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General

The complete line driver was described in very general terms in the
original note, The first supplement described and analyzed the individual
stages as separate entities., This paper analyses the complete amplifier
theoretically, Drawing E75792 (Fig. 0.1) is a complete circuit schematic.

1.1 Differential Mode Analysis

Figure 1.1.1 (SA-65908) is a block diagram showing the complete signal
flow path for the differential amplifier. All KG numbers refer to previously
derived transfer functions given in supplement one, The numbers and letters
between the KG functions refer to corresponding voltage test points shown
in E75792, If the four transfer functions in the forward path, K9 Gg
(Fig. 3.4.2, supplement #1 SB-48744-G), K, G7 (Fig. 3.3.2, supplement #1,
SB-48743-G), Kg Gs (Fig. 3.2.2, supplement #1, SB-48742-G), and Ky Gy or
K3 Gg (Fig. 3.1.2, supplement #1i, SB-48741-G), are multiplied together
(gb magnitudes and phase angles added) as shown in Fig., 1.1.2 (SA-65921),
they can be replaced by a single forward gain transfer function Kp Gp.

Since the transfer function of the output stage differs for SD and DD, two
separate functions are required and will be differentiated by a second
subscript, Kpg GAs for SD and Kpp GAD for DD. Figure 1.1.3 (B-48756-G)
is a plot of these two transfer functions.

Figure 1.1.4 (SA-65920) repeats Figure 1.1.1 with the simplified forward
gain transfer function, It can be shown for this diagram (see Eq. A-11)
that the overall differential transfer function is:

Ku G/I KA Ga
| + Kiz Gz Ka Ga

This function can more easily be evaluated if it is rewritten as:

qu 10101 KGD/FF

B 1.1.2 K Gpre = E GKIII3 gfsée
where

Ay ﬁﬁz 6h3f<4<;A
qu B ta KB GB % / i KIB G’ls KA G’A

The function K13 Gi3 Kp Gpis the differential open loop gain of the l?ne driver
and is plotted in Fig, 1.1.5 (B-48755-G). It is obtained by multiplying

the separate K13 G13 and Kp Gp functions (db magnitudes and p?ase angles

of Fig. 3.5.2 supplement #1, SB-48754-G, and Fig. 1.1.3 of this supplement
added together).

The function K Gg is the differential closed loop response of the
line driver and is plotted in Fig. 1.1.6 (SB-48765-G) for SD, and Fig. 1157
(SB-48767-G) for D.D., This function is obtained by plotting Kq3 Gy3 KA Gy
on an M-N contour chart Fig. 1.1.5a (SA-48781-G) and Fig. 1,1.5b (SA-48782-G)
and replotting from a new set of coordinates the function Kg Gg (the M-N
contour chart DL-1433 permits the graphical evaluation of the function
A when A is known graphically as a complex variable).,

b2kl
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On Fig. 3.5.2 supplement #1, SB-48754-G the curves for G13 are subtracted
from the curves for G141 and the results added to Kp Gg (Figs. 1.1.6 or 1.1.7
of this supplement), The result is the overall transfer function KGp1FF
(Eqe 1.1.2) which is plotted in Fig. 1.1.8 (SB-48768-G) for SD, and Fige 1.1.9
(SB-48769~G) for DD, It will be noticed that the addition of the input
characteristic Kq4 Gli/K G,,. decreased the frequency response of the
total differential amplii'ger.,l3 The addition of speed-up capacitors across
the input resistors Rj3, Rys Ryq and Ryp in Fig. 3.5.1 of the first supple-
ment could have caused a rising characteristic in the vicinity of 100KC
and extended this frequency response, This was not done in the present
amplifier because non-linearities (discussed in section 1.3 of this supple-
ment) cause a considerable peaking of the frequency response in this
vicinity under certain differential input conditions and the addition of
the speed-up capacitors would have accentuated the peaking more severely.
Although a slight peaking is desirable to speed-up the square-wave re-
sponse of the amplifier, too severe a peaking causes undesirable ringing
of the square wave, R35-1 is supplied to control the roll-off of the
frequency response and thus control the rise time characteristic of a
square-wave response,

1.2 Common Mode Analysis

Fige. 1.2.1 (SA-65909) is a block diagram showing the complete signal
flow path for the common mode response of the line driver. As in section ke d
all KG numbers refer to transfer functions derived in supplement one, and
numbers and letters between KG functions refer to voltage test points on

E75792.

Fig. 1.2.2 (SA-65919) shows two simplifications which can be made in
the complete diagram. The four transfer functions in the forward gain
can be combined to a single forward gain transfer function K¢ GC (K10 G10
Fig. 3.4.3 supplement #1, SB-48745-G, K8 Gg Figo 3.3.2 supplement #1,
SB-48743-G; K¢ Gg Fige 3.2.2 supplement #1, SB-48742-G; and K, Gp or
Kj, Gy Fig. 3.1.2 supplement #1, SB-48741-G), This new function (Kg Gg)
is plotted in Fig. 1.2.3 (SB-48763-G). Since this function differs for
the type of display the amplifier is used for, a second subscript is
added to differentiate for the two uses, Thus Xgg Ggs is the forward
gain transfer function for 8D, and Kgp Ggp for DD.

The second simplification is obtained by combining the four feedback
transfer functions into a single function Kp Gp (K18 G18 Fig. 3.8.2 supple=-
ment #1, SBo48759-8; K17 Gq7 Figo 3.7.2 supplement #1, SB-48758-G; K16 G16
Fig. 3.6.2 supplement #1, gB-48?57-G3 and Kig G15 Figo 3.5.3 supplement #1,
SB-48753-G), This function is plotted in Fig. 172.4 (SB-48764-G).

Bige ila2.5 (SA—65925) is the simplified common mode transfer diagram
of the line driver. The overall common mode transfer function for this

circuit (see appendix B, Eq. B-12 is)
K Gy Kie €12 KelGe

B4 Le2ad
i

/+ Ke Gc (Ko Go— Ko Gl‘f)
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This transfer function can be solved more easily if it is rewrittens:

e e K GCM = Kiz Gio Ke Ge

KF GF
where
Eq. 1.2.3 kE GE = KF = KC, Ge
/+ /(F G:F Kc G‘c
and

Eq. 1.2.4 K,: G‘F = -KD G’D b Km 6'/4—

Several methods are available for evaluating Kp Gp. The most obvious,
and most time consuming, would be to obtain both Kp Gp and Ki4 Gq4 algebrai-
cally from their composite equations from suplement #1. The second method
would consist of evaluating Kp Gp and Kij Giy at several points from their
graphs, obtaining their vector difference and replotting. The method
chosen was a strict graphical manipulation. If equation 1.2.4 is rewritten
in the form:

KD GD

Eq. 1.2.5 Kg Gg= K Gy

K G_ < (“ KD GA/KM. G'I‘l-)
Eq. 1.2.6 H | SR N (— Kp G'D/K/* 6‘!4—)

the entire solution can be obtained graphically. First the curve for

K14 Gqy (Fig. 3.5.4 supplement #1, SB-48762-G) is subtracted from Kp Gp
(Fig. 1.2.4 of supplement #2 SB-48764-G) and the phase angle shifted +180°%.
This gives -Kp Gp / K4y Gi4. This curve is transferred to an M-N contour
chart (Fig. 1.2.5a SA-48780-G) and Ky Gy is read off directly. Since

K Gp is much greater than Ky Gq4 in the region below one megacycle for
R35-2 equal to five kilohms,Ky Gy is approximately unity for this band.

For R35-2 equal to zero Kp Gp does approach Kqy Gqy within this band and
there is some interaction between the positive feedback of Ki4 Gij and

the negative feedback of Kp Gp. This causes a variation in the gain and
phase of Ky Gy in the vicinity where this happens. The resultant Ky Gy
curve is plotted in Fig. 1.2.6 (SB-48766~G). The curves for Ky Gy are
then subtracted from Kp Gp and the result is Kp Gp (also plotted in Fig. 1.2.6)
for the two extreme values of R35-2.

where

K GE (Eq. 1.2.3) is obtained by first adding the curves for GF
(Fig. ¥02.6) and K; G, (Fig. 1.2.3) to obtain the product Kp Gp K¢ Uge
K Gp Kgg Ggs is plot ed in Fig. 1.2.7 (SB-48770-G) and Kp Gp Kcp Gegp is
plotted in Fig. 1.2.8 (SB-48771-G) . These product curves are next trans-
ferred to the M-N contour- ¢harts Fig. 1.2.8a SA-48783-G and Fig. 1.2.8b SA=
487846 and separate curves for Kg GE replotted. Kgg Ggg for SD is plotted
inFMig. 1.2.9 (SB-48772-G), and Kgp Ggp for DD is plotted in Fig. 1.2.10
(SB-48773-G)

The overall transfer function for the common mode, KG.p, is finally
obtained by adding the curves for Kip Gqp (Fig. 3.5.4 supplement #1,
SB-48762-G) and Kp Gg (Fig. 1.2.9 or 1.2.10, and subtracting the curve
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for Kp Gp (Fig. 1.2.6). The two overall transfer functions (one for SD
and one for DD) are plotted separately in Figs. 1.2.11 (SB-48776-G), and
1.2.12 (SB-48775-G).

In Figs. 1.2.8a and 1.2.8b it will be noticed that when R35-2 is set
to zero, the gain of Kp Gp Kp Gn is greater than unity as the phase shift
crosses the 180° axis., This indicates that the amplifier is oscillating,
and the curves in Figs, 1.2,9 and 1.2.10 are not valid for this condition.
However, they are carried through to Figs. 1.2.11 and 1.2.12 merely to
indicate the direction in which the magnitude and phase characteristics
of the frequency response will change as R-35-2 is varied from its maximum
value of five kilohms to zero.

An analysis of Eg. 1.2.2 and the calculated DC gains of the various
transfer function shows that the common mode gain of this amplifier at
very low frequencies is =5idb., In other words the attenuation to common
mode signals on the input terminals of the amplifier is 51db (approximately

35021),

Figs. 1.2.11 and 1.2.12 indicate that as the frequency increases the
attenuation decreases to approximately 25 db (18:1) in the range from 10Kc
to 100Ke with R35-2 set at its maximum value. As R35-2 is decreased the
rise time characteristic of the common mode response are improved but at
a further loss of attenuation to common mode variations. In adjusting
the amplifier common mode response, care must be taked not to attempt to
improve the rise time characteristics anymore than necessary because of
the loss of this attenuation.

It will also be noticed that even though much attenuation can be
lost in the 10Ke to 100Ke region by varying R35-2, relatively no change
is produced in the high attenuation of the amplifier to 60 or 180 cycle

power supply ripple.

1.3 Non-linear Effects In Line Driver

The previous two sections have analyzed the amplifier for both differen-
tial and common mode signals from a purely linear balanced approach.
Because of the tolerances in components it can not be guaranteed that the
two sides of the amplifier are balanced. However, even if perfect components
are assumed, considerable non-linearity exists because of the large voltage
swings involved in the output stage. As the differential output voltage
swing increases, the operating points of the two sides of the output stage
begin to separate, the amount of separation being a function of the differen-
tial output voltage. As these operating points separate, they enter regions
of increased and decreased gm simultaneously causing the gain and frequency
response of the two sides to differ. Since the voltage swings within
the preamp are considerably smaller, it can be assumed that all the existing
non-linearity is caused by the output stage. From this consideration it
can be seen that the analyses in sections 1.1 and 1.2 apply only for very
small signal excursions in a region where the gains of the two sides of

the amplifier are identical.
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In the differential mode analysis of section 1.1 the differential
transfer function was given as

R Ku Gy _Ka Ga
/-/- K/3 &/3 Ka Ga
However, if it cannot be assumed that the forward gains of the two
sides are equal, that is Kjp GpA # Kpp Gpp. where Kpp Gpp 1is the gain of
the A side and Kpp Gpg is the gain of the B side, then a more complicated
expression must be used, If the two unequal gains are related to the
balanced gain some simplication can be achieved. Thus, letting

Kan Gap = KaGa (1 + 54)
KAB GAB = KA éA (/" 55)

where both § and S " are themselves complex functions of frequency relating
the wo gains, Eg. A-12 of appendix A gives the complete differential re-
sponse of the amplifiery Egp is the differential output voltage, and Ep
and E; are the differential and common mode input voltages respectively,

KuGuKa 64 {E,, 225475 4k, 6 (KoomHis 63X /+54)(/.l+5 (St}
I+ KaGa Ko é,,(e_&s_s_e) + K136z (KnGa) (KoGo=HKis6:3) (1452) (1= §8)

It will be noticed that now the amplifier produces a differential response
from both differential and common mode inputs (Ep and EC)° If these

responses are separated by superposition, the variation of each response

can be compared to the linear balanced gain, This has been done in Appendix A
in Eq. A-14 and A-16.

ap/ED % (/4-/(,36.[3 KAGA)[I-A--A—gE + Ky GA(KDGD Kls 6’/3)(""&4)(/-58)
K&pier |+ Ky GakKo G (l+ Sa- Sg) + K365 (KaGa) (Ko 6o~ Klséla)(’*&)(’ §s)

Eq. A-12 E, )=

Eq. A-14

Eq. A-16 Eob/Ec _ (1+Kiz 613K A@A)(gA+£5)
KGowre  [+Ky6u Ky Goll+28- 56) + Kis 63 (Kn 62 (Ko 65~ Kis Gis) (1+52) (I $5)

In this present amplifier it can be shown that Kp G '"7Kq3 G1 throughout
its operating range when R 2=5K(Compare Fig. 1.2 B showing KD Gp with
Fig. 3.5.2 of supplement 1 ghow1ng Kl Glg in the region below 1MC). Fig.
1.1.6 and 1,1.7 also indicate that Kj Gj % 1 in the region below
10Kc. Under these conditions Eq. A~14 and 1 reduce to A-17 and A-18

in Appendix A,

Eq. A-17 Eoo/Ep
Eq. A-18 EKaf;;FF Kiz Gz Ka Ga (SA +gB)
g S = T+ Kp Gp Kiz Gy3 (KaGaY (1+54)(1- 55)

KGpi
Equation A—17 shows that under the conditions that Kp Gp»Ki3 G13 and

Kp Gy K43 Glji>1 the differential response of the ampllfler to dlfferentlal

inputs remains virtually unchanged despite any ynbalance in the forward
gain of the amplifier. However, Eq. A-18 shows that as the unbalance
increases the differential response becomes more and more susceptible to
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EOC/EC
E . B- e T ;
by A KGem
Eq. B-20 Eoc /Ep £x b/A, + XB

KGcn o ""LI 'I—ZA—;_:‘!_ + Ke Ge Km— Gur(/"“{)(/"b’@]

Equation B-17 indicates that the common mode response of the amplifier
to common mode signals remains constant for frequencies less than 10Kc
despite any degree of unbalance, Equation B-20 indicates that as the
unbalance factors increase the susceptibility of the common mode response
to differential input signals increases. Figure 1.3.2 (SA-48779-G) shows
a plot of this response as the unbalance factors vary. The two special
cases are again plotted (¥4 = ¥ and 1+ ¥4 =1 ) with the actual ampli-
fier generally varying between these two i-% cases. The case of yp=1
is the case of a single-sided amplifier and indicates the advantage of
this amplifier over a single-sided amplifier in rejecting common mode
inputs.

1.4 Maximum Allowable Differential Swing from Line Driver

The maximum differential output swing available from the line driver
is determined by the output stage. Two separate considerations are
: necessary: first, the necessity to maintain a fixed mean level, and secondly
‘ to stay within the allowable dissipation ratings of the stage.

1.4.,1 Maximum Output Fixed by Mean Level Requirement

Figure 1.4.1 (SA-66073) is a much simplified configuration of the
line driver output stage. R is the total resistance of the plate load
resistors of the output stage, Ry is the equivalent resistance of all
consoles being driven by the output stage, By, is the supply voltage, ep
is the mean level of the output referred to ground, e,q is the differential
output swing, Ep1 and Ep2 are the voltages at the plates of the output
tubes, and iy and ij, are the currents being drawn by the output tubes.

The maximum Swing in one direction will occur when one side of the
output stage is completely cut-off, and the other side is drawing its
maximum current. Assuming that i4 is cut-off completely, then Epl' the
voltage on the plate of the "1" side is:

Eq. 1.4.1a Ep = B + S2d
q Pl m Z

The differential output voltage at this time is

Eq. 1.4.1b €of = (EH,—EPI) &

Ro
Solving equations a and b simultaneously for e,q gives
Eb—e
m
Eq. 1.4.1c €Cod =
® : % R +o0.5
For Epp = 250V and ey = 45V this output becomes:

2.05
Eq. 10)4'-1d COJ = —Rﬁq- + 0.5‘
[

L e s R L R B S e e e st S
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S?.nce eod can swing this amount in both directions, the total maximum
differential peak to peak output voltage becomes twice this value:

_ 410

Eq. 1.4.1e Cod(pp R.. T o.F

This equation is plotted in Fig, 1.4.2 (SA-48712-G) for a wange of
0.14{—?\— <10. As Ry approaches an open circuit this value approaches 820V
output. For any given ratio PG/R the amplifier must be operated below
this calculated value or the mean level control circuit will fail to
function.

1.4,2 Maximum Output Fixed by Tube Dissipation

Considering Fig. 1l.4.1 again, Egi is the plate voltage of the output
n

stage at any given output voltage and can be expressed as:

qu 1.4.23 EF/ = e;,‘ il eZOd

The current through this side is then

, EL ’E eod
Eq. 10“’02b /L[ = ___é_—-_cl— 4 Rl—
[~

Solving equations a and b simultaneously gives:
’ l R

The voltage across the output tubes is

Ba. 1.8.2d =z Cwm~ %‘L —Egk

where Ex is the cathode voltage referred to ground.
Under these conditions the plate power dissipated in the output tubes is

eptq

. . R — Sl ]
Eq. 1.4.2e PA = 'RE:[ELL—CMJ-BOJ (—E: +0.5ﬂ1:€;., > Ex

For any«fixaci value of Ro and for a given maximum power dissipation of
the output stage.

Eq. 1.4.2f PAHA){ Rg}/[ELL‘eM+804(%+o"52-][em‘%‘fg

Solving this inequality for Rolﬁt gives:

Porax Ro i
exn"EK‘e—"-'eé; + Em—Eib - 0.5
od

From the circuit in Fig., E75792 and known operating conditions the
following values can be substitued:

Epp
®m
Ex =150 V

R
Eq. 1.4.2g —RT"—- é

250 V

L5 Vv
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Appendix A
Differential Response of Complete Amplifier

E,
—‘6—*’ Kn G‘“ £ 2 'KAAGAA 7 >1 E34>
) [
. |
|
'KIS 573 < |
.y '
| Esa +Esb
<6 ¥ - g oo
I
‘Kls Glg H_ :
|
|
E £ Esb
‘ X 2 ’ K" G" ‘ e 'KABGAB < ?l 2 -

Consider the Above Circuit for Differential Mode Response:

(A1l K Gn Functions Will Be Written as K, to Simplify Notation)

A-1 EBa . Em»a. KM
A Esb = Ee Ky

e Egh..: Bg K+ E36 KIB e Ega.;_-Esb .
: Eza
E'l“ . Es‘ Ku » E.Ba. K,3"’ 3—;—5& Kp
e B v ) Kl
) Ka K
. AL Esb = Es KyKag + Esa KAB(K::,'L::-)-E_% ——%—9-

Solving Equations A-3 and A-4 For Eqy and E3b‘°’
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KAA /,(” [Eé(/"'&ﬁ&) + E;KAB(Klg— 5_0)]
+ KagKe) |1 KaaKo) — K 0 Kag (K5 - 2

Ak Est = KﬁgK:,£Es~(l+%ﬁz)+ Es Kun (Kiz-£2)]
(’*ﬁzﬂh)(/'*ﬁ‘-zﬁ—ﬁq = Kaa KAB(K,B_%_)Z.

The Differential Output Voltage Can Be Defined As:

A-5 Esza=

A—? EOD = E3Q_—E3b

A-8 B Ku[Ee KAA_ Es KAB +* KAA KAB @D_KIB)(Eé‘ES)j

7 e S ) - 57

The Input Voltage Can Be Defined in Terms of Its Differential And
Common Mode Components:

A-9
Es = Ec—ED/Z-

/(,,{E [Mi + Ky KAB(K Kla)]‘f'E (KAA"KABB'

A-10 Eop =

(/"' Kaa KD)(/“‘ Kag K’) Kan Kae (K/3 _}.S_Z)

Letting Kpp = Kyp = Kp

E.
o K GDIFF = E:
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b SR e R e
s Kag = /<A(/+gA)
Kag = Ka (I+£B)

A-12 Eoo = K KA {EP[/"' ot +KA(KD‘K13)(/+54)( SB ’f'Ec(SA“' 53)1
[+ KK, (1+22258) + K7 Kis (Ko-Kis)(1+64)(1-5 &)

Eop is the superposition of two components, one due to the differential
input, and one due to the common input. These two components
will be analyzed separately.

Eop & K”KA[/i-—%-f KA(Ka’Klg)(l"' SA)(I_SB)j

M3 BT T4 Ko (1+58558) + K Ky (KomKis)(1464) 1= Se)
o Eooles _ (IrKok[i5a55E + Ku (koK) (i) (1= 55)]
KGowr [+ KaKo(I+ 24=58) + Ko Kis (Ko-Ki3) (1+5a)(1-55)
A-15 Eop - | KiKa (gA"‘SB)
Ec [ + KaKo (/+ S"?-SB-)“F KAz K,,(K,,—K:s)(l+54)(/— gB)
A-16 ECD/EC - (’+ KIB KA)(8A+£3)

K GDIFF /'f‘ KA Kp (I'f‘ 84;?&) + K42 K,3 (KD—KB)("‘- SA)(/_ XB)
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For KsKs»l AND Kb)) Kiz

A-17 il 1

K& oire

EOD /Ec 2t K,3K4 ( SA + ge)

A-18

K GD'FF B | + KAZ Kis K'p-("‘" SA)(’”SB)

Under low frequency operation

K,= 52db Ksz=-21db Ko, = #2db

Thus for gA>/0 AND I>/ (,_SB)>/0—+

A—19 EOD/E(, oL SA e SB

KG‘DIFF KAKD(I"'S-J(/- S-B)

A-20 EOD/EC & 2-KI3 ~ __5’746

Page 14
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Appendix B

Common Mode Response of Complete Amplifier

E E £

X ——’-6 K 2 GIZ e )' Ku. G¢4 >I % 7‘
|
l
|
' K'*Gw G :
|

ED Ko 6o - > 4( EagEgb

I
. Kip G [ :
' |
[

E E o E3b

—'g K,z G,z ‘ = i ch Gcb 4 A o

Considering the above circuit for common mode response:
(A1l K, G, functions will be written K, to simplify notation)

E3a, ¥ Eltf-a. Kc«,
B-1
Esp = Eivb Kcb

Ei*a,:' E¢ K:z_—'Esq, —’SL‘- + Ez (Kl*—i;g_)

‘ E,q-b = E; K,z_—' E3b K?_p il E3l (K"f'_- —'S?f-)
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. Eza = E¢ KieKea /: E;b Kca (Km—— Kg%)
| + KeaKe

B-4 EaL = Esr Kiz Keb + Eza Keb (K,.,.—L;-_D;

/+ Keb Ko
2

Solving equations B-3 and B-4 for E3a and Ejb gives:

B-5 Esasw Eé Kiz Kc«.(“‘ KDKCb) +Es-Ki2Kea ch (Km-

(,+ KDZK“)(/ K,,ch) Koo Keo (Kip— __o_)

B=6 — Eg‘ Klz.KcL( ‘Kz@-"Eé KIZ-KcaLch(KI‘I- ?-

(/ + Ko /«;4 szm), Keo Kes (o — é_g)

The common mode variation of the output, Egg, can be defined as:

B-7 R Esa—ZEzb
B-8 E = E6 KIL Kca. (H'KMKCL) o E_s'Klz_ch (’*K#Kca-)
s =
2[("" Ke Kca'\("" KO£Cb\ KCa.KcL (an- —2__?_

If the input voltages are redefined in terms of the differential
input, Ep, and the common mode input, Eg:

5 Ec= Ec+En/fe
By > e Ep/fo
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B10 g, - _EcKio(KeatKest2KuKenkes) + 2 Kip (Kea — Keb)
2—[/4— 5270- (ch,"‘ ch‘f‘ZKpf.Kci KCL) s KC&_ KCb K’*z]

Letting Koo = Kelh = Kc

B-11 Fi = Ec KizKe (/+K/+ Kc)
/+ KC—KD("" Klq» KG) Eh Koz Kltl-z

B-12 A - A Kiz Ke
K G-C»‘ Ee /+ Kc (Kp_ K[+)

B-13 Eoc/f, = O

For Kea # Keb

LET  Kea = Ko (1+%a)
Kc‘,b = Kc(/-xlz)

B-14 Eoc £, EG Klz Kc£l+ Xa.z—XL 4-KN-KC (/+X¢)(/‘X[,ﬂ+ ED K’: KC (b/A+zB)//'
[+ KoK [Io Boo 1, K (w8 (-60) - KEKiy (1#50) (1Y)

ois  Eofbe _ [rKe(Kehol[1+ 252 + Kinke (1#5)(1-%)
KGcm [+ KoKc[I+255E0 + KiK. (I +8a)(1-5s)- k2K (1+5(1-5,)

The normal values of specific transfer functions at low frequencies are:

KC= +I154L Kp=4‘HJL K“,,:—/éJL

KD>> Kw» AND Kd(,,»/

Letting Kp>>7K,, first gives
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B-16

B-17

B-18

For

B-19

Fer

B-20

Page 18

Eoitlo . (ki E52 5 KoK (W60 -10))
KGom — [+Kekp + Keky[ ZaFe +KiyKe (146(1-50)]
Evelie. faZesth o it (W (110)
Ko™ T Bl [55  (o30)
Then letting A 4 b >>I
K(; I(D o /
/+‘ Ke Kb e
EG¢ /Ev. e /
Ezochép < 0L'Kc(kz-fﬁéﬂ(3;u+zilﬂi
KEom 1+ Koke[l+ Bagte o K Ko (G)(1-t))- K2 Ky (18 (1)
Ko Kig
Eoc /Eo iJ—KC,Kp)(Xa.*'b/L//-
kg oo Jekols + KO¥G 3'“- b b K KoK (K5 (1-¥0)
Eocleo _ _ (Yo + X)fa 5
23 A )/l.‘ A
Keem 1+ 50 [H5R + KeKn(l)(1-%)]
Ke koD | ,TKF% o~y
Ea c /ED 2o Xa, 7 X‘a

e a.-?( =
KGc». ’+D+ Yz LA Ko’<l+(/+b/a.)(/ b’bﬂ
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Considering two special cases:

First: AL TR 4

B2t Eoelep _ ¥ e 1.4
K ow 2[I+K¢K,4(l-{7—)] 2_I<..~,K,+(_”:_':°T'f";t_b”7

For KcK/q. =-|d} =.89/

B-22 Eoc /E» 3 5
K6 o 178 (2 .12.- §?)
Secondly: d"' b/i) (,“\DIL) =]
ey 8 : g £ha. e
Vo= 5— | YtV = _b’_jc:(%lj Yol =T
B2y Eoc/bo _ _¥Ya (2+7)f2
KG(".M 2 (' +K¢ KIQ-)(I*‘XL) 'l"Xogz-

FOR Kc Klq- =-IdL = . &91

B2l Me_ % e (2 Fa)
Kécm 2[3,7g(l+b/¢-) +Xa.z]
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. Appendix C

Glossary of Symbols

DD - Digital display. The portion of the entire display system which
is exhibited on the typotron tubes,

E3q - Voltage of amplifier output terminal, marked 35 in Fig. 0.1
(E75792), measured with respect to ground.
E3b - Voltage of amplifier output terminal, marked 3y in Fig. 0.1
L (E75792), measured with respect to ground.
E5 - Voltage of amplifier input terminal Er, marked 26, in
Fig. 0.1 (E75792), measured with respéct to groung.
Eg - Voltage of amplifier input terminal Eg, marked 26, in
ig. 0. , measured w respect to ground,
Fi 0.1 (E75792) d with pect to g
E7 - Voltage of amplifier input terminal , marked 27b in
Fig. 0.1 (E75792), measured with respect to ground.
E8 - Voltage of amplifier input terminal Eg, marked 27a in
Fig. 0.1 (E75792), measured with respect to ground.
. Ec - Common mode input voltage to amplifier terminals Eg: Eg,
or E;: Eg. It is defined as (Eg + Eg)/2, or (Ep + E8)72°
Ep = Differential mode input voltage to amplifier terminals
EE : Eg, or Ey : Bg. It is defined as (Ej5 - Eg), or
( ? o E8)o .
Eoc - Common mode output voltage from amplifier output points

35 and 3p. It is defined as (E3a oy Ejb)/2°

Eop - Differential mode output voltage from amplifier output
points 3, and 3p. It is defined as (E3a - E3b).

Rt G - The frequency variant portion of a circuit transfer function.
If the transfer function is a complex number in the form
Ko Eatifh)(aetifbe) coce- (@t fby)

be g (G.-h)‘f'ay) (Cz.“'J‘Fdz)‘ §205 00 0 (Cm +J‘F4m)

where ap, bp, ¢y, and dy are all constant terms, thenG is
e i)+ Velafereo (14 Jf bt
= QM)+ Hdafea) v+ (14 Hf dm/em)

K - The constant portion of a circuit transfer function. 4 b
the transfer function is a complex number in the form
shown above, thenK is defined as:

K= Ay Qg 't An

C’Czllv!! Cm
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The differential mode gain of the output stage (Fig. 3.1.1
of supplement 1) when this stage is loaded with a standard
S. Do load. It is the ratio of the differential output

at terminals 3a and 3b to the differential input at 5a and
5b. Its equation is given in Eq. 3.1.1 of supplement 1.
K1 Gy is plotted in Fig. 3.1.2 of supplement 1,

The common mode gain of the output stage (Fig. 3.1.1 of
supplement 1) when this stage is loaded with a standard
S.D. load. It is the ratio of the common mode output at
terminals 3a and 3b to the common mode input at points

5a and 5b, Its equations is given in Eq. 3.1.2 of supple-
ment.1, Ky G, is plotted in Fig.:3.,1.2 of supplenment.1,

The differential mode gain of the output stage (Fig. 3.1.1
of supplement 1) when this stage is loaded with a standard
D.D, load. It is the ratio of the differential mode out-
put at terminals 3a and 3b to the differential input at
points 5a and 5b. Its equation is given in Eq. 3.1.3 of
supplement 1. K3 G3 is plotted in Fig. 3.1.2 of supplement
10 ;

The common mode gain of the output stage (Fig. 3.1.1 of
supplement 1) when this stage is loaded with a standard

D.D load. It is the ratio of the common mode output at
terminals 3a and 3b to the common mode input at points

5a and 5b. Its equation is given in Eq. 3.1.4 of supplement
1. Ku Gy is plotted in Fig. 3.1.2 of supplement 1.

The differential mode gain of the output driver stage
(Fig. 3.2.1 of supplement 1), It is the ratio of the
differential mode output at points 5a and 5b to a differ-
ential mode input at points 10a and 10b. Its equation is
given in Eq. 3.2.1 of supplement 1. K5 Gg is plotted in
Fig. 3.2.2 of supplement 1.

The common mode gain of the output driver stage (Fig. 3.2.1
of supplement 1), It is the ratio of common mode output
at points 5a and 5b to the common mode input at points

10a and 10b. Its equation is given in Eq. 3.2.2 of supple-
ment 1. Kg Gg is plotted in Fig. 3.2.2 of supplement 1,

The differential mode gain of the buffer cathode follower
(Fig. 3.3.1 of supplement 1). It is the ratio of the
differential mode output at points 10a and 10b to the
differential mode inputs at points 12a and 12b. Its
equation is given in Eq. 3.3.1 of supplement 1. Ko G7
is plotted in Figs. 3.3.2 of supplement 1.

The common mode gain of the buffer cathode follower (Migs 3.3.1
of supplement 1). It is the ratio of the common mode

output voltage at points 10a and 10b to the common mode

input at points 12a and 12b. Its equation is given in
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Ego 3.3.2 of supplement 1. Kg Gg is plotted in Fig. 3.3.2
of supplement 1,

K9a G9a - The differential mode gain of the differential amplifier
stage (Fig. 3.4.1 of supplement 1) with R35-1 equal to
zero ohms., It is the ratio of the differential mode
output at points 12a and 12b to the differential mode
inputs at points 14a and 14b, Its equation is given in
Eq. 3.4.1 of supplement 1, K9, G9, is plotted in Fig.
3.4.2 of supplement 1,

K9y G9b - The differential mode gain of the differential amplifier
stage (Fig. 3.4.1 of supplement 1) with R35-1 equal to
50K. It is the ratio of the differential mode output at
points 12a and 12b to the differential mode inputs at
points 14a and 14b. Its equation is given in Eq. 3.4.2
of supplement 1,K9, G9y is plotted in Fig..3.4.2 of supple-
ment 1,

K10 G10 - The common mode gain of the differential amplifier stage
(Figo 3.4.1 of supplement 1), It is the ratio of the
common mode output at points 12a and 12b to the common
mode input at points 14a and 14b. Its equation is given
in Eq. 3.4.3 of supplement 1. K10 G10 is plotted in
Fig. 3.4.3 of supplement 1.

K11 G11 - The differential mode transfer function of the input
circuit to the differential amplifier (Fig. 3.5.1 of
supplement 1), It is the ratio of the differential
mode output at points 14a and 14b to the differential
mode input at points E5 and E6, or E7 and E8, Its
response is given in equation 3.5.1 in supplement 1 and
is plotted in Fige. 3.5.2, also in supplement 1,

K12 G12 - The common mode transfer functions of the input circuit
to the differential amplifier (Fig. 3.5.1 of supplement 1).
It is the ratio of the common mode output at points 14a
and 14b to the common mode input at points E5, E6, E7 and
E8, Its response is given in Eq. 3.5.5 of supplement 1
and is plotted in Fig. 3.5.4 also in supplement 1.

Ki3 G13 - The differential mode transfer function of the input
circuit to the differential amplifier (Fig. 3.5.1 of
supplement 1). It is the ratio of the differential mode
output at points 14a and 14b to the differential mode
input at points C1 and C5. Its response is given in
Eq. 3.5.2 in supplement 1 and is plotted in Fig. 3.5.2
also in supplement 1.

Ki4 Gi14 - The common mode transfer function of the input ecircuit
to the differential amplifier (Fig. 3.5.1 of supplement).
It is the ratio of the common mode output at points 14a &nd
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14b to the common mode input at points C1 and C5. Its
response is given in Eq. 3.5.4 of supplement 1 and is
plotted in Fig. 3.5.4 also in supplement 1,

The common mode transfer function of the input circuit to
the differential amplifier (Fig. 3.5.1 of supplement 1),
It is the ratio of the common mode output at points
14a and 14b to the input at point 16. Its response is
given in Eqe 3.5.3 in supplement 1 and is plotted in

Fig. 3.5.3 also in supplement 1.

The transfer function of the reference driver cathode
follower Fig. 3.6.1 of supplement 1, It is the ratio
of the output at point 16 to the input at point 18. Its
response is given in Eq. 3.6.1 of supplement 1 and is
plotted in Fig. 3.6.2 also in supplement 1,

The transfer functions of the reference amplifier Fig. 3.7.1
of supplement 1 with R35-2 equal to zero., It is the ratio
of the output at point 18 to the input at point 22, Its
response is given in Eq. 3.7.1 of supplement 1 and is
plotted in Fig., 3.7.2 also in supplement 1,

The transfer function of the reference amplifier Fig. 3.7.1
of supplement 1 with R35-2 equal to 5K, It is the ratio

of the output at point 18 to the input at point 22, Its
response is given in Eq. 3.7.2 of supplement 1 and is
plotted in Fig. 3.7.2 also in supplement 1.

The transfer function of the input circuit to the reference
amplifier Fig. 3.8.1 of supplement 1. It is the ratio

of the output at point 22 to the common mode input at
points C1 and C5. Its response is given in Eq. 3.8.1 of
supplement 1 and is plotted in Fig. 3.8.2 also in supple-
ment 1,

The differential forward gain transfer functions of the
balanced differential amplifier for small signals. It

is the ratio of the differential output at points 3a

and 3b to the differential input at points 14a and 14b.

It is generally specified with a 2nd subscript to designate
a specific use,

The forward gain transfer function to small signals in
side A of the differential amplifier. It is the ratio
of the output signal at point 3a to an input signal at
point 14a when the signal at points 14b is equal but of
opposite phase to the signal at 14a.

The forward gain transfer function to small signals in
side B of the differential amplifier. It is the ratio
of the output signal at point 3b to an input signal at
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point 14b when the signal at point 14a is equal but of
opposite phase to the signal at 14b,

The differential forward gain transfer function of the
balanced differential amplifier for small signals when
the amplifier is used to drive the D.D. display lines.

It is the ratio of the differential output at points

34 and 3p to the differential input at points 14a and 14b.
Kyp Gaop is shown to be the product of K3 G3, K G5° K7 G7,
and K, G It is shown schematically in Fig. 1.1°2 and
its respohle is plotted in Fig., 1.1.3.

The differential forward gain transfer function of the
balanced differential amplifier for small signals when
the amplifier is used to drive the S.D. display lines,
It is the ratio of the differential output at points

and 3, to the differential input at points 14, and
1ﬁb° K, Gyg is shown to be the product of Ky Gy, Ks Gs,

and G o It is shown schematically in Fig., 1.1.2

and Zts response is plotted in Fig. 1.1.3.

The differential closed loop response of the differential
amplifier, It is generally specified with a 2nd subscript
to designate a specific use,

The differential closed logp response of the differential
amplifier for small signals when the amplifier is used
to drive the DD display lines, It is the ratio of the
differential output at points 3a and 3b to the differ-
ential input at points 14a and 14b when the output is
closed to the input through K13 G13. Its response is
given by Eq. 1.1.3 and is plotted in Figs. 1.1.5b and

Lol oie

The differential closed loop response of the differential
amplifier for small signals when the amplifier is used

to driye the SD display lines. It is the ratio of the
differential output at points 3a and 3b to the differential
input at points 1k4a and 14b when the output is closed to
the input through K 3e Its response is given by

Eq. 1.1.3 and is plo ted in Figs. 1.1.5a and 1.1.6.

The common mode forward gain transfer function of the
balanced differential amplifier for small signals. It
is the ratio of the common mode output at points 3a and
3b to the common mode input at points 1ka and 14b, It
generally specified with a 2nd subscript to designate a
specific useo

The forward gain transfer function to small signals in
side A of the differential amplifier. It is the ratio
of the output signal at point 3a to the inmput signal at
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14a when the signals at points 14a and 14b are equal.

The forward gain transfer function to small signals in
side B of the differential amplifier. It is the ratio

of the output signal at point 3b to the input signal at
point 14b when the signals at point 14a and 14b are equal.

The common mode transfer function of the balanced differ-
ential amplifier for small signals when the amplifier is
used to drive the D.D. display lines. It is the ratio

of the common mode output at points 3, and 3 to the
common mode input at points 14, and 1ﬁb D Gep is
shown to be the product of K, Gy, K¢ G6 K8 Gg, and

K10 Gig- It is shown schematically in Fig. 1.2.2 and
its response is plotted in Fig., 1.2.3.

The common mode transfer function of the balanced differ-
ential amplifier for small signals when the amplifier is
used to drive the S.D. display lines., It is the ratio

of the common mode output at points 35 and 3 to the
common mode input at points 145 and 14. KCS Ges is

shown to be the product of K, Gy, Kg Gg, Kg Gg and K10 Gyge
It is shown schematically in Fig° 1.2.2 and its response
is plotted in Fig, 1.2.3.

The total feed-back transfer function between points

Cy, Cg and 14, and 14,. It is shown to be the product
of K4 G15, K16 Gygs K17 G17, Kig Gy ? It is spown
schematically in Fig. 1.2.2 and is plotted in Fig. 1.2.4.

Composite transfer function used to simplify the solution
of the common mode transfer function of the amplifier.
Tts mathematical expression is given in Eq. 1.2.3. It

is generally specified with a second subscript to denote
its useo

The expression for Kg Gp when the amplifier is used to
drive the D.D. llnesp Ets solution is obtained by using
Figs. 1.2.8 and 1.2.8b to solve Eq. 1.2.3. Its final
solution is plotted in Fig, 1.2.10.

The expression for Ky when the amplifier is used to
drive the S.D. lineso Ets solution is obtained by using
Figs. 1.2,7 and 1.2.8a to solve Eq. 1.2.3. Its final
solution is plotted in Fig. 1.2.9.

Composite transfer function is used to simplify the
solution of the total common mode transfer function of the
amplifier, Its mathematical expression is given in Fige
1,205, Its final solution is plotted in Fige. 1.2.6.
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The overall common mode transfer function of the display

line driver. Its mathematical solution is given in Eqe. 1.2.1.

Its behavior is plotted in Fig. 1.2.11 when the amplifier

is used in driving the S.D. lines and in Fig. 1.2.12 when used

for D.D, lines,

The overall differential transfer function of the display
line driver. Its mathematical expression is given in
Eq. 1.1.1, Its behavior is plotted in Fig. 1.1.8 when

the amplifier is used to drive the S.D. lines and Fig. 1.1.9

for the D.D. lines.

Situation display. The portion of the entire display
system which is exhibited on Charactron tubes,

A frequency dependant complex variable used to compare
the common mode forward gain transfer function of the
line driver (Kg G,) under large signal behavior. It is
defined in appendgx B prior to Eq. B-14. XA relates the
large signal gain of side A to the balanced small signal
gain,

A frequency dependant complex variable used to compare
the common mode forward gain transfer functions of the
line driver (KC G.) under large signal behavior. It is
defined in appendix B prior to Eq. B-14, XB relates the
large signal gain of side B to the balanced small signal
gain,

A frequency dependant complex variable used to compare

the differential transfer function of the line driver

(K G,) under large signal behavior. It is defined in
appenélx A prior to Eq. A-12. It relates the large signal
gain of side A to the small signal balance gain.

A frequency dependant complex variable used to compare
the differentlal transfer function of the line driver

) under large signal behavior. It is defined in
appenélx A prior to Eq. A-12, It relates the large signal
gain of side B to the small signal balance gain.
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Complete Schematic of Display Line Driver

Complete Differential Transfer Function of
Display Line Driver

Differential Forward Gain Transfer Function
of Display Line Driver

Differential Forward Gain of Display Line
Driver

Simplified Differential Transfer Function
of Display Line Driver
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Driver

Evaluation of Gpg from Kyq Gpa K43 Gy
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D.D. Display Line Driver - ?

Differential Closed Loop Response Kp GB
for S.D. Display Line Driver

Differential Closed Loop Response Kp Gp
for D.D. Display Line Driver

Differential Overall Transfer Function
KGprpF for S.D. Display Line Driver

Differential Overall Transfer Function
KGprpp for D.D. Display Line Driver

Complete Common Mode Transfer Function
of Display Line Driver

Common Mode Transfer Function Simplifications

Common Mode Amplitude and Phase Response

of Differential Amplifier

Amplitude and Phase Response of Mean Level
Regulator (Primary Feedback Transfer Function).

Simplified Common Mode Transfer Function
of Display Line Driver

Evaluation of KH GH from -Kp GD/K1u Gy
-Display Line Driver
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Memorandum éM-3316 ) faéé Tofl
Division 6 = Lincoln Laboratory = - - o
Massachusetts Institute of Technology
Lexington 73, Massachusetts :
SUBJECT: TRANSIST®R CIRCUITS FOR DRIVING COING:7NT CURRENT MEMCRIES
To: Memory Section, R. R. Everett
From: Kermeth H, Olsex |

Date: 21 Jagnary 1955

Approved: 6 ‘
‘David R. Brown

Abstracts: ﬁansistors can be made to pass large currents as needed 1n :
magnetic memories by turning of f the currents while the tran-
sistors are being switched, : s P :

Some transistors have the very useful properiy of being able
to pass large currents with only very low voltage drons acrass the .
transistor - and therefore, only low power dissipation, Aithough at |
the present time the allewed dissipation of fast transicstors is small
crmpared to the peak power needed to drive a largs coincident-current
5w1Ory, We may be able to drive memories. if we are cereful to pass .
the large currents only when there is very low voltage across the tran-
sistor. '

Figure 1 schematicly shows four transistors driving four to~
crdinate lines of a memory. We first turn on the selected transistor
with current from the -selection switch. Then we pulse the vacuum tube
current source and pass current through the selected memory line and
the "on" transistor. Because this transistor is Ron®, il drops little
voltage and so dissipates low pawer. After the ourpent source is
turned off the selection switch can be changed and a different tran-

sistor selected.
ssots_Jo_ B
hneth H. Qlsen

KHO/dg
Attachment: Drawing A-61619

This & is issued for & l distrilution and uss ocaly by and for Lin- The research reported in this document was supported
coln Lab y per 1. It should not be givem or shown to any other in- Jjointly by the Department of the Army, the Depart-
dividuals or groups with oxp uthorisati It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or in part without permission in writing from Lincoln Laboratory. under Alr Force Comtract No. AF 19(122)-458. .
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Memorandum 6M=3322 Page 1 of 3

Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: FORWARD AND REVERSE RECOVERY IN TRANSITRON TYPE T-6 GOLD
BONDED GERMANTUM DIODES |

Tos D. R. Brown
Froms G, A, Davidson

Datesz February 28, 1955

-

Approveds TO"D(MLM W

Torben Meisling <r

Abstract: The Transitron T-6 Diode has been tested to determine how the
forward recovery characteristics vary with the amplitude of
forward current flowing., The initial high forward resistance
falls to its final value with a time constant of .20 microseconds,
On the average, the resistance changes from 46 to 31 ohms with
10 ma of forward current and from 7.7 to 2,7 ohms with 300 ma
of forward current, Reverse voltage was found to have little
effect on forward recovery characteristics and forward recovery
characteristics were not duty cycle sensitive, The reverse
recovery characteristics were important with a forward current
of 100 ma only if forward current was flowing during the 2 us
preceding the reverse voltage.

Introduction

In the design of a two-core=per-bit stepping register, it would
be desirable to eliminate the resistor in the coupling loop by choosing
a turns ratio such that the diode resistance would be equal to the required
loop resistance.

The diode resistance is a function of the current flowing through
it and also of the time since current started flowing through it, so a
study of the T-6 Diode was undertaken to assemble enough data to allow the
stepping register to be designed,

Reverse Recovery Measurements

To observe the reverse recovery characteristics of the T-6
Diode, the circuit in Fig, 1 was used. The positive current generator
had a rise time of about 0,3 microseconds and was set to deliver 20 ma
into the 1K ohm resistor through the IN 38 diode developing a final back
voltage on the T-6 diode of 20 volts, The negative current generator had
. a rise time of about 0,1 microseconds and was set to deliver 100 ma of
forward current to the T=6 diode,

This d h i d tor 1 distribution and use only by and for Lin- The research reported in this document was supported
coln Laborat: personn It should not bc given or shown to any other in- jointly by the Department of the Army, the Depart-
dividuals or 'ronp. i It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without pcrmlulon in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.




L

Memorandum 6M=-3322 Page 2 of 3

The delay units were adjusted so that the reverse voltage was
applied more than 2 microseconds after the pulse of forward current,
There appeared across the 10 ohm measuring resistor in'series with the
T-6 diode, a pulse of voltage representing reverse current that was
approximately 1 ma in amplitude and 0.2 microseconds in length, It was
probably due to stray pickup because the size of the pulse was constant
as long as the reverse voltage was applied at least 2 us after the end
of the forward current pulse, The pulse also might have come from the
initial current necessary to establish the charged carriers that give the
diode its high back resistance,

As the end- of the forward current pulse and beginning of the
reverse voltage pulse were brought closer together, a new pip appeared
that decreased exponentially in amplitude. The less the time between the
two pulses, the greater the amplitude of the pip. With one microsecond
separation, the pip had an amplitude of 2 ma, while for 1/2 microsecond
it had an amplitude of 4 ma, and when the pulses were overlapping, the
full 20 ma that the positive current driver was delivering was going
through the T-6 diode in the reverse direction, Since the reverse voltage
is essentially being applied through a 1000.n.resistance, the actual back
voltage on the diode rises slowly. The data are not the same as would be
obtained with a perfect voltage source., Some sketches of the waveforms
are shown in Fig, 2, Since reverse voltage would not be applied to a
diode immediately after it has been conducting in the forward direction,
as it does in the single-core-per-bit stepping register, the study of
the reverse recovery characteristics was not continued.

Forward Recovery Measurements

The forward recovery characteristics were measured using the
circuit shown in Fig, 3. The details of rise time of the current-source
waveforms and the points measured on the diode waveform are shown in
Fig. 4, The initial peak on the diode voltage waveform caused some con-
cern until it was found to have been caused by coupling through the grid
to plate capacity of the 6CD6's, The same effect was observed with a 1 M
ohm resistor across the output terminals of the core driver,

To measure the time to recover from maximum voltage to steady
state voltage (corresponding to the change from maximum resistance to
steady state resistance) the voltage across the diode was amplified until
the distance from peak to final voltage occupied 3 cm on the Textronix
514D oscilloscope (about the maximum amplification pessible), Time was
measured from the point where the voltage across the diode initially
had the value "es" to the point where the voltage had decreased 2/3 of
the distance from the peak to the final value,

The average characteristics of twenty Transitron T-6 diodes are
as follows:

Forward Current 10 ma 100 ma 300 ma
Maximum Resistance L45.9 ohms 10.9 ohms 7.73 ohms
Final Resistance 30,9 ohms L.89 ohms 2,71 ohms
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R /R

maximum final 1.49 2,19

T (time 2/3 decay) 0,183 us |0.215 us
Equation of Decay 31#15exp(- 0;;7x10‘6) L. 9+6exp (=

t
0.20x10

2,85

Page 3 of 3

0.173 s

| 2.745.026xp(= o 6)

At first the results were thought to be dependent on the duty
cycle but the following table indicates that the characteristics are

stable over a wide range of duty cycles.

Current, in ma 10 10 » 38 10 10
Pulse Rate 100cps 100cps 1KC 1KC 10KC 10KC
Pulse Length, s 1.2 75 1 p - 0 | 51

Resistance Peak, ohms Ll Lk I T . O R
Resistance Final, ohms 32 29 »n» . n

Current, in ma 100 100
Pulse Rate 100cps 1KC
Pulse Length, s 1,2 1.3
Resistance Peak, ohms 16,8 16,6
Resistance Final, ohms 6.7 6.6

100
10KC
1,1
16,8
6.6

29

10 10
100KC 20QKC
1.0 1.2
L3 L1
32 28
100

100KC

0,9

16,8

6.9

One diode was used for the first nine readings and one for the last four

readings.

These tests have shown that with 100 ma of forward current the
reverse recovery of the diode is accomplished within 2 usec of the end of
the forward current, In fact, if the reverse voltage is applied to the
diode more than 1 usec after the end of forward current the recovery
effect can be practically ignored, When a forward current is applied to
the diode, the initial resistance is never more than three times the
static resistance, and thus this ratio might be used as a conservative
The time constant of this
recovery is of the order of 0,2 usec, Moreover, this forward recovery
This information
will enable us to design core shift registers such that the diode
resistance is just the right part of the total loop resistance,

estimate of the forward recovery situation.

characteristic is not sensitive to duty cycle changes.,

Signeds &2 & Aay-calisre

GD/md

Distributiong Fige A-61L}i2

Group 63, Staff
BoBo Paine

G, A, Davidson
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: ANALYSIS OF RECENT PERFORMANCE RECORDS FOR THE WHIRLWIND
COMPUTER SYSTEM

Tos Distribution List
Froms Edwin S. Rich :
Dates 1 March

Approved: §‘

5T H, Dodd, JTe

Abstract: Comprehensive records of all system failures in the Whirlwind
computer and its associated terminal equipment over a 20 week
period show that the average uninterrupted operating time between
failure incidents was 10.6 hours. The average time lost for each
of the 2, incidents was 22.8 minutes. The percentage of operating
time usable was 96.5 per cent. Computer alarms accounted for
37 per cent of the stoppages but only for 12 per cent of the lost
time, Failures caused by design weaknesses required more time for
correction on the average than the other classes of failure analyzed.
Assuming that some major improvements in weak sections of the
system had been carried out; it was estimated that the same failures
might have averaged only 16.8 minutes of lost time per failure.

1,0 COMPUTER-PERFORMANCE RECORDS

1.1 Coverage

Following the revisions in the Cape Cod Direction Center
facilities in July, 1954, the Whirlwind computer and its associated input
and output system entered a period in which the equipment has remained
relatively stable. In September;, 195L; the procedures for gathering and
evaluating performance data on the computer system were somewhat revised.
This was done to permit more comprehensive analyses of system reliability
with particular emphasis on interrupting failures. In general, the new
procedures provide more complete data on all computer stoppages and a bi=
weekly review and summary of these stoppages. The records are intended
to reflect all failures in the computer and its terminal equipment that would
have caused interruptions if the Cape Cod System had been in full scale
operation continuously. Actually, for a large fraction of the time that the
computer was in use; much of the Cape Cod terminal equipment was not required.
(This terminal equipment comprises about LO per cent of the entire system

This document is issued for internal distribution and use only by and for Lin- The research reported in this document was supported
coln Lab Yy per 1. It should not be given or shown to any other in- jointly by the Department of the Army, the Depart-
dividuals or groups without express authorizati It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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which has approximately 12,700 tubes), Under these circumstances, failures
in the terminal equipment may not have resulted in loss of computer time.
Failures which do not cause interruptions, however, must be considered in
order to obtain an accurate picture of system performance. These are
considered to be "potentially interrupting" and are given the same weight
as those that actually halted operations,

1.2 Organization of Records

Past Whirlwind computer experience had indicated that most of
the interrupting failures could be placed into a relatively few categories
which defined either the cause of the failure or its principal symptom. In
the record system set up last September, the following categories were
selected:

Tubes (cause)
Wiring, cabling, jacks, connectors, etc. (cause)
Circuit compoments (other than tubes) (cause)

. Blown fuses (symptom)
Computer alarms (symptom)
Design weaknesses (cause)
Miscellaneous

The failures listed in the blown-fuse and computer-alarm categories are ones
for which true causes cannot be immediately determined. In gemeral; such
failures have no associated equipment damage. Examples of incidents in the
miscellaneous category are an insulation breakdown on a phemolic panel, an
air conditioning failure, an unseated tube or loose wire inadvertently caused
while doing essential maintenance; and a malfunction of a piece of terminal
equipment which cleared up before the fault could be found.

For each failure, the amount of time lost is that time
required to restore the system to operation after the interruption. In the
majority of the compoment and circuit failures, this includes the time
required to isolate and replace the defective item. In the newer sections
of the system having plug-in units, it may include only the time to locate
and replace the plug-in unit. For computer-alarm stoppages, it includes the
time required to photograph the control and indicator panels and to record
pertinent data on the program being run at that time. This information is
then studied at leisure to detect possible causes of the alarms,

The records of interrupting and potentially-interrupting
failures are further broken down to show those which must be charged against
the system and those which can be attributed to new equipment installation or
revision. Because the central computer and its terminal equipment are an
integral electrical systemy, failures in new equipment can cause transients
which interrupt the computer, even though the new equipment is logically
independent of the rest of the system. Therefore, until a new installation
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has been debugged and adequate routine-maintenance procedures have been
‘worked out, failures attributable to such equipment are not counted against
the system.

2.0 ANALYSIS OF PERFORMANCE DATA

Several figures are needed to adequately describe the
reliability of an electronic system. In general, system reliability is
reflected in the amount of unscheduled down time caused by interrupting
failures and in the amount of scheduled down time required for preventive
maintenance. Since the amount of down time for different types of
interrupting failures varies widely, the frequency of such failures is also
an important factor in describing system reliability. In the following
paragraphs such reliability figures for the Whirlwind computer and its
associated Cape Cod terminal equipment are given. These figures were
derived from an analysis of data gathered over the 20-week period from
28 September 1954 to 10 February 1955.

2.1 DERIVATION OF LOST=-TIME AVERAGES

It was pointed out previously that sections of the Cape Cod
terminal equipment are not involved in some of the computer applications
work so failures in this equipment may not cause loss of computer time.
Considering this varied use of the computer, two alternatives for obtaining
representative figures of system reliability are suggested. Either (1)
the analyses are restricted to the central computer alone, or (2) all
failures (both interrupting and potentially interrupting) are counted and
lost-time data is extrapolated to give a measure of over-all system
reliability. The second method was chosen for the following reasons:

a, Accurate records had been kept of all potentially-
interrupting failures that had been detected and the
number of such failures was consistent with the number
of actual lost-time incidents;

b. The central computer is not representative of some of
the terminal equipment;

c. Since the terminal equipment is always on and can in-
directly affect the central computer, isolation of
failures to the central portion of the computer in
some cases is questionable;

d. The records of time spent on preventive maintenance
cannot be broken down among different sections of the
system,

To determine the theoretical, or extrapolated, lost time
for each category of failures, the average lost time per lost—time failure
was calculated; and this average was multiplied by the total number of
failure incidents (interrupting and potentially interrupting) in that
category. The sum of the extrapolated figures for all categories is the




Memorandum 6M-3410 Page L of 9

total lost-time figure desired. This figure divided by the total number
of failure incidents is the average lost time per incident for all incidents.

In determining the average lost time per failure for three
of the categories, a few incidents were not considered in computing the
averages because the time lost was disproportionately long. The failure-
duration distribution for the three categories alarms, miscellaneous,
and fuses is shown in Fig. 1. One incident im each of the first two
categories and two incidents im the third were disregarded. A study of the
records showed that three of these imcidents had occurred during time
assigned to the systems engimeering group and that more time was spent in a
thorough analysis of the failures than otherwise would have been required to
restore operation. The fourth incident was a major air-conditioning failure
which occurred on a week-end when service persomnel were mot readily
available.

: In Table I the number of lost time incidents and the amount
of actual lost time for each category of failures are listed im the first
two columns., The third and fourth columms show the number of incidemnts and
corresponding lost-time figures used im computing the averages givem im the
last column,

TABLE I
LOST-TIME-FAILURE DATA

Number of Total Data excluded Average lost
Category of lost=time minutes in computing time per
failure incidents lost time averages incident
Number Mimutes (Minutes)
of lost
incidents
Computer Tubea 15 LLT 29.8
Power Supply Tubes 7 L12 59.0
Wiring, Cables,etc. 6 220 36.7
Components 8 3L9 L3.6
Blown Fuses 15 346 | 2 160 1.3
Alarms 83 652 1 60 T2
Design Weaknesses 15 1093 73.0
Miscellaneous Lo 1626 1 750 22,5

Using the averages of Table I, extrapolated lost-time figures
were calculated to reflect all failure incidents. These figures are shown in
Table II. The totals in this table determine that the average time lost for
the 2l failure incidents is 22.8 minmutes.
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TABLE II
EXTRAPOLATED LOST-=TIME DATA

Average lost
Number of Total time per Total
no-lost~ number of incident extrapolated
Category of time failure (minutes) lost time
failure incidents incidents (FROM TABLE I) (Minutes)
Computer Tubes 12 27 29.8 805
Power Supply Tubes 1 8 59.0 L72
Wirimg, Cables, etc. 1 7 36.7 257
Components 8 16 h3.6 697
Blown Fuses 18 33 , 1.3 k72
Alarms 8 91 702 655
Design Weaknesses 1 16 73.0 1168
Miscellaneous [ L6 22,5 1035
Totals 24l 5561

Average lost time per imcident = 225-% = 22,8 min.

2.2 Amalysis of Failure Categories

The extrapolated lost-time amd average lost-time figures for
$he various categories of failures as givem im Table II contain some imterest-
ing poimts. The failures in three categories, tubes (computer types and :
power-supply types combined), design weaknesses, and miscellaneous; were
responsible for 63 per cent of the time lost, while 70 per cemt of the failure
incidents were in the alarm, miscellaneous, and blowmn-fuse categories.

The relative contributions of the various categories are better
shown by the data im Table III. Each class of failures has three quamtities
listed, its percemtage of the total failure imcidents, its percemtage of the
total lost time, amd the ratio of its average lost time per imcidemt to the
over=all average lost time per incidemt. Extremes in this data occur for the
alarm and the design-weakmess categories. Alarms were by far the most
frequent type of failure while design weakmesses required the most time for
correction. The computer records show that im several of the cases of design
weakmess, the margimal checking or other prevemtive maimtemamce facilities
were imadequate so imcipient trouble had moteendstected and sigmal tracing
techniques were required to locate the fault,
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TABLE III
COMPARISON OF FAILURE CATEGORIES

Percent of Ratio of lost-time

Category total number Percent of average for category

of of failure total lost to lost-time average
failure incidents time for all incidents
Computer Tubes 11.0 1.5 1.3
Power Supply Tubes 3.3 8.5 2.6
Wiring, Cables,etc. 2.9 L.6 1.6
Components 6.6 12,5 1.9
Blown Fuses 13.5 8.5 0.6
Alarms 37.3 11.8 0.3
Design Weaknesses 6.6 21.0 3.2
Miscellaneous 18.8 18.6 1.0

Simce tubes are kmown to have the highest failure rate of all
components im a computer system, amn estimate of the mumber of stoppages
caused by tubes is of interest., For this estimate it is assumed that about
85 per cemt of the alarms and blown fuses were caused by tube defects. With
this assumption, then, approximately 60 per cemt of the total imcidents and
4O per cemt of the time lost may be attributed to tube failures.

Some informatiom on componemt-failure rates cam be derived
from historical records om the system. Durimng the 20-week period im questionm,
a total of 437 tubes were replaced im the system. Replacememnts for accidental
damage were excluded. Simce 35 of these were imterrupting or potemtially
interrupting failures; about 92 per cemb% of the failures were located durimng
scheduled maimtenance periods. The tube-failure rate for all causes,
computed from the data already givem amd from the total-operatimg-time figure
listed in Section 2.3, is 1.L9 per cemt of the tube complement per 1000
hours. The rate for imterrupting tube=failures is 0.12 per cent of the tube
complement per 1000 hours. These tube-failure rates compare favorably with
similar data which has been derived im the past by the group working om tube
testing and evaluation.

The records on compoment replacement show that a total of
101 compoments other tham tubes were replaced. Since there were 16 interrupt-
ing or potemtially-imterrupting failures caused by such componments , about 8l
per cent of the total failures were hamdled durimg scheduled maintenance time,

2,3 Over-All System Performance

By considering the total computer operating time and the
amount of prevemtive maintemance and mew imstallatiom work that was done, an
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over-all picture of system performance can be obtained. Significant figures
are the following:

Total computer operating time 2675 hours

Total extrapolated lost time 92.7 hours
(calculated from averages)

Average uninterrupted operating 10,6 hours
time between incidents

Failure incidents per 2hi~hour day 2,19

Percentage operating time usable 96.5 per cent

The figure given above for percentage usable operating time
as calculated from the extrapolated lost-time agrees closely with a figure
of 96.2 per cent which is the actual percentage of "applications time" usable
during the 20-week period as determined from operator reports. Applications
time is the time during which the system is used by programming groups
rather than by engineering and maintenance personnel.

A summary of the preventive maintenance and installatien work
is shown in the plots of Fig. 2. New installation and modification projects
were essentially completed by the middle of the period. The required

‘ preventive maintenance also decreased and for about three months has remained
relatively constant at about 1.25 hours per day.

A study of the failure frequencies over the 20-week period
since September, 1954, does not show any meaningful variations. The total
failure incidents as well as the number in each category are plotted for each
two-week period in Fig, 3. Although the total number of failures dropped
slightly during the last 8 weeks, the failure patterns for the various
categories are too inconsistent to consider the decrease as a significant
trend.

3,0 ESTIMATED PERFORMANCE OF IMPROVED SYSTEM

A review of the system-failure records pointsup the fact that
a few sections of the computer have been responsible for an appreciable
fraction of the lost time. If an engineering effort to improeve these sections
were justified, it seems reasonable that a significant reduction in lost time
might be realized. In order to obtain some impression of what the system=
performance record might be if this work were done, each incident was reviewed
and lost-time figures were reduced for failures in those sections that might
be improved. In making the estimates it was further assumed that all failures
were repaired as rapidly as practicable as if they had occurred during
applications time,

The data to be presented is not intended as proof that an
improvement program should be undertaken on the Whirlwind system. Rather it
. it given to permit more realistic estimates of the reliability that might be
expected in a new system design.
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A summary of the estimated time lost under the conditions
described above is given in Table IV. The largest reduction in time lost
appears, as might be expected, in the design-weakness category, and some
reduction is shown in all categories. If major system improvements had
been accomplished, the number of failures in the design-weakness and mis=-
cellaneous categories could be expected to decrease. Since this would tend
to balance any optimistic estimates for the other categories, the calculated
average of 16.8 minutes lost-time per failure would seem to be reasonable.

TABLE IV
ESTIMATED LOST-TIME DATA FOR IMPROVED SYSTEM

Average Total
estimated number of Extrapolated

Number of Estimated lost-time failure estimated
Category of lost=time lost time per incidents lost time
__failure incidents (minutes) incident (From Table II) (Minutes)
Computer Tubes 15 292 19.5 ;4 527
Power Supply Tubes 7 262 37.5 8 300
Wiring, Cables,etc. 6 145 2h.2 7 169
Components 8 239 29.9 16 478
Blown Fuses 15 149 9.9 33 327
Alarms 83 563 6.8 91 618
Design Weaknesses 15 623 1.6 16 667
Miscellaneous Lo 865 21.6 _hé 993
Totals 2Ll LO79

Average estimated lost time per incident =
4079 _
-m 1608 min.

cElea: ) (cal

Edwin S, Rich

ESR/bj

Attached: B=-62051
A=62050
B-620L49
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e A F, Williams Sarles, Jr.

. March 7, 1955

ELECTRICAL ENGINEERING DEPARTMENT
MASTER'S THESIS PROPOSAL

TITLE: A Transistorized Amplifier-Discriminator for Core Memory
Output Sensing

STATEMENT OF THE PROBLEM

The information output of a coincident-current magnetic-core
memory of the type used in Whirlwind I (WWI) and the Memory Test Com-
puter (MTC) is essentially the presence or absence of +0.1=volt,
l-microsecond pulses at specified times. The problem, in brief, is to
develop and construct experimentally a transistor system to convert the
memory output into the presence and absence of stadard computer pulses.
In WWI and MIC, standard pulses are O.l-microsecond long, varying from
+20 volts to +L0 volts in amplitude; those in a proposed transistor
computer will be about O.l-microsecond long and between =0.5 volt and
-3 volts in amplitude. The techniques to be used in a transistor
sensing amplifier will involve difference-signal amplification, con-
version of the positive and negative pulses from the memory into uni-

. polarity pulses, conversion of these unipolarity pulses into standard
computer pulses, and pulse-mixing techniques to allow the use of
multiple sense windings in a memory plane. Preliminary investigations
have indicated that presently available transistors are capable of
handling the greater part of the necessary circuitry.

HISTORY OF THE PROBLEM

|
Recent developments in Division 6 of Lincoln Laboratory have ‘

led to proposals for the development of a new general-purpose computer. |

One of the primary objectives in the design of this system is a re-

duction in size and power requirements through the use of transistors

wherever possible. In addition, the potentially higher reliability of

transistors over vacuum tubes should ultimately result in an increase

in over-all reliability of such a system.

A 256 x 256 coincident-current magnetic-core memory will be
incorporated in the computer. As stated previously, the memory infor-
mation output consists of the presence or absence of +0.l-volt,
l-microsecond pulses at specified times; these must be converted into
the standard pulses used in the computer. Four vacuum-tube sensing
amplifiers have been designed in conjunction with 32 x 32 and 6L x 6L
memories, but no efforts have been made thus far to use transistor

2
circuitry.

‘ This document is issued for internal distribution and use only by and for Lin- The researchreported in this document was supported

coln Laboratory personnel. It should not be given or shown to any other in- jointly by the Department of the Army, the Depart-

dividuals or groups without express authorization. It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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L CATHODE OUTPUT

AMP | 5| MP |l AMP PHASE FOLLOWER [# TO
INVERTER DETEC TR GATE

Fig. 1 - Mod. I Sense Amplifier Block Diagram

The Mod. I vacuum-tube sensing amplifier (Fig. 1) has a
single-ended input into three cascaded pentode amplifiers operating in
a feedback loop. The third stage drives one side of a cathode-follower
detector and a phase inverter which in turn drives the other side of
the detector. The detector output can then set a gating circuit which
is strobed, or sampled, at the proper time by a standard 0.l-microsecond

pulse.

In experimental setups, this amplifier may have been adequate,
and it was used for a while in the WWI memory system. However, it
finally proved unsatisfactory because of capacitive noise pickup by the
sensing winding. Figure 22 shows the difference voltage across the
sense winding with neither side connected to ground. The first pulses
are ONEs being read out of a 128 x 128 memory plene; the pulses
occurring about 4 microseconds later are ONEs written back into the
memory plane. Figures 2b and 2c show the results of grounding either
side of the sense winding. The noise has increased considerably, and
half of the ONEs have disappeared or at least seem to be greatly reduced
in amplitude.

Such a situation obviously requires an amplifier with a
balanced input and common-mode rejection; these conditions may be
achieved with a transformer or a difference amplifier. Accordingly,
the Mod. II sensing amplifier was designed using triode difference
amplifiers throughout as indicated in Fig. 3. The output of four cas-
caded difference amplifiers drives a cathode-follower detector which
in turn operates a standard gating circuit.
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FIG. 4
SENSE-WINDING OUTPUT SHOWING INHIBIT NOISE
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FiG 2
SENSE-WINDING OUTPUT WITH NEITHER SIDE GROUNDED
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FIG. 2b
SENSE- WINDING OUTPUT WITH ONE SIDE GROUNDED
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SENSE-WINDING OUTPUT WITH THE OTHER SIDE GROUNDED
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Fig. 3 - Mod. II Sensing-Amplifier Block Diagram

With the Mod. II amplifier, a new problem arose. The use of
an inhibit winding for writing information into the memory greatly re-
duces the number of cathodes required for driving the memory, but oper-
ation of this winding disturbs nearly every core in the inhibited
memory plane during the rise and the fall of the inhibit pulse. The
summations of these disturbances result in pulses which may be as high
as 1 volt, as shown in Figures La and Lb. By the time these pulses
reached the fourth stage of the Mod. II sensing amplifier, they were of
sufficient amplitude to cause blocking in this stage.

A second problem was involved in the RC time constants of the
interstage coupling circuits. These were originally 70,000 microseconds
but were later reduced to 1000 microseconds because of difficulties en-
countered with extraneous low-frequency transients. In the case of a
6L x 6L memory, C. Laspina indicates that an RC time constant of 200,000
microseconds would be preferable in view of certain pulse sequences
which might occurl,

Efforts to overcome these difficulties resulted in the
Mod, IIT and Mod. IV sense amplifiers. The Mod. III unit was designed
by the WWI group for use in the WWI memory. About the same time, the
Mod. IV amplifier was designed for use in the MTC. Both units incor-

porate a transformer input as shown in Fig. 5.

s

Fig. 5 - Input Circuit of Mod. III and Mod. IV Sensing Amplifiers

1. Laspina, C. A., "Basic Circuits - Sensing Amplifier, Preliminary
gpgsi}ir‘l;;%ons, PB#20" M=-227l, Digé.tal Computer Laboratory, M.I.T.,
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Since only unipolarity pulses can appear at the output of this curcuit,
it is followed by an a-c coupled amplifier with clamping diodes be-
tween stages, which eliminates both time-constant problems and blocking

difficulties.

The pulse transformer introduced its own difficulty in the
form of recovery time. Since the voltage-time integral at the output
of a pulse transformer must ultimately be ZERO, application of a
positive pulse at the input will result in a negative overshoot, or
vice versa, as illustrated by the solid trace in Fig. 6.

Fig. 6 = Pulse Transformer Overshoot and Recovery

In the memory cycle, information pulses follow the inhibit
pulses, but if information occurs while the overshoot from the inhibit
pulse is still present, erronecus data may result. Consequently, it is
desirable to reduce the recovery time in order to attain a minimum
cycle time in the memory. Recent experiments by R. Zopatti at Lincoln
Laboratory indicate that the recovery time can be reduced to about 1.5
microseconds by connecting a few turns on the transformer across 1 or 2
ohms of resistance. This results in the dotted trace in Fig. 6 and
does not seem to impair the quality of the information pulses.

Vacuum-tube circuitry has not yet yielded a completely satis-
factory solution to the sensing problem. It is expected that transistor
techniques, although possibly introducing problems of their own, will
circumvent same of the inherent difficulties of previous vacuum-tube
designs.

PROPOSED PLAN OF ATTACK

Since it is immediately apparent that any system of sensing
will require a balanced imput and common-mode rejection, the approaches
can be divided into two classes, transformer inputs and difference-
amplifier inputs,




Memorandum &M-3417 Page 7 of 11

An important factor to be considered in the design of the
sensing amplifier is the total delay time throughout the unit. This
delay is usually defined as the time elapsed between the peak amplitude
of a ONE at the input and the peak amplitude of the corresponding
standard pulse at the output of the unit. WWI and MTC have been de-
signed in such a manner that if a ONE has not arrived at the output
of the sensing amplifier by a given time, the computer assumes that the
information is a ZERO. /

STANDARD

H | PULSE

INPUT | oUT

STROBE

Fig, 7 = Transformer Input Circuit

Figure 7 shows a circuit which could be used with a trans-
former input. This circuit has the advantage of extreme simplicity
but involves the disadvantages of transformer recovery time and delay
time through the transformer. Experimental verification of the
operational feasibility of the circuit should be a simple matter. If
it proves feasible, the major problem will be an investigation of the
methods of reducing transformer recovery and delay time.

The alternative to a transformer imput is the use of a dif-
ference amplifier. A preliminary investigation has been started
toward the development of suitable circuitry for this purpose. This
has revealed that the primary difficulties in such circuitry would be
d-c unbalance because of parameter variations in the transistors and
d-c drift, In this case, the major problem would be an investigation
of the techniques for minimizing these difficulties.

If a satisfactory difference amplifier can be developed, ONE
pulses can easily be changed to unipolarity pulses by the use of diode
rectifiers at the output of the circuit. Conversion of the l-micro-
second memory pulses to O.l-microsecond pulses will be attempted either
through the use of a two-transistor chain gate following the diodes or
by gating the difference amplifier itself so that it is inoperative
except during strobe time. Figures 8 and 9 show possible circuits
incorporating these methods.
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STROBE
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A 256 x 256 memory plane will probably contain at least four

sensing windings.

All of the circuits contemplated have been designed

with diode outputs to allow these outputs to be mixed. In the case of
the circuit of Fig. 9, for example, this could be accomplished as shown

in Fig. 10,

FRONT
#1

FRONT
END
#3

1853

FRONT
#2

o u

FRCIT
END
#l

—P—4+—AAA,

-V
D QUTPUT

‘ Fig. 10 - A Possible Mixing Scheme Using the Circuit of Fig. 9
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. A ONE in any winding will turn on one diode which in turn
back-biases all other diodes, thereby discriminating against noise
from the unselected windings. The previous circuits are contemplated
for use in a transistor camputing system. Followed by a vacuum-tube
power amplifier; they should be suitable for possible use in the MIC
and WWI systems. This is the one instance when vacuum-tubes would be
necessary, as no available transistors can supply a 0. 1-microsecond
pulse at a power level of 10 watts.

PROPOSED PROCEDURE

1. Experimental verification of the feasibility of the
transformer input circuit of Fig. 7 will be attempted.

2. If this circuit proves feasible, methods for minimizing
transfoermer recovery and delay time will be analyzed.

3. At the same time, investigation will continue to develop
a suitable difference amplifier for a sensing system.

i, If a satisfactory difference amplifier results, the gating
schemes mentioned will be incorporated with the amplifier
and evaluated.

S. If a 256 x 256 plane with multiple sense windings is
. available, an experimental model incorporating the more
satisfactory techniques will be built and testeds In
any case, a model suitable for use with MTC will be
built and tested.

EQUIPMENT NEEDED

A1l necessary equipment is available from Lincoln Laboratory.
ESTIMATED TIME

Preparation of Proposal . « « « « « o« « o « « o« 50 hours
Further search of literature « « « o ¢« o« o« o« o 20
Experimental work and analysisS « « o o o « o o 165
Correlation of results and

formulation of deductions and

conCIuSionSooaoooooooooooooouho

PreparationOftheSj_.Soo-oooo..o.oo?S

350
L
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Massachusetts Institute of Technology
Lexington 73, Massachusetts e
SUBJECT: FPULSE AMPLIFIERS (MODELS A, B, AND C)
To: Those Listed , | -
if/"l )l ’%)?M 0o J I Z:{
From: Bruce Barrett e
Date: March 28, 1955 /}4} 77) (3
[ 1ok M 1K Jng - 3 .
i - e D
R. L. Best
Abstract: Light or heavy relatively constant loads may be driven by
the APl and , respectively. The characteristics make
it better suited to driving loads which may vary from light
to medium - heavy. An ,PA and ,FA combination will drive
loads which vary from light to éxtremely heavy.
INTRODUCTION

A comparison between the 2FA, PA, and permits a rational
choice among the three soas to satgsfy given load and pulse output
amplitude requirements. It is possible to choose a pulse amplifier and
terminating resistor so that a standard pulse®will appear across any
reasonable load provided that a standard pulse is the input to the pulse
amplifier. That is, these three pulse amplifiers make it possible to
realize the standard transfer characteristic*over a wider range of loads
than was heretofore practicable.

The same bogie 7AK7 was used for making each of the curves in
figures 4 to 8 inclusive.

MODEL A PULSE AMPLIFIER é?”

The Model A pulse amplifier (,PA) is shown in Fig. 1; its transfer
curves are shown in Fig. 4. Notice that the ,PR is unsaturated for inputs
less than 25 volts and saturated for inputs g%eater than 25 volts and
that the output varies greatly with lcad (behavior explained by the fact
that in this circuit the tube saturates at a given amount of plate
current). The plate current is limited by over-suppression, the result
of a tightly wound suppressor tied to a2 fixed low voltage.

The transfer curves show that the ,PA can satisfy standard pulse
and transfer characteristic requirements*provided the load is not too
heavy and the terminating resistor is chosen properly.

*See transfer characteristic and standard pulse specifications in
Appendix I.

)

This & is i d for i 1 di and use only by and for Lin- The h d in this & supported
coln Lab Y per 1. It should not be given or shown to any other in- jd-nybyﬁnl;:pmd&-m?:hnbcpn-
dividuals or groups without express authorization. It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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MODEL B PULSE AMPLIFIER

The (Fig. 2) is like the ,FA except that it is tetrode
comected - that is, the suppressd% is tied to the plate. A comparison
of the transfer curves of the (Fig. 5) with those of the ,PA (Fig. &)
shows that the can deliver more power into any load for a given in-
put pulse, and that (for 270-ohm and 9l-ohm loads) it saturates at a
fixed output current. This effect is due to plate bottoming - i.e., the
plate voltage drops to the lowest level it can assume and yet maintain
the plate current at the level demanded by the load. Increasing the in-
put pulse above the saturation level has no effect on the output pulse
amplitude on either of these load curves.

The 47-ohm curve shows it to be impossible to terminate thehgﬂl
1ow enough to insure a maximum output of 40 volts while still achieving
unity gain for a 20-volt input. Terminating theHﬁEl at a high value
yields an output pulse of excessive amplitude. Hence, the _PA relies
on a fairly heavy non-linear load to meet standard transfer-character-
istic requirements.® (Most computer loads are nonlinear.) Therefore,
the BEA is used only for loads too heavy for the A?h.

MODEL C PULSE AMPLIFIER

The (Fig. 3) is like the _PA except that it has a plate-supply
voltage of 150 instead of 250. Comparison of its transfer characteris-
tics (Fig. 6) with those of the BEA (Fig. 5) shows that, like the P
the plate bottoms on the  PA, so that its output is relatively independ -
ent of the load when it iS driven with a large pulse. Comparison of
transfer curves of the .PA and the ,PA shows that for the critical input
amplitudes of 20-25 volts the ,PA w&ll deliver more power into any load.
The advantage of the FA over other pulse amplifiers is that it can meet
standard pulse and transfer characteristic requirements*for light loads
and that the terminating resistor can always be made high without need
for tailoring. This is particularly advantageous where load and driver
are in separate frames and where the distance between these frames is
not exactly known. An additional advantage of the PA is its unique
ability to drive a load that varies from no load to maximum while still
meeting standard transfer-characteristic requirements.* Examples of such
loads are capacitor-diode gates, diode-capacitor gates, and loads
switched through relays.

When the plate of the .PA bottoms most of the tube current goes to
the screen grid. Hence, the PA can only be used for low duty cycle
signals (up to 200 - kc/ repe%ition rate for 0.1 Usec pulses).

éf; - ch COMBINATION

For loads which vary from very heavy to very light and which re-
quire a standard pulse over these extremes, a two-tube driver is used;
this consists of an‘AEA followed by a .PA. This combination will set
a range of 's (any number from zero to 17) through 14 feet of co-ax
delivering a standard pulse at the output of the CEA throughout this

* See transfer characteristic and standard pulse specifications in
Appendix I.
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range of loads. A 270-ohm terminating resistor was satisfactory for this
range of loads. It's value was not critical.

The 270-ohm ,PA terminating resistor is normally used in the Al’A -
ch combination (fig. 7). In the event that a device with a peak current
Gating of 150 milliamperes (such as the Z or W diode in a capacitor-diode
gate) is used in the grid circuit of the , the 180-ohm resistor is re-
quired to cut down the peak grid current (Fig. 8).

The screen-grid dissipation limits the use of this combination
to repetition rates below 200 kilocycles.

SUMMARY
The use of the pulse amplifiers may be summed up as follows:

PA, since it may always be terminated
gn 270 ohms and this termination need
never be tailored.

o

Lj b va d

Loads too heavy for CPA: APL

Loads too heavy for Al’A: BPA

g

ds Vv 3 t to ve avy: APA - CPA combination

Signed: M Z’M

BB/er Bruce Barrett

Drawings
A-61918
A-61919
A-61928
A-61929
A-61930
A-61931
A-61932
A-61992

Appendix I
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‘ . APPENDIX I

(Excerpted from Circuit Applications Section of MRD Book)

Standard Pulse

A standard pulse is defined to be a positive pulse whose shape may
vary from a triangle to a square wave (the normal shape is a half sine
wave), to be from 20 to 40 volts in amplitude, to be from 0.08 to 0.12
Usec in duration and whose maximum allowable positive overshoot is
5 volts.

Standard Transfer Characteristic

The standard transfer characteristic shall yield a gain of less
than unity for inputs of O to 5 volts, greater than unity for inputs
from 20 to 25 volts, and for inputs of from 25 to 40 volts the output
shall be from 25 to 40 volts. The output shall never exceed 40 volts.
See figure (b) of Appendix I.
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EXPERIMENTS ON A THREE-CORE CELL
FOR HIGH-SPEED MEMORIES

J. Raffel and S. Bradspies
Staff Members
Lincoln Laboratory

Massachusetts Institute of Technology
Lexington, Massachusetts

Magnetic Memories

The coincident-current magnetic-core memory was suggested in
1949 by Jay W. Forresterl as a reliable, random-access storage medium.
Development of the first working memory of this type, for the Memory
Test Camputer at M.I.T., established conclusively the superiority of
such a memory over competitive systems and paved the way for others to
exploit the new device.

The coincident-current memory uses two properties of ferro-
magnetic materials®, (Fig. 1) non-linearity and remanence, to perform
the basic functions, selection and storage, required of a multiple-
register memory. As shown in Fig. 2, each core in an array lies at
the intersection of a unique set of x, y, and z coordinate wires. The
remanent-flux state of a given core determines whether it holds a ONE
or a ZERO. Simultaneous half-amplitude current excitations on one of
each set of x and y lines cause a single core in each z or digit plane
to receive full switching current while all other cores in the plane
remain essentially unchanged. If the core holds a ONE, a large voltage
is induced on a sense winding which links all the cores in a digit
plane; a ZERO produces a small output. In order to write into the core,
currents opposite in direction to the original excitations are supplied,
and the core is switched back to the ONE state. If a ZERO is to be
written into any digit plane, a half-amplitude pulse in.the read direc-
tion is also applied during write time on the appropriate digit winding;
thus, the core is prevented from switching to the ONE state.

Two important characteristics of this system are:

1. An entire row and column in each digit plane are
"half-driven, " producing small, spurious outputs

on the sense winding which tend to mask the signal
from the selected core.

2. Switching time of the core is fixed by the knee of
the hysteresis loop of the material since this estab-
lishes the allowable current excitations on the co-
ordinate lines.

This document is issued for internal distribution and use only by and for Lin- The researchreported in this document was supported
coln Laboratory personnel. It should not be given or shown to any other in- jointly by the Department of the Army, the Depart-
dividuals or groups without express authorization. It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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These are the two outstanding limitations on the coincident-
current memory. The first tends to limit the size of the array from
which a signal can be easily detected and places fine restrictions on
core uniformity. The second limits the speed of operation which de-
pends on the switching time of the core. It has been found experi-
mentally that the product of switching time and net field applied to
the core is approximately a constant, Sy, (called the switching
coefficient) for a given material’. The governing equation iss

Sy = (H-Hg) T

where T is switching time, H is applied field, and Hy is an intercept
value usually related to the knee of the loop. The restrictions on
current range impose a corresponding restriction on memory cycle time,
or the time between successive memory accesses.

These two limitations are the price paid for performing both
selection and storage functions in a single core.

External Selection

A system has been developedh which essentially assigns the
performance of these two functions to separate cores and thereby
overcome the restrictions mentioned above. A similar system has been
proposed %ndependently by Dr. R. J. Slutz of the National Bureau of
Standards-.

Consider the problem of using switch cores in a magnetic-
core memory to perform the selection function completely external to
the memory cores themselves. OSuch a selection system must be capable
of subjecting any memory core in a selected register to either of two
cycles:

Read, Write ZERO (R-Wp)
or Read, Write ONE (R-Wy)

without exciting any other cores in the array. (A ZERO and a ONE

are stored in the usual manner as shown on the hysteresis loop of

Fig. 1.) For cycle R-Wp, it is only necessary to have a sequence

which begins and ends with a current pulse of positive polarity.

For the R-Wy cycle, all that is required is that the first pulse

be positive and the last negative. These two cycles are shown in

Fig. 3. Note that a switch core must always be reset to its original
flux state befare the start of a new cycle, that is, its output will
always be symmetrical and made up of two oppositely poled pulses. This is
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jdeal for the R-Wj cycle since it can be performed by a single switch core.
. The R-W, cycle cannot come from a single core, however, but can be

produceg by the combination of two switch-core outputs (A and B,

Fig. U). The two cycles thus obtained are shown in Fig. L.

The A and B drives are shown overlapped for minimum time,
yielding a three-beat cycle. It is evident from above that the minimum
number of switch cores needed is one per register to supply output A
(each core in the register receives it) and one core per bit to supply
output B (each core may or may not receive this, depending on whether
a ONE or a ZERO is being written). A winding through all the B cares of
a given digit plane can be used to provide an inhibit current which
prevents output B when a ONE is to be written, Although only one A core
is theoretically required per register, the system described here uses
one per bit, thus making the ceif a symmetrical three-core unit (Fig. 5)
for ease of construction and to eliminate the large size core needed to
drive an entire register.

The switch cores are all biased by a negative current. A two
dimensional system of excitations switches a single core while only
driving other switch cores in the plane along the saturated portion of
the hysteresis loop. The output currents from these partially-selected
switch cores are the only excitations passed on to non-selected memory
cores.

By a complete separation of switching and memory functions,

. the cores are no longer restricted by the critical requirements on
driving currents and hysteresis-loop squareness imposed by coincident-
current operation. The hysteresis loop required for a coincident-cur-
rent memory is shown in Fig. 1. Ideally, the loops required for switch
and memory cores in the proposed system could be as shown in Fig. 6.
The main requirement of the switch core is that it be saturable; of
the memory core, that it have two distinct remanent-flux states. The
poorer the saturability of the switch core the greater the partial-~
szl:ct excitations the memory core must withstand without changing flux
state.

Experimental Results

In order to determine the feasibility of this system and to
measure its operating characteristics, a series of experiments was per-
formed on individual three-core cells. These were aimed at seeing how
operation was affected by variations in the flux ratio between switch
and memory cores, coupling-loop impedance, input current, pulse timing,
and core material.

Experiments6 indicate that for best operation the switch core
should have at least 6 times as much flux as the memory core, and the
coupling loop between the two cores should be resistive. Scope photo-
graphs for a cell incorporating these principles are shown in Fig. 7.
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Figs. 7a and b show typical voltage outputs for the two switch cores
when ONEs and ZEROs are being stored alternately. Fig. Tc shows the
memory~-core outputs for a ONE and a ZERO superposed. Ideally, the
switch core should contain just sufficient flux to support the volt~-
age drop in both the coupling loop and the memory core. Coupling-
loop resistance must be large enough so that the inductive time con-
stant of the switch-core secondary is short thus meking it possible

to squeeze the pulses close together. It cannot, of course, be made
larger without limit, otherwise insufficient secondary current will

be supplied to switch the memory core. Fig. 8 shows ONE and ZERO
outputs superposed for each of three improper designs. In Fig. 8a,
the switch core has insufficient flux and does not completely switch
the memory core. In Fig, 8b, the coupling loop has no added re-
sistance, and the current pulses decay slowly making it impossible to
run the pulses close together. (The cell operates perfectly if pulses
are spaced further apart giving an overall cycle time of 3 microseconds. )
In Fig. 8c, too much resistance has been added to the loop, limiting
secondary current so that the memory core does not switch fully. In
all three cases it is almost impossible to distinguish between a ONE
and ZERO.

In experimenting with various core materials, it was found
that a wide range could be made to work satisfactorily. The best re-
sults were obtained, of course, for materials having the squarest
loops. Here it was possible to obtain a ONE-to-ZERO ratio of about 15
to 1, ONE-to-half-select ratio of 250 to 1, and a complete cycle time
of 0.L microsecond. (Voltage ratios are for peak values.) As in
coincident-current memories, a canceling sense winding minimizes the
effects of partially selected outputs. For such a winding the
difference between partial-select outputs for a core holding a ONE and
for a core holding a ZERO becomes the significant factor. For the cell
tested, this difference was too small to measure accurately.

Memory Criteria

The memory system described above is only one of a very large
number which uses the magnetic core as its basic element. Any en-
gineering design which attempts to translate this into a practical
working device might well use the following criteria to measure and
evaluate various systems:

1. Reliability, which is most easily estimated by
tube count and margins;

2. Size (number of registers x number of places =
number of bits)j

3. Cycle time, the minimum time between successive
readoutss;
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L. Cost, mainly determined by core specifications
’ and quantity, wiring complexity, and tube count.

Design Considerations

The principal disadvantages of the three-core-cell memory
lie in the increased complexity of construction and the large number
of cores which are used. The construction difficulties arise primarily
from the small coupling loops linking each memory core to its two
switch cores, Such problems tend to increase core interspacing. As
a result, it is felt that this type of system will be most useful in
memories of relatively small size, up to a few thousand registers.
Since the problem of half-select noise in coincident-current memories
is not too significant in these small sizes, one of the principal
advantages of the three-core system is wasted. It would seem that
the greatest advance could be made by concentrating on speedier cycle
times as the main goal for the system since - ideally - there is no
upper limit to the excitations which can be applied to the cores.

The principal problem is that the high currents needed here mean
more tubes; also, faster switching times mean larger back voltages
from cores (possibly counterbalanced by a reduction in flux through a
change in core size and/or material).

The power generated in the core goes up as the square of the
speed. This is because the energy required per cycle to switch a core
is roughly proportioned to the inverse switching time, and the number

. of cycles possible per second increases at about the same rate. The
heat generated in the core because of this power loss can have a
serious effect on the pulse response of ferrite materials. Fortunately,
there is a wide range of core characteristics over which this system
should work well so that system operation ought not to be too sensi-
tive to heating at these high speeds.

Probably the most important single criterion for choosing
cores for this system is a low value of the switching coefficient Sy
which implies relatively low driving currents for a given speed of
operation and low power loss with consequently reduced heating.

Preliminary Design of Plane

Successful experimentation with three-core cells has led to
a preliminary design for a single 16 x 16 plane (Fig. 9). This plane
will use novel construction methods to overcome the wiring complexities
inherent in the system. The switch cores (both A and B) are all on one
side of a single board. The memory core is on the other side suspended
between two lugs on a piece of bus. The resistance wire, which forms
the small coupling loops when connected to the lugs, is wound on in
continuous lengths rather than being handled in small separate pieces.
The grid of driving lines is wired on the switch cores in much the same
way as in a conventional coincident-current memory.
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The switch cores to be used in this plane will be 80 mils
0.D., 50 mils I.D., 30 mils height, or about one-and-one-half times
the size of the memory core used in the Memory Test Computer. The
memory core will be about one-sixth the size of the switch core.
At present, there is no simple way to fabricate such a small core.
For this experimental plane, the simple expedient of boiling down
larger cores in acid will be used. The plane will be designed to
operate with a complete cycle time of less than 1 microsecond. It
is felt that this is fast enough to be a worthwhile goal without
entailing too many complications in the associated electronics. The
core material will be an experimental mixture provided by the General
Ceramics Company. The memory core signals should be of the order of
0.2 or 0.3 volt. It is hoped that the driving currents required will
be no higher than about 2 amperes.

The long-range practicality of this type of memory system
depends largely on the ability of 4l ternative devices to do the same
jobs At the present time, the coincident-current memory seems to be
the only other system which offers the possibility of operating with-
in the range of l-microsecond cycle time. This would require the use
of a high-coercive-force material which still maintains the requisite
hysteresis-loop squareness at high pulse rates. The development of
such materials is, in any case, a worthwhile goal along with the long-
range problem of reducing Sy (and, therefore, power requirements) for
memory materials in general.

JR/dg

Drawings: A-61950
A-58815
A-61951
A-61952
A-61953
A-6195)
A-61997
A-61998
A-61955
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Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: IMPROVED MEMORY CORES PRODUCED IN LINCOLN LABORATORY

To: Group 63 Staff
Froms F, E, Vinal
Date: 13 April 1955
Approveds L [9

D, R, Brown

Abstract: Recent memory core production in the Lincoln Laboratory
pilot plant has offered an improved variety of cores for
experimental project use. Typical characteristics are
shown for these cores and the principal advantages to be
derived from their use are discussed., A comparison of
characteristics is made between our cores and those com-
mercially available, The basis of selection of superior
cores is described and the extent of production capacity
for our pilot plant is given., Methods which may be em-
ployed to improve further the characteristics of memory
cores of this type are suggested, and, to some extent,
the degree of further improvement which may reasonably
be expected is noted.

Introduction

For some months, the Chemistry Section of Group 63 has been
producing for project use a variety of memory cores improved over those
obtainable commercially., The properties which have been improved, as
well as the degree of improvement, have been the subject of considerable
discussion, leading in some instances to misunderstandings about our cores,
their properties and their use, It is the purpose of this memorandum to
present enough data about our cores to enable engineers to make "educated
guesses" about their performance in various applications, and to make clear
that although considerable progress has been made with memory cores, there
is plenty of room for further improvement and the development of special
adaptations.

Performance

The "proof of the pudding" for our memory cores will, of course,
be their performance in the coincident-current-memory application. All
test data has been taken with this application in mind, and, thus far, only
one set of operating conditions has been intended,namely, the use of the
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cores at a driving current of 820 ma. and in a matrix using a 231 ratio
of currents for selecting and disturbing pulses. The performance of our
present production under these conditions is summarized in Figure 1.

Since these cores have been reduced in cylindrical height to
about 0.,022" to provide output voltages more comparable to commercially
available cores, one might not see at once that the cores represent an
improvement over commercial cores. While offering an adequate output
signal voltage, these cores also exhibit excellent discriminating signal
ratios between the dV1 peak voltage and the dVz at strobing time. In
addition, the decreased half-selected output signals of the smaller cores
offers a considerably reduced back voltage on the driving circuits, per-
mitting larger matrices. In combination with the above advantages, the
switching time of the cores also has been shortened by about 0.15 micro-
second at 820 ma. driving current, to a practical operating value of 0.98
microsecond.,

In order to compare the properties of the current core production
here with commercial cores, the data on our cores have been normalized by
preparing some in a cylindrical height of 0.025", the size commercially
available, Performance data for these cores are compared in Figure 2 with
data taken from published advertising literature of the General Ceramics
Corporation,

Testing and Yields

The current IBM core specifications used to purchase cores for
the FSQ=7 machines stipulate as principal performance requirements that
the cores intended for use at 820 ma. driving current and 2:1 selection
ratio shall each pass tests for

(1) 75mv, minimum signal for uVl voltage at a current
drive of 740 ma., and a strobing time of 0,55 micro-
second.,

(2) LSmv maximum signal for the peak dVz voltage when
examined with disturbing pulses of 470 ma. (2:1.15
selection ratio).

The cores must, therefore, qualify under test conditions more severe than
the subsequent matrix operation (2:1 selection ratio).

Because of low values of the dVz signals from cores made here
(this might be restated to say because of the high squareness ratio (R =
0.865) over the 74O ma. to 94O ma. range of the above qualification te3tEj*
it has been possible to select or test cores for our use on an even more
stringent basis., For our own use, cores are qualified only if they meet
a minimum output signal of 80mv for the uVl voltage and are rejected if
the dVz signal rises above 28 or 29mv,

On this restricted test basis, batch yields are consistently
95% or better. A 99% yield is not umsual. Occasional batches fail, but
when they -do, they fail miserably (yields of 25%), and in each case the
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cause of failure has been traced to faulty equipment or human error. The
manufacturing process is now apparently a stabilized and reliable method

and will consistently produce high quality cores if permitted to do so by
equipment and operators.

Production Facilities

Combining the interest of this laboratory in maintaining an
emergency source of supply position for the FSQ-7 machines with our pro-
duction for local advance development work, facilities for production at
a maximum rate of 250,000 cores per week will soon be available. Currently,
the maximum rate is approximately 120,000 per week., The increased production
will be achieved simply, through better furnace loading techniques and more
adequate core pressing facilities, capable of pressing cores much more rapid-
ly than our present équipment. Core testing facilities can handle, approxi-
mately, the current output of cores in normal working hours. Much could be
gained in an emergency by operating this automatic testing equipment on a
broader schedule,

Further Work

Because of the emphasis on memory access time for the Lincoln
Laboratory's interests, continued effort will be made to reduce further the
switching time of the cores without sacrificing driving currents or other
factors. From the examination of Figure 1, one can realize that the current
core preduction is probably providing an unnecessarily large operating
margin at the high driving current ranges. It seems obvious, therefore,
that the entire set of curves may be shifted slightly to the left. Such
a procedure should further decrease the switching time at 820 ma. operating
current by about 0.1 microseconds Likewise output voltage for the uVl
would be increased substantially (possibly 25mv.) which could be used as
such or used to decrease again the core height and gain further on the
advantages which would accrue. Less obvious improvements are likely by
tampering with the chemical composition and processing techniques., Ex-
perimental work of this character will be carried on along with other
experimental work to produce materials for special adaptations. Large
scale production of cores resulting from this experimental work will not
be available for some time, and for the present, memory core production
from our pilot plant will be stabilized for the production of the cores
for which typical characteristics are illustrated in Figure 1.

Signed:

FEV:fm

Distribution: Group 63 Staff
Group Leaders and Section Chiefs, Division 6
Jo. W, Gibson, IBM

Drawings Attached: Figure 1 A-62)23
Figure 2 A=62),2);
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Memorandum 6M=3536

: \ Division 6 - Lincoln Laboratory
4 . Massachusetts Institute of Technology
; \ Lexington 73, Massachusetts

SUBJECT: nzsxfg:n CONSIDERATIONS FOR AN' EXPERIMENTAL COMPUTER
‘%de‘ ) B{fh. Everett

From: W. A. Clark

Date:

Approved:

Abstract: A preliminary logical design for a real-time-control computer,
with system capabilities approximating AN/FSQ-7, eliminates
buffer storage and centralizes control of input-output transfers,
High-speed transistor circuits and a random-access storage
system of 2.5 million to 5 million bits make possible signif-
jeant simplifications in system logical design. Breakpoint
operation similar to that of DYSEAC, but using many program
counters, promises great flexibility in the handling of terminal
equipment. This memorandum deals primarily with the features
of the multiple-program=counter system.

Introduction

The design proposed here (TX-1) is the first member of a
family of parallel, single-address computers for real-time control now
under study in Group 63. This family has the following prinecipal charac-
teristics:

1.) Surface=barrier transistor circuitry
2.) large core memory (2.5-5 million bits)
3,) Multiple program counter logic.

The TX-~1l has been designed with the system capabilities of the AN/FSQ-T7
in mind but with no attempt to meet the detailed specifications of the
SAGE system. It is essentially a "bufferless™ machine as opposed to the
FSQ-7 which provides buffer drums between the central machine and various
terminal devices. In the TX-l, information passes more directly into
and out of the memory unit of the central computer. All transfers of
information are programmed by means of minor sequences of read=-in or
read-out operations which are executed on a "demand" basis during
interruptions of the major program or of one another. This method of
getting information in and out of the central computer, which requires
the use of an additional program counter for each minor sequence, is the
distinctive feature in which the system logical design of the TX-1
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differs significantly from that of the FSQ=T.

This note deals primarily with the features of multiple
program counter operation of the TX-1 in a control application with
roughly the input-output requirements of the SAGE system, Where possible,
correspondence with equivalent features of the FSQ-7 will be pointed out.
However, not enough is known yet about the details of the transistor
circuit M"building blocks™ to permit the drawing of block diagrams of the
TX-1 in anything approaching final form, It is hoped that this summariza=
tion of some of the early thinking of the Group 63 Logical Design Section
will serve to stimulate further thought and comment.

Influence of Large Core Memory on Design

The fact that large ¢ore-arrays (256 x 256 x 36) are now
feasible for use in the central memory of the computer makes possible
two major simplifications in a system of FSQ-7 proportions which will be
realized in the TX=1l:

1,) Consolidation of Auxiliary Storage

In the FSQ-7, the storage of the program and associated
tables is distributed over 8 physically-independent

yet logically-equivalent drums, Consequently an
obvious logical simplification results from the lumping
together of this storage into fewer large core-arrays,
One 256 x 256 array is the equivalent of about 5 or 6
drums,

2,) Elimination of Separate Intermediate Buffer Storage

In the FSQ-7, one drum serves as a buffer of input
information; another 3 drums, output information.

Of these output buffer drums, 2 hold information

for the display system and enable it to run at a
higher rate by redisplaying old information several
times between changes of data, All of this buffer
storage can be eliminated if provision is made to
address the central memory on an ®in-out break"

basis, In the case of the display system, the central
memory must give up additional cycles for the redisplay
of old information, but this requirement is not a
limiting one at FSQ-7 rates,

The total storage capacity of the FSQ-7 including drums and
its internal core memory is about l.5 million bits, almost entirely in
32 bit ‘words. This is roughly the equivalent of two 256 x 256 x 36 core
arrays.

. The TX-1 will be so designed that it can operate 2 independent
memory units concurrently, getting an instruction from one unit while -
the other unit is referring to the operand of the previous instruction,
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Thus, by arranging to store the program in one unit and the operating

data in the other, a significant increase in speed of operation is
possible, This increase has been estimated to be about 70 percent. The
design will, of course, also permit the program and its operanda to be
stored in the same memory unit with a corresponding reduction in operating

speed in this mode.

The TX-1 System Design

The "in-out break® mentioned above is somewhat like that of
the FSQ-7. However, because of the absence of large-scale buffering,
all terminal devices with critical timing requirements (for example,
phone line receivers) must have a guarantee of access within certain time
limits, The fact that all devices time-share the same memory unit will
mean that one device will, in general, have to tolerate interruptions by
other devices with higher priority, This fact greatly devalues "block
transfers® of information and furthermore makes it necessary for each
terminal device to "remember" what it was doing at the time of the
interruption. In the TX-l, this function of storage of memory addresses
during interruptions is handled partly by the use of index registers and
partly by means of additional program counters in a manner later described.

Figure 1 is a simplified block diagram of the TX-l showing
only the principal information paths, The various terminal devices,
labeled T., T,, etc,, are shown as being connected to the central
computer %y basses for simplicity. Each device includes enough storage
to enable it to function between central memory accesses, The Memo
consists of one or more 256 x 256 arrays, depending on the intended
application of the computer and also includes a small toggle switch test
memory, The Arithmetic Element will be assumed to be essentially like
that of the FSQ-7 in logical structure for the purposes of this note,

The Terminal Selector is, as the name implies, a device for
selecting one and only one terminal device and connecting it up to the
central machine., This selection is made at designated interruption points
in the program sequences. Some sort of priority system is implied such
that terminal devices with critical timing requirements can be handled
along with devices of less urgency., A "demand chain® similar to those
appearing in the terminal system of the FSQ-7 satisfies the general
priority requirement., In addition, an ®in-out switch" is required to
permit the central machine to select terminal devices.directly, for
example, to switch ®off" units into the demand chain,

The Program Element consists of a set of program counters
(pne for each terminal device), a set of index registers, and an adder
(see Fig. 2). To run a system of the size of SAGE, about 100 index
registers and somewhat fewer program counters might be required., These
might all be consolidated into one 256 register core-array with an
access time of about l-microsecond and a.cycle time of half that of the
central memory, Such a consolidation would have the advantage that the
proportion of program counters to index registers is not fixed,
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The primary function of the Program Element is to supply
addresses to the Memory according to the requirements of the stored
program, These addresses come from either a program counter or the
adder register. The particular program counter in operation during any
given machine cycle depends on which terminal device has been selected
by the Terminal Selector, and the address it contains is indexed by one
each time it is used, in the usual way. The index register in use during
a given cycle depends, as in FSQ-7, on an index register number stored
with the instruction being executed. The contents of the designated
index register are added into an adder with the address-half of the
instruction being executed, and the sum is then sent to Memory as the
address of the operand designated by the instruction. Except for the
fact that the TX-1 has several program counters and must select one of
them at a time for any given cycle, the Program Element operates in
essentially the same way as in FSQ=7.

To summarize: +the word structure of a typical instruction,
add, which requires its operand base-address, K, to be modified by the
contents of index register J is

j add K

If index register j contains the number J, then the address of the
operand (addend) is J ¢ K,

We can now focus attention on the multiple program counter
logics

Multi-Sequence Operation

The TX-1 is a multi-sequence computer employing a set of
program counters, each one of which marks the progress in its own
sequence of instructions and is brought into operation at the request
of an external device with which it is associated. In this respect,
the TX-l design is an extension of the 2-sequence DYSEAC of the
National Bureau of Standards,

The program operating in the TX=-l can be thought of as cone:
sisting of a major program sequence and several essentially independent
minor sequences, The major sequence is the large real-time control
program corresponding to the single program of a one-sequence computer
like Whirlwind, Each minor sequence is devoted primarily to transferring
information between the computer and a corresponding terminal device,

These sequences are interleaved in time in an arbitrary
fashion, The timing will depend largely on the requirements of the
terminal devices themselves, However, interruptions in any sequence
can occur only at points designated by the sequence itself, These

See 6M-31LL "The Multi-Sequence Program Concept" for a general
description of multiple program counter operation,
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breakpoints are marked by the presence of a "one® in a breakpoint bit
stored with each instruction. A sequence may thus retain control of

the computer by preventing interruption for as long as necessary ‘to
carry out required transfers, communicate with other sequences, etc.

At each breakpoint the Terminal Selector selects the terminal device
with the highest priority and comnnects it to the computer for the next
computer cycle. Of course, the peak rate load of the entire terminal
system will determine the maximum intervals between breakpoints in the
sequences. The average input and output rates will limit the complexity
and length of the sequences. The overall average number of transfers
might require 10 to 15 percent of computer time at anticipated FSQ-7 rates.

The illustrated instruction must then include an indication
of the status of its breakpoint bit: .

3*j add K

where the asterisk will be taken to mean that interruption is not
permissible and that the next instruction to be executed will come from
this same sequence.,

Example of an In-Out Word Transfer

To illustrate a typical machine cycle, consider the example
shown in Fig. 3. Terminal device #2 requires its next word from Memory
and has been selected by the Terminal Selector as the subscriber with the
highest priority.

The cycle begins (a) with the selection of the program counter
to be used during the cycle, in this case PC§2. The address 10l, sub-
sequently indexed to 102, designates the next instruction to be executed
in sequence number 2 and is sent to Memory as shown in (b). This in-
struction, 13 rdo LOOO, indicates that index register 13 is to be used
to modify the address of the operand, and the address~base 1000 and index
register number are transferred to the Program Element (e)e Inasmuch
as index register 13 contains the number 7, the address of the operand
becomes LOO7 and this register is selected in Memory (d)e The Control
decodes the instruction rdo (read out) and transfers the contents of
register L4007, which happens to be 666, to the in-out bus to which To
is connected (e), and the operation is complete. No asterisk appears
with the instruction in this example, and henpe a breakpoint is indicated.
Thus the next instruction in sequence 2, stored in register 102, will not
be executed until T2 next requests, and is granted, control of the computer.
Eventually the sequence folds back on itself after a branch instruction
which reseéts program counter #2. Also, at some point in the sequence
index register 13 is indexed and sensed for overflow, and reset as
required.

Notice that reset values used in such a minor sequence may be
supplied by the major sequence. This permits the major sequence, for
example, to apportion internal storage among several input devices
according to need. Also, one sequence can détermine the progress of
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another sequence by examining its program counter.

Examples of Minor Sequences

The following examples will help to illustrate some of the
ways in which minor sequences might be used. First, it is necessary to
describe the functions of the orders appearing in the examples: Most
of these are found in the FSQ=7 order code. (K is the address of a
register in the central memory.)

cad K: Clear accumulator and add in contents of K

@or K: Add one to contents of K (performed in AE)

fst K: Store Acc contents in K

branch K: Reset selected program counter to value K

kK rax K: Read contents of index reg. k into reg. K

k ria K: Reset index reg. k to the value K

Js k SEE K: If index reg. k is positive, reduce it by
amount j and branch to K. If index reg.
negative, ignore instruction.

bsn K: Branch to K if indicator in selected terminal

device is set.

rdi K: Read word from selected terminal device to reg. K

rdo K: Read word from reg. K to selected terminal device

Except for the three orders which make special use of index registers,
any of the above may be prefixed by an index register number,

Example 1: Input device assigned registers 1000 to 1499 for
storing input data. Recycles if this assigned
zone exceeded. Uses index register 13; program
sequence stored in regs. 100-103.

== 100 13 rdi 1600
=101 1, 13 bpx 100

{

L— 103 #branch 100

102  #13 ria 499

The program counter for this sequence starts at
101 when request for machine cycle is granted.

If assigned zone is not exceeded, index reg. 13

is counted down by 1 and sequence branches to

100, reads in word, and gives up control (no
asterisk -on instruction in 100 indicates break-
point). Program counter ends up at 101. If zone
was exceeded, index reg. 13 is reset to L99 before
word is read in.
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This example represents a minimum program-storage sequence.
Note that each read-in requires the execution of 2 instructions (except
when the zone is exceeded at which time L instructions are momentarily
required). By expanding the sequence, the number of instructions per
read-in can be reduced to nearly 1 as the following example shows:

Example la: (Same requirements as Example 1.)
—>100 13 rdi 1003

101 13 rdi 1002

102 13 rdi 1001

103 13 rdi 1000

r—th #;, 13 bpx 100

105 13 ria L96

L—106 #branch 100

Except for end-of-zone reset, this sequence uses 1.25 instruc-
tions per read-in. The feature of expanding sequences in this manner
can, of course, generally be employed to reduce instruction time.

Note that if several input devices use the same program counter
in the sequence of example 1, then they all load data indiscriminately

into the one zone 1000-1499. A separate sequence for each results in
separate zones for each device..

Example 2: Time of arrival to nearest t-seconds of input
data of example 1 is required.

—=200 13 rdx 1500
201 13 rdx 1501
203 13 rdx 1502
204 13 rdx 1503

205 #branch 200

Terminal device eensists of timer which reguests
machine cycle every t-seconds. OCurrent intra-

zone location read into 1500 on first cycle.
t-seconds later, current location read into 1501,
etc. These mark boundaries of data in the zone which
are within t-seconds of one another. In this case,
major sequence uses this information at least once
every lit-seconds.
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e 3 s, o ey 14t pai: o€ regiriors
in zone 5000 thru 5091, Index reg. #50 used.

+—=300 #50 rdo 5000

BOEI. 50 rdo 5001

j+—302  #10, 50 bpx 300

303 #50 ria 90

L—304 #branch 300

Example li: Dynamic stop (imposed, for instance, by major
sequence to shut off input device momentarily).

400  branch L0OO

Example 5: Clock time to within t-seconds required in index
register 20:

[:500 1,_20 bpx_500 _
{(#resets, etc)

Terminal device consists of timer requesting cycle
every t-seconds.

Example Sa: Clock time to appear in register 6000.
f—sm #fst 100,000

501  #aor 6000

502 cad '1oo,ooo

—— 503 . #braneh 500

Same terminal device as in previous example.
Sequence starts in 503 with branch.  Next instruc-
tion empties accumulator for use by this sequence.
Count is made in register 6000, accumulator
restored on 502, and sequence gives up control
until next timing event.

Example 6: Input device with parity on input word. Word is
to be read in only if parity indicator is set..
Count of failures to read in to appear in reg.
1900,
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603
60L
605
> 606

r— 607
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Hosp 606
#fst 100,000

#aor 1900

cad 100,000
s#branch 601

13 rdi 1000
#1, 13 bpx 601

(#resets, etc.)

Program counter for this sequence starts from 607.
If zone not exceeded, executes sense instruction

in 601:
dicator

Branches to 606 if selected parity in-
set, then reads in and gives up control.

If indicator not set, increases count in 1900,
restores accumilator and gives up control at 605.

These examples illustrate the flexibility of the multiple sequence tech~-
nique and should suggest other applications not mentioned here. An im-
portant application which needs study is the programmed generation of
displays. There is some hope that a display system like that of the
FSQ-7 might be simplified to a considerable extent by special display
sequences operating at different rates.

This flexibility in handling terminal equipment is an extremely
important feature. The ultimate application of the machine in a control
system may be largely unknown and yet will not appreciably affect the
design of the central computer.
programs rather than terminal equipment a considerable gain in system
flexibility is achieved.

WAC/md/3g

Drawings Attached:
Figure 1 - SA-62L28
Figure 2 - SA-62)1)
Figure 3 - SA-62)58

By stressing the construction of computer

Signed &/
esley/A. Clark,fJr.
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: TYPICAL SBT STATIC CHARACTERISTICS

o0

Tos Group 63 Staff
Fiome Edmund U, Cohler

Dates May 31, 1955

Kpproveds W )

Torben Meisling

Abstract: Measurements on surface barrier transistors show that certain
simple approximations may be made to represent its static
characteristics, The input in saturation is a 125.a resistor
in series with a 0,30 volt battery., In the active region it
is a 0,13 volt battery in series with a much higher resistance
(300- 8001 ), The saturation beta at 5 milliamperes of
collector current varies roughly from 7 to 25 and changes

‘ about 7,5 percent/ma (more current giving lower B) in the range
2.5m<€I 10 ma, The I or grounded-emitter collector
reverse cufrent is roughly 883a1 to I__/(1-a) and runs from
5-25 p amperes, Grounded emitter chaf8cteristics of some
typical transistors are included,

Grounded Emitter Input Characteristics

The photographs of Fig, 1lb show the superposed input and transfer
characteristics for a batch of 19 surface barrier transistors in the
circuit of Fig, la. The inputs characteristic in the saturation region
can be approximated by a battery and resistor, In the batch shown the
battery (e, ) does not vary noticeably from 0,30v while the resistance
varies frog 95 to 165 ohms, Fig, 2 is the input and transfer character-
istic of a typical (but not average) surface barrier transistor, The
active region of operation can be defined by the straight line portion
of the transfer characteristic, (see Fig. 2)s In the active region, the
input characteristic cannot be approximated by the same battery and
resistor as were used in the saturated case, The M"active" value of the
resistor will vary considerably from transistor to transistor depending
on the beta of the transistor, but the battery is relatively constant at
about 0,13 volts, Fig., 3 summarizes these results in straight line
approximations, and an equivalent circuit,

The input characteristic will be little affected by the collector

. circuit, In the saturated region, the load resistance and supply fix
This document is issued for internal distribution and use only by and for Lin- The research reported in this document was supported
coln Laboratory personnel. It should not be given or shown to any other in- jointly by the Department of the Army, the Depart-
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the value around which the emitter current will vary and the battery-
resistor approximation is very insensitive to such variations., In the
active region, the collector circuit is completely isolated from the base
circuit by a back-biased diode and an equivalent current generator. Thus,
the collector circuit has very little effect on the base input characteris-

tic in either region, (see Figo 2).

In summary, the base input characteristics are reasonably uniform
from transistor to transistor, and may be accurately represented by certain
piecewise linear characteristicse

Saturation Beta

In discussing the active transfer characteristics, we are mostly
interested in the end points of the active region because we traverse the
active region in the transient only, This end point can be described in
terms of saturation beta which is roughly defined as the ratio of the
saturation collector current to the base current on the verge of saturation.
This definition has meaning for the surface barrier because the collector
current break point between the active and saturated regions is rather
sharply defined, For instance, in the transfer characteristics of Fig. 2
the base current at the break is about 0,55 milliamperes for a saturation
collector current of 5.9 milliamperes thus giving a saturation beta of
10,7 Measurements of saturation beta were made on twenty surface barrier
transistors and plotted as a function of normal beta in Fig, L.

The saturation beta measurements were made by adjusting Ib until
I reached its maximum value (V_ /R ) and then reducing I8 until I
wis 0,05 milliamperes less than®$ts®maximim value, The ndrmal bet&
measurements were made by inserting 1 milliampere into the emitter and
measuring the base current at V O. There is a definite correlation
between the saturated and the nSPmal value, The saturated value is
always lower than the normal value., One reason the saturation beta is
lower is that beta decreases with increasing collector current., The
measurement of saturation beta was taken with about three milliamperes in
the collector while the measurement of the alpha was taken with about one
milliampere in the collector,

To determine the variation of saturation beta with collector
current, measurements of this parameter were made on ten different
transistors whose normal alphas ranging from o880 to .971 (at O volts),
The method of measurement was slightly different from that used in
obtaining the data in Fig, L. Collector current and base current were
adjusted to give a ve of 0,200 volts and the beta taken at that point,
The curves obtained %€re normalized by dividing by the value of beta
obtained at a collector current of 5 milliamperes, These normalized
curves for the ten transistors are shown in Fig, 5.

In addition, twenty more transistors were chosen at random,
and their saturation beta measured by this new method at a current of 5
milliamperes, This value of saturation beta was plotted vs normal :
beta (measurement previously described) for all thirty transistors (Fige6)e
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Moreover, an integrated distribution of the saturation betas of the
batch was drawn up in Figo 7. This method of determining saturation beta
is not consistent at low collector currents and results in the dispersion
of the beta vs collector current curves at low collector currents, From
Fig. 5 we may roughly approximate the saturation beta in the range of
collector currents from 2,5 milliamperes to 10 milliamperes bys

B saturation (Ic) = Bsat(sm) x[l - 075 (Ic - 5)]

Grounded=Emitter Saturation Current

The current which flows in the collector circuit of a grounded
emitter stage when the base is open will be called I __. From the simple
equivalent circuit of the transistor we expect this £8%pe larger than
the grounded base saturation current (I__) by a factor of 1/(1-e)e
Fig. 8 shows the results of measurement§of I plotted as a function
of I /(l-s). The agreement is not perfect bé8use of several factors.
The &81lector resistance may vary from the grounded emitter connection
to the grounded base comnection (other than by a factor of 1/(1-a)). The
alpha measured and used in the calculations is for a collector current
of about 1 milliampere while the ‘collector current flowing in the I
and Icoe measurements is of the order of a few microamperes, b4

‘ Grounded=Emitter Collector Characteristics

‘ " Certain other pertinent parameters, such as r__ and the
resistance of the collector-emitter circuit, can be obt&ined from the
grounded-emitter collector characteristics, Typical curves are given in

?1gs. 10 and 11, Z{ M/

Edmind U, Cohler
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& Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
lexington 73, Massachusetts

SUBJECT: SURFACE-BARRTER TRANSISTOR PULSE GENERATCR
To: D, R. Brown

From: M. E. Petersen

Date: 17 June 1955

Approveds M

“T. H, Meisling

Abstract: A surface-barrier transistor pulse generator has been
developed and built to produce negative polarity pulses
of 50 to 100 millimicroseconds duration at rates from
Ly to 10 megacycles, The circuit will generate a pulse
of 1 volt minimum amplitude with any combination of
transistors within specifications. The pulse duration
is continuously variable. Repetition rate is controlled
by a Hartley oscillator covering the range of L4 to 10
megacycles with plug=in coil assemblies,

Introduction

Recent work in surface~barrier transistor circuits has indicated
a need for a transistor pulse generator of flexible design which would |
produce negative pulses of 50 to 100 millimicroseconds duration at rates |
up to 10 megacycles.

After preliminary investigation it was decided to use a
variable delay line to obtain the desired pulse width and a sine-wave
oscillator to determine the pulse repetition rate. The sine-wave
oscillator was selected primarily because of lack of a stable transistor
relaxation oscillator cirecuit for frequencies above 5 megacycles.

Circuit symbol numbers used in the following sections refer to
the attached schematic diagram.

Method of Operation

The sine-wave output of Ql is half-wave rectified by Q2. Te
negative pulses from the emitter of Q2 go to both the inverter Q3 and the
delay line.

This document is issued for internal distribution and use only by and for Lin- The research reported in this document te
coln Laboratory personnel. It should not be given or shown to any other in- Jointly by the D':pumnt of the Aunn ‘."G.l: “Ig::ﬂs
dividuals or groups without express authorisation. It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or In part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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The inverter is normally off and Q4 is saturated. When a
negative pulse is applied to the base of Q3, it saturates and turns Q4
off, Since Q5 is normally off, this initiates a negative pulse at the
collector. When the delayed negative pulse reaches the base of Q5, Q5
saturates to terminate the pulse initiated by Q.

The emitter follower Q5 is used to secure a low impedance output.

Discussion of Circuit

The oscillator was designed for self biasing operation to
eliminate the need for two supply voltages. Because of the wide variation
of B in surface~barrier transistors, the network of Rl, R2, and R3 was
adjusted to the values shown to give adequate output without exceeding
the transistor power rating for any transistor with a value of B ranging
from 12 to 45 as measured on the standard laboratory B tester (I set at
50 pa with Vgp at = 3 v), I2 is an RF choke.

Il and Cl are the tank circuit of the oscillator. The 1/C
ratio is determined by the requirement of maximum power output. €2 is the
feedback capacitor, Ll and C2 are mounted together on a plug=in unit.

C2 was selected to give nearly constant oscillator output voltage
over the range covered by each coil.

13 and C3 were selected for optimum performance over the
entire frequency range. The addition of C3 to this impedance coupling
network eliminated the difficulty with resonant frequencies encountered
when using only I3 and Cl.

14 and CB improve the response of the inverter. The rather
large value of I is necessary to keep one-half the resonant period of
the collector circuit longer than the longest pulse to be generated.
C8 bypasses the series resistor Rl

RS is themaﬁrmmvaluewhichwilla]lowalowﬁqh to
saturate, CS5 as shown gives the shortest fall time for Qb.

The delay line shown is a General Radio variable delay
line, Any delay line of approximately 200 ohms impedance can be used.
However, since the fall time of the output pulse depends on the rise time
of the negative pulse applied to the base of Q5, the cut-off frequency
of the delay line should be several times higher than the oscillator
frequency.

16 is used to terminate the delay line because it was found
that when the oscillator frequency exceeded 5 megacycles the emitter of
Q2 failed to return to zero after a pulse if the delay line was terminated
by the characteristic impedance of the line. This negative voltage
saturated Q5 continuously to clamp the output at zero.
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. To secure the shortest possible fall time for Qiy; the collector
cireuit was made resonant by using I5 as a load. R6 is bypassed for
pulse frequencies by C9, If the resonant period of the collector circuit
is twice the delay in the delay line, a half sine wave pulse is generated.
When the delay is longer or shorter than one-half the resonant period, the
inductor causes asymmetry in the output pulse. Since a range of pulse
widths is to be generated in this circuit, it was necessary to select a
resonant period which would permit generation of short pulses and still
maintain good pulse shape for the long pulses. The value shown is
the minimm value which will produce a symmetrical 100 millimicroseconds
pulse. For a 55 millimicrosecond pulse; 6.8 microhenries gives a more
symmetrical pulse of greater amplitude. A value of 2,7 microhenries was
used for a pulse of approximately LS millimicroseconds duration.

Since IS5 aids Q5 in terminating the pulse, the output pulse
fall time is less dependent on the rise time of the pulse coming through

| the delay line. This eases the specifications for the delay line and
keeps the pulse duration nearly constant over wide changes of oscillator

frequency.

R7 is the maximum value of resistance in the emitter follower
which will give satisfactory fall time for the output pulse. This
value also permits the use of standard 90 ohm coaxial cable in coupling
to other circuits.

‘ Summary

This pulse generator has produced negative pulses of 50 to 100
millimicroseconds duration at rates from L to 10 megacycles. The low
frequency limit is set by the rise time of the sine-~wave generator and the
delay line termination. The high frequency limit is set by the pulse
duration since the duty cycle cannot exceed 50 perecent.

The maximum output amplitude ranges from 1 to 2 volts depending
on the pulse repetition rate and the B of the transistors used.

Two models of this ecircuit have been built and tested recently.
Results with both indicate no critical circuit dress problems if normal
procedures are followed.

Signed /ydmnm E P
Marvin meter:of;(/lﬁ

MEP/ jg

Drawing attached:
B-63130

& cc: R. Best F. W. Sarles J, Harrington
N. H. Taylor M. Cerier I. Lebow
D. A. Buck G. A, Davidson 'R. H, Baker
M. Epstein P, Griffith R. McMahon
L. Jedynak K. Konkle Group 63 Staff
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TITLE: A TRANSISTOR SELECTION SYSTEM FOR A MAGNETIC-CORE MEMORY

STATEMENT OF THE PROBLEM

A multiposition transistor selection system is to be designed
that will be operated by the 2n inputs from a transistor memory-address
register and that will allow random selection of one of 2% output lines.
The selected output line is to present a low impedance to ground and be
capable of conducting a stated range of current amplitudes that may or
may not include both directions of current flow. The non-selected out-
put lines must presenﬁ a high impedance to ground.

HISTORY OF THE PROBLEM

In the development of electronic computers an important ele-
ment was the system for selection of numbers or words in the memory.
With the large storage capacity possible in the magnetic-core memory
which was proposed in 1949 by J. W. Forrester, an elaborate system be-
came necessary to perform the random access selection. (Reference 2
and Fig. 1.1 give a fairly complete description of the operation of the
memory. )

In general, selection information-? L for the magnetic-=core
memory is supplied by a n-binary-digit memory-address register which is
followed by cathode followers on each of the 2n output lines (see Fig.
1.2). The cathode followers drive a diode matrix5 which, for a given

state of the memory address register, selects one of the 2B output lines.
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Each output line drives an amplifier which in turn drives two AND gates.
As is indicated in Figure 1.2, one of the AND gates in each output line
is connected to a READ driver and the other AND gate: in each output line
is connected to a WRITE driver. When either of the drivers is turned
on only one AND gate will be open and allow current to flow through a
pulse transformer6 which will couple the signal to the correct selection
line.

With the development of the large (256 x 256 x 37) memory,
the reliability of the selection system depends mainly on the reliability
of the vacuum tubes. Large heavy-duty tubes are required to handle the
high currents (L10 ma) needed for the ferrite core memory. Filament
power must be supplied to all the tubes continuously and the resulting
heat must be dissipated without damage to temperature sensitive com-
ponents in the memory system. The necessary power cooling mechanism
not only increases space requirements and total power input, but must
be included in the reliability considerations of the complete selection
system.

When the point-contact transistor appeared with its prospect
of extreme reliability, long life, high efficiency and small size,
camputer engineers began to develope circuits thatiwouldvpeplace the .
vacuum tube with its previously mentioned faults. 8,9 The point=contact
transistor, however, has major defects such as low power dissipation,
sensitivity to high temperature, sensitivity to humidity, and lack of
wniformity, As a result, S. Oken of MIT in a Master's Thesis’ reported

that he was unable to drive the ferrite memory cores directly with
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point-contact transistors or with early junction transistors. He did
develop a core driver consisting of a point-contact flip-flop driving

a grounded-base junction transistor (to increase the output impedance)
that was capable of driving several metallic cores. Since the switching
time of the metallic cores is 10 microseconds when used in coincident~-
current operation, reverse recovery problems were not as great as would
be expected in a ferrite core memory with 1 microsecond operation. The
supply voltage of the transistor driver must be high enough to keep the
output current constant when the cores are switching and, as a result,
the dissipation in the transistor will be high when the cores are not
switching. Therefore, the number of cores to be driven is limited by
the maximum dissipation of the transistor.

K. OlsenlO has suggested using the transistor in the saturated
state where dissipation will be low even if both READ and WRITE generators
cause current to flow through the same transistor. The outputs of all
the non-selected transistors will be subjected to the memory plane back
voltage, but these transistors will be open circuited and there will '~ .
be little or no dissipation.

R. Baker and R. McMahon of Lincoln Laboratory are also wod;ing
on a scheme in which only the non-conducting transistor must absorb the
back voltage. The main difference between the two schemes is that, in
the first, the transistor is saturated and bilateral, and in the second,
is non-saturated and unilateral. In the latter arrangement two transis-
tors and a pulse transformer are required. Both systems require an

external READ and WRITE current source.
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The work of P. Grayll and othersl? 13,1k on the transient
response of junction transistors used as a current source provides a
general indication of the circuit configuration having the shortest

turn-on and turn-pff time.

Some useful techniques have been obtained from the work of
e T d ones]s who tested the recovery time of point-contact transistors

in terms of parameters which facilitate comparison of different units.

PROPOSED PROCEDURE

The transistor memory-address register that will be the input

to the proposed selection system has already been designed by members
of the camputer development group at Lincoln Laboratory. The maximum
output current and the output impedance are two parameters that will
determine, in part, the circuitry that follows. DBeasmuse the expected
output current will be on the order of 1 ma, grounded emitter stages
will be used to increase the current amplitude. There are three possible
places for the amplification: before the matrix where there are 2n lines,
after the matrix where there are 21 lines and within the matrix where
there are more than 21 ynits.16

Since reverse recovery is a problem in diodes capable of
carrying the 20 to 100 ma currents that are required to drive the selection
transistor, it is unlikely that all of the amplification can take place
before the diode matrix. If the selection transistor requires more than
one driver after the diode matrix a transistor matrix will be considered

as a possible element. Such a matrix will be desirable if it would
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eliminate more diodes and transistors than it added, or if the response
times are decreased.

The non-saturated mode of rgperation uses the transistor* in
the grounded collector configuration. When one of the drivers is
pulsed? current will flow into the emitter of the transistor that has
the low base voltage. Since the emitter diode was floating prior to
activation of the current source, it will take some time for the holes
to diffuse to the collector. Therefore, the initial voltage drop and
the instantaneous power dissipation will be high. When the current
source is withdrawn, holes will recombine, but, with no field to aid
the process, the base driver will still be the main element in the
turn-off process unless the base is kept positive with respect to the
collector even when this particular line is selected. Since this tech-
nique is being studied by another group at Lincoln Laboratory, this
thesis will be directed towards the saturated mode of operation.

With the emitter grounded and a resistor connected frem the
collector to a negative supply, the collector current will be very
small if the base current is zero. As the base current is increased
the collector current will increase and the collector to emitter voltage
will decrease. When the point is reached where increasing the base
current will neither increase collector current nor reduce collector

to emitter voltage, the transistor is said to be in saturation. The

#The following discussion applies to PNP transistors.
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ratio of collector current to base current at the transition point is
the d-c¢ saturation current gain, Bg. If a current source is connected
to the collector instead of the resistor and battery, the circuit
corresponds to the saturated configuration proposed by Olsen.,10 Let a
step of base current be applied to the transistor and let a narrow pulse
of eurrent be forced out of the collector by the current generator. If
the pulse of current occurs shortly after the base current, then the
voltage from collector to emitter will not be the low d-c value. As
the current pulse is delayed more, the collector voltage decreases
exponentially to its low d-c value. The saturation current gain, B,
is not constant but varies inversely with base current. The gain is
not the same for both directions of collector current and is greater far
current out of the collector. One of the first tasks will be to deter-
mine By as a function of the above parameters for various transistors.

If the transistor is used bilaterally, some advantage will be
gained by first pulsing current out of the transistor and then later
into the transistor. This follows because, in most PNP transistors,
the forward current gﬁin is greater than the reverse current gain which,
however, increases with time, It may also be de®irable to shape the
base current so that the transistor does not become over saturated if
one position remains selected.

Durlng the first phase of the turn-off time the base to emitter
resistance is very low. In the second phase the base voltage rises to
its final value. The external circuitry determines the current flow in

the first phase and the ultimate base voltage in the second case. The
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optimum driving circuits will be determined from the reqpirements of
the turn-off time and the information derived from measurements on the
above phenomenon.

One end of each memory line will be tied to both current
sources and the other end will go to individual transistors; thus, the
voltage across the memory load of one line will be applied to the out-
puts of all the non-selected transistors. The base of a non-selected
transistor must always be more positive than the collector to emitter
voltage so that, for the positive peak load voltage, no load current
will flow. Therefore, the maximum load to be driven is determined by
the voltage rating of the transi;tor which must not be exceeded by the
sum of the base voltage and the negative peak load voltage.

To maintain the proper current through the selected winding,
the reverse currents through the non-selected transistors must be small.
As the size of the core memory increases, the added number of reverse
current paths creates an increasingly acute problem.

The three important characteristics of the final transistor
appear to bet

1. It should have a high current gain at high values
of collectar current.

2, The recovery time should be short when driving
the base with a reasonably low impedance voltage
source.

3. The pulses of voltage on the non-selected transis-

tors should not cause appreciable current flow.
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There may be other techniques of operation that will allow the
transistor more time to recover than the straight forward selection
system now used in the memory. If the transistor is returned to the
open state as soon as the drive current has stopped, more time would be
allowed for reverse recovery. The use of one transistor for READ and
one for WRITE would also reduce the recovery requirements. Because the
emitter element is smaller than the collector, it is possible that if
the two leads, collector and emitter, are interchanged in the above
circuit that reverse recovery time would be decreased.

EQUIPMENT NEEDED

The test equipment needs can be fulfilled through the use of
Burroughs Unitized Equipment which is available at Lineoln Laboratory.

Materials will also be supplied by Lincoln Laboratory

ESTIMATED TIME
Preparation of Proposal 75
Further search of literature 20
Experimental work & analysis 180

Correlation of results and formulation

of conclusions 50
Preparation of thesis 75
400

SIGNED: Mﬂ Wanidson,

‘George A, Davidson
Date: June 27, 1955

GAD/dg
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SUPERVISION AGREEMENT

T consider this material adequate for a Master's Thesis and

agree to supervise and evaluate the thesis.

~

APPROVED:

ichard D. Thornton
Instructor of
Electrical Engineering

Distribution: Staff, Group 63
D. Baker
R. McMahon
D. Shansky

Drawings: A-58815
B-63065
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Division 6 - Lincoln Laboratory

Massachusetts Institute of Technology
Iexington 73, Massachusetts

SUBJECT: AN/FSQ-7 PROGRAMMING COURSE OUTLINE

To: Distribution List
Froms Philip R. Bagley
Date: 20 July 1955
Approved: e

« Jacobs

Abstract: A tentative outline is presented for the AN/FSQ-7
Programming Course (18 July - 16 September 1955).

The outline below is a tentative outline of the topics in
the AN/FSQ=7 Programming Course. The course is being taught.by IBM and
is under the supervision of Robert Lowe. The first session is being
given at the Iexington Field Station from 18 July through 16 September
1955, Class notes for the course are being published in a limited
quantity. Questions concerming the course or course notes should be
directed to Robert Lowe at the Lexington Field Station (extension 5418)
or to the writer, Room C-1L7, extension 5L70e

AN/FSQ=7 PROGRAMMING COURSE OUTLINE
I. Introduction
A. General Properties of Computers
B. Basic Components of Electronic Computers
Ce Prinecipal Applications
D, Number Systems
IT. FSQ=7 Computer Properties
 A. Introduetion

l. Purpose
2. Logical Elements

This d tis i d for i 1 distr and use only by and for Lin- The researchre i

ported in this document was su ted
coln Lab Yy person: 1. It should not be given or shown to any other in- jointly by the Department of the Army, the Sep::rt-
dividuals or groups thout express horizati It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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Be

Ce

De

E.
Fo

Ge

He

Physical Components of Central Computer

1.
2,

3.

Core Memory
Arithmetic Registers

Control Registers

Word Format

1.

2

Introduction

Data

Programming

1.
2,

3e

Purpose

Definition

Elementary Examples

FSQ=7 Operation Codes

Flow Diagrams '
Timing

1.
2.
3e
Lo
5e

PT

or

Pause
Break-in

Machine Commands

Index Registers

1.
2,
3e
Lo
5e
6o

Te

Definition
Physical Index Registers
Indexing Instructions

Branching Control Using Index Registers

index Reference
Address Modifieation
Benefits

Page 2
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I1I, Programming Techniques
A; Symbolic Programming
1l Advantages
2 Form
3e Use of Symbolic Addresses
e Symbolic Assembly Program
Be Table Look=-Up
Ce Sorting
D. Subroutines
E. Program Testing

F. Programming Considerations Associated with Machine Errors and
Checks

Ge thdamenﬁa]s of Sealing for Fixed Point Computing
IV. Inpubt=Output Devices
A. Punched Cards
l. Method of Recording Data on Cards
2o Method of Reading Cards
3e Forms of Data Read Into FSQ=T7
he Card Types for FSQ=7
Be Card Reader
l. Card Reader Ready
2. Read Instruction
3e ‘Progra.mmed End of File
lhe Buttons and Lights on Card Reader
5¢ Manual Operation of Card Reader

6e Card Reader Timing
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Coe Card Punch
l. Program Control of Punching
2. Special Program Control of Punching
3¢ Card Punch Reader
lio Buttons and Lights on Card Punch
5. Manual Operation of Card Punch
6. Card Punch Timing
Do Iine Printer
le Programmed Operation of Printer
‘ 2. Printer Ready
3. Buttoms and Lights on Printer
Lo Control Panel
' 5. Carriage Control
6o Sense and Operate
7. Manual Operation
| 8 Iine Printer Timing
E. Magnetic Drum
le Operation
a. Physical Description
be T'enninology'
2. Uses of Magnetic Drums with the AN/FSQ-T7
ae As Auxiliary Storage
be As a Time Buffer
3¢ Location of Information on the Drums
‘ a. Address Mode

be Interleaving

e Status Mode
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Fs Magnetiec Tapes
1. Physical Description and Checking
2, Storage by Record and File and Use

3. Machinery Bookkeeping for Preparedness, Readiness,
Record and File

Le Programming
Ve Machine Checking and Maintenance
A. Test Memory
l. Purpose
2. Physical Arrangement
3« Control
B. Maintenance Console
1le Purpose
2+ Controls
Ce Manual Control at the Console
1. Inserting Words into Core Storage
2. Starting and Stopping Computer
3« Displaying Contents of Selected Registers
D. Sense Instruetion
le Definition
2+ Description of Sense Units
3. Parity Checking

Signed:

PRB:ttf
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: TRANSISTOR CIRCUITS COURSE
NUMBER 1, INTRODUCTION

Tosg Distribution List

From: ~ Donald J, Eckl

Dates July. 20, 1955
Approveds %

Re!

Abstracts This is the first in a series of notes covering material
presented in lectures on transistor circuits for engineers,
The introductory material below contains fundamental ideas
about semiconductors which should be known by the transistor
circuit designer, These ideas are presented in a simplified
form but will serve as a basis for some future discussions
later on,

The transistor is a solid state device, making use of a semi-
conductor as a medium for transporting charge, which is capable of pro-
ducing a power gain, The properties of semiconductors make possible the
control of a large current passing through one pair of electrodes of the
transistor by means of a small current through a second pair of electrodes,
This first note will discuss briefly the more important properties of
semiconductors for transistor applications,

Metals, Semiconductors, Insulators

‘A metal is a solid in which the electric field E is everywhere
zero, i.e.; it is a body in which no space charge can exist., The
resistivity of a metal is extremely low; copper, for example, having a
resistivity of about 1,7 x 10°© ohm-cm, Insulators, however, will
support a space charge and are characterized by very high resistivity,
of the order of 1015 ohm=cm,

Semiconductors fall in a class between these two extremes., They
can contain a limited space charge and in a pure state, where they are
called intrinsic semiconductors, may have resistivities of a few ohm=cm
to several thousand ohm-cm at room temperature, For example, intrinsic
g:rg;géum is about 60 ohm-cm and intrinsic silicon is about 60,000 ohmecm
a °

Another way of illustrating the difference between metals and
semiconductors is to consider the number of conduction electrons, In

This document is issued for internal distribution and use only by and for Lin- The researchreported in this document was supported
coln Laboratory personnel. It should not be given or shown to any other in- jointly by the Department of the Army, the Depart-
dividuals or groups without express authorization. It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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metals this is about 10°
0l1lto 1017conduction electrons per cc, or one for every 1

1
electrons in a metal,

Impurity Semiconductors

electrons per cco

Page 2 of 9

Semiconductors_range from
05 to 1011

Most semiconducting materials are not pure or intrinsic. Small
amounts of impurities added to a semiconducting material will considerably

reduce the resistivity.
be controlled by its purity.

Therefore, the resistivity of a given sample can

The amount of impurity necessa

to
produce material useful for transistors is of the order of 15{5 impurity

atoms pe
about 1 2. per cc.
10 million,

Temperature and Conductivity

cc whereas the normal population of semiconductor atoms is
That is, we are dealing with impurities of 1 part in

" The relation between temperature and conductivity for an
intrinsic semiconductor is shown below in Fig. l.

FIG.1
INTRINSIC

la&c

SEMmICONDUCTOR

/T

':The conductivity 6 increases with the absolute temperature T, If
impurities are added to the semiconductor the conductivity is increased
and the variation with temperature is as shown in Fig. 2,

FIG. 2
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Tn the interval BC the impurities control the value of the conductivity,
However, above the temperature T. the impurities no longer have any

effect and the material behaves Eike an intrinsic semiconductor with the
curve ABD, Since transistors depend on the properties of impurity semi-

conductors, this temperature ’Eanould represent the point where no
transistor action could take place and, therefore; an abselute temperature

1imit for the device. In actual practice circuit failure would probably
occur considerably below this temperature.

Crystalline Structure

The atoms in a semiconductor form a crystalline structure;-i.e.;
they arrange themselves in a regular pattern throughout the material.
Moreover, the atoms in which we are interested are all members of the
lith" column of the periodic table which is reproduced in part below in
Fig. 3. The numbers in each column represent the positive charge on the
nucleus of the atoms

P=Type N-Type
I11 Iv VI
FIG.3 B +5 c +6 N +7
Al +13 Ge +1; P +15
Ga  #31 si +32 Is = 43
In +49 Sn +50 Sb +51
Tk

+81 Pb +82 Bi +83

The Lith-column atoms all have four valence electrons and form
valence crystals which are held together by electron-pair binding, i.€.,
pairs of electrons from different atoms form bonds which hold the crystal
together. It is not within the scope of this paper to go into the details
of atomic bonds but the sketch below may help to convey the idea.

S

@ @
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Two hydrogen atoms with single valence electrons are shown coming together
to form an H. molecule which has electrons associated with both atoms,

The "dual owng,rship" of the electrons by the two atoms serves to bind the
molecule together. This can be represented by the symbol

Tn a similar manner a germanium crystal can be represented by:

Ge (60—
Ei6.S
Ga Ge Ge

e (5 e
These valence electrons cannot enter into the conduction process since

they are not free to move about,

Donors and Acceptors

If we now replace one of the germanium atoms in Fig.' 5 by an
impurity atom from the 3rd column of the periodic table in Fig, 3 the
crystal will appear as follows:

FIG. o 7(
ngL)Em Go—

§:1nce‘ the indilnfl atom has only three valence electrons one bond will be
incomplete lea.w:mg a hole in the crystal, As other valence electrons
can now move in to fiTl this gap the hole effectively moves through the
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crystal and acts like a positive charge which can cz;llduct current;‘
Tmpurities of this type are called acceptors since they can accep
valence electrons and the resulting im puri ty sem.conmct?r is called
a P-type semiconductor since the charge carriers are positive holes,

If a germanium atom is replaced by an element in column VI
the situation is as follows:

| |

Ge G‘e 6‘2 —

FIG. T ) @
o iy

An extra electron is now available which is free to conduct current.
An impurity of this type is called a donor since it provides conduction

electrons, and the impurity semiconductor is called an N-type semi=-
conductor since the charge carriers are negative electrons.

gLECTRO

" The two types of charge carriers mentioned above, holes and
elec&rons, are impoE t in transistors. Electrons have a mobility, 2 |
u = =/E; of 3600 cm /volt-sec while holes have a mobility of 1700 cm |
voltesec, These mobility figures indicate the velocity of the carrier |
under a field of 1 volt/cm. However the base region in a transistor is
traversed by carrier diffusion rather than acceleration by an electric
field. The diffusion rate is directly related to the mobility, the
diffusion constant being

D BH%-» n cmz/seco

Therefore electrons will move through the transistor at a higher speed
than will holes.

@eration gg a2 pnp Transistor

Consider a transistor made up of N-type semiconducting material
. surrounded by P-type on either side. Three connections, emitter, base,

;gd' cgﬂlector, are made to the three regions respectively as shown in
180 o
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/7‘ JUNCTIONS
EMITTER RASE. CoLLECTOR

it TP N o B s

FIG.8 R PNP UuNCTION -TRANSISTOR

Tis is a pnp junction transistor and is represented schematically by

€M 11 tER COLLECTOR
FI&. 9

<L BAsE

If we consider the potential of a positive charge (or hole) passing from
emitter to collector with all 3 elements grounded it will appear as
shown in Fig. 10,

P N P

Fic.410

. EMITTER RASE

COLLECTOR
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When normal bias voltages are applied to the transistor as shown in
Fig. 11 the potential diagram takes the form shown:

EM  BASE _ColL

P NPl

FiG. 11 . I
e
~ (
Nee
b o B e E =0 ' Rt sitre & oat e
ZERO BIAS N | 2ERO BIAS
|
| e =-W4>
)
EFFECTIVE : \/
<EA$E WIDTH >' cc
|
| l
|
|
EMITTER sAse | COLLECTOR

Note particularly that there is no electric field through the largest
part of the base region. Therefore, holes from the emitter must diffuse
through the base until they reach the field in the collector region
where they are accelerated into the collector.

g Now consider a typical pnp which has a geometry as shown in
Fig. 12, A hole leaving point A in the emitter under the influence of

an emitter~base voltage moves through the base region by diffusion.

The probability of its taking paths 1--6 to the collector is considerably
greater than for path 7 into the base circuit. This is true for any
hole leaving the emitter,
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GEOMETRICAL
STRUCTURE oF
PNP AlLoY
TRANSISTOR

Fle. 12

PATHS OF HOLE INIECTED
INTO  @ASE AT PONT A. b

Therefore most holes will reach the electric field at the collector and

be carried away into the collector, It is only when a very large current
is flowing from emitter to collector that a reasonable number of holes

can diffuse into the base —= say 2 percent or less of the total.,  Therefore,
looking at the problem another way, if we require a certain current to

flow in the base, we must have a much larger current flowing in the
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collector circuits This is how we get a current gain in the transistor,
A small base current will produce a large collector currente

This is, of course, an oversimplified picture but it does
serve as an illustration of the transistor mechanism.

With the above introduction we will go into equivalent circuits

in the second lecture., @

Donald J. Eckl /

DJE/md
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. Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Lexington, Massachusetts

Subject: TRANSISTOR CIRCUITS COURSE
NUMBER 2, EQUIVALENT CIRCUITS OF TRANSISTORS

Tos Distribution List
Fromg Donald J. Eckl
Date: August 1, 1955

Approveds Mﬁ
David R. Brown

Abstract: A number of different equivalent circuits are used to repre-
sent the transistor and an understanding of these is impera-
tive to the circuit designer. The open=-circuit impedance
representation, the equivalent-T representation, and the
hybrid representation are all commonly used., An important
modification of the standard T-circuit was made by J. M. Early,
A n=variation of this has proven useful for surface=barrier
transistors,

. 1.0 Open-Circuit Impedance Representation of a Transistor

Suppose we consider the transistor as a four-terminal device
as shown below in Fig, 1. The transistor can be represented as a

a)

Fie. 1
I— —1I.
+ oF—— sty A
Y' ___o""
e Q* —
. This document is issued for internal distribution and use only by and for Lin- The research reported in this document ted
coln Laboratory personnel. It should not be given or shown to any other in- jointly by the g:partment of the A::\y‘."t;e'“lp):;:r:-
dividuals or groups without express authorization. It may not be reproduced ment of the Navy, and the Department of the Air Force

in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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"black box" with input and output currents and voltages as specified,
& general representation of such a black box is given in Fig, 2 with the
circuit equations written below,

x Ly
S o +
+ (=)
T /2/1 /Lzz T
V e + \/7.
' /ZI?. IL - /ZZII|
| !
- O )
FIG.2 = FOUR TERMINAL NETWORK
Vy =Ly ¢ 1ol ()
Vy = rnly # Tpols (2)

‘:? can express the coefficients of the currents by the following deriva-
ives:

V, A

/e
‘AT, const S I T cowst

s
s

2|

QV,
/2'/).' Oa ik

_6_3['-: % sz.'

I\(‘oMST
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These coefficients r, . are called the open-circuit impedancesof the
transistor since they'are the relations between current and voltage
(i.e. impedance) in equations (1) and (2) if one current is made zero
(i.e0 opena-circuited)° If these impedances are known, then equations
(1) and (2) specify the operation of the transistor and Fig. 2 is an
equivalent circuit. There are, however, other more useful representa-
tions,

2,0 Equivalent-T Representation

Perhaps the most common and generally useful representation
of a transistor is the T-equivalent circuit, This is largely because
it presents a picture readily related to the actual physical construc-
tion of the transistor., The equivalent-T circuit is drawn in Fige 3o
Here the subscripts ¢ and e are used for collector and emitter.
Equations (3) and (L) represent the circuit,

P16 A Ty

1SRN
(=

+ t
A
A A
v {

= O —— —_— —

ve = (re -4 rb)Ie - rb Ic (3)

(arc + rb)Ie + (rc + rb)Ic (L)
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If we now rewrite (1) and (2) with new subscripts we gets

a la
V, = v I, TpT, (1a)

= 2a

vc r21:[e ¢ x“22]:0 (22)
Comparing the two sets of equations above gives the following relations
between the equivalent-T impedances and the open-circuit impedances:

= L 2
1‘11 re rb
= T

o ¢ b

r

" Wt e

X9y T Tt A,

These quantities can be expressed by the derivatives given before and,
in particular, the base and collector resistances are given by:

oV,

Te ™ I'22 > d 4 I const
(] e

3 %

» . T DL 1

c e const

Suppose we consider equation (2a) and take derivatives:
avc Bel éIe ¥ Taa aIc°
Now keep Vc constant and we get
0=ry 61e ¢ 0 ST .
o - 610 & 1‘21 - arc * rb (5)
Qe |V, Too b Rl

Let us now define this quantity as

a = short-circuit current gain,

The "short-circuit® part of the definition arises from the requirement
that V_ be constant (or zero).

"
&
w

1,

¢ const
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It is now necessary to redesignate the previous a in the ‘equivalent
circuit by the symbol a for "alpha, equivalent circuit",

ar -+
Then as= _.e__c_——lllva
2 r 4 Lol ¥

e b
r

b

or, & ~6r 1 - a)

c

The two quantities @ and a_ are very nearly equal and are quite of ten
used indiscriminately, but §t should be kept in mind that they are
different,

Tt is possible to convert the current generator in the
equivalent-T to a voltage generator as shown in Fig. 3a.

o T,
-+

N

3,0 Hybrid Parameters

These are another set of transistor parameters which are used
extensively in small signal work and increasingly of late in specifica-
tions, They are called hybrid because they make use of both current
and voltage as independent and dependent variables, The equivalent
circuit in terms of the hybrid parameters is shown in Fig. L.
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L
Faory | ot

[
\%g + 'q{zz 12" € \/
L

-

FIG.4 - EQUIVALENT CIlRCUIT USING
HYBRID PARAMETERS

ve " h11 Ie * h12vc (6)
I, =hy I +h,V (7)
From equation (6) we can see by making Vc = 0 that,

h11 = ghort=-circuit input impedance

Consider this in terms of open=-circuit impedances as shown belows:
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From the collector circuit,

r2lIe
22
P Toel
S, the emitter generator = r., I A22le
127¢ r22
p S
12:21
2V =r. I « —=1I
= 117e Toy €

Thus the short-circuit input_ impedance,

A - -
My =%y S
or hj, =T, ¢ rb(l -a)e (8)

The short=circuit input impedance is also often expressed as l/g11 where
811 is the short-circuit input conductance.

By making I_ = 0 in equation (6) we see that,

h21 = open=circuit feedback parameter,

In terms of open circuit impedanceswe can calculate this as follows:s

%

2

i

f

¢
l
O—

v
c

22

From the collector circuit, Ic o
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o vc
.~ the emitter generator, r12Ic e o
22
T
% _Flg Ve
g 22

Thus, the open=circuit feedback parameter,

g
h12 Too
T
b
” h12 & L R A (9)

This quantity, the fraction of the collector voltage appearing at the
open=circuited emitter, is also referred to as p_ . By setting V. =0
in equation (7) we find h 1= short=circuit tran&fer function, s
From the open-circuit impedance representation we get,

—ﬁ
I,
e~ Sm— —)
rle
In the collector circuit I = - - °
c r22

S, the short-circuit transfer function,

h = = -r_2_]-', = - _____aerc : rb = a
21 Too r o+
h, = -a, (10)

By setting'Ie = 0 in equation (7) we get h22 = open-circuit output
admittance, This is just 1/%220

1

T+ rc' (1)

:. h22 = 1/1'22 =
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We can therefore redraw the circuit in Fig. i representing the hybrid
parameters as followss

N o

/f "
\/E 0. A dl—g

!
|

o ’ -

FIG. S - EQUIVALENT CIRCUIT FOR
HYBRID PARAMETERS

/ﬁ'" g y@u ’ﬁ‘zl el &
‘R'z g e /K” % %Lu.
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L0 Early Modification of Equivalent Circuit

The measured values of r were found to be 1 or 2 MQ) y which
is considerably below the theoreti®al value predicted for the.equ?valentJT
circuit, Jo M. Early of BTL resolved this difficulty by considering the
change in collector space=charge width with collector voltage (now
referred to as the "Early effect®), If we consider the potential diagram
in Fig, 6 we see that as the collector voltage increases the effective
base width decreases.

EMITTER |BASE| CoLLECTOR
: l
| | f
T | ' COLLECTOR VOLTAGE
PoTENTIAL ( :
l
I
l
l
|
' : v
e
EFFECTIVE ‘
BASE wIDTH |

SPACE CHARGE REGION

FIG.6 = SPACE CHRARGE WIDENING
CAUSING RASE WIDTH TO DECREASE.

The effect of decreasing the base width is twofold: a decrease in hole=
current loss by recombination of holes and electrons; and a decrease in
the base impedance to hole injection by the emitter, Both of these
factors tend to increase a; the current gain, Now, the open-circuit
collector conductance;

Thus; the low value of collector resistance is the direct result of space-
charge widening or Early effect, The decrease in base width also causes
an increase in base resistance but this is normally small,
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The various effects mentioned above can be represented by the
equivalent circuit below, The space-charge variation produces the
collector resistance 1/gc and the emitter voltage generator,

xTg

R e L
¢ s

+— ll/ :
BT —\/[ —
/z*’z . / C

FIG. T - EARLY-MODIFIED EQUIVALENT
CIRCU IT.

ﬁowever, ?t is desirable to eliminate the voltage-dependent generator
in the emitter., Doing this gives the equivalent circuit of Fig. 8.
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The parameters in Fig. 8 are related to the previous parameters by the
relationss

()

o R

! o £ + t P k.T - 13a
H R R TR Y ol
ru = spreading resistance.
The feedb kb ameter .k QOu _ 25 Quw_
e feedback par e h12 T ESWK; - E Pt

where w = effective base width,
Note that at low frequencies,
]
3, =T * Byt
(]
while at high frequencies Ty is shunted by Cc and,
]
zbarb.

Typical values for the parameters shown in Fig. 8 are the following for a
pnp audio transistors

r; = 300£2 .
h,, = hx 107"
r, =1 M2,
C, = L0 puf
& = .98
rgfs hy T, = b x 10-h x 106 = 4oo L2,

At any frequency where «C > g the effective base resistance is r'. For
the above transistor this frgquency is b

10 x 2n £C = -

Ec

f= TOnE = JJOKC.

5.0 Equivalent Circuit for SBT

A final equivalent circuit worthy of note is a n-equivalent
proposed by Philco as a characterization of the surface=barrier
transistor, This is shown in Fig., 9¢ The parameter values are related
to those previously given by the expressions belows
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/ZS
—— ANNVW—
T,
—_—
oW A0
/ld,
FIG.Q - SRT EX@UIVALENT CIRCVIT
By -ETI-G— -r; + (1-a) h,,T, o
“ ()
r .= rd °
s h12

The various parameters required for these equivalent circuits can be

obtained from sets of characteristic c

the next lecture,
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Lexington 73, Massachusetts

Subject: TRANSISTOR CIRCUITS COURSE. NUMBER 3. CHARACTERISTIC CURVES.

Tos Distribution List
From: D, J. Eckl
Date: i August 1955

Approved: %25
. R. Brown

Abstractt The equivalent-T parameters can be obtained from the charac-
teristic curves of the transistor. The collector or rpg
characteristics provide values of r, andX. The base
characteristics give . The grounded emitter curves are in

eneral more useful since they are modified by the factor
1-8) in such a way as to bring out the properties of the
transistor in magnified form. Punch-through and avalanche
voltages are readily illustrated. In general, for switching
applications these curves are more useful in specifying the

. over-all quality of the transistor than they are for ciresis design.

This would not necessarily be the case in amplifier design,
however,

1.0 Grounded-Base Collector (rop) Characteristics.

In Fig. 1 a typical pnp junction collector-characteristic
family is shown. This is a plot of collector (or output) voltage
against collector current for different values of I,. There are three
general regions into which the characteristics are divided as shown:
Cutoff, Active, Saturation. These are also frequently referred to as
Regions I, II, and III. In the Off Region, I € O and both emitter and
collector are high impedances. In the active reﬁion I¢ > 0 and r, is
high. This is the normal operating region for ransistor. The
emitter is a low impedance. In the saturation region both r, and Ts
are low impedances.

Figure 2 shows the complete set of characteristics with the
important parameters indicated. The slope of the curves,

Qv

= Tc + I'p A Te
aIc I,

This document is issued for internal distribution and use only by and for Lin- The research reported in this document was supported
coln Laboratory personnel. It should not be given or shown to any other in- Jointly \:Lm Department of the Army, the Depart-
dividuals or &rwn without express authorisation. It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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SLOPE =
e . A
‘ SEPARATIO
IS MEASURE
ofF ¢

\/ :
AVAL _\/C.b

CoLLECTOR RPBREAKDOWN VYOLTAGE

FIG. 2 coLLecToR CHARACTERISTICS.
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In both the saturation region and the avalanche region the value of r,
is low. The avalanche voltage V,,,1 which is the maximum collector-
to-base voltage will be discussed later. The spacing of the curves is

a measure of & since
AL
AQle

Iso is the cutoff leakage collector current. Note also that the col-
lector voltage must go positive to saturate the transistor.

vc=0(°

2,0 Grounded-Base T2 Characteristics.

The base or ryp characteristics are shown in Fig. 3.

Ny

HEAVY REGION
IS ACTIVE REGION _./

I

FIG.3 - BASE CHARACTERISTICS .

The slope of these curves is

ST
ok

. = Tp T g+ hyore.
e
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Thus in the saturation region where r, becomes small the value of ry
becomes smaller than the active 1. in the avalanche region where r
becomes low the base resistance will be low as shown by the dotted lines.

3.0 The Grounded-Emitter Circuit.

Suppose we consider the equivalent-T circuit with the emitter
grounded as shown in Fig. L.

XL¢

Ib_—b e I

. e T
\/bs /2£ \ics

FIG. 4 - GND-EMITTER EQUIVALENT-T.

The current-voltage relations are:

Vee = Telp + XTI gre + (redre)Ic.

B'ut’ Ie = -Ib "'Ico

o Vog = (O )R, * [re + (1-001:?] y

‘ The grounded-emitter parameters are the following:
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M w rptre.

ryp, = Teo

1, = Te- [\
22, = re#r (1= X).

The grounded-emitter short-circuit current gain is,

b 1 Olr -r
e ™ oo () P

rp2e  (1-(retre

We can now draw an equivalent circuit for the grounded emitter configu-
ration in terms of I, the input curremt. This is shown in Fig._ 5.

&

FIG. §- GROUNDED-EMITTER EQUIVALENT-T.
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The grounded-emitter collector capacity can be evaluated by considering
the collector impedance

Z, would enter into all expressions above in the same way as r, and
would therefore be multiplied by (1-00) in the grounded-emitter circuit.
This would give

3 '= gc o+ jﬁ\ C
Zo(1-0 1~k (1- 00

Therefore the capacity is effectively multiplied by the factor (1/y~e)
which means an increase of 9-50 times.

A more rigorous treatment can be made using the circuit of
Fig. 6. The equations given are straight forward. Small letters denote
internal currents.

We would like to obtain a relationship for collector-voltage rise in
terms of external currents and Cee

iC = Pi‘bo

I-b i‘b + ixo
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Ic = ic o ixo
2 e 1%
B -Cc Ti? since the collector voltage
appears largely across the collector junction and therefore across Cg.
dav
LI = PN - gl 8
* "¢ Pib ¢ T4t
dav
I, = I, - i) + C, —&.
c ﬁ( b lx) Ry
dav dv
c @ b c dt) 5

av dv
. =« R4 RO, —=¢ C, =B
c @b @c dat  © at
av
¢ (1+(3)__°= I -(31b.
C dt Cc
or Ve - _Ie- BTy el -
3

. dt cc(1+(5) 07(1- 8

Thus the collector capacity is effectively multiplied by the factor
%1 ) in the grounded-emitter configuration.

.0 Grounded-Emitter Collector Characteristics.

The grounded-emitter output characteristics are shown in
Fig. 7. These are curves of V., against Ic for various values of Ib.
The slopes of the curves are
évce

oL

The separation between the curves is a measure of the current gain, that

is,
oL =1=(3.
T, T

= rc(l-OU.
Ty
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INVERTED
CHARACTERISTICS

st 8

SEPARATION
PvETO EARLY
EFFECT —>

m=1
7 ,
AVALANCHE j; = +I;° /
? /
e
R *
b e

FIG 7. - GROUNDED-EMITTER OUTPUT
CHARACTERISTICS
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We have already seen that the Early effect causes o€ to in-
crease with collector voltage. This appears in the grounded-emitter
curves as a widening at higher voltages.

The leakage current is now I, . The grounded-base leak-
1-%

age current I, will appear for a positive base current equal to I;,.

The inverse characteristics are obtained in the first quadrant
by using a positive collector voltage. The collector acts as an emitter
in this region.

5,0 Avalanche Breakdown.

In the collector space charge region there is an electric
field which accelerates the minority carriers towards the collector.
As the collector voltage is increased it is possible for a carrier to
gain sufficient energy from the field to produce secondary carriers.

A multiplication ratio m can be defined as the ratio of total carriers
to primary carriers. We can then define the current gain X as

O = n oy,

Where O(o is the low voltage“. In the grounded-base configuration
when m = OO the current gain becomes infinite and the collector breaks
down. This is somewhat similar to an ionization breakdown in a gas.
The breakdown voltage is shown as V, .4 in Figure 2.

In the grounded-emitter configuration, however, the current
gain is given by,

B

Therefore, breakdown occurs at the point where m()(a = 1 which will be
at a much lower voltage.

6.0 Punch-Through Voltage.

In some cases, particularly in narrow base, high frequency
transistors, the emitter-collector impedance breaks down for another
reason before avalanche occurs. This type of breakdown is known as
punch through. We have already discussed how the space charge region
at the collector causef§ the base region to become narrower. As Vc




‘ Memorandum 6M-3800 Page 11 of 13

EMITTER BASE CoLLECTOR

o c— — — — —

——CHANGING POTENTIAL
OCCLURsS (N SPACE -CHARGE
REGs1ON .

OTENTIAL
g {\/Paucn TA@0

FIG.8 - PuNCH- THROVGH VOLTAGE

increases the space charge region increases and base width decreases.
Eventually a collector voltage is reached where the space charge region
extends to the emitter. This is the punch-through voltage. Beyond
this point the collector-emitter impedance is low and emitter voltage
follows collector voltage.

7.0 Grounded-emitter r1p Characteristics,

These characteristics are shown in Fig. 9.
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The slopes of these curves give rg.

V kT
6 b = re = - (1_ u)hlzrc.
IC Ib qu

In the saturation region where r, is small the curves are approximately
the theoretical 2% oms. In the active region the value is less.
e

The next part of this series will cover grounded-base, grounded-
emitter, and grounded-collector amplifiers,

Signed: pa g‘ M
D.¥J. Eckl

DJE/dg



Memorandum &1-3800 Page 13 of 13
Distribution:

R. Best B=129 B. Hudson D=243
N. Ockene B-1l41 V. Tessari D=2)43
E. Glover B-1l1 L. Jedynak 10-397
D. Shansky B-135 F. Sarles B=170
W. Santelman B-135 M, Cerier 10=397
B. Barrett B-135 G. Davidson B-170
'D. Zopatti B-135 P, Griffith 10-397
J. Schallerer B-186 K. Konkle B=-147
M. Epstein 10-397 T. H. Meisling B-181
M. Hudson C-309 D, R. Brown C-139
J. Theriault C-309 K. H. Olsen B-191-A
J. Pugh B-181 B. Freeman B-147
B. Hughes B-191 P. Fergus B-171-A
B. Burke B=-171 Jo Woolf B-132
Lt. Sokal B-309-H Ho Zieman B-132
S. Bradspies B-170 W. Ayer B-122
R. Sawyer B-191 C. T. Kirk B-147
J. Fadiman B-191-A E. U. Cohler B-147
D. Parfenuk B-191 J. Raffel B=170
J. Forgie C-~1l1 R. Gloor B=-171
N. Daggett C-1l1 P. White B-171

M. Petersen 10-397



[P AZ A e

= <
Cee

e

Memorandum 6M-3805 Page 1 of 8

Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUBJECT: MOD III CURRENT CALIBRATOR

To: D, R, Brown
From: R; L. Pacl, Jr.
Date: Augu;t 9,\1955

Approved: WY *\ \/li W

~ Je B. Goodenough

Abstract: The Mod III Current Calibrator is a rack panel unit of test
equipment designed to measure amplitudes up to 10 volts of
pulses having a duration of at least two microseconds. Pulses
from a low impedance source (less than 100 ohms) can be measured
with a total error of less than .25 percent without any special
precautions,

Introduction

The Mod IIT Current Calibrator represents an improved null-
type circuit “or more accurately measuring the instantaneous voltage of
recurrent waveforms having negligible change of voltage during the time
the Calibrator is gated "on"., This is particularly useful for rectangular
pulses, but equally applicable for other waveforms, down to and including
direct current. Besides increased accuracy, one of its major advantages
is the fact that as a null-type instrument, the operation is simplified to
nulling the output square-wave signal displayed on the scope and reading a
Helipot dial (which is calibrated in volts.) This is desirable from an
operational viewpoint.

Block Diagram

Figure 1 shows the block diagram of the Calibrator. The
components not enclosed by the dotted line are external to the unit.

#The basic idea was hashed out by R, Pacl and J. Childress.

This document is issued for internal distribution and use only by and for Lin- The research reported in this d t

coln Laboratory personnel. It should not be given or shown to any other in- jointly by the g:partment o; :::::ly‘.’.t;: “Il;ep;::?
dividuals or groups vi_thnut express luth‘orinﬁm. It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No. AF 19(122)-458.
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Fig. 1
ﬂ Pulse 1 € 4J ﬂ Pulse 2
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‘ | IPulse 9
‘l' 1 2

The trigger is derived from some pulse synchronized with the waveform to

be calibrated., The Gate and Delay Pulse Generator and Delay Line Panel are
both Burroughs units. The Flip-Flop is the Mod II MTC Hi-Speed type. The
input and output signals of the various units are shown in Fig. 1, beginning
with the trigger signal (PUISE 1) which is arbitrarily assumed to begin at
time t=0., This drives the Gate and Delay Pulse Generator whose function

is to provide an output (PULSE 2) delayed by a time t.,, variable from 2 to
80,000 p seconds, PULSE 2 simultaneously sets the Fl%p-Flop and drives the
Delay Line Panel. The latter generates a signal (PULSE 3) which is used to
re-set the Flip-Flop after a time interval, t,, variable from 05 to 1.9

i seconds with respect to t,. These three ungts in toto provide a gating
signal (PULSE lj) whose init}ation and duration are chosen according to the
pulse to be calibrated, Cathode Follower , transforms the high impedance
output of the Flip-Flop to a low impedance capable of gating the Differential

Amplifier,

The Input pulse (PULSE 6) has been drawn arbitrarily as a
negative (referred to ground) rectangular pulse having a constant amplitude.
A1l that is actually required is that the amplitude remain essentially
constant between t. and t,, which time corresponds to the gating of the
Differential AmpliTier., e d-c Null in series with the signal provides
an accurately known d-c voltage of polarity opposite to but of magnitude
the samg as the Input pulse. In consequence, the Differential Amplifier
sees two ground levels when it is gated on, one being the addition of

‘ bucking voltages (PULSE 7) and the other a natural ground reference. The
output of the Differential Amplifier (PUISES 8 & 9) is converted from high
impedance to low impedance by Cathode Follower.. The output transformer
provides voltage amplification and a single-enfled output which is displayed

on a scope.
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Controls and Operation

KA1l controls, adjustments, replacements and connections are
located on the front panel (see Fig., 2) with the exception of the power
cable and output transformer., The flip-flop is mounted at the upper left-
hand corner, and the set and output connections made by BNC connectors.
The three remaining BNC connectors are labelled as follows:

OUT - The output from the pulse transformer to the scope,

GATE -~ The input to cathode follower from the flip-flop output.

IN = The input to the difference amplifier grid through the
d=c Null c¢ircuit for the pulse to be calibrated.

Reading from left to right along the bottom of the panel, the controls read:

BAL, = A pushbutton switch which grounds the difference amplifier
input grid.
POL, - A two position toggle switch which reverses the polarity
of the d=c. voltage in series with the input signal.
BAL, AMP, - A 10=turn Helipot which is used to balance the
difference amplifier prior to measuring the input
pulse.

Above the BAL. AMP, control is a large Helipot dial marked

CALIBRATE - A 10-turn Helipot reading 10 volts at maximum
clockwise position, indicating the magnitude of the

input pulse at null,
To the right of the CALIBRATE dial is a screw driver adjustment marked

ZERO GALV, - A potentiometer which is turned to give a zero
reading on the galvanometer.

Next comes the galvanometer, In the upper right-hand corner of the panel
is a switch marked

ON-OFF - A toggle switch controlling the B+, filament voltage
and protective relay.

At the bottom right-hand corner is a switch marked

GALV. SENS, OFF-LO=HI - A lever type switch connected with the
ZERO GALV, potentiometer, which sets
10 volts across the CALIBRATE Helipot

when the galvanometer is zeroed.
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The cover plate under the galvanometer houses the dry cells, and the
mercury standard cells, Before discussing the operation of the calibrator,
there are a few precautions which should be observed, NEVER push the
galvanometer sensitivity switch through the LO to HI range without stopping
to observe the deflection of the galvanometer in the LO position, If the
deflection is more than 2 divisions off zero, readjust the ZERO ADJ control
to bring the galvanometer to zero, If this doesn't succeed, there is either
something wrong or the batteries have deteriorated. NEVER remove any batter-
ies and press the GALV SENS switch, Failure to observe these precautions
may ruin the galvanometer movement, The remainder of the controls may be
adjusted at random by knob-twiddlers without hazard to person or property,

The first step in setting up the calibrator is obviously to
connect the power cable to the male plug on the back of the panel, The
ON-OFF switch applies B* and filament voltage to the calibrator; and also
energizes the relay which switches in the batteries. If the galvanometer
is zero-adjusted immediately, a drift will be noticed upon subsequent checking.
This is due to the fact that the batteries used in the d-c NULL circuit
gradually polarize after the load is applied with a concommitant decrease in
terminal voltage., This will necessitate frequent rechecking and zero-
adjustment until a steady state is reached., It is advisable to check the
galvanometer zero immediately prior to using the calibrator in order to
minimize any error due to voltage drift.

The Flip-Flop O OUT is normally connected to the GATE input with
a short cable, This requires that the output from the Gate and Delay Pulse
Generator be connected to the SET 1 Flip-Flop input, and the output from the
Delay Line Panel to the SET O Flip-Flop input, (c.f. Fig. 1), The Delay
Line Panel determines the duration of the gating pulse and for input pulses
longer than 3 or l y seconds, should be set for maximum delay (1.9 p seconds)
or as long as is necessary to minimize the transient portion of the null
output, The Gate and Delay Pulse Generator is set to provide the desired
delay between the initiation of the input pulse and the gating pulse., For
short input pulses, (less than 3 seconds§ it may be necessary to replace
the Gate and Delay Pulse Generator with a Delay Line Panel to provide a
shorter minimum delay, The two remaining connections, IN and OUT, are
connected respectively to the input pulse source and the scope. In the
event that maximum accuracy:is required, it must be borne in mind that even
with low-impedance voltage sources, the shunting effect of the calibrator
is not entirely negligible, At present, it presents a complex impedance
which is essentially resistive for pulses of short duration, The magnitude
of this resistive component is approximately 5K but depends on the CALIBRATE
setting, For lower frequencies the quadrature component is capacitivu.and
in series with the 5K, For use with Core Drivers, it is customary to insert
a known resistance in series with the core and measure the IR drop across it.
To facilitate conversion of voltage to current, integral values of resistance
are used, particularly 5, 10 and 20 olms., By using fctual re§istances of
5,005, 10,02 and 20,08 ohms, the shunting of the callbratoruw1ll'reduco‘these
values to 5, 10 and 20 ohms, respectively, Since these calibrating resistances
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must be checked on a bridge anyhow, this induces no hardship. With
regard to the output, any scope having a bandpass of several megacycles
will suffice, Since the pulse and gating transients which occur in the
output are unwanted signals, it is not particularly advantageous to
display them undistorted. The bandpass and transient response should be
good enough to show a clearly defined null, however. The Tektronix 51k
functions satisfactorily as a null detector,

The pushbutton switch marked BAL is used in conjunction with
the BAL, AMP, control to set the null on the scope initially. This
functions to balance the differential amplifier by grounding the input
grid and shifting the bias on the reference grid. After a null has been
obtained, the BAL. AMP, control should be locked in position and not dis-
turbed until the Differential Amplifier is rebalanced. The stability of
the Differential Amplifier depends upon a number of factors, viz., the
length of the warm=up time, the d-c mains, the mechanical shock to which
the calibrator may be subjected, and the characteristics of the particular
tubes used, It is advisable to check the balance immediately prior and
subsequent to calibrating the input pulse., This offers no guarantee that
the balance won'’t shift during use, but it is reasonable to assume this if
the balance shows no change.

The POL. switch indicates the polarity of the d-c voltage in
series with the pulse, Hence, the reading will be opposite to the polarity
of the incoming pulse, ,

: The CALIBRATE control is a 10 turn Helipot with a linearity of
+05 percent of maximum output voltage. In order to achieve maximum accuracy,
it is necessary to use the Helipot near maximum resistance, i. e., to -cali-
brate voltages on the order of 10 volts, In the event that smaller voltages
must be calibrated and accuracy cannot be sacrificed, two possibilities
present themselves, The circuitry could be revised to give lower full-

scale voltages, say 5, 2, or 1, or the calibrator could be checked against

a K=2 potentiometer, The former possibility will be discussed under Circuit.
The latter, tho more tedious, has much to commend it, The K-2 can be used
for checking the linearity over the whole range; and a calibration chart -
drawn up to cover some or all of the range. Since the K=2's range is

limited to 1.6 volts, it would be necessary to add standard cells in series
for higher CALIBRATE voltages, This method has two advantages, in that the
accuracy of the K-2 is very good, and one calibrator could be used to cover
a greater range with greater accuracy. However, the resolution at the

lower end of the dial is not as good percentage-wise, i.e., a fixed resolu-
tion error of say 1 division would be .1 percent at full scale, but 1 per-
cent at one-tenth of full scale.

The ZERO GALV. control, the galvanometer, and the GALY SENS.
switch are all part of the d-c NULL (ef, Fig, 1) circuit, which is basically
a potentiometer, (See CIRCUIT). The ZERO ADJ control determines the magnitude
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of the voltage appearing across the CALIBRATE Helipot such that 10,001,005
volts will appear across the Helipot when the galvanometer reads zero with
the GALV SENS switch in the HI position (maximum sensitivity) .

The removable cover encloses the batteries used in the potentiometer
circuit, The larger taped unit consists of 8 Burgess 5R dry cells, series
connected to give 12 V., The phenolic cylinder in the lower right-hand corner
of the box houses 8 Mallory RMIR Mercury cells used for the standardizing
voltage, NOTE: The case of the RMIR is positive, and must be inserted with
the case contacting the rear terminal., Failure to observe this precaution
could result in damage to the cells and galvanometer,

The remaining dry cell is used in the amplifier balancing circuit.
(See CIRCUIT),

Disglgz

The 51k Tektronix scope used to display the output was operated
at maximum sensitivity, viz., 30 mv/cm. When the calibrator has been nulled,
the output appears as a small hump of arbitrary polarity, followed by a
gently sloping line and another hump of polarity opposite to the first one,
The humps are due to the common-mode component of the output, caused by the
gating pulse, The output transformer removes a large part of this but not
all,

As the display gradually moves off null, the gently sloping
portion goes either positive or negative., The humps are simultaneously
distorted and as the off-null signal is increased, they soon lose their
identity.

The hﬁmps may be rendered symmetrical by adjustment of the trimmer
capacitors C, and C_ in the plate circuit of Véo This helps somewhat in
nulling the galibra or,

Circuit

The Burroughs units are described in R-215, The Flip-Flop used
in the calibrator is the MTC Flip-Flop Mod II. The circuit schematic is
shown in Fig, . It is triggered by a positive .1 p second input pulse of
between 20 and LO volts amplitude. The output levels are + 10 and - 30 V.
For further information, the reader is referred to page 18 of the Plug-In

Manual and Engineering Note E=543,

- The output of the Flip-Flop is a-c coupled to V1, both sections
paralleled, The cathodes are normally +25 volts, cutting V-2 off, The
negative pulse from the Flip-Flop cuts V1 off, permitting the cathodesaof
V2 to drop to equilibrium bias, With the BAL switch depressed, the grid

=]




Memorandum 6M-3805 Page 7 of 8

of V2A is held at ground, and the bias on the grid of V2B is varied

by the BAL AMP control to give a null, Irrespective of the

inequalities between the two sections; the important point is that with

the grid of V2A at ground, the output is zero., If the BAL switch is

released, and the input pulse balanced by the CALIBRATE control to produce

a null, then we may assume that the grid of V2A is again at ground, and

that the algebraic sum of the input pulse and the d-c NULL is zero, or

their magnitudes are equal, The outputs of V2A and V2B are coupled to

the cathode followers V3A and V3B, The differential output of the cathode
followers is amplified and converted to a single ended output by the out-

put transformer T., This transformer utilizes a Ferramic H core (1/4 1D x .
5/8 0D x 3/8 HIGHfcoated with silver conducting paint as an interwinding '
shield to provide electrostatic shielding. (See Parts List). The common

mode component of the signal would otherwise couple capacitively into the

scope and swamp the null signal because of its magnitude.

There are transients in the null signal which arise because of
the assymmetry of the two halves of the Differential Amplifier and Cathode
Follower,. The amount of effort required to render both halves symmetrical
would be“prohibitive, The addition of the two trimmer capacitors in the
plates of V2 represents a minimum attempt, In some instances, they have
caused considerable transient reduction by careful balancing.

Decoupling filters are used in all voltage leads to reduce the
effect of line transients. There has been no evidence of trouble in this

respect,

The potentiometer circuit is typical. The CALIBRATE Helipot is
carefully measured on a Wheatstone Bridge and a series resistor (R1l), wound
to this value multiplied by 0,0836., The current through them is adjusted
for a voltage drop of 10,836 volts, 10,000 of which appear across the
Helipot., This voltage is compared with the 10,836 volts developed by the
mercury cells, which can be initially calibrated within .01 percent and
which will retain their calibration within .05 percent over a period of
several months, Since essentially no load is placed upon the mereury cells,
their voltage will remain relatively constant independent of temperature.
(The output will be 10,836%,002 from 60° to 1009F,) The galvanometer will
easily resolve 1 millivolt, or .Ol percent of the voltage across the Helipot.

It will be noticed that the output of the potentiometer is not
applied directly in series with the input pulse, but rather transferred to
a capacitor through two isolating resistors. This has a dual function., It
permits bypassing the potentiometer to ground, thereby eliminating the
shielding which would otherwise be required and it reduces the capacitive
shunt load on the pulse source.

There are a number of circuit modifications which suggest them-
selves in the interest of greater accuracy. For smaller pulse amplitudes,
a lower resistance Helipot could be used in series with a fixed resistor
to replace the standard 10K Helipot. This could be done as a physical 4
replacement, or the Helipots could be ganged together and alternately switched
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into the circuit, The feasibility of ganging more than two Helipots is
open to conjecture, It would also be possible to devise a switching
arrangement similar to the one used in the Deka-Pot., This would involve
switching the Helipot into various positions in a decade attenuator, the
first significant figure of the reading being determined by the position
occupied in the attenuator, Needless to say, the most obvious method of
obtaining greater accuracy is to obtain better Helipots. This can be done,
but the best linearity available would only result in an improvement of
200 percent. The use of a decade-switching attenuator with the present
Helipot would result in 1000 percent improvement, at substantially reduced
cost,

Conclusion

The over-all accuracy was stated to be better than .25 percent,
This assumes that the calibrator is used for voltages in excess of 5 volts,
or the upper half of the dial, At the 5 volt setting, the possible error
in the Helipot would induce at most .l percent error, The drift of the
mercury cells, the sensitivity of the galvanometer and the resolution of
the scope could all contribute another .07 percent independent of the Helipot
setting, It should be pointed out, however, that for smaller pulses, the
scope resolution occupies a greater proportion of the error.

For high impedance voltage sources, the resistive and capacitive
shunting may introduce an error, but the resistive portion can be calculated
and compensated for,

If accuracy were paramount, it would be possible to halve the 25
percent error previously quoted, but this would require several modifications
as well as the utmost care in calibration and operation,

Wz % i 4

Robert A. Pacl, Jr.

RAP:m

Distributions Group 63 Staff

Drawings: A-62286, Fig. 2
A-61569, Fig. 3
A-55281, Fig, L
A-61571, Parts List




FIG. 2
CURRENT CALIBRATOR

MOD IIT




| C-61569 |

/0.836V

ORY CELLS (HG)

|| |
K/ _I ” Se]
Al LEVER SW.
6.3v R T G SR AR M e LS IR 7 L K e MR S R R Y T, T el SPRING RETURN
1 7
e il :427#:5
spor /6000 wm gl
» == DRY cELLS t5%
BAL. HELIPOT qmmma
I »
16
R22
Fo6 "%Z”,;’ 2500 &
= ew, ww
*5%
\/\/\/—l
g ——» r/50v
- R10 e o R 23
/51 T o047 s60
K1 880 e 1500
5%
e Wi W
AN gr
FIL PLATES > cs i
¥ 5-50|.5-50 |v g
¥ b I~ o.o/
~ i iy 2 PR NOTES:
: I. UNLESS OTHERWISE SPECIFIED :
A RESISTORS ARE IN OHMS IW 21%
e M3 O p: DEP. CARBON,OTHERS ARE |W COMP
i e 6 5965 8.CAPACITORS ARE IN MICROFARADS.
200v - ¢ ? =N C.CONNECTORS ARE JAN UG-625/v
e = =i 2.*RI=.0836 X MEASURED RESISTANCE
A A OF THE HELIPOT ? 0.25 %
E) 1o |
25v
. % N
N T
> +* > fo) ’ d
cz;vr,r,g” =
Y o C\a -
2000
€3 e é o[~z R29
0.47 cU o GRS e g r26 O R28 Li-h
) i B al =, a7 1600 1800
TV\ 0.47 2o0v 0./ M6
w9 RIS > Rzo P
047 Z200 56 o1 MES -r2v
25% 200 5y & R2S cls
5% 300 0.47
x7 e
‘ -
e -15v

FIG.3

CIRCUIT SCHEMATIC

CURRENT

CALIBRATOR MOD.IO




13
—I—c R

IO.(SDI 56,000

NOTE @

I.UNLESS OTHERWISE SPECIFIED:

A.RESISTORS ARE IN OHMS |IWATT £10%.

B.CAPACITORS ARE IN MICROFARADS.

C.CRYSTAL RECTIFIERS ARE SYLVANIA TYPE IN34A,.
2. MIXING DIODES TO BE PLACED EXTERNAL TO FLIP-FLOP.

3.FOR POSITIVE INPUT, INTERCHANGE PINS | AND 2 OF Tl AND T2.

FILAMENT CAToND ‘——l l"—' +l10V
WIRE DATA T 17
__________ e TIBOV ] l C‘Hgsgls
T SEE NOTES'2 N
(21 * ol T 2". .'9 R
-1 — il
40

(&

I—‘—>I2.6V

3

l——."l "out

NEN GG

P
RADIO TERMINAL
6.80 = CONNECTOR #|6824-15
=W CANNON ELEC. CO.
(MALE)

T 55 282

2W £ 5%
CRI
R3 s
VIA 15,000
Lz-2177|h
2 t R24 CT
RII 2 32 Ew 0.01 =
56,000
®
1, ve L
$2-2177 |6 6l|3z-2177 -C2 > Re L
# 5 i o B 10,000
Y T TN MMFD ra2w9 036
= 7
— /. R27 CR8
ot —H44 39 LW -
RB8 RIO R4
|
Zg%l§7% 25;‘:'00% 7500 39,00@% 560
Lw, 5% MMFD -+’,o/ 1% | 2wx59)]
> Aol — ©
c3 b RIS
==ien 6200
TMMFD 1%
Lok S by
IO-OI R16 R23 | C9O DRAWING REFERENCES:
L 100 150_{ 0-0l | AssEMBLY:

2. PARTS LIST:PL-55282

s
o FEL.
ok s '_L_’ C. TAP
" " 9 " “
1" IND «—] = "0" IND
" 12 11}
MC 1" - l_—. mc'o"
—150V —150vVv

—e + 150V

-

o0
[

21
:25

NS
F N
g g

GRADED BY: DATE: THIS IS A GRADFD DRAWING OF *
HIGHEST GRADE APPRGVE D BELOW:

GRADE | 10OR “EFERENCE ONLY
GRADE 11 PRELIMINARY DESIGN

WO,A;. 7MY/ £3 GRADE 111 7ima DESGN
#

MASSA

DEPT. OF ELECTRICAL ENGINEERING—D. I. C. PROJECT NO.6 889

CHUSETTS INSTITUTE OF TECHNOLOGY
DIGITAL COMPUTER LABORATORY

DATE | APPD.

)

PLUG—IN-UNIT MOD IT FLIP-’FLOP,MTC

CIRCUIT SCHEMATIC

SCALE:

[~ RB 7-6-53

— |c8z0lg24:54 JJT

—2 |5732 24580 |

1 sz 9| 50332417

CHG.| CN¢#

gl S

ck. 1-9-93 |appD)-/0-5} B'55 28I

JR—
W gronene tse

D XL (R LR XD

FIG. 4




A-6157I
1. POTTER & BRUMFIELD KRP 11A RELAY, 6 VOLT AC COIL, DPDT CONTINUED.
2. 0.0l ufd, 200V SPRAGUE VITAMIN Q MATCHED PAIR, +1%.
3. 0.47 pfd, 600V SPRAGUE VITAMIN Q SCREW NECK GROUNIED CASE.
4. HELIPOT MODEL A, 10K + 5%, LIN. + 0.05%.
5. R, WOUND BY HAND, MANGANIN WIRE.
6. 12V BATTERY - 8 TYPE SR FLASHLIGET CELLS, SERIES CONN. (BURGESS).
7. 1.5V BATTERY - 1 TYPE SR FLASHLIGHT CELL.
8. 10.836V BATTERY - 8 TYPE RMIR MALLORY MERCURY CELL.
9. 0.5-5.0 puf VARIABLE CAP. ERIE TYPE 532-08-OR5.
10. 0.1 pfd, 200 V SPRAGUE VITAMIN Q.
11. BNC MALE PANEL. MPG. COAXIAL CONN.
12. P.B. SW - LIGHT SPRING SNAP ACTION. MICROSWITCH. COVER CORE COMPLETELY
13. LEVER SW - MALLORY 6143 INDEXING TYPE (EXTERNAL SPRING RETURN). %’ “gi%ml?ll‘g 2
14, METER - 2" SIMPSON 0-25 uAMPS D.C. (CALIBRATED FOR ZERO CENTER). BETWEEN CONDUCTING SURFACE
15. SHIELDED TUBE SOCKETS. ON TOP AND ID.
16. CATHODE FOLLOWER OUTPUT CONNECTED TO PINS 1, 2, CENTER GROUND.
AMPHENOL TYPE T1, 6 PRONG SOCKET.
17. OUTPUT TRANSFORMER - 10 TURNS #30 WIRE PRI. 4O TURNS #32 WIRE SEC.
CORE COVERED WITH SILVER CONDUCTING PAINT AS INDICATED IN SKETCH.
FERRAMIC B MATERIAL 1/4 ID. x 5/8 OD. x 3/8 HIGH.
18. PILOT LITE - PROTRUDING BULB & CAP.

PARTS LIST, CURRENT CALIBRATOR, MOD III
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Abstract: Three usable amplifier configurations exist for the junction
transistor., The grounded-base amplifier has the highest
frequency response., The grounded-emitter has the largest power
gain, The grounded-collector or emitter follower serves as an
impedance transformer much in the way of a vacuum tube cathede
follower, These circuits have many important differences from
their vacuum tube counterparts., An important one is the more
marked effect of source and load impedances on their perform-
ance, Input and output circuits are not iseolated by the tran-
sistor,

1,0 Grounded=base amplifier

Suppose we consider the grounded=base circuit shown in Fig., 1.

FIG. 1 - GROUNDED BASE TRANSISTOR AMPL) FIER

The research reported in this document was supported
jointly by the Department of the Army, the Depart-
ment of the Navy, and the Department of the Air Force
under Air Force Contract No. AF 19(122)-458.

This document is issued for internal distribution and use only by and for Lin-
coln Laboratory personnel. It should not be given or shown to any other in-
dividuals or groups without express authorization. It may not be reproduced
in whole or in part without permission in writing from Lincoln Laboratory.
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The circuit equations are:

L Ie(re + rb) + Iro

0 = Ie(arc + rb) # Ic(rc s 4 RL)°

The determinant is
i (%e * xi) rb ‘

@rctrg (rc&rboRD

or A = rb[:re . rc(1=a) + Ri] + ré(rc # RL)O (1)
AeI_ = |74 o
0 rc 4+ rb 4 RL
i
=~ (rc oty * RL) (2)

AT, = el TR A1
arc s rb 0
&
e Sy o (arc 1 rb) (3)

The voltage gain is given by:

IRy 4 a2 rB)RL.
v, A

G =
4

<

There is no phase inversion in the grounded-base circuit, The current
gain is given byz

Ic “rc o rb

i T: 5 rc . rb 53 RL ;

Note that for a short-circuited output (RL = 0) this is simply a.

The input resistance is R; = vi/Ieo

° R £ mA—-—m.
i rb o Te 5 RL
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r (1-a) + B‘L
(]
or R, =1 4 r °
q. @ b T, + rb & RL

Note that the input resistance depends on the collector load RL°

. . 2 2
The power gain of the circuit is Ic RL/Te Rio

PoGo = A2<%> o

1

This expression shows quite clearly how it is possible to have a power
gain in the grounded-base circuit even though the current gain is less
than unity, The input impedance is of the order of r ¢ r ~-300 O
while the output load may be several thousand ohmsS Ig is the higher
impedance level of the Output circuit which provides the power gain,

To get the output resistance of the grounded-base stage we
mast apply a voltage to the output terminals and calculate Ico

0= (Rg ¥r, 4 rb)Ie #nI,

X™ (ar@ W rb)Ie *-(rb s r@) I,

A = r@(re e, 0-Rg) 4 rb(Rg e arc)o

4 & r
= E(Rg r, Q 0
C

(%r@ + r£> Yo't
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The output resistance is vo/Ico

arcﬁreng

oo Rymry = ny

r ¢4r +¢R
= b g
The output resistance depends on the generator resistance Rgo

If we now make some assumptions about the relative sizes of
the quantities in the above expressions, we can obtain simplified
versions, Assumesz

rc(lwa) D> By DTy Tye

Then, A = rcl:re + rb(l=a)] o

G = @L T °
v r, + rb( = )
A = a
v v (1-a)o
5 Xy rb(l-a) + Rg 3
B ~

o ] re +* Ty * Rg c
Pl = a’Ry,

r, 4T (1l-a)

2,0 Grounded-emitter Amplifier

The grounded-emitter circuit is shown in Fig. 2.
— Vcc

R

F[(,, 20

'L<_°2’ —> 0

]
;
£
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FIG. 2b - GROUNDED- EMITTER AMPLIFIER

o T (Rg +1 0+ re) I+ reIco

o 0

0

arc(mlb o Ic) e (R‘L i IDe) Io
(re - a:rc) Ib - {B‘L 2B A rc(laa)} I
A = rb{re R 4T, (lna)} +r, (rc + R‘L)°

This is,of course, the same as for the grounded-base circuit,
v
e g {re e e )}
v

e &
Ie T(“rc re)°

The voltage gain for the grounded-emitter circuit is

i LRy iy (ar = r )Ry

There is a phase inversion in the output signal. The current gain is
given bys

» Bl TN -
I: rc(l-c) tr_+ R.L
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The input resistance of the grounded emitter circuit is

r +
By = b Wi c1 RLo * >
5 £ e rc( =q ) To RI.

The power gain is

PGy = A2<RL>,
R.

-

In this case A > 1 so the power gain is larger than for the grounded base
circuit,

If the output resistance is calculated as before the result is
R VE OB
g b ¢
elR_+r +1r
g b e

R, = rc(l-a) 4T

If we assume that
rc(l-a) >>RL >>Tes Ty

we obtain the following approximationssz

a = =
v M rb(l-u)
o
A = o
r
e

B - rc(l-c.) oy s Rg
+ T + Rg

b
2
1 a’ Ry

PG, = =) o{re - rb(1‘07}

3,0 Grounded=Collector Amplifier

The grounded-collector amplifier is shown in Figure 3., This
is the transistor equivalent of the cathode-follower and is frequently

referred to as an emitter-follower.
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. | S —

FIG. 3 - GROUNDED - COLLECTOR AMPLIFIER

46

The loop equations ares
v = (r.b + rc) I + rc(laa)Ie
Dl e {RL +T, * rc(l-a)} I
The input or base current is:

5, - g {r0w e r on)

The output current iss
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The voltage gain for the emitter-follower is

IR‘L_rRL

-
A

B
vvi

The current gain is normally greater than unity,

r
C

5 ¢
c
4 T; r (1) +1_+ R o

The input resistance is

r o+ B‘L
Ri’“rb“'r’c r?I)t *
"t i B'.[.
Note that this is approximately RL/l-a which is an order of magnitude
larger than the emitter resistance RLo

The power gain is A.2<;R}=) which is greater than unity because

R
of the A% term, >
The output resistance is given by

) Rg*rb
R =1r ¢«r (l-a
(6] = c R;-trborc

If we make the same assumptions as before;, we obtain the following
approximationss

Gv-l

£ = I:-:-E =B &1l

Ry = By/fi-0)- Byl 4 )
P.Go = 1%3 =pa4l

R =T, ¢ (r, * Rg)(1=a)o

Note that the circuit has a relatively high input resistance and low
output resistance.

A comparison of approximate formulae for the three
configurations is given in Figo L.
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FIGURE L

APPROX, FORMULAE

Grounded-=base

Grounded-emitter

Grounded-collector

ASSUMING
Te (1=~a)>>RL>> Ty sTy EL
O
CURRENT GAIN a o =B+l
-2
POWER GAIN %Ry ( 1 o 3 i RN
T, *# 1, (1) 1 -a)r, ¢ r (l-a) =

INPUT RESISTANCE

I"e & r.b (1:{;)

% -GV

OUTPUT RESISTANCE

re*Rgs& rb( l-a)

(3 re*Rg* rb

r

re (rb + Rg) (1 - é)

VOLTAGE GAIN

ry * T (1=a)
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LO Effect of Load Resistance on Amplifier Performance

In general we are not at liberty to change the internal
transistor parameters given in the previous expressions, We can,
however, vary the load R'L°

Fig. 5 shows the effect of load resistance on current gain
for the 3 amplifiers,

'f‘
CURRENT GND. Cor.
GAIN
LN
I-oL
2 -ﬁ
i=oc
GND. EM.
Flc.5
/(// £
o T T
o LOAD
@L_-_ o RL= /)'C (, -o() e‘_— nc RES ‘Sfﬁh’cs
[

As R'L becomes greater than T all three have a current gain of about

rc/R'E"
The effect of load resistance on input resistance is shown
in Figure., 6.
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!

INPUT

RESISTANCE

R;

GND-coL

Page 11 of 1k

L4

= U
' cno-em >
i e
GND - BASE
/zz *Ab(‘ —M) . é e
o R:A R.= (1o Ri=1e ré'gggmvcls
R —>

The effect of the driving generator impedance on the output impedance
of a transistor stage is shown in Figure 7,
the difference in current and voltage drive on the output impedance,

It is important to note
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5.0 Frequency Response of Transistor Amplifiers

This is a subject which will be treated in more detail later
on, The frequency response of the grounded-base amplifier is due to the
variation in current-gain @ with frequency., This can be expressed
approximately assg

BETEICS
143

where a, is the low frequency & and fca is the frequency at which
a is °7O7a°, This expression is only an approximation and, in fact,

one which is accurate only for f/TcaFEJ‘

The current gain of a grounded-emitter stage is

a
(o}

a
0
2RI
& a

Pooe

- :
34 o l-a +j
T 6T 3] ’ (Tc:>

If we now divide top and bottom by 1 = a, we get

(e /1 -a)
1o 3 F ey
ca (o]
B
or B = 0 T
%3 fcaZI—a°5

Therefore the grounded-emitter stage has a frequency response (l-g )
times that of the grounded-base circuit, This may be 1/10 or less,

The next chapter will discuss temperature stability of

ol L Oéﬂe//)/&

Donald J. Eckl/

DJE/md
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