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ABSTRACT

An extremely versatile, hlgh speed, tunnel diode
stabilized threshold detector is descrzbed. The device
is d.c. coupled, and ‘uses negative feedback to control
" the hysteresis. The hysteresis is adjustable from less
than 1 millivolt to 5 volts, When the hysteresis is set
below 1 millivolt, the device serves as a stable zero
crossing detector. The existing experimental threshold
detector operates from d.c. to 500 kec/s.; the switching
speed at the output is 30 ns. Operation at frequencies
above 1 mc/s. is feasible. .

Two tunnel d;odes set the thresholds of the device.
The thresholds depend only on the peak currents and peak
voltages of the tunnel diodes. The valley currents- and
voltages-have no effect on the transfer characteristic,
Since the peak currents and peak voltages have a hlgh
degree of stability, the transfer characteristic is very
~ stable. A static analysis yields theoretical expressions

for the transfer characteristic.

The tunnel diode stabilized threshold detector is
the most sophisticated device presented in the thesis.

The report begins with a discussion of some basic
threshold detectors. A Schmitt trigger, a flip-flop,
a four transistor complementary flip-flop, and a
dlfferentlally driven fllp-flop are included. Analytxcal
- expressions yleldlng the static transfer character;stlcs
of these dev;ces are presented, _ o

‘ Another more complex threshold detector which
‘utilizes negative feedback is included. This device
“uses two flip-flops in conjunction with a latching
circuit to set_the thresholds. It is not as stable

as the tunnel diode circuit, and is intended to have
a hysteresis of .1 volt to 10 volts. The experimental

model can have as little as 1 millivolt of hystereszs' ‘
but, the thermal stability is not good. The device :

operates from d.c. to 200 ke/s.; the output is capable
of switching 1 ampere in 30 ns. A static analysis of

this device 18 presented. ' z
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th;g:} Assistant Professor of'Blgctrzcal Engineering
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. CHAPTER I
Introduction .
l.1 The Generel SWitching Threshold Detector |
Threshold detectors and limiters have been used
for phase measurement and for analog to digital conversion.
Now,::withtthe development of new switching systems, there
is an 1ncreased demand for fast, stable threshold detectors.
In general, a threshold detector is a two port
dev;ce havxng an lnput and an output. The output has two
states, There 1s ‘a range of input voltages for which e;ther
output state may ‘oceur dependzng on the hlstory of the 1nput.

this is the hysteresis range., For znput voltages above and

.below the hysteresis range, only one outpdt state is pos-

sible.- v

A special threshold detector, having an output

' voltage which changes states whenever the’inpdt voltage

crosses zero, is called a zero crossing detector. ' Such
dévices are realizable with simple electronic circuits.,
However, all practical zero crossing detectors'have a

transfer characteristic which fluctgetes with,time,vtemperé

‘ature, and frequency, so that they can achieve the ideal

transferheharaeteristic only for short periods ofvtime.'

Thus, praetical eeroforossing detectors are useful only if

the 1nput signal exceeds the long term fluctuatzons of their
hysteres;s and detect;on poznt. The fluctuatlons llmit the

useful sensitlvxty of a zero erosslng detector.e,”
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The purpose of this thesis is to’'describe some
techniques and'circdits'which are useful for threshold
detection. All the circuits are d.c., coupled; that is, .

all the circuits presented in this paper are designed .'
to work at arhitrarily low frequencies, Zero crossing
detection and feedback control of hysteresis are given
specxal emphasis. | o | | |

‘ Chapter 1 is a collectzon of circuits and
concepts used in threshold detectivn. 'The limiter and
threshold'detectorjare introduced and compared. A |
number of threshold detectore are discussed briefly.
Expressions‘yielding their theoretical static transfer
characteristics are included. " The differentially'driven
fllp-flop, a eircuit which uses preamplification to
reduce the hysteres;s wldth, is discussed, Analytzcal‘
expresszons for the transfer characterlstzc are, agaln,
included. Flnally, the concept of feedback control of
the hysteres;s width 1s 1ntroduced.‘

Chapter. 1l provides a background and extended -
introductzon}for.chapter g. Two more sophisticated
circuits utiliiing negative feedback are preeented'in

achapter 2. The operatlon of these c;rcuxts is d;scussed.‘
in detazl, and the theoretlcal transfer characterlstlcs
are calculated. The second CerULt presented in the - |
chapteri the tunnel d;ode stabxl;zed czrcuit, as extremely

S

very atllc ond ntaut-.f 'W~5"" : ', ':zﬁ



versatile and'stab;e. ' This circuit has a hysteresis
width which'oen;be'veried from 5 volts to less than 1
millivolt. It operates at speeds up to'SOOtkéls;‘ .
‘ improved_oirooits may.operate at speeds greater than
1'mé/s, ) A
1.2 Switching Devices vs. Limiting Devices
| A 1imiter is'another device which is commonly
used as a zero cross;ng detector. This device has a
transfer characteristic whlch is sxmxlar to a threshold
detector eXcept'that‘the hysteresis range is replaced.
by a region where the limiter acts as an amplifier. ,
| Consider a threshold detector with a hynteruu .
~ region of width W which is centered about zero. Let ‘
the ihput signalhbe'A'sin wt. The output of the thtesh-
old detector will have a Pphase lag, 0, where
"9 = sin” (73) '
The sw;tohlng tlme of the output of the threshold detec-
tor is constant regeroless of the amplztude of’the input
If the same sxgnal is used as the znput to a Lt
llmxter wzth an ampllflcat;on region, of wzdth‘w whzch zsf
. centered about zero; then the output w111 have 'a rise
tlme,'Tr, where Q~‘~& S L
f | W sxn (7K) .
The limiter does not have any phase Shlft from the S
1nput to the outpux.;ﬂv 4

}w1| tha h “trzv,t, widthn,
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When the hysteres;s width of the threshold
detector is set to zero, the device becomes a zero
crossing detector. .8imilarly, when the gain of the
.limiter in its ahplifjing region becomes infinite, it
vbecomes a zero crossiné detector. |

In praetice, stableviimiters appear to be more
difficuit'te.realize than stable threshold detectors; |
Furthermore, iimiters.dovnot‘have the useful hysteresis
region which is the identifying characteristic of thresh-
old detectors. The hysteresis region is an integral
part of certain two state modulatlon systems., - -
1.3 ~Bas:.c Threshold Circuits
1.31 The Schmitt Trigger

‘The Schmitt_trigger or emitter coupled multi-
~ vibrator is probaﬁiy the most common threshold detector.sz)”
A typical c;rcult is pictured in fig. 3. The Schmitt'
trigger is useful whenever temperature stabzllty is not
_1mportant., It is usually acceptable when moderate or.
.large hysteres;s is requxred sxnce temperature effects
are not 1mportant for such operation. . If. however, the
hysteresis wzdth is very crztlcal, the Schmitt trlgger

"5cannot be used unless the temperatures of the transzstorsl
are- regulated. ‘t . | | . ’
- The circuit of flg. 3 has the transfer charac-

teristic shown in fzg. u where.

The trans;stor model used to obtazn the theoret;cal

expressions is dxscussed Ln the appendlx.



Fig..'3 A Typical Schmitt Trigger
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If the voltage drop across Ry (due to the base
‘current of’Ql)vismeéil compared to the hysteresis width,
elan!'then RI can be neglected. Generally; ﬁI-cénfbé‘:
eliminated if: | |
 (BI+1R.R,
cc 1TTTERY

Rp + Ry

.RI

If RI isrnegligiblé, then:

. - V,{(B +1)RRL(B,=1)R =Rp] + (B,+1)R.B R, Ryl
o : D '
20 . . . ‘1 2

V,[818,R1Rg # (B1+1)RpB,R; (Rp+R; )] + VppB 8,Ri Ry

+
’ D

where D is the same as before.

. s * VppfiRiRg'

'i~‘31fl)RB(RLfRF+Rs) +1813LRSQM

(vl'v2)(81+l)RER + vV

€2 2
'e3 and e, aré'hnchangéd.f

‘If RS"?'RF? then tpefexpreSSiénéﬂcandbe:
simplified’inuanqther way. If Ry ié;not néglected,fthe

expressions for. e, and e, become:

+



cwlle

 where
. ) 2 . ’ ’.
D' = (g1+1)RE[(B -1)R -RFJ + elszRL + alRL(32+;)§E,

V(81 +LIR*+R1 ) + (Vo +V, ) [84R; =R, ]

°2 (8,+1)R. + 8.R
1 E "17L
e, and e, are, again, unchanged.
- The expféssioés, above, are correct if the

~equilibrium st;tés,of Q, are the cut offbstate.and the
' saturatgd-state.

|  The temperature dependence of this threshold
detector islintroduced‘through Bl(T), 62(T);'and VBE(T)"
vBl and 8, are'the current géins of the transistors Q |

, 'and Q2 respectzvely. is the base to emitter voltage

VBE |

~of the transzstors when they are actlve or saturated. .
VBE has been approxlmated as a constant; it is in o
'realzty a 1ogar1thmxc_functlon of the emlttepzqurrent.fg)

For a fixed emitter current,

0.65

dVoe - e e
—BE z - -mv;/°C'“fqr:T,inx°K;ﬁ

For T = 300 oKy

dV :
-EE = - 2 mv./°C,s.
aT .



Another problem associated with the Schmitt
'trzgger 15 the 1nput lmpedance. the 1nput impedance
is not constant; it depends on the state of the circuit.
If Ql'iﬁboff,vthe;ipput impedance is very largej; if Ql
is safurated, the-inpuf impedance is much 1oﬁer. If
the.impedénge'of the source which is driving the Scﬁmitf“
trigger is not sufficiently low, then the varying input
impédance may Caﬁgéfé‘dﬁcf-level shift.at the iﬁput.
This, of coursé; results in a shift of the threshol&sy‘
1.32 Fl;p-Flops

Another clrcult whlch can be used as a thresh-"
old detéqtpr is the flmp-flop. Fig. 5§ illustrates a
typical circuit; Uszng the notation of fig. u. the

'transfer character;st;c of the flxp-flop iss

v

e; =V, *»'VBE'.
RE[(28182*82-1)RL-(81+1)RFJ + RI[(sz-l)RL-RFJ‘

s . Y]

+

(VI-VQ-VBE)

* VBE: . ‘ S . -
. Rgl(B1+1)(R;*+Rp)] - R[(B,-1)R;-Rp]

(V) =Vy=Vpp) e
REL(31+;)(RL+3F)] * B8R (R *Rp)

.='V2

+

1 2 'BE
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Celb-

V.R.R. + V.R,R. +ae.RR’

e, = 1 E1I 2L 2 L Y
o RpRy + R, LRr ¢ RER - '
ViRp + V,R,
1 2 . .
eu o . e. < eu

R?:*RL' : :
Thejegpteseions, above, are correct pioviding
'that the,eircuit is adjusted so that the equilibrium
states of~the»transistor, Qz; are the cut off state
and the saturated state.
' In flg. 5, a resistor running from the base
of Q2 to the lower supply, V2, is necessary if german—
ium transistors are used. The resistor eliminates’thel
" problems caused by'the,leakage current flow%ag from
the collector to the Lbase of Q2 If silieon transistors
are used, the re81stor is not needed. .
| The temperature dependence of this threshold
detector’is, again,'introdueed through 81» By» and VBE‘
It is lnterestlng to note at this po;nt that
RB can have a temperature stablllzlng effect on the B

threshold voltages. To 1llustrate this faet 1et

(1) 31-32=s>>1 _»,,a_u-sf
() RgLGYLRARD] > R[(8-DIR -R,]
(3 Rg =R | |

ihen; . SRR

2‘+'VBE(T2]

l‘4‘." “ ‘.
ey *3lVy + V
Slnce VBE(T) has the approxlmate temperature dependence:
of a diode, the. effect of VBE(T) can be minimized by s

'compensatzng,vl;anq V2 with\dxodes..
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Unfortunately, e, is dependent on temperature

in spite of sz : evertheless, RE does have a stabilizing

effect. |
| |  Often the flip-flop circuit is used without an
emitter resiStop’(RB'=‘d). Such a circuit is useful
- because the.emitters‘can be grounded so that the base.
potentials are only slightly'differenf from ground
potentiaI; With‘RE = 0 and V, = 0, the transfer charac=-
'terzstlc of the' flmp-flop becomes, usmng the notation

of fig. %1

RI[(Bl-l)R -RPJ
. V]
8182Rp,
. - "R.[(8.,=1)R,=R.]
S ] L™"F
) T»VBEg' (Vl‘vsz).

z +(V )

e) = Vg

17 BE R

BlRL(RL+RF)
. VaRp ¥ VgeRy
33 .-', U

R PR

F

E(sat ) is the collector to emltter voltage of a
‘transistor when it is saturated.. Vep(sat.) is a jf
function of the collector and base currents.;

“With RE = 0 the fllp-flop is very useful
in constructlng symmetrlc complementary c1rcu1ts., It
 is an important "bulldlng block". |
| | kae the Schmltt trigger, the flzp-flop

has a switchzng lnput 1mpedance. When Q1 is aetzve or

~saturated, the xnput 1mpedance is R (RE =z 0); when
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Q, is off, the input impedance is infinite. When R # 0,
. the fluctuation. of the input impedance is reduced.
1.33 Symmetric Threshold Detectors Using Complementary
Flip-Flops.

Uszng complementary flip-flops as building |
blocks, a number of symmetric threshold detectors may
be constructed. A typical circuit.is‘illustrated in
fig. 6. 'The advantage of this‘circnit is that the d.c.
'drift 6f the transfer characteristic will be very'small‘
if complementarv transistors are used.. Temperature
* fluctuations w111 not cause a d.c. offset in this device.
However, a temperature change may cause the hysteresis
width to vary. Another advantage of the circuit is
that the input impedance lS approximately constant.'

Using the notation of fig. 7, the transfer

' characteristic of the device is given by:

- R |

| 1 BipfanRraRia- (Rt rl)‘RLz Rpg).
e, = (V=V_.)
1 7 BE'R 4R 8. R R
Rea*Rpp 81p8anRriRL2
. 2P2R (BipBapgtl)R;. + B8,.R - R
g tn v, Fanfont Dl * Foy 'F2 F1]

B1pRL1. - BayRe
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Fig. 6 A Symmetric Threshold Detector
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. B,pR R o= (R 1 +R Y(R, . +R....)
ey * ~(VaVp )L B1yB2pRL1RL2 r1) (Rpo*Rpy
" Rm*er © BanSapRLaRpy
- 2Ry (ByyB,p*LIRpy + BypRpy = Rpy .
+ Vo [1 ¢ — ' 14
BE B4R ‘ . 8.4R
wl - 82pRp2.
ey 2 Vep(saty),
- VRpy = VpeRp,
e =
CHN R 4R
| rz ¥ Rz,
_  VRpy = VppRpn
e = - ( )
3P R.. + R
‘Rpg + Rpy

The exoressions,labove, hold if the output
transxstors are elther cut off or saturated when the circuit
is in equlllbrlum.. |

| Swltchlng occurs as follows in the czrcult
of flg. 6o Let e be posxtlve and decreaszng. In;t;ally. '
QlN and Q2P are saturated' Q2N and le are off; As‘el
decreases: ‘ -
(L) QlN becomes actlve. 

(2) The magn;tude of the collector voltage of QlN

V1ncreases.t' |
(3) Because the magnltude of the collector voltage of
QlN is r;szng, the magnltude of the base current of Q2P
decreases. | _

(%) sz comes out of saturatlon and becomes actzve. ' 

'(S) Regeneratzve swztehlng occurs between Q1N and QZP'
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(6) QlN and sz turn off.. -
(7 The by-pass capacltors cause le and Q2N to become
active.. . “
(8) Regenerative ewitohing occurs'between le and Q2N;
(9) Q,p and anlsaturate. ‘The switching is complete.
| " The symmetric device has three stable equii-
ibriuﬁ etates.‘ Two of the states, the desired states,
have two trans;stors saturated and two off. The third -
state has all the transistors off. This ‘Moff" state
is undesirable. A relatlvely large sw1ng\1n the 1nput
Avoltage may be requlred before the circuit "escapes">
from this state:. Fortunately, by-pass capacitors can be used '
to prevent fhe'"off" state from ocourrzng; When two
transistors furn'off,vthe'capacitors bring the~other'
two transistors into'their active regions, and they =
eventually saturate. -

In practice,'the'"off" state occurs when the
'circuif is‘energiied‘by raising the supply volfages “
symmetrically{f'bﬁéeﬁthe circuit "escapes" from the state,
it will not recur;ifithe‘capacitors are large enough sodd”
that the two traheietors which are initially off become
“active before the otﬁer;traneistors‘turn off..  This is
verified ln practxce when the capacxtances are 1ncreased

fbeyond a certain crltlcal value, the “off" state does not"'

recur.
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1.34% The Tunnel Diode Pair

Another basic threshold detecting circuit,
built around the tdnnel diode pair is illustréted iﬁ
fig.'B.(“) The tghngl(diodes are used to obtain an
d-v chaﬁacterigfi&f@ifﬁ a negative resistancé region
which is syﬁmetpic about the origin. The analysis of
this circuit is done graphically; it may be found in
the reference;l'“ .

‘The hysteresis of the tunnel diode pair can
be made as smallLas 1 mv. However, thé hysteresis
" varies due t64témpefature-fluctuétians.' The circuit
.may oscillafe; or, it may switch to an extraneous
stable point near the‘origin. Fﬁrthermore, the,éogﬁce’
impédance is vér&”cfitical to the operation of the ° .
device, The hysteresis is directly‘dependentvbn this
*'impedance} | | .

In'orderatbjavoid confusion later, it is
neceséarybto'éxﬁlain why this device is not stable for
fluctuating temperature. The rion-linear i-v charac-
teristic createdgﬁy thé:tunnel diodes depends‘ndt only
‘on the stable peak regions of the tunnel diodes, but
/also on fﬁé unstablevva;ley-regions. The ify;dhaéac;i
teristic fluctuates wifh temperature changestecauséf

" of ifs'dependence’¢n'these'vglley_regions;f
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1.4 General Techniques for Reducing or Adjusting the

Hysferésis'f o |

l.41 Preamplificatioh

R Preamplification is an obvious technique for

_hysfergéié redqcfibn; However, the design of a simﬁle 

Ad.c, preamplifiér'is not so qbvious. Oné possiblé

circuit is the d;fferentially driven flip-flop illus-

fratgd’in‘figag; f _ , | a

Thg‘&ifferentially:driven flip;flop is a

éimple circuit, It is élsq.inexpensive because comple=-

_ mentar& trénsisfqbé_éré not requireq.'AHowever, if

| matched~frénsistors in one package.are_usedf the coé?f

increasés. o | .
| .iﬂ_qrdefﬁtﬁ analyze this circuit, the Thevenin"

equivalent of the differential amplifierris used.

(Cf, fig. 10). . The cpllectof voltages of the frénsistors;

_in the differential amplifier'are'modeled as a quiescent'

« The drive

.voltage, BS' énd anfa;c. voltage te . or -eg

resistance to the base of Q, and Q, is Rg. .If the
differential amplifier has some voltage gain, A, fheﬁ.
e, = Aei., ,

| ‘ Thé cireuif of figég 9 & 10 has two distincf]
mode§ of 6pérétidn;f:A85ume,that ;nitially,QI‘ié cgt»g.“
off and Q, isvééthrated.;'Switching may occur in.twp |
ways I'f'Q1 becomes'actiﬁe befofe'Qz, tben sﬁifghing' "

will be initiatedrwheﬂ Q, becomes active.],If’Qz}beéémés
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Fig.,'9 A Differentially Driven Flip-Flop
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Fig., 10 Equivalent Circuit "
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actzve before Ql’ ;hen swztchlng w111 begin when Ql becomes
act;ve. In the fzrst mode, the prev;ously saturated :
transistor znltlgtes switching. In the second mode ,
"the ﬁreviously cut off transistor initiates switching.
The second mOdeiisfﬁreferable because each swiyching
threshéld dépeﬁds on the current gain of only one of the
transistors.,

_Assuming that switching is initiated when f
the cut off fréﬂsistor becomes active, the transfer

characteristic is’given‘by (Cf. fig. 11):

. [(VI'VZ'VBE)R + (ES VgV ) (R +Rp) IL(8,-1)R; -Rp]Rg
1 _
. A([Z(BI’I)RE*(B1+1)RL*RF]RS+2(Bl+1)RB(RL*Rr)?(RLer)

[(v -V, =V )R + (Eq- -V2)(RL+RP)]C(Sé-l)RLfRF]RS

e = 1"'2"'BE s~VBE
2 - N
' A{[2(a2+1)RE+(32+1)RL+RPJRS+2(ezfl)RE(RL+RF)}(8L+Rr)
~ViRp ¢ VoR,
33 =
e, Vl

The transfer characteristic depends on the
kcurrent ga;ns of the transistors, Thus, temperature

1nstab11ity-1s,xntroduced_through the‘éurrent gains.
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However, the gain of the differential amplifier decreases
the hysteresiswwidth and fluctuations by the same amount.
So, the differential amplifier does not magnify the |

fluctuationé'relative to the hysteresis width. If the

,hystereSLS is stable without the differential ampllfzer,
it will be stable with the differential amplifier assuming,

of course, that the differential amplifier is stable. |

It is dszlcult to obtain a wide bandwidth
with the differentially driven flip-flop and simultaneously
malntaln d.c. stabzllty. In order to fealize a"better
bandwxdth, xt is necessary ‘to use hlgher quiescent currents;
but, hzgher currents result in greater d.c, drift.,
l.42 feedback Confrol of the.Hysteresis

Negative5feedback teducee the hyeteresie of
a symmetric'bistable device; positivebfeedback increases
the hysteresie.' Clearly, a threshold detector with fixed,
stable hysteresls ‘can have a varlable effective hystereszs
when feedback is used. |

With sufflclent negatlve feedback, a symmetric ;
threshold detector can become a zero crossing detector.'
The effect of the feedback 1n thxs case is pictured Ln
‘flg. 12. The feedback voltage shifts the £fixed transfer
characterastzc along the -input voltage axzs.. In the.ﬁ

case of zero hysteresxs, the threshold voltage required

to cause the dev;ce to sw;tch~from the ex;strng'state to
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the other state is always shifted so that it is
ppsitibned'at zero input voltége. . T

The sfgbility of a zero crossing détectér,,,
operating with.negative,feedpack, depénds, critically,
on the stability of the hysteresis which exists
'initiaily withbﬁt'feedback. Negative feedback reducéss
_the effecfive hysteresis; but, feedbaqk has né effect t
on'the'fludtuatioﬁé Qf‘the'hysteresis.> Thus,.a‘small
percent fluctuation of the hysteresis existing withqut
feedback can‘éause drastic percent changes in the
hysteresis 3f‘phe iéfo crossing detector.,

The problem of realizihg'é zero_croséing
‘detector by the feedback method really invoives the
design of a stéble,ﬁhreshold.detector. If a stable
threshold detéﬁtof ﬁan be constructed, then, when 5
negativé feedback is added, the sméller effective
hysteresis will be stable. Some'devicesrﬁtilizing |
-feedback to,contrbi‘tﬁeir;hysterééis will be discussed

‘in chapter 2.



CHAPTER 1T
Feedback Control of Hysteresis

2,1 lntvoduction }

Peedback control of hystere31s has been
introduced in chapter l. Avnumber of devxceo worklng
on the ‘feedback prlncxple have~been constructed in'tﬁe
_laboratcry.' Two devxces will be cons;dered heras a
complementary latchlng fl;p-flop ClPCUIt, and a
complementary latchlng tunnel dlode circuit.
2,2 A'Complemenfary Latching Flip-Flop Circuit

\The %chemetic diagram'of a practical.comple-l
" mentary latching flip-flop circuit.is shown in fig. 13.
This device is designed to‘have a stable hystereeis‘
which is edjdétable from .1 volt to 5 -volts. ‘Although‘
~the'circuit is not intended for use as a zero crossing
detector, the hysteresxs can be as small as 1 mv,
However, the potentlometer settlngs become very cr;tlcal
at this level because this partlcular clrcult is desxgned
for hmgher levels. . Qperatlon Of\thls or similar clrcuxtsA
.at mv. levelsflefmofsrecommended unless the ambienf
'temperature is‘felrlyvconstant because the hysteresis
/depends, partzally, on the VBE's and B8's of the transistors.
| The emztter follower driver transzstors ~are
necessary in order to obtazn enough drive for the output
transistors.' The devzce is capable of sw;tchzng up to

1 amp. et 200 kc/ss or’ lower. '
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The operatlon of the complementary latching
flzp-flop is indicated in the block dlagram of fzg. 1u..
- _The output c1rcu1t has only onellnput on at a
time; the’ofher inpuf is off. The output state.deter-;_
_mines which input is on;‘ For example, when.the output-d
“is positive, I, is on and 12 is off,' When the output 
.is'negative,.Izpis'on and Il~is off. - C
| The output c1rcu1t serves two purposes. It
selects two of the four thresholds present zn the input
clrcults.v This results 1n improved stability and
rellabllxty because otherw;se the flip-flops would rt7/:
depend On a.cCs’ coupllng to achleve, in effect, two .
;states. Furthermore, switching. can be 1n1t1ated at thei
output only by turnlng off the transistor which is
initially on. . Thus,:thesoutput trans;stors cannot be
"‘on at the same time. o
vThejster;ing;circuit is necessary_to eliminate
a state in which all the transistors are off. 'Theoret-"
1cally, the startxng CLPCULt 1s only necessary when
‘power is 1nxt1a11y applled to the circuit. The startlng
,,circuit pulls the main circuit out of the "off" mode.;
/Thereafter;.the a.c. coupling'in the output circuit
should prevent any recurrence of the "off" mode. However,
in, practlce, the a.c. coupling may fall occasionally
causzng the main czrcult to switch to the "off" mode.
: The startzng czrcult is’ designed to detect when such

a failure occurs and to automatically resstart the ‘eircuit.
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Referring to fig. 15, the'swétching of the
main circuit nbrﬁaiiy“occurs in the following sequence.
Assume that the input signal is large, positive, andv’
decreasing. Initially Qi, Q,» and 98 are saturated. i'
Qps Qs Qg» Qs and D, are off. Qg ‘vand D, are on.

As the input signal'decreases: ’ ' '

(1L Ql becomes actlve and eventually turns off.

Thls doesxdot cause the other transxstors to sw;tch
because Q3 1s held off by the feedback from the output,
(2) Q2 becomes actlve. | | '
(3) The magnltude of the collector voltage of Q2 decreases.
(4) Because the magnxtude of the voltage at the collector
of Q2 is decreaszng, the magnltude of the base current
of Q“ decreases.n’“

(5) .Qu becomes active.

(8) Regeneratlve sthohlng occurs between Q, and Qu.‘
(7 Q, turns on, Qu turns off. . B
(‘8)\'Q6 turns off. Q5 ;s pulled on by ‘the a.c.'ooupllng
from the collector of Qu ’

(9) QB turns off, and Q7 turns on. ' The output voltage
switches. At this. poznt Qs and Q7 are held on by the -
,/capacltors alone. ‘

‘(10) The feedback from the output turns D2 off. Di
turns ‘on so that Qu is held off., |

(11) Immediately after D2 turns.offl Qé‘becomes active
.and,theu qu?ckly“éa%urates because of the .current oo;igg

from'Ql‘thfougths.tf(Ql is still off.)
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(12) Qslhdlds'Qs_ogﬂ
(13) Qg holds»Q7'in saturation. The s&itcﬁing is comﬁiefé;
Switching in the other direction follows by symmetry;

" The startlng c;rcult affects the main circuit
.only when the main circuit is in the undesirable "off"
mode ; 1.e.,'when all the trans;stors in the output ”
circuit aré off éimultanebusly; wnen“the méin circuit
is in the off mode and when the input szgnals are small,
.Ql through Q8 are off, and Dl and D2 are on, (Cf., fzg.4
15 for_notatlon.) Starting occurs in the followihg.
manner:’ o | |
(1) Q¢ becomes actlve and eventually saturates. .(VS¢Vé)
(2) Qu is pulled on by QlO' ' ” |
(3) Q, turns Q6 qn.- |
() 'Qs drlves Q7 ‘on and into. saturation so that the output
‘sw1tches to the p081t1ve state. The output is now in an |
allowed state.;: " B ' |
(s5) Qlo becomes actzve.and then turns off. .Thg starfing :
circuit no longer‘affects the main circuit. |
| If the inputisignal‘is large positive or'negati?e?
then the mainfqifcﬁif méy start without the starting
“eircuit depending oﬂ the size.of R, and Rg relative to
the'féeﬁback.resisfdrs'Rg and Rg. If the main circuit
does notAStart automaticélly,'thgn the starting circuit
- will start it”aithough_the‘switching sequence is not

the same as‘ig.ia[withVSmall‘input signals.
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‘ Wheﬁ the output is in the pbsitive~state,;,
Qg is on. gg shﬁnts-thelbése of Qla;'so that Q:"Q 15 
off. When the output is in the negative state, Qg ‘
and Q10 are both off. Thus, the startlng clrcuxt
does not affect the main circuit when the output is
in either the positive or the negative state.

The dd’.odes,‘D3 and D, are used to lift
Q3 and Qu slightly above ground potential.’ These
tdzodes 1ncon3unctlon with D1 and D2 give short c;rcult
protectlon at the output when the resistors are |
properly chpsen;‘ If the output is shorted to ground,"
" then Qs and'Qu are both held off by the diédes, Dlvand:.'
D2. ‘The dzodes at the output protect the c1rcu1t '
from inductive loads.'

| The static hystereéis of the complementary latching

flip-flop -is céiculated with the aid of figs.~15 & 16.'v
The res;stlve balance clrcult has been replaced by
a reszstor, RB. The swztchlng thresholds occur when-
Q3 or Qu is at the breakpoint between the off and the '
‘active state. If the output is 1n1t1a11y in the posztive

state, swztchzng Wlll occur when.,

e .. %
= Fatpy -



'Fig. 16 Equivalent Circuit When Negative Switching Is Initiated .
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ipy 2t Lt
R Rp* R, Ry R -
. ‘.R\2 N

RyR, #+ R,R, + R

1Ry * RyRy + RpR

3

Solving fof.'ei :

Lesg-LIR -Rp] 1 . - "Ry .
Tt Y |
8133RL - ORRp RyRy ¢ RiRy * RoRy

[(53-1)RL-RDJ R + RD

C a(V, o *V )R
. 2 +

BE "D TI{

18R,

V.R. R "R
-__P._.I. + VBE“' -

- Fr _“ T Rp R, Ry

RjRy o
R1R2 + R1R3 + R R3

-+ (Vgglsats) = Vgp)
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By symmetry,
| [(8,~1)R;=Ry] 1 R, :
. s2“uRL RUMRp  RaRy + RyRy + RpRy
o ' [(s -l)R -R ] R, + R.
+ (Vg +VD)R (e D4 L Dy
B8R B82R Rg .
V.R. - R R,
« 21 VBE{l AR S
Rp (" Rp* R, Ry
- (ch(sat ) = "az’ 2.z
Rle * RiRy + RyRy

ey =.Vp = Veglsat.)

The transfer'characteristic;iglillustrated in
fig. 17. The hysteresis'is temperature'erendent eecausell
RVBE' Vep(sat. Y, V D* and 8, through 8, all depend on
. temperature. If the unit is operated at a fixed ambient
' temperature, then the threshold is very stable. In fact.q
. 1f the temperature 1s stable, a complementary latchxng
fllp-flop c;rcuzt can be desmgned to operate at mzll;-ie7;e

volt levels. t
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2.3 A.Tunnel Diode Stabilized Threshold Detector

A practical.funnel diode stabilized complementary -
‘latchlng clrcult :.s shown in fig. 18. The hysteresisl' ;:
width can be adjusted from 5 volts to less than 1.
millivolt by vapyzng the negative feedback. The
‘ transfer characteristic of the‘device ievquite stable‘a
for temperature fluctuatlons normally encountered in
the laboratory, Thzs dev;ce is an extremely versat;le
threshold detector because of the wide range of
hysteresxs wzdths. However, it 1s, przmar;ly, Lntended
for:use:as: a»zerOHcrossmng detector.’ chtures of the.
transfer,character;stzc of the tunnel diode.circuif 3
'are included in'fig;rlg. The device operates . at "
frequencxes below 500 kc/s.
| o The tunnel dzode clrcult operates on the

. same pr;nczples as- the fllp-flop device of sectzon 2 2.

However, the tunnel dlode device has superzor stabllzty'

PR A '\,». w o
’

and speed. A

The output‘circuit of the device is szmllar
‘to the one in the fllp-flop clrcult., But, it servesf
a much more 1mpovtant purpose in thls dev;ce.A Eachgf
of the bistable tdnnel'diode c;rcults_has one very‘AH
stable‘thresheld‘which depends on.the pea&ecurrenfbl?
of the diode. The~ofﬁer threshoid'which depends on;}
.the valley current is not so stable. Becacse.of the

Acutput czrcuit, cnly the stable threshcldﬁcadses
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Verticad: Output 5 v./div.
Horizontal: Input 5 mv./div.

Upper Verticald: Input 50 mv./div.
Lower Verticat: Output 10 v./div.
Horizontal: Time .5 mo./div.

Fig. 19(b) Experimental Transfer Characteristic
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Vertichd: 'Qutput 5 v./div.
Horizontal: Input 50 uv./div.

Upper Verticad: Input 50 pv./div.
Lower Vertical: Output 10 v,/div,
- Horizontal: Time .% ms./div.

Fig. 19(d) Experimental Transfer Characteristic
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switching‘ét'the dgfput. The other unstable threshold
is ignofedu' fﬁe output circuit also prevents both )
output transistors frpm coming on simultaneously. -
The startzng c1rcu1t is necessary to ‘eliminate

'ia state for which both output tran51stors are off
'szmultaneously. The starting c1rcu1t acts only when *
such a state occurs' otherwzse, it does not affect the
ﬁa;n circuit. - -

‘ The cbmpiementéry emitter follower is used
‘to obtain ‘a. hzgh input 1mpedance. The low output
lmpedance of the emltter follower also improves the
-stabzlzty of the threshold detector by preventlng
Lnteractlon of the b;stable tunnel dlode circuits.

It may be helpful to review the static

Voperation of a baszc bzstabie'tunnel diode circuit.
Such a device together with. a transistor ampllfler
is plctured 1n flg. Zl(a). An equlvalent CLPCUIt;
“is included ;n‘fxg.»2l(b). The effect of the tran-
_ sistof'iS'modeled‘as,a‘diode. The base leakage .-
current isvhegiectéd.lﬁit must be small compared
~_with the pea§ ¢ufréﬂf of the tunnel diode if the
f%hreshold depending on the'peak curfeht:is‘to be stablg.‘
Slllcon trans;stors whlch have 1eakage currents in

the order of nanoamperes are used; 80, the 1eakage

_‘current is certa;nly negllgxble in comparxson w1th
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the tunnel diode peak eprrent of 1 milliampere. The
Rp» Rc networkﬁis:ﬁsed to raise the tunnel diode about
300,milli§olts above ground potential. Thie is neoes-A
sary when a germanium tunnel diode is used in conjunc-‘
tion with a,eilicon'frensistor. Then the transistor
~is off when the tunnel diode is in the low voltage
‘'state and on when the:tunnel diode is in‘the.high voltage
Etate.- This bias.vo;tege can be eliminated or, at least,
' reduced if silfcon_or gallium arsenide tunnel diodes |
‘;are used insfead of the germanium tunnel diodes.

The bias voltage is critical to the ooeration
‘of the circuit. .The voltage must be low enough 80 that
rwhen the tunnel dlode is in the low voltage state, the
transzstor base current is negligible. For operatlon
at mzllzvolt 1evels, the base current must be 10 =3 of
‘the tunnel dlode peak current. On the other hand, the‘
bias.voltage muéfybe“high enough so that when the tdnne;
dlode is in the high voltage state, the base current
is hlgh enough to turn the trans;stor on. Preferably,
the base- current should be hxgh enough to saturate the
transxstor.: The use of sxllcon or gallium arsenide |
“tunnel diodee is recommended s;nce, then, the o;ae f;“
.is not s0 oriticei and mey‘even‘be unnecessary;_ The”i
czrcuxt of fig. 18 uses germanlum tunnel dxodes. The

'blas current and voltage must ‘be changed if other
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-tunnel diodes are employed.

F;g. 22(a) througw (i) are self explanatory..
?he tunnel dzode, transistor, RB’ RC' and RD have a
nonlinear i-v characteristic which has a negative
resistance reglon,(fig, 22(e)). The load line depending -
on ei, RI’ and kA is superimposed-on°the'nonlinear
characterlstlc (Fig. 22(g), (h), and (1)), e; shifts
the load llne along the voltage axis. When e; = 0,'
there are two stable states. When e; is greater than
 some positive voltage, only one stable state, the high'
voltage state, exists. Whenwei is less than some
negative voltage, only the low voltage state is stable.

'If the circuit 1s lnltzally in the low voltage state,
and if e becomes’ so pos;tlve that the load llne no
”longer 1ntersects the low voltage region of the curve;}
then the czrcult wzll switch to the hlgh voltage state.
Sw;tchzng in the other dlrectlon occurs in the same - |
| manner, | :
- The voltage at which the bistableztunnel diode
circuit sthches from the low voltage state to the hlgh
voltage state is dependent on the peak current of the
tunnel dlode. The peak current is very stable; for a
_.selected dlode, it may change by only a few percent for

a temperature change of 100 °C. Therefore, the threshold

_whxch depends on thevpeak current is very'staole;f
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The tunnel diode threshold detector is drawn

in a‘differeht forﬁ'in‘fig. 23, The emxtter follower'
b_has been replaced by a voltage source, e and a
reslstor,.RI. .Thewclamp diodes have been eliminated
since they do hotaeffect the operation of the circuit
at small signals. - |

| Referrxng to fig. 23, the. swztchlng sequence
is as. follows.i Assume that e; is 1n1t1ally large,
pos;t;ve, and decreas;ng. Inxtiaily, TDl is in the:'
high.voltage'stste; TD, is in the low-voltege etete. ;
Qs Q3» and Qé.are'seturated; Qs Q) and"‘Q5 are offt?
As the signal decreases: _ ' R
(1) TD, sWitchesffrom the high voltage state to the
low voitage state. | | ‘M
(2) qQ switches off. No switching islinitiated in’Q3
or Qg because stis'peld’in saturation‘by'the.feedbeck
from the output.‘,_ff,f. » "'. -
(3) TD2 switches to ‘the hlgh voltage state. Thisf
initiates swztchlng.; uf | | |

() Q2 swztches on..v‘
- (8 -Q, pulls'Qu'on and into saturatlon.,:

(6) Qy turns Q6 off. The output voltage rises.

(7) The a.c. coupl;ng from the output causes Q3 to
- become actlve.“" | | o

(8) The magnltude of the collector voltage of Q3

'lncreases causzng Q5 to become act;ve.



» Storting Circuit

' Fig. 23 Tunnel Diode Stabilized Threshold Detector’
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(9)l Q3 and Q5 switch fégeneratively. 'The outpnt_
~ voltage reaéﬁés'the positive state. R
Sﬁifching in the other direction follows by symmetry.

The dlscu551on, above, gives the impression
‘that the sw;tchlng occurs in rough steps. This is not
~true; syltchgng‘at the . output is Papld (30 ns.) and .
continuous.
' | “From”fﬁe discussion of the switéhiﬁg‘sequence.
it i; apparentwthat the operétion of the output circuit
aepends,‘critically, on the a.c. coupling. Without the,
a.c. céupling, the output voltage wéﬁidfswitch to
ground poténtial.and remain there. When the a.c. coupiihg
’capacitors are propgrly’selected, the outﬁut switches ;3
‘smoothly bétwqeh'fﬁé positive voltage ahdéthe negative
voltage. o

The starting circuit affects the main circuit
' only when botﬂ-ogtput transistors are off'simulténeopsly."
.Again, referring‘tolfig. 23, the starting sequence is
as follows. Assume that the input s;gnal is zero. “;
Inxt:.ally,\TDl and ’I'D2 are in the low voltage state. R
Qq» Q2, Qg» Qs Q7,'and Qg are off. Q3 and Qu are
‘saturated, ‘
(1) Qg becoméslééfive"ahd eventually:éatgrates, (VS<VB) 
(2) Qg pulls‘Q; on and into satgrgtion;f Thé’output f

switches to the positive state.,
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(3) The feedbaekﬁfrom;the output causes Q; to become

active aﬁd{toveveﬁtdeily turn off. The circuit is now

in ah_aliowed state. | |

(%) Q7 becomes active and eventually'saturates;

(s5) Q; shunts the base of Qg causing Qg to turn off. -

‘The starting eircuif;no'longer affects the main circuit,
The hysteres;s of the tunnelddiode czrcuxt

" is calculated with the aid of figs. 24, 25, 26, and

27, The complementary emitter follower has, again,

'been omltted because 1t has no effect on the swztchxng

and very lxttle effect on the hysteresis., ‘A smmple o

plecerse linear approximation of the tunﬂe; diode

) i-v:chabacteristic can be used. The pieeewise 1ineer.

:epproximatien ispehOWnnin fig. 24,

In the circuit of fig. 26,

[VB --VCE(sat.)]Rz‘.

71 % . ,

T Ry Ry

_— VR, -

T2 C T oo
RC+ RD

R1R2 + R1R3 + R2R

Ry + Ry

3

Fn

" R.R
R ~DC

T2 '
, RD + Ro

A very accupaté,‘bhf7complicated, expression for the

hysteresie‘can.ﬁe obtained by solving the eircuit of
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Fig. 24 _Piecewiée ‘Linear Tunnel Diode V-I Characteristic.



x Fig. 25 Equivalent Circuit at Positive Threshold

-29~ .
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Fig. 26 Ahdthé?*cbhfiéu%atiqn of the’EquiValeht_Cif¢git*
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Fig. 27 Approximate Equivalent Circuit at'quitive'Thﬁeshold
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figs., 25 § 28. However, a szmpler approxzmate solution
can be obta;ned ‘from the circuit of flg. 27 if two
conditions are met, If ;
Rp << Ry andA
. Ry B o
then the coupling between the upper and lower parts of

<< R.

flg. 26 zs weak. The effect of the lower part on the
' upper part can be neglected and vice versa. Thenvonly’:
~the simple c1rcu1t of flg. 27 must be analyzed. -In

‘ practlce, the znequalltles, above, are satlsfzed sznce )
1t 1s deszrable to mznlmxze the couplxng between the
two tunnel diode clrcults. .

The aéproximate transfer characteristic

calculeted frombfig; 27 is shown in fig. 28, 4Refebring.

to fig. 28,

i R.R V,R. R + Rp

.el 3’- 32 »=.' (‘Vp v+’ P D C B C). A + iPRA

- [vB (sat.)]' A2

D L R (Rl + RZ
ey = -re, = VB'-«VCE(Sat.)

'A;though vp, ins and VCB(sct,) all cepend on

.temperature,~tne'thermal stability of the tunnel diode
‘threshold detector 'is very good. The temperature

| dependence‘of;vp‘end'iﬁvis extremely weak. The .



’ ‘ , - - D
",,/’/ , ~Inpute
: : Voltage

Fig. 28 Transfer Characteristic
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fluctuatlon of . these parameters with temperature is
3generally less than 0.1%/°C. Specifically, the
peak current and vo;tage of a germaniem'tuhnei diode,
1N3713, ‘have the following temperature coefficients:

dv
o — =65 uv/°C
dT l=2s0c .
L i - |
- 1 pa/°C <« —£ < .3 ua/°C
- 9T lpapsoc .
©dd : |
typically, -2 = - 43 ua/?C.(?)
“ : 4T lpazsec

Tempereture,veriatiens‘have a.greater'effect on VCE(sat.);
howevef, fluctuations'iﬂ Voplsat.) are not important.
As. long aslVB >> Vcé(sat,), fluctuations in VCE(sat.sfv
~do not have a strong effect on the transfer character-
istic, A ﬁiliivo;t‘variefion of VCB(sat.) might eeuse
alo microvoltﬂvafiation in the transfer characteristic,

|  The tunnel dlode stabilized threshold detector
can be adjusted to have a hysteresis’ of 1ess than a
mllllvolt. Sznce the series input resistors are 1000
ohms (Cf. fig. 18), the signal currents are of the order
of mlcroamperes when the 1nput volfege is in the mlllz-‘
volt range. When the circuit is operatzng w1th a

mlllzvolt znput szgnal, the -tunnel’ dxodes are swztchxng

~when their current changes by a mlcroampere out of a
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. milliampere. _In other:words, the tunnel‘diodes are
switching consiStehtlydfrom the low voltage state to
the high voltage state when their‘current changes by .
0.1 %. . |
' The'tpnnel diode stabilized threshold
detector 1s a sophlstlcated device. it is also an - '
'expen31ve devzoe.; But the exper;mental czrcuxt has - less
than 1 millivolt of;hystere51s from d.c. to 500 kc/s
even though the:circdit is by no means optimum.: The
hystereszs of the dev1ce is dlrectly dependent on the
supply voltages, so, the supplies must be regulated.
'Since the tunnel dlodes set the sw1tch1ng thresholds,
one would expect the devzce to work at frequencxes »
well above 500 kc/s. 'However, the transistors limit
 the frequency range. Faster transistors should :
'allev1ate thxs problem. Some form of compensation
in the feedback'path mlght, also beiuseful;

:The most lmportant point is that the stable
. thresholds from two separate tunnel diode oirouits
can be selected by a specmal output czrcult and used

to form a stable threshold detector, Negat;ve

“feedback can, ‘then, be used to adjust ‘the hysteresis.



"'APPENDIX

The transistor model used in the calculation
df the theoretical expreséions is a simplified version
'uf the Ebers-Moll quel} The simplified model is shown
in fig. 29. uWifhbut'such‘a simple model, the algebra
becomes‘proﬁibitively complex., ﬂFurfﬁermore, results
'calqulated with more accurate models often yzeld
compllcated expressxons whzch ‘do not give much 1nszght
'1nto the basic operatlon of the circuit.

{Referr;ng to\f;g.Z?, the d;odes are assumed
to be ideal swituhes;';VBE represents the voltageldrop
wacross thé'bése to emitter diode. VBE'isfapproximated;
as-'a cbnstant although it is in reality a:logarithhic”
-funcfiun of the*euitterfcurrent. A useful equatzon,

predxctxng,the behavxor of VBE’ is

dT dlp

o kT KT
.,dVBE -‘-25( ) "‘ (a— -?;

where IE is the ‘current flowzng out of the emltter.
e Lol 8\15 also assumed to be constant. Actually,
B drops.at low and hzgh current ‘levels; however, ;n
«fmany'transisfors thefe is a Wide‘range-of current7;
levels for whlch 8 1s ‘constant. The 8 of szlzcon .

trans;stors usually lncreases thh temperature.‘,,i
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Fig. 29 A Simple Transistor Model



@ -
Generally, . -1 %/°C < — < § %/°C,
: ... .dr
When‘the'transistor is saturated, the collector'-
to emitter voltagégis‘approximated by a constént vqltage,_
VCB(saf.). VCE(sat;) is a function of the'collecto:

current and-theftgmperature. At moderate currents, .

8

r

.-.VCE(sat.) = -d—;ln + 2']
where B8 is the forward current gain as before, and B

is the reverse current gain. B, is the current:gain.

-when the collector and emitter are interchanged. fIn:

general, 8 >>~6r.
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