and circuit values minimized experimentally. Thie ﬂip-
flop was then used as a comparison circuit to determine the relative merits

. of the curr'ént-awit'ching coniigﬁr.atioh.
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Experimental Veriﬂcation ‘

"The valuaa of circuit components for the respective circuits are. thcse
shown in Fige. 4 and 7. All circuit measuremcnts were ma_de with a Tektronix .
545 oscilloscope. | | |

The gain-bandwidth product and the short- circuit cutoff frequencv in the
common- emitter conﬁguratlon were measured in a simple ampliﬁer thh the
base-to-collector voltage and the collector current set to thevsame yalues as
used in the current-switching circuits. o | |

The values of .rb‘, were determine& by fneaéu-ring the input imbedahce
of the tranststors in a commonvemitter ampliiier at a freauency equal to one-

. half the gain bandwidth product At this frequency or hzgher the input impedance .
is Approximately equal to the baee spreading resistance rb |

A set of four matched transistors was selected and the same tranaistors
used in all circuits diecuesed '

Table Il gives a compariaon between experimental and predicted quantities
ior the Eccles Jordan and current switching flip-flops. All experimentalvres,ult\s
“are within. ZO% of the predicted values It ehould be noted that the predict_ed re-
| sults are always better than the experimental results This ie as expected in view
of the apprommations made in deriving the equations for swttching times.

. If only the riee tlmc of the circmt werc considered, it would appear that
the Eccles-Jordan circuit would be the best cifcuit to use. The major diifcrences
.between the circuim bacome obvious when the pulse pair resolutxon and the max--
imum repetition rates are compared In.vterms of pulaefpair resolution there is
‘a factor-of-four d_iiference in the two circuits. However, the maximum contin-
uous rééetitiqn rate is dif'f,er'ent"by a factor of sevcr-xf_ Béegcally the wide differ-
ences in the last two quantities given can ;be attributed to the.4recove‘ry tirce of |

the coupling capacitors. In the current-switching circuit, the only energy-
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storage elements present are the transistors therefore thé‘ frequency reéporise
~and base spreading resistances of the transistors are the. limiting quantities.

| _'Apother way of lookmg at the basic differences between the two circuits
is’.as follows: in the current-switcbmg circuit, as soon as the circuit is éet. :
conditions are such that the circuit can become regenerative immedtately if a
reset pulse is applied This is not true in-the Ec\,les-Jordan circuit, since
. time must be allowed for the coupltng capacitors to racover at least parttally.

'The main advantage of the Eccles Jordan circuit lies in ite aimplicity.
There are only two actlve‘ devices present in the circuit, The advantage as far
as tranaistoerpératAién is conc;erned is in the lévé poWér dissipation by the fran-
~ sistor in the saturated condition. In the current switcbing configuration the on
traneiator dissipates considerable power. as the collector-to-emitter valtage is .-
about the same wh_ether the transisto__r is on or 4off.

The advantages of the curre’nt'--s witching‘ ciréuit from:the poi‘-nt of view of
transiétor Operation are: (a) the transistor never saturates' (b’) collectorA
capacitance can be minimized since base to-collector’ voltage is esaentiauy
constant. (c) only small voltage swings are required on the bases of the tran-
sietors, so that low-voltage transistors are easily uged. |

When:a flip-flop is being corxsndered as an element in a system, partic-
ularly a large one. the cost of the circuit muet be considered Here the current-
switching flip-flop is at an obvious disadvantage It requires four tranaistors
and two zener diodes, whereas the Eccles- Jordan circuit requirea only two
transistors. Butin syéteme such as Iar'g.e-scale computere in which extremely’
fast flip-flops are required, the cdr'rent-,éin(itchi_ng flip-flop is ffnding increasing -

use.
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APPENDIX 1

Derivation of Equati'oxié Presented in Part 1

The simpliﬁed equivalent circmt given in Fig 3 is assumed to be a vahd
repreaentatiou of the ba-ic current- ewu:ching mode during Bwitching  The as-
sumptions and approximations necessary to arrive at Fig. 3 are explairned in
Part I of the paper-. | | | |

The éii'guip equations are

(A-l).

ia r"“n lels |

li.cxz =, ie2r e | (-2
leg tigz = Iar (a-3)
“VbA - Vey) =iy (R + f') - hyp Ty | o - (A-4)
Ty taptey Figy - (8-5)
iMH; iz'a,iea‘ " . ) | o _(A-6)

In addition to the circuit equattons. a one-pole approximation is assumed
to be a reasonable repreaentation of the roll-off of the transistor- equivaient

current generator.

ﬁ = n - 'A . . i . . _. . ' ; (A"B)

o o - P
) :-;—:-—;;—-where wﬁ_ (1 no)u S o (A-9)

Solving the circuit equations for 1 cl gives

vV, -V a Ir ' ’ ‘
i‘.:l . _b 'bb (—2 ) +-n R b : e . (A-10) .
, - ] '

R +2 T l-ag R's + 2 r,b '




14 . UCRL-9635 Rev.

~ Substitating (A-7) and (A-9) into (A-10) leads to

-

-
g wy [(V Vbb)pHV vbb)“’ +1 rb p+l rb 5

. = .. (A-11)
Rg+2rb't (p*‘w)(P"’mﬁ) o 1 ‘

icl

This is the characteristic equation.

Now, for p =—§-- . one has -
dt

dz_ic‘ a_ -
' .—-;-t-z-—'i' T(w§+wt)+iclwﬂwt

b) "’t‘”e Ty, “s

o ed

- Q.w ’
= = [tv,-v, (a1
Rs}lrb | . A A

- Taking the Laplace transformation of (IZ) and solving again for iy

one obtains _

Bo@y o ) ' ; : :
iy (p) = . _ . (A-13)
- plp+ wp)(pmt) T ,

From a partial-fraction expanaipnl.

K K K,

icl(P) = 9 + 1 5 - | . . S . (5714)

P P+wp ‘p’rmt ' : .

‘where-
[ YR
0™t
iz L(Vb Vbb)w +1 rb ﬁJ N
R = LI | o (A-15)
I , B : e _ .
i . o '

K & -5 B - (A-16) .

g (~ag tuy)
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dcwt : -

mmer————— - , LT |

z T {(vb_.vbb’“t”e:b wg wpwtlcl(o'ﬂ}
8

2 - _ « — L (AT
' - ’-wt(-mtfwﬁ)

x<
"

For emall values of r,’ the following approximations- valid:
(Vb—V‘bb)w >>“ Ierb 8
For "tu'rnFon,"" icl(0+) = 0‘. Making this substitution and taking the inverse

I.aplace t:ans.fbrm givés,‘

-V

» (v ) r 1 - o
() = 8 __‘?;...,..*.’.E._ [1- Lo expi—w (4 == expl-u, 0. (a-18)
cl Or_+2r,t L @ Bl
| b’ 0 I | :
' Looking at A(AIS). we see that‘ the guantity is much greater thém -—6—- .
‘therefore the exponential contéining w, 18 negligible:
vV, -V ) ¢ | T .
P () =B, —2—B% Iyl explewgtll L (A-19)
cl © R 4210 B
. 8 “Tp %0 ”

To find the equation for i, 25 the trahsist’of is driven "off," consider
icl (0+) =a_ 1

0°e’

 Equation (A-16) can be simplified to

0 ' ,

R +Zrb , _

Kl = ; ' (A-_ZO)
. . : : “'(l > ajo) oo ‘ ) V
and
, ag ‘ , . R
[vb-vbb] - [1-%] iy (04)
Rs +2rb' :

K, = A o | (&-21)
& | Bo A -
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LV, - Vi)

: is of the same tﬁaénitude
' Rs +2r

For most circuit values, :
: i’ . 1
b,

as 1, (0+). Therefore one can aay

ag (Vi = Vi)

>> l-a, i_,(0+).
R_+2r, S0 el

b
This means th@ contribution of tﬁe-initial condition ie negligible and (19) is
valid for détermintng both on and off times for the driven transistor. -
Since the baéic curr.e‘nt—sw.itchi;ng configuration _is ﬁof"symr%xe‘trical,
owing to éhe presence of source impedance. the c_:ollecto.r current as a function
of time of the reference transistor must be different from the driven transistor.

Starting with the general circuit equations, and p‘rbceeding in the same

manner as‘déscribed abdve, one finds the charécteristic equation for lcz(p)z

., | , -
agw, IgRg(I-ag) ~agu, (V,-Vy,)

1,0P) = — .
(Rt 2r ) p)(p éy) (p o)

icz'(0+)p[p (Rs + Zi-b') + (R's. +_2rb') (w; +“’@”

e (A-22)
(Rs+Zrb')(P)(wat)(P*~wS)  S
The éartial-—fraction expansion is
Py — ¢y 2, (A-23)
c2 . :
. B Pte, Pty -

where the constants have the values

L (R 42, ") (1-a,) -(V, -V, ., )] .
K, - Pollg R *tzp M -ag) -V -Vl a2y
_ (R_+2r,") - '




- -17- . UCRL-9035 Rev.

ag I (R, +5,1) (1 -ag)=(Vy -V, )] ,-icz'(oma';f 25,0 -0

) ,
) Kl - b 0 ,
(R_+2r.")a .
S8 Th TR0 (4-25)
ko 20te(Re*ry M1 -ag)-(Vy - Vi) -1 5 (Rg #2030 -a)
2 g n o
‘ (R_+2r, ")(1-a,)a v
e b ¢’ ™0 (A'Zé)m.

for the off to "on condition, 'icz(0+) * 0, therefore the refareﬂnce trakn‘aistor
collector current as a function of time is gi#en by
Bo [Ig(Bg vrg(l-ag)-(Vy, -V)l |

1+ — exp(-w,t) - GXP(-wpt) -
Rg + 27! U B - %o

i<:Z(t) =

{A-27)
~ Again the term associated with .“"t" the ga_in-bandwid‘th product, is
negligible. | |
Looking at the constant in Eq. {(A-27) one can see that as source
impedan;ceibecomea negligible, the circuit hecomes symmetrical, and the

current through both’transietots is represented by (A-19). ‘
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APPENDIX II

Derivation of Equations Presented in Part II

'rhe simpliﬁed equivalent circutt given by Fig. 6 is assumed to be a
valid representation of a current-switching flip-flop during awitching

The circuit equations are

1 * Buipy = fepe o  (A-28)
th2 * By iz = ez | N o Y V. 627
g tiep=ler | - (a-30)
icll = Palpr tipy e o | T '(-_“;31)
= Balyz - S - (a-32)
Vee " Vb © ‘ciRL : p2%p' - bp1(Rg + 71 - | o | (A-33)

" In addition to the circuit equations, Eqs (A 7) and (A 9) are assumed .
to be valid approximatiens of the transistor- equiva!ent current genetator
Solvmg the circuit. equations for i cl (p), one finds the characteristic

equation for switching

2 .
(l-Zao)(V

-Vt sag)® (R 41, NI +ag(l-ag) I 7,

(%) .
' b

icl. (p) = - : S 3

| : p(pmt) p+wt 111410'14- ; — |

{ } .

LR,L‘f'RB*ZX'b _} \ RL+R3+2rb | J

(£-34)

Again taking tl’;e partial-fraction expansion of (A~34), one has

K, K, K, - .

. 0 1 2 _ , : -

i,(p) s ——+ + , SER 33 el o .(A' 35)

R, +R_+2r, '

P p+(.,.,st _"p+ut§rl-u.0(‘l+m i
L b

[

where
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. '2 | X
(1 -Zao)(vcc —Vb)+(l -o,o) (Rs-frb')le+o,0(l —ao) !e rb‘
Ky= s : , . (A-36)
0 R T . R '} 4
1 ‘ } ' L Vo

gl-oe 14 r
3 ] . .
R +R.s +‘Zrb { RL+RB+2rb' /’J

L

o ‘ : 2 A :

(1-2a )(V ¢~ V)t (-ag) (R_+17, ') +ag(l-ay)I r * g
Kl"‘ 0 0 s" Ab e 0 ‘ 0" e’ b , (A-37)

/ / ' | R ]\\‘ _

L 3
- [ l‘
+Rsf2rb i /

47

RL+B +Zrblf( B RL

(l\~230)(v -~V )+(~l-—ao) 4(R3-+‘rb') Ie&‘t,ao(l»ae)ler '

Ky =z e : R L (A-38)
| ( 2L ?(1 ey 1+ P 5\1 (.ag 14 . e 1\
R. +R_+2 ' R, +R_+¢ ' '\ "™ ' &R +R 42 'i
\"L 8 ’ "\ é. L bJ/” !x ’ d

- For transistors with emall values of r,'s base-spreading reeistance, and ‘
. assuming small values of source-impedance R_, one can make the approx-

fmations

(120 (9, %) 501 iR 1oy,

N (1 -Zao)(v":c .-.Vb)‘>> a'o(l '«ao)le ?b‘

Now ccnside.r the natural irequ;en;:ies give;n by Eq. (A-34). The gain-
bandwidfh product is one natural frequency while the second-naturallf_rquency
is essentially the g’ain~5and§§idth prdducf modified by a ratio of circuit imped-
ances. There is one major difference, tho.ugh:‘ ‘the modified gaixu—éa‘ndwidtﬁ
product is a positive exp'cnent_iai for realistfc- values of _circuit( reeié'tances.

Except for times very near zero, the positive exponential is dominant,
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therefore the time-domain solution for collector current, including the approx-

 imations listed above, is

| : ]
UV =V) 1 i R .
i) = L [1 - " : : exp§n0 1+ AL —1 -1 w
: : : . '
: : RL ‘{, / RL é, RL-&strb /_‘ !
ao 1+ 4
!
_ \R‘L+Rs 2r,;
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_Table I

Switching timee for 't_ransiators

Predicted. . Experimental -

(nsec) .. {nsec)
Driven transistor . - 110 ' 120
'Rleferenc»e transistor o123 » - 120
Table II

Comparison of flip-flop circuits

Eccles-Jordan . Current-switching
Predicted Experimental Predicted Experimental
Risetime, =~ . 102 130 - us - 130
0-90% (nsec) | L
'Pulse-pair | . 460 | 500 s 35
. regolution (rsec) | _
Maximum . o9 0910 . 8.7 7.2

repetition
rate (Mc)
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Fig.
Fig. 2.
Fig.
Fig.
Fig.
Fig.
Fig.
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FIGURE LEGENDS

Basic current-switching circuit.

Small-signal equivalent circuit. .

Simplified equiiralént circuit.
Curr‘ent-sw.itching ﬂip-flop‘; circuit previously set,
Current 8witchmg flip-flop; reset signal applied to base of T-4.

Small-signal equivalent circuit of flip-flop.

. Egcles-Jordan flip-flop.
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