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Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT:  MAGNETIC CORE SHIFT REGISTER EVALUATOR

To: N. He. Taylor
Frdm: Carl J. Schultz
Date: May 3, 195k

ABSTRACT: The problem of evaluation of magnetic core shift register is
presented from the point of view of minimizing the time
required to determine operating margins. A brief description
of the operation of a shift register is given, together with
the procedure involved in determining the operating margins.
The method of evaluation used in the system is outlined and
an example of the results obtained is shown. No attempt is
made to establish criteria for optimizing shift register
operating margins - that is a judgment which is reserved for
a consideration of the shift register application and
requirements.

A. Introduction

The realization of working magnetic core shift registers in the 100 KC
range has been in the past a product of the art of combining engineering
calculations with intuitively guided experimentation. The determination
of the goodness of the product has been a particularly difficult job of
evaluation because of the large number of variables involved. Every
element in a magnetic core shift register is a factor which affects its
operation, and in order that a useful register be born out of the labor
of almost endless substitutions and time consuming investigations, it
is desirable that a rapid method of experimentation be used. The auto-
matic Evaluator described in this note performs the task of furnishing
operating margins for a particular shift register in a small fraction of
the time that would be required to find the information under the
guidance of a human operatore.

B. Shift Rggister Characteristics

The type of register that is currently being investigated consists of

the elements shown in Fig. 1 for the Input

typical stage. The magnetic material o -{>f}?§T\N§r°
Né _l_ C Output

the input winding, which is connected to

that is used for operation at shifting
frequencies of 100 KC and above is

the output winding terminals of the a

previous stage. Advance pulse

Mo-Permalloy tape. The magnetic flux of
the core must first be set in one
direction by a flow of current through

FIG. 1
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. Then an advance current pulse applied through the advance winding will
set the magnetic flux in the opposite direction and will induce a
voltage in the output winding. This voltage will cause current to flow
in the forward direction of the diode. The capacitor will become
charged through the forward resistance of the diode and the core output
winding. However, it will discharge through the inductor, resistor, and
the input winding of the succeeding stage of the shift register, thereby
setting the magnetic flux of that core to the direction that may be
defined as "zero". The condition of a core may be sensed at the time
of application of the advance pulse. If the core had previously been set
to ™one," then the voltage induced in the output winding will be large
during the advance pulse. If the core had been set to "zero" previously,
only a small voltage will be induced in the output winding. The advance
current pulse must be of such a duration that it will have ended soon
enough in a particular stage of the register to allow the input current
supplied from the coupling circuit of the preceding stage to be of
sufficient amplitude and duration to set the flux to "one". This depends
upon the capacitor discharge current magnitude and duration, which in
turn is related to the selected values of R,L,C, the diode, the number
of turns on the windings, and upon the previous advance current pulse
amplitude and length. The coupling circuit serves to transfer the
energy required to switch the succeeding core, and also to prevent
energy from flowing in the backward direction to set the previous core
to "one™.

. C. Shift Register Operating Margins

The successful operation of the register depends upon the effective
transfer of information from the core originally containing either a
mone" or "zero" to the succeeding core. This transfer must be realized
by means of the coupling circuit between the two cores. Every element
in the coupling circuit, in addition to the advance pulse characteristics
and the magnetic core characteristics, becomes a variable which makes
the operation of the register either more or less successful. The time-
consuming task of combining these variables into an optimized working
register can be resolved into a procedure which involves the following
steps: (a) Design a coupling circuit for use with cores having
particular flux change and switching time characteristics; (b) Construct
at least four stages, connected so that the information circulates in
the register; (c) Change the advance current pulse amplitude, length,
and rise time and observe the limits for which the register continues
to store and transfer all combinations of information successfully;

(d) Decide whether the resulting margins represent a register which
might be useful in a particular application (upon consideration of

(1) the effects of advance pulse current driver tube deterioration,.and
(2) the required operating speed; (e) In the event that the operating

margins do not represent a useful register, then, judicious changes of
the variables should be made in order to shift the margins in the
direction to fulfill the desired requirements, and (f) Retrace parts
b, ¢, d, and e as many times as are necessary to obtain satisfactory

‘ limits of operation.
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Do Methods of Iteration

One method of obtaining the data outlined in the preceding paragraph
involves the complete manual manipulation of all variables, in addition
to the manual injection into the register of all possible combinations
of ™ones™ and "zeros" that constitute the storage and transfer pattern of
information. This primitive method, when associated with the necessary
changing of many patterns of information and of many variables in many
stages of the register, places considerable strain upon the mental and
physical capabilities of the human control element during the long period
of time involved.

Another method involves the use of an electronic control system,
which brings about an appreciable reduction in the time consumed and in
operator fatigue. The system automatically varies the advance current
pulse amplitude and length at a rapid rate and presents, on an oscilloscope,
a matrix pattern of intensified spots to indicate successful operations
of the shift register. Patterns of information are also changed auto-
matically. All other parameters must still be varied manually, but since
that part of the total data-accumulation time is small, little could be
gained by further automatizing the procedure.

E. Automatic Evaluation

E.l1 System timing

Figure 2 shows the block diagram of the systeme An outline of
the kind and the order of events that occur after each clock pulse is as
follows (numbers indicate events displaced in time, and letters indicate
events occurring simultaneously).

1. Time %y (clock pulse)

(A) ™"Clear" pulse occurs - this places the four cores of the
register in the "zero" flux condition.

(B) Information "set" counter changes
(FFl-GTl, FF,=GT,, FFB-GTB, FFh-GTh)

(a) Counter end carry pulse occurs if the previous
counter number was 1llll - and the display scope
intensifies if the register output counter
(FFS-GTS’ 2° counter) had sensed the proper number

(26) of "ones" shifted out of the register during
all the combinations of binary numbers since the
previous 1lll.

(b) ™Set® pulse generators 1, 2, 3, and L (standard :
TAK7 gate tube circuit) are open or closed according
to the configuration of M™ones" held by the Information

®Set* counter flip-flopse.
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2¢ Time t, + t2 (t2 determined by G + Dl)

k3

(A) ™Set™ pulse generators drive into the magnetic core
register and set the cores to the same configuration of "ones" as
contained in the Information "Set®™ counter.

(B) ™Advance" pulse burst generator ring (Mxl, G +D,, DE,,
GT9) closes as a result of the change of state of FF9. 3 1

(C) ™Y" Decoder is pulsed if the last number held by the
Information "Set" counter was 1111 and the end carry from that counter
had opened GTqae The change of output of the "Y" decoder then causes the
following.

(a) Matrix Display 'scope y-position is changed.

(b) "™Advance" current pulse amplitude is changed to its
next highest value, or to its minimum value if the
Y decoder is reset (in this case, the Y decoder
produces an end carry and changes the X decoder
output, which in turn controls the advance current
pulse width and also the Matrix Display !'scope
x-position).

(D) Z axis amplifier input is changed by FF7 - this ends
the ' 'scope intensification pulse which presented a visual'indication
(on the Matrix Display 'scope) of the successful transfer and storage of
information in the shift register.

3. Time t) + t; (tpt,, t, determined by G + D,)

1l

(A) A pulse passes through Mmg and INV, and appears at the
zero input of FF,. This closes GT6 at the bBeginning®of each burst of
eight advance current pulses.

(B) A series of eight pulses is generated in the advance
pulse burst generator ring. This pulse burst serves two functions:

(1) It initiates eight advance current pulses that
transfer information twice around the lL-stage
register (two complete cycles provide greater
assurance of successful operation than only
one cycle).

(2) After the delay due to G + D), the pulses are
used as strobe pulses which Qense the presence
of "one" and "zero" output signals from the
shift register as they appear at the grid of
GT... The output of GT,, then goes to the

1
register output counter ?FFs, GTs, 26 counter)
and through MX, and INV2 to FF6.
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E.2 Error Detection

The successful transfer and storage of information in the
shift register is determined by the occurrance of an end carry pulse
from the Register Output counter just preceding an end carry pulse from
the Information "Set" counter. The figure below shows the error detection
system with its three inputs, one output, and associated timing. The
cycle of operation is repetitive for intervals equal to 16 clock pulses.

From
Information "Set"
Counter 16T

Output
<-__—12T_ GTg From
_?—J Register
rs Output Counter
FFB
From MX, and INVy bty TRl
(NT + t,) or (NT + tb)
T = clock pulse interval
by =G+ D, LT
t,*(3+n@+D) +(G+p)]<r
1£ N£16
where N = 15, n = 8 during successful
140 £38 operation

The above arrangment assures that out of any number of shift register
output pulses up to 2-¢ - 1, only a precise count of 2° at the proper

time will be detected and converted into an intensifying pulse on the
Matrix Display 'scope. The occurance of 212 shift register output

pulses is eliminated from becoming gn indication of a successful operation
by a toggle switch setting on the 2° lowspeed counter (Register Output
Counter) by which FF5 clears FF6 and does not permit the generation of
more than a single end carry from the Register Output Counter.

F. Alternate Use of Evaluator

The application of the Evaluator has been extended to include the
testing of a magnetic core counter employing the previously described
shift register circuitry plus other circuits which perform the logical
functions necessary for counting. This application eliminates the use
of the Information "Set™ counter and three of the "Set" pulse generators,
since the number which is held by the magnetic core counter must be
changed by a count of "1% for each operation and that is done by the
core circuitry. In the testing of the circulating shift register, it is




Memorandum M-2803 Page 6

. necessary to change the information by control external to the register
in order to completely determine the successful operation for all
patterns of binary information. The magnetic core counter is tested for
the successful storage and progressive counting through all the com-
bination of four bits of information. If 22 ™ones"™ are properly shifted
out of the counter, the Matrix Display 'scope will indicate a successful
operation for a particular value of current pulse length and amplitude.

G. Equipment

Standard test equipment is used for gate and delayed pulse generators,
mixers, delays, 26 lowspeed counters, flip-flops and gates. The Matrix
display 'scope is a DuMont 30L-H. The "X" and"Y" decoders are made of
plug-in type flip-flops. The Advance Pulse Generator is shown in block
diagram form in Figure 3. The Clear Pulse Generator is similar to
Figure 3, except that the "X" and "Y" decoder inputs and associated
cathode followers are substituted for by manually operated amplitude and
width controls. The Set Pulse Generators are similar to the Clear Pulse
geggrator, except that they contain TAK7 current amplifiers rather than

C 18,

A feature of the Evaluator which increases its value as a time saver
is the flexible arrangement of R, L, and C components. A wide range of
values of each of the components has been assembled on rotary selector
switches. Values of Resistance can be varied between 33 and 15,000 ohms

9 with 26 intermediate values, C between 220 and 169,000 pufd, and L
between 0.033 and 25 mh. This adequately covers the widest range of
values of these components that can be presently expected to be used.
Connections between components are maie through plug-in type terminal
boards and leads. Magnetic cores and associated windings are mounted on
minature tube socket assemblies, and diodes are mounted in spring clips.
A1l of these connections and assemblies allow easy replacement and re-
arrangement of the component parts.

He Results

The sketch below shows a sample pattern that appeared in the Matrix
Display 'scope during the testing of a L-stage shift register made of
1/8 mil Mo-Permalloy cores (5/16" diameter, 1/8" wide, 20 wraps). The
coupling circuit is of the same configuration as that shown in Figure 1.
The component values are:

¢ = 1000 wufd, L = 15 mh,
R = L4700 ohms, N, = 100 turns,

N, = 150 turns, Ny = 25 turns.
The rise time of the pulse was 0.3 psec and the fall time was 0.l psec.
The intensified spots indicate the coordinates at which the shift register
successfully stores and transfers all combinations of four bits of binary
‘ information. The shifting rate was 100 KC and a complete display of the
matrix appeared at minimum intervals of approximately two seconds.
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CONVERSION TABLE
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I. Discussion of Results

Upon consideration of the results presented on the display 'scope
there might arise the question: "How reliable is the information?"
The degree of reliability is dependent upon the accuracy of the method
of detecting the successful operation of the shift register. That is
done in the Evaluator by counting the number of "ones" that are shifted
serially past a particular point in the register during the storage and
transfer of all possible combinations of four bits of binary information.
The error detection system shown on page 5 then allows an indication of
successful operation only when precisely the correct number of "ones"
have been counted. Although this method does not preclude the possibility
that a correct count might occur upon the transfer of one or several
incorrect patterns of information during a cycle of operation, the
possibility appears to be an extremely remote one. The observer can
easily verify the successful operation at any particular value of advance
pulse amplitude and width by (a) stopping the X and Y decoders from
changing with each clock pulse, (b) displaying the 16 groups of shift
register binary outputs during a cycle of operation, and (c) visually
checking the number, sequence, and arrangments of the output pulses.

q.%,gc,w;

J. Schultz &

£
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Approved:
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Drawings: C-L709L
A-L7095
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Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECTe BLOCKING OSCILLATOR CORE DRIVERS FOR USE IN DISPLAY
GENERATOR BUFFER STORAGE

Tos N.H. Taylor
Froms Eli Anfenger
Date: 11 May 1954

Abstract: A cheap core driver has been built which is a blocking os=
cillator triggered from a standard pulse. The output pulse
lengths are determined by lumped constant delay lines, the
amplitude by the B¥ to bottoming of the tube excursions,
For high current sources the pulse is amplified by a power
pentode whose plate is driven from B+ to bottoming and
transformed to the desired level.

Introduction

It was desired to develop a cheap drive for use in a display
generator buffer storage as illustrated in Fig, 1, In this figure each
winding represents the output transformer of a driver. The drivers are
returned to voltages such that each core winding is held from conduction
because of the switch action of the diode in series with it. The bit
and word drivers are 4O volt pulse sourcesjy the bit driver pulsing ne=-
gatively and the word driver pulsing positively. Either driver alone
will reduce the bias on the diode to zero, whereas the coincident opera-
tion of both drivers will give a LO volt source to drive current through
the core winding, Read is accomplished by a 150-volt pulse on a second
core winding, The read windings are comnected in series as dictated by
the logical use of the information, A third winding on the core is the
output terminals for read,

The requirements for the above circuits are as followss=
1) Bit Driver
a) Isolated LO-volt pulse max., 35=volt minimum at 28 ma.

b) 3 usec pulse.

¢) Driver must trigger from positive standard pulses
+20 v, to #40 v,
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d) Driver must be capable of operating in a burst of
8 pulses spaced 10 psec apart, with a burst repeti-
tion rate of 1000 cycles.

2) Word Driver

a) gsolated LO-volt pulse max.,; 35=-volt minimum zero to
00 ma,

b) Good regulation from no load (no cores) to full
load (32 cores)

¢) L psec pulse,

d) Driver must trigger from positive standard pulses
of 10 to LO volts,

e) Repetition rate 1000 cycles;

3) Read Driver
a) Isolated 150=-volt pulse at 1 amp,
b) 1 usec pulse.

¢) Driver must trigger from positive standard pulse
20 to LO volts.

d) Repetition rate 1000 cycles.

Circuits
1) Bit Driver

The bit driver circuit is shown in Fig, 2, It con-
sists of 1/2 5965 commected as a blocking oscillator, The pulse length
is determined by a delay line in the grid circuit. The tube bottoms
during the pulse, The 33 K resistor in the plate circuit reduces the
overshoot and adds damping for stability., Delay of the Output pulse
compared with the input pulse is about 0,2, The characteristic wavefarms
are shown in Fig. 3.

The input impedance to a pulse which will trigger the
blocking oscillator is LOO ohms, The maximum cathode current is on the
order of 80 ma, All possible voltage measurements were made directly on
the plates of the scope, When the levels were too low to be read this
way they were read through the amplifiers and calibration of the scope.

In every case when direct and amplifier measurements were compared the

amplifier measurements were about 30% higher than the direct measurements.
Since all current measurements were made by measuring the drop in a small
series resistor, it is assumed these readings are slightly high, Because
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of this observation those diagrams that have photographs show approximate
voltages when the measurement could not be made directly on the scope
plates, The maximum grid voltage during conduction of the tube is +7
volts,

2) Word Driver

Two word driver circuits are shown in Figs., La and
b, Each consists of a blocking oscillator (1/2 5965) driving a power
amplifier (6293), The blocking oscillator bottoms, The output is
stepped up to drive the power amplifier from cut-off to bottoming. The
plate voltage of the power amplifier is transformed to the desired out-
put level, Pulse length (L wsec) is determined by the delay line in
the grid of the blocking oscillator, Characteristic waveforms of Fig.
b are shown in Fig. 5. The blocking oscillator peak grid voltage is
+7 voltss the peak cathode current is about 60 ma, The peak current of
the power amplifier cathode loaded (L7 ohms) is 300 ma and the screen
is 100 ma., Unloaded the peak current is 200 ma on the cathode and 100
ma on the screen,

3) Read Driver

Two read driver circuits are shown in Figs. 6a and
6b, These are essentially the same as the word drivers with the ex=
ception of the delay line of the blocking oscillator., Here the pulse
length is 1 usec. Characteristic waveforms of Fig, 6b are shown in
Figo To The peak cathode current of the blocking oscillator is about
60 may the peak grid voltage is +7. The peak cathode current of the
power amplifiers is about 1 amp, and peak screen is about 0,5 amp,

The reason for two types is that at first the maxi-
mum B+ was 250 volts but later it was learned that 600 volts would be
available,

Circuit Margins

Curves of the input triggering voltage versus bias for the
three types of drivers are shown in Figs., 8,9, and 10, These are shown
for a bogie 5965 and a down 5965. The characteristic of the bogie and
down 5965 are shown in Fig, 11,

It was found that the blocking oscillator worked well when
the plate voltage was changed between % 50 volts, however, the output
is a function of the plate voltage. The blocking oscillator also works
well when either a 12AY7 or 12AU7 are substituted for the 5965,

A table of screen margins of the 6293 for the various circuits
is shown in the table below,
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: Min, Screen Voltage Max, Screen Nominal
Circuit for satisfactory Opr, Voltage tried Voltage
Fig. La 90 kLo 2o
Fig. Lb 60 Lo 150
Fig, 6a 320 590 els)
Fig. 6b 210 Lho 250

Shunting the diodes of the blocking oscillator grid circuits
with 10K resistors had no effect on the output of the circuits., Raising
the screen voltages on the power amplifiers lengthened the pulse on the
order of 0,2 to 0.5 pusec, at the extremes, The delay of the output
pulses relative to the input pulses is a function of the triggering
pulses, Over the required operating range of triggers the delay is 0.5
usec at most,

Suggested Improvements

It appears that the only handle for marginal checking the
blocking oscillator is the triggering level, If a pentode is used such
as a TAK7 the screen could serve as a convenient handle,

While the maximum tube rating of the 5965 is not exceeded in
the present application, an increase in the grid to plate winding ratio
of the blocking oscillator transformer would reduce the maximum cathode
current and the maximum positive grid voltage. A& five to one ratio was
tried and found to be marginal for triggering and bottoming. Perhaps
a four to one ratio would be a good compromise,

To improve the screen margins of the read driver a circuit
configuration as shown in Fig, 6b with the cathode of the 6293 returned
to =150v and the blocking oscillator output winding returned to =300v
is worth trying. The output transformer will have to be changed.,

1) Blocking Oscillator Transformers

Wound on Ferramic H Core F109-3 die size
Grid winding 50T #36 Formex
Plate winding 150T #36 Formex
Qutput winding 57T #36 Formex
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2)

3)

L)

5)

6)

Page 5

Word Driver and Read Driver Blocking Oscillator Transformer

Wound on Ferramic H Core F1l09=3 die size

Grid Winding 50 T #36 Formex
Plate Winding 150 T #36 Formex
Output Winding 225 T #36 Formex

Word Driver Power Amplifier Transformer (Fig. La)

Wound on 2 mil Westinghouse Ll Hypersil
Primary 250 T #36 Formex
Secondary 25T  #36  Formex

Word Driver Power Amplifier Transformer (Fig. Lb)

Wound on 2 mil Westinghouse Ll Hypersil
Primary 375 T #36  Formex
Secondary 25T #36 Formex

Read Driver Power Amplifier Transformer (Fig. 6a)

Wound on 2 mil Westinghouse L1 Hypersil
Primary 70T #36 Formex
Secondary 35 T #36 Formex

(Could just as well be 50 turns and 25 turns,)

Read Driver Power Amplifier Transformer (Fig. 6b)
Wound on 2 mil Westinghouse L1 Hypersil

Primary 100 T #36 Formex

Secondary 25 T #36 Formex

Anfnger
Approved ﬁ

R, L. Best
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Memorandum M-2820 Supp. #1 Page 1

Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT: BLOCKING OSCILLATOR CORE DRIVERS FOR USE IN DISPLAY GENERATOR
' BUFFER STORAGE.

To: N.H. Taylor
From: E. Anfenger
Date: June 7, 1954

Abstract: This paper lists the corrections on M-2820

Corrections

1. Page 2 under "word driver" item d, should read 20 to Lo
volts instead of 10 to LO volts.

. 2. Top of Fig. 1 should read 32 bit drivers instead of 16.

3. Fig. La return to -300V should be from lower winding of
225T and condenser should go to ground as in Fig. Lb.

L. Fig. 6a cathode return 6293 should read =150V instead of

150V, e o L
SIGNED <.~ @Aw//
"E. Anfenger 157 (§7
APPROVED ﬂEz :Zi(iliz:z::>
EA: jb
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT: ONE ONE OR THE OTHER

Tos Group 62 and 63 Staff and Secretaries
Froms R. P, Mayer and W, N, Papian

Dates May 28, 1954

Discussion

When one writes a memo using binary numbers, such as one would
use to describe one states or zero states in a binary device, he should
not use one without at least one special symbol (e.g. ONE, or "one", or
") otherwise the one is hard to interpret because one does not know
whether one means one or one, that is, one one or the other one.

‘ Conclusion:
There exist two small words we call "one,"
* Which can cause great confusion, or fun.
Use binary "ONE,™
To distinguish from "one"
So we "1l know you mean "ONE" and not "one."
Signed (R P ’m"/y/U\/
R,P, Mayer '
Approved
N, Papian
RPM:WNP:cs

N.H, Daggett
John Bennett
W, Wittenberg (IBM)
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Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT: TEST RESULTS ON THE DCL MEMORY PLANE

To: F. E. Vinal
From: E. A. Guditz
Date: 28 May 1954

Abstract: The DCL plane (C25) is compared with a standard MIC plane
which has General Ceramics cores. Except for requiring
slightly higher driving currents for maximum output, the
DCL plane compares favorably with the MTC planes and could,
in fact, operate as a substitute MTC plane without seriously
impairing the system's margins.

Plane €25, herin referred to' as the DCL plane, contains
cores made at this laboratory by Group 63. These cores are designated
DCL-1-180. The object of this test was to find the optimum driving
current for the plane and the worst ONE-ZERO ratio. Data was taken show-
ing the relationship of Sensing Amplifier Gate Tube bias to Strobe Time
for four values of driving current and four different patterns.

Patterns of all ONES and all ZEROS were ws~d to find optimum
driving current. Data was taken at 1.0a., 0.9a., 0.8a.,/and 0.7a, The attach-
ed graphs SA-L48528-G through SA-48531-G show the comparison of the LCL
plane (C25-dotted line) with the MIC plane (C2l-solid line) under these
conditions. Note' that the MIC plane has its maximum ONE-ZERO ratio in
the 0.8a. to 0.9a. region while the DCL plane has an increasing’ ONE-ZERO
ratio right up to the maximum available driving current of 1.0a. Also,
the ONE-ZERO ratio of the DCL plane at this maximum available current is
approximately equal to the best ONE-ZERO ratio available from the MIC
plane. It should be noted that at the best operating current for the
MTC plane the DCL plane has a very good ONE-ZERO ratio and is quite
capable of operating in conjunction with MIC planes.

Graphs SA-L8532-G through SA-L8535-G show the operating
margins for the two complementary patterns of complemented pairs=-checker=-
board for driving current values of O.8a. and 1.0a. Again it can be seen
that the margins are still increasing at the maximum available driving
current of 1.0a. In these graphs a comparison is made not with the MIC
plane but with and without t he Post-Write Disturb current. It is inter-
esting to note that the Post-Write Disturb current is most beneficial
for the pattern with zeros in the corners (Graphs SA-L853L~G and SA-L8535-

G). The reason for this is not understood.
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Observation of Sensing Winding output voltage showed that the
spread in outputs is very small and is as good or better than that
observed from the MTC planes.

It is felt that a memory made of planes using these cores and
operated at its optimum currents would have operating margins at least
equal to those of the present.6l x 6l memory,

E. A, Gudi

LR :
g /M%
SIGNED (s, (&0 ‘il N

EAG: jb

Group 63 Staff
Magnetic Memory Section Staff (Group 62)
W. Wittenberg (IRM)

Grths

SA-L8528-G
SA-48529-G
SA-L8530-G
S4-48531-G
SA-L8532-G
SA-L8533-G
SA-L853L-G
SA-18535-G
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Memorandum M-28L2 Page 1 of

Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT: XD-I DIGIT-PLANE DRIVER

Toz N. Taylor
Froms D. Shansky
Date: 28 May 1954

Abstract: A self-balancing bridge is utilized in conjunction with an "and"
and an "or" gate input to satisfy the wave form and gating
specifications on the driver for a magnetic core memory digit
plane winding.,

The digit plane driver is a circuit which combines the logical
function of both an Mand" and an "or" gate with a regulated pulse current
source. For purposes of an explanation of tircuit operation it is most
convenient to:simplify the discussion by describing the operation of the
2 logical blocks independently of one another.

Regulated Pulse Current Source.

‘This portion of the circuit consists of 5 cathodes in a feed-

back loop. Two of these cathodes are in a difference amglifier (V2II
vfé)’ which serves to compare a signal voltage produced by current ’
fiow

through a sampling resistor, to a constant voltage level established
by a potentiometer connected across a power supply. A third cathode
(V3 ) serves to amplify and invert the output voltage of the difference
ampIIfier and drive the grids of the final tube (VHI ), which is a
5998, The cathodes of the difference amplifier are ﬁg}mally held up to
¢ 10 volts by a cathode follower (V3 ), so that these tubes are normally
cut off. The inverter-amplifier tubz (V377) is normally conducting,
while the driver tube (th 1 ) is normally cut off by the presence of a
large negative bias. Durlﬁg%;he pulse, the cathodes of the difference
amplifier (Vo I V3I) are allowed to fall by applying a negative gate
to the grid o% the cathode follower (VQI) whose cathode is connected to
the cathodes of the difference amplifier. Therefore, the plate of the
difference amplifier will fall and the change in voltage will appear at
the grid of the normally conducting inverter. The plate of the inverter-
amplifier'(V3II) will rise at a rate determined by the plate load resistor
and stray, input and output capacities. This change in voltage will be
coupled over to the grids of the normally off 5998 turning them on. The
voltage developed across the sampling resistor (R2g 30) by current flowing
through the %998 and the load is fed back to the ditference amplifier
where it is compared to a reference voltage applied to the other grid of
the difference amplifier. During the pulse then, this regulated pulse
current source becomes a self-balancing bridge. The back voltage produced
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by the load is fed back to the difference amplifier (via ce) as a common
mode signal to insure an adequate current source regardless of load
variation.

This particular geometry has resulted in a circuit which has
extremely broad tolerances with respect to tubes, component values, and
supply voltages, as the accompanying curves indicate, since the circuit
inherently adjusts itself to compensate for these variations.

Figure #i, 5 and'6 portray the operating margins of the cath-
odes in the feed=back loop. ' The bias on the5998 output tube was chosen
as the marginal checking voltage in each case since the internal loop
gain may most conveniently be changed by varying this voltage. A curve
on V211 (the cathode follower portion of the difference amplifier) is
not included because it was found that the plate supply of this tube
could be made negative with respect to the cathode without causing failure.
A diode is all that is apparently necessary here. (By way of explanation
of this apparently superfluous cathode, I might point out that the
specification on output current change was originally ¢ 2%. This cath-
ode was included to minimize the change in output current due to variations
in contact potential of the difference amplifier. However, in view of
the fact that unit failure had to be related to system failure, and in
view of the e xperience gained in M.T.C., failure was defined as a 15%
change in current.) In the case of tube V; failure was defined as
change in output pulse rise time of ¢ 0.2 fisece This change in timing
is compatible with system requirements. Failure was defined in similar
manner for all the other cathodes in the circuit with the exception of
V1, where the failure was evidenced by a 15% change in output current.

*And®, "Or" Gate Circuitry.

Since it was necessary that the grid of V, be allowed to fall
more than forty volts because of the common mode signal on the difference
amplifier (V,, V3) produced by the back voltage developed in the load, it
was necessary to”provide some amplification of the input signal (Flip-
Flop output). A 7AK7 was used to provide the necessary amplification
and perform the "and®™ gating function. The output of the "and" gate is
fed to a diode negative "or" gate. The other input to the negative "or"
gate is connected to the "Post-Write-Disturb" gate generator, which
provides a negative going gate of the proper amplitude (#10 td =L0).

The margins of operation of the 2 cathodes in this portion of
the circuit are shown in figs 2 and 3. In the case of Tube Vp failure
was defined as a change in timing as previously mentioned, while failure
of the TAK7 manifested itself as a change in output current.

Conclusion

AsuwﬂtﬁtMemaMmulmmwmmwndmemgumﬁm

the information upon which the preceding report was based, it became
apparent that a redesign of the unit could eliminate some cathodes and
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ease the input driving requirements. The Digit Plane Driver has there-
fore been redesigned so’ as to eliminate two cathodes and operate from
standard voltage levels. This work was not completed in time to meet
the XD-1 production schedules. A report on the improved version of this
circuit is being prepared and will be forthcoming shortly.

SIGNED Z%é?tjfg E;thagng
DS ans

APPROVED (/. \ ° ;ﬁ‘;b

° . st

DS: jb
Attached

Fig 1 B-59149
Fig 2 - SALB525-G

Fig 3 - SAL8523-G
Fig L - SaL8527-G
Fig 5 - SaL8526-G
Fig 6 - SAL852)~G
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

SUBJECT: SENSING WINDING GEOMETRY AND INFORMATION PATTERNS

Tos No He Taylor
Frome Jo I. Raffel
Date: July 22, 1954

*watract:  Two properties of the sensing winding used in the Whirlwind I
and MTC core memories are common to a large class of winding
configurations. These aret 1) maximum partial cancellation
of core "noise" 2) no inductive coupling between drive and
sense wires, A new winding is suggested to replace the present
zig-zag geometry. This should prove easier to implement and
preliminary tests on a plane containing both old and new sense
windings indicate that the two are electrically equivalent.
Since core "noise" is a function of information and sense
winding geometry, a different checkerboard pattern exists for
this new winding.

In general, checkerboard patterns used for production testing
should not be called "worst" patterns since no attempt is made
to guarantee the disturbed states of the cores, and these have
a considerable effect on sense winding outputs.

For a core memory using a two-dimensional read and consisting
of n rows and n columns, all that is required in order to have a Wecancel-
ling" winding with respect to "noise" signals from half-selected cores
is that the winding pass through half the cores of each row and of each
column in one direction and through the remaining halves in the other
direction. Consider a square array shown in Figure 1. Each of the first
n/2 rows can be made of any of the nCn/2 combinations of n/2 pidses and
n/2 minuses, (Plus and minus refer to core polarity with respect to sense
winding.) If the next n/2 rows containc the complement configuration to
that of the top half, the conditions for a cancelling winding as defined
above are fulfilled. Figure 1 shows a typical example of a winding belong-
ing to this classe The MTC-type sense winding has a distribution like
that of Figure 2, It is seen to satisfy the necessary conditions also.
Another possible geometry which suggests itself is shown in Figure 3.

This appears to be the physically simplest configuration which satisfies
the necessary conditions for partial concellation of core "noise".
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It is now necessary to consider the problem of inductive pick-
upe For this the cores can be neglected entirely and only the large
closed loops of wire comprising the sense winding need be considered.

The requirement for a non-inductive winding, if we neglect end effects

and consider the drive wires g8 infinitely long, is that tha}i>,£§1%}4 be zero
where r is the perpendicular distance between a drive line ina’a differ-
ential area dA as shown in Figure L. The integral over A in Figure L
would be made up of the two components A, and Ay of opposing sign follow-
ing the usual polarity convention for evaluatinmg surface integrals.* The
simplest way of guaranteeing this is that the net enclosed are (algebraic
sum) at a given distance from any row or column wire is zero. The present
sense winding uses two overlapping loops which have equal and opposite
components of area with respect to any horizontal or vertical driving
lines This has a map as shown in Figure 5 where solid areas and cross-
hatched areas refer to loop areas of opposing polarity. If we consider
the map of Figure 6 any "checkerboard" pattern of the type shown having

an even number of squares on a side will be non-inductive. Here, as with
core-noise cancellation, all that is required is that n/2 rows be "half
and half" and the other n/2 rows be the complement of the upper half.

It is to be emphasized; however, that here we refer to areas comprised of
closed loops of wire and not to cores. The winding of Figure 3 is there=
fore seen to be both cancelling and non-inductive. This winding may be
thought of most simply as being composed of four digit-plane type windings,
(a single section links all cores in the same direction) connected in
series so that adjacent quadrants of the plane are of opposite polarity.
In building larger arrays and/or utilizing printed wiring techniques,

this type of winding may prove to be much simpler to install than the

old zig-zage.

The problem of delta noise has been considered in E=488, M=2351
and M-2568. These analyses show that a so-called "worst" pattern (that
is; a condition under which ONEs are smallest and ZEROs largest) results
from having one type of information on the positive half of the sense
winding and another on the negative half of the sense winding. Using
Freeman's terminology®*#* half the cores should be in the "w_ " state and
the other half in the "r_" state on the selected row and clumn. That
is, half the cores shoula be in the write=disturbed ONE state and half in
the read-disturbed ZERO states In the past no attempt has been made to
guarantee that cores had been properly read-disturbed or write-disturbed,
the emphasis being placed merely on inserting the proper pattern of ONE's
and ZEROs in the array. For production testing of planes this type of
test is probably sufficient for obtaining comparisons, but in no case
should the results from such tests be used as any absolute indicator of
margins and the term "worst" pattern should probably not be used where
the disturb condition is not taken into account.

#0sgood Advanced Calculus =

##Pylse Response of Ferrite Memory Cores - M=2568
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A test plane containing the old zig=zag type of sense winding
was wound with an additional winding of the type shown in Figure 3, The
experimental results obtained with the new winding of Figure 3 indicated
no inductive pick-up, as expected, but in rastering through the array
extremely large ZEROs were encountered at certain places. These ZEROs
were reduced to normal size by the addition of the post-write disturb
pulse and were therefore seen to be attributable to the core output and
not pickupe.

It next became necessary to determine why this effect was only
encountered when testing the new sense winding with its corresponding
checkerboard pattern gnd not when testing the old with its patterno In
each case the memory is filled with a pattern which places ZEROs on one
half (the half shown with minuses for instance) the sense winding and
ONEs on the other (pluses)e The only difference which arises for the two
windings is that the halves are composed of different groupings of cores
(see Figures 2 and 3). In each case the array is addressed cyclically,

a row at a time, starting from the lower left-hand corner. The difference
in outputs between the two windings is clearly the result of the differ-
ence in information sequencing which results in differences in the dis-
turbed state of the cores in the arraye In other words, in both cases

we have half the cores in the ONE state and half in the ZERO but no con=
sideration has been given to whether the ZEROs are read-disturbed and the
ONEs write-~disturbede A glance at the old checkerboard ma ttern, Figure 2,
indicates that since no more than two ONEs are written consecutively al-
most all of the cores in the array are, in fact, going to be in the read-
disturbed state, having been placed there by the digit-plane driver used
for writing ZEROs and therefore there is not even a remote possibility

of having the ONEs write-disturbed by chance somewhere in the array.

An examination of the sequence for the new checkerboard pattern,
Figure 3, indicates two inherent characteristics which tend to guarantee
the proper disturbed conditions for many more cores: 1)Long strings of
consecutive ONEs and of consecutive ZEROs are placed in the array at a
timeo 2) Successive rows (except for the middle pair) have the same
information. The results can be best demonstrated by considering two
adjacent rows as shown in Figure 7. Writing the last ZERO of the bottom
row read-disturbs all the cores in the array (digit-plane-driver pulse).
Writing the series of ONEs to finish out the line write-=disturbs columms
directly above each ONE and hence leaves the ONEs in the second row write-
disturbede (Incidentally, the ZEROs of the bottom row are also write-
disturbeds) The first ZERO of the second row is now about to be read out
and the ZEROs in its row have been read-disturbed and the ONEs write-
disturbedo It is therefore quite reasonable to expect an unusually large
noise outpute It should be pointed out that even now the disturb condition
of all the cores has not been guaranteede Only the row containing the
selected core has been disturbed properly, no attention has been paid to
the column, and indeed the cores here are all read-disturbed (except for
the one core in the previous row) because the last excitation these cores
saw was the digit-plane-driver pulse which occurred when writing ZEROs in
the previous rows The ZERO output is therefore still far from the worst
case, Figure 8 shows a sketch of the output from the array for this pattern.
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Note that the peak value of the maximum ZERO has become alarmingly large,
but at strobe-time discrimination is still excellente.

Another effect which has not been sufficiently evaluated is the
size of the voltage induced in the sense winding by the digit-plane=
driver pulses This is greatest when all the cores in the plane are in
the proper w, and r_ states, and under a true worst condition might very
well be 1arg% enougﬁ to cause the sense-amplifier to blocke

The new sense winding seems to work well and the experimental
results obtains with it have served to emphasize the need for a thorough
experimental investigation of theoretically predicted "noisy" pattersn.
The term worst pattern which was previously used rather loosely to des-
cribe checkerboard patterns regardless of the disturbed condition of the
cores should be avoided in the future. These patterns are worthwhile
as standard tests but by no means represent the most adverse conditions
which could be encountered in computer operation. It is hoped that this
point has been made sufficiently clear to avoid the necessity of periodia
re-discoveries that our test patterns do not give the worst signal-to-

noise ratiose.

Signeds
ack Io
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Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73; Massachusetts

SUBJECT: A CARRY SYSTEM EMPLOYING A MAGNETIC CORE AND TRANSISTORS

To:s Transistor Distribution 2
From: S, Oken
Date: August 3, 195k

Abstract: This is a preliminary report on a carry system employing transis=
tors, vacuum tubes and magnetic cores which has been developed
as a possible substitute for the flip-flop and gate circuits
presently used for the carry system in the arithmetic element.
At present this system can be run at a maximum pulse repetition
rate of about 350 ke, An output voltage in excess of 15 v can
be obtained across a load resistance of 1 k £i.

1,0 Introduction

A block diagram of one digit of the proposed system is shown in
Figure 1. When the partial sum flip-flop is in the #1" position, gate 2
will conduct,a,pulse to the core if the "A" register flip=flop is in the
o by position(l) and an add pulse is applied to the appropriate line. If
the partial sum flip-flop is in the "O" position, the gate cannot be
triggered by an add pulse. The carry pulse is assumed to come from a
vacuum tube driver which drives the cores of the different digits in
series, This is probably the best way to combine transistors, cores, and
vacuum tubes., Local elements which drive only a gate and flip-flop, etc.;
can employ transistors, but a driver which must supply a current or
voltage pulse to a whole line of elements should be a vacuum tube.

The transistor gate 2 in Figure 2A is required to set the core to
the "1" position (see Figure 2B), if a carry is to be generated. The carry
pulse then switches the core back to the "o position, If the core held a
nin. g large negative output voltage will be induced in the output winding
by the carry pulse, whereas if it held a zero, a small output pulse will be
obtained. The output from the core under these two conditions is pictured

in Figure 3.

Tt should be noted here that the load on the gate is the complement
input to a flip-flop and the sensing input to a "high-speed carry gate."

1, This is arbitrarily defined. When the flip-flop is in the "1" posi-
tion, the voltage of the collector attached to the gate circuit is
assumed at its most negative value.
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The core replaces the carry flip-flop and gate circuit in the
present system,

2,0 Details of the Carry System

The schematic diagram of the complete system is given in
Figure 2A., The partial sum fl?g-flop is a transistor flip=flop which
is of the non-saturating type. ) Thus the two stable states of the
transistors are the "off" and the "active" states. Circuits of this
type can be run at higher repetition rates and with smaller input trigger
voltages because they are not plagued by "hole storage® problems,

%'Se gate circuit is essentially one which was designed by

C. T. Kirk{3) The collector voltage of the flip-flop usually swings
from about =9 v to = 20 v, When the voltage at point A is =9 v the
emitter diode of the gate circuit will be in the reverse direction due
to Vo When the flip-flop is complemented, the voltage V), and diode d;
clamp the collector voltage to about =15 v. Now when a sensing pulse
is applied at the emitter, the pulse will be conducted to the core and
set it to the "1" position.

3.0 Design of Windings on the Magnetic Core

The design of the windings on the core was performed with the
following points kept in mind:

(1) A metallic core should be used because for a given
(NI)pet it will switch faster than a ferrite core.

(2) In order to reduce both the back voltage on the transis-
tor in the gate circuit and the switching time of the
corey; a core with the least number of wraps of material,
the smallest diameter bobbin, and 1/8 mil tape should be
chosen., (The core available was a mo=permalloy core
1/8 mil, 1/8 inch diameter, 1/8 inch depth and 5 wraps.)

(3) The maximum number of turns which can be wound on this
core is about 100 turns.

: Using experimental data showing the switching time and maximum
output voltage from different cores as a function of NI .4, an approxi-
mation to the switching times and output voltages to be expected may be
obtained. In this design the (NI) o = N1 Ij - (NzLi)av, where the values
of N are those shown in Figure 2A. ¥he output wave (Figure 3) can be

2, Carlson, W., "A High Speed Transistor Flip-Flop," Air Force Cambridge
Research Center, Technical Report 53=16, June 1953.

3, Kirk, C. T., "A Transistor Grounded Base Amplifier as an AND Gate,"
M-2810, Lincoln Laboratory Division 6, May 7, 195L.
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(NoVp) max
approximated by a triangle; thus(ﬁzlz av = ‘”‘§§i“"" o Since the output
voltage should have a peak amplitude of at least™ 15 volts, (NoIp)gy * 0.2
ampere-turns. The N,I, used for the picture of Figure 3 was ~ 1,5 ampere-
turns. This can be Increased with a corresponding decrease in switching
time and increase in output amplitude since the area under the output
voltage curve must be a constant as NI 4 is varied.

4.0 Seleection of a Transistor for the Gate Circuit
The three design criteria for the gate circuit are:

(1) The transistor should not go into the saturated
region when driving the cores.

(2) The transistor must be capable of dissipating the power
encountered during the operation,

(3) The frequency response of the transistor should be as
high as possible in order to decrease the rise time
of the output pulse.

From Figure 3 we see that the undesired output VOI?ﬁse across
the core when it is set to the "1™ position isapositive pulse of about
7 volts, Thus the back voltage induced in the driving transistor circuit
is about three times this or about + 20 volts due to the turns ratio.

If criterion(1)is to be fulfilled, the value of Vee ~ Vi should be§ =20
volts, Thus Voo = =35 volts was selected.. The current output from the
gate circuit is about 12 ma, Therefore;, since the pulse is longer than
the switching time of the core, the gate circuit is sending 12 ma through
a short circuit load for part of the pulse. The peak power rating of

the transistor must thus be at least (Vg = Vh) x 12 ma or about 250 mw.

When the carry pulse switches the core to the "O" position,
a pulse of about LO volts is induced across the winding in the gate
circuit,opposing Vee. If diode 2 were not included there would be a
large hole storage effect since the wllector diode would then be
switched to the forward direction. Furthermore, a positive pulse would
be fed back to the control flip-flop and trigger it. The diode dp,
however, overcomes these difficulties since it reverses at this time.
The forward current in the collector diode is thus limited to about
100 wa. Also, due to the voltage divider action the flip-flop receives

very little feedback voltage.

Since I = 0 and r, = r.ps the transistor actually goes into
the passive region for a short time so there may be some hole storage
effects, Because of the small forward current and short time in the

forward condition, they should be negligible.

L. This set up pulse output will not be harmful since the following
circuit can be designed to trigger on negative pulses only.
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5.0 Results Obtained

By increasing N,Iy the output voltage can be increased to
about 30 v peak amplitude with a 0,2 psec width, The main limitation
to the prf is the setup time of the core which is about 1 psec. The
maximum prf obtained was about 350 kc, The limitations are due to the
frequency response of the transistor in the gate circuit and the maximum
current obtainable from the gate circuit.

If vacuum tubes alone were used in this system it could, of

course, be run at a much faster rate. The decision to use transistors
or vacuum tubes, however, will be contingent upon many other factors

as well as speed.
Signed 5%“”“&4 6/%3”‘«%@

Stanley Qiten et Lo
Approved D fw
Donald J.
S0/3k
Drawings:

Figure 1 B=59506
Figure 2A B=59507
Figure 2B A-59508
Figure 3 A-59509
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Division 6 ~ Lincoln Laboratory
Massachusetts Institute of Technology
lexington 73, Massachusetts

SUBJECT: GENERAL CHARACTERISTICS OF GERMANIUM AND SILICON DIODES AND

"TRANSISTORS
To: Transistor Distribution 2
From: Nolan T. Jones

Date: July 1, 195k

Abstract: The construction and electrical characteristics of currently
available germanium and silicon diodes and transistors are
summarized. The general order of increasing diode forward
resistance is alloy junctiony; grown junctiony; bonded, and
point-contact. The general order of decreaseing back resis-
tance is grown junction, bonded, alloy junction, and point-
contact. Transistors included are grown=-junction n-p-n,
alloy=junction p=n=p, and point=contact.

1,0 Introduction

A brief description of the physical and electrical characteristics
of the common semi~conductor diodes and transistors is presented here as a
foundation for later discussions of the minority carrier storage character-
istics of these devices, This is Chapter II of the author's thesis, "Minority
Carrier Storage in Diodes and Transistors."™ There are four types of construc-
tion: point-contact, bonded, grown junction, and alloy or diffused junction,
and two materials used in commercial products: silicon and germanium.

1,1 RIMA Type Numbers

The standard type numbers of the Radio-Television Manufacturer's
Association are the familiar 1N series for diodes; 2N for the three element
transistors, and 3N for tetrode transistors. The diode type numbers such
as 1N3l, generally denote that the static characteristics will fall within
certain specified limits. These are most often taken at three points:
the forward current at +1 volt drop, and the currents at two values of back
voltage. They are limits in the truest sensej the static characteristics
may vary widely between units from the same manufacturer and between manu-
facturers, although all may fall within the specified limits for the given
type number. A letter suffix on the type number may denote different static
characteristics® construction, or manufacturer from that of the original

application for the given type number to the RTMA.

# Higher back resistance in the 1N3LA, 1N38A, and 1NS6A
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The specification of transistors is in a state of flux at present.
Several ATEE=IRE committees are studying the problems; and they will probably
make specific recommednations for standardization when their work is com=
pleted. The electrical description of transistors is included in several
articles in the literature® to which the reader is referred.

2.0 Grown=Junction Diodes

The grownejunction diodes are constructed by the introduction of
p-type impurities into the n=type melt as the germanium crystal is being
grown; converting the remainder of the crystal to p-type with a higher
impurity concentration. Then the ingot is cut into small rectangular
prisms about LO mils square and 120 mils long with the p=n junction normal
to the length. Non-rectifying or "ohmic" contacts are soldered to each
end and the diode has the cross section of Figure 2.le. The junction is
of high quality, i.e. the electrical characteristics are very similar to
the ideal theoretical characteristics of a p=n junction.

The current-voltage relationship in an ideal p=n junction diode
is the familiar expression:

I = Io [exp(qV/kT) - %]

where V is the junction voltage, k is Boltzman's constant, T is absolute
temperature, and q is the electronic charge. This assumes that ohmic

drop is negligible. I, is a function of the temperature and the impurity
concentrations of the germanium. The term kT/q is about 0,026 volt at
room temperature, so that for positive voltages large with respect to

0,026 the exponential term is much larger than 1, and for negative voltages
of the same magnitude the exponential becomes small compared to 1, This
means that the expressions for forward and reverse current become:

1, = 1, [ exp(Vg/0,026)]  [Ve|> 0,026 volt,
L |V > 0,026 volt.

At very high reverse voltages, the junction should exhibit a zener break-
down and the dynamic resistance would drop to a very low value. Present
day germanium junction devices do not show a true zener, but an ioniza-

tion or avalanche breakdownl3 due to carriers crossing the junction under

extremely high fields.

The static reverse and forward characteristics of all the diode
types are illustrated in figures 2.2 and 2.3 respectively. The curvature
of the forward characteristic of the grown junction diode, 178L #7, in-
dicates that ohmic drop is not negligible in this diode. Since the
resistivity of the germanium used in these grown junction diodes is rela-
tively high this ohmic drop could be anticipated. The reverse current
for the 1786 grown germanium junction diode is quite constant over a wide

range of reverse voltage.

# TReferences 1, 2, 3, L, 5, and 6 present thorough coverage of the subject.
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3.0 Alloy Junction Diodes

The first step in the construction of the alloy or diffused
Junction diodes is the placing of a pellet of p-type impurity on the surface
of an n-type wafer;, soft-soldered to a conventional ohmic contact base,
Under heating the impurity dot melts and dissolves a small amount of ger-
manium at the surface. The device is allowed to cool, and the solution
re=-crystallizes producing a highly doped p-region. The cross section is
Figure 2,1d. The linear forward characteristic of the 1N92 plotted in
Figure 2.3 fits the ideal case quite well, The reverse has noticeable curv-
ature and the magnitude of the saturation (or constant) current is high,
This is typical of this particular series of alloy diodes and not the con-
struction method.

An alloy silicon diode, Type A1821 #2, is included in the elec=~
trical characteristics, The dynamic forward resistance at currents below
1l ma is the same order as the forward resistance of the germanium devices,
but the static resistance; or Vf/If, is much larger. The reverse resistance
is very high at low voltagess the reverse current is usually measured in
millimicroamperes in silicon devices., This particular diode shows what
is most likely an avalanche breakdown at 37 volts.

4.0 Point Diodes

The point diodes are made by a large number of manufacturers
and in a wide variety of types. Many of these, such as 1N3L and 1N38, have
been in general use for years, although much less is known of the physics
of point devices even at the present. The construction of peint diodes
is illustrated in Figure 2.lb., An n-type germanium wafer about LO mils
square and 10 to 20 mils thick is soldered to a metal base to make the
usual ohmic contact. Then a catswhisker 1 to 2 mils diameter with a pointed
or chisel shaped tip is placed in contact with the wafer's surface. A
small amount of mechanical stress is added to the whisker for mechanical
stability after contact is made., Then the diode is electrically "formed”
for mechanical and electrical stability and the desired electrical character-
istics, This forming is basically a heating process and may be done by
condenser discharge or by alternating or direct currents of the order of an
ampere for a fraction of a second, The effect of this forming is to pro=
duce a p-type germanium layer under the point, either by diffusion of 7
impurities from the whisker or by heat production of lattice imperfections,
The size and quality of the p-region is apparently a function of the amount
and length of time of forming, whisker shape, and least important, whisker

material,

The principal physical difference between point and bonded diodes
is the whisker material and the electrical prosessing. Point diode whisker
materials used are hard, high-melting-point materials such as tungsten and
molybdenum, In their commercially available forms, these materials often
contain small amounts of p=type impurities.’ In addition at least one
manufacturer actually plates the whisker with an impurity material before
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construction. During forming the whisker tip retains its shape as the
p-region forms, and the whisker apparently does not become physically
attached to the germanium. Destruction of common diodes and examination
of the surface of the germanium wafers has shown that it is extremely
difficulty; if not impossible, to determine where the contact had been.
The p=n junction is ordinarily of low quality as shown in the electrical
characteristics. The current increases directly (though not linearly)
as back voltage increases, and the forward characteristic is curved
throughout the range.

The electrical characteristics of point diodes are relatively
complex functions of resistivity, surface states; and the size and
character of the p=n junction. References 1, 2, 8, 9, 10, 11, and 12
furnish information on the subject although none presents a complete
point diode theory.

5.0 Bonded Diodes

The whisker material of bonded germanium diodes is a low melting-
point material, usually a gold alloy with a p=type impurity material.
The electrical processing; or bonding, causes the whisker to melt under the
localized heating, and dissolve a small amount of germanium. Cooling
allows recrystallization and the result is a small-area, highly-doped
p-region., The whisker tip may mushrooms and ordinarily forms a strong
mechanical connection to the germanium. Cross section of the bonded diode
is shown in Figure 2.lc, The electrical characteristics of the bonded
diode illustrated in Figures 2.1 and 2.3, the T5 #29; indicate a high
quality junction. Its reverse characteristic has low and fairly constant
current. The forward resistance is quite low and the curvature of the
forward characteristic is much less than for point devices.

6,0 Grown Junction Transistors

Transistors resemble two diodes on the same germanium wafer
constructed so that the forward current in the emitter diode affects
the reverse current in the collector diode. The various types of
transistors are constructed in the same general way as the diodes of the
same type.

Construction of the grown junction transistors is as follows:
At a point in the drawing, or growing, of an n-type germanium crystal
sufficient p-type impurities are introduced into the melt to cause the
germanium to become p-type. The crystal is grown a very short distance
and then an excess of n-type impurities is introduced to convert the
crystal back to n-types producing two p-n junctions with a commony, thin
layer of p-material between. Ohmic contacts are soldered to each end
and to the p-region and the n=p-n transistor has the cross section of
Figure 2.hd. All commercially available grown junction transistors are
n-p-n. Electrical characteristics are illustrated in Figure 2.5a,
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Current gain; a, is usually 0,90 to 0,999 and collector resistance, r

greater than a megohm, "

7.0 Alloy Junction Transistors

Two alloy junction diodes on opposite sides of a very thin
wafer produce an alloy or diffused junction transistor. Cross section is
shown in Figure 2.lic and electrical characteristics in Figure 2.5b, Both
@ and rg are slightly smaller than these parameters for the grown junction
transistors; values of 0.85 to 0.99 and 0.3 to 1.0 megohm are typical.
Most alloy junction transistors are p=n-p although one alloy n=p=n unit®
was marketed for several months.

In normal operation of transistors, the emitter diodes are biased
in the forward direction and collectors in the reverse. Forward bias of a
p=n junction is p-positive. This means that collector voltage for n-p-n
units is positive and for p-n-=p negativesy hence the inversion of the
collector characteristics of these types in Figure 2.5a and 2.5b, The
schematic symbol has an arrow in the emitter denoting the direction of
forward current flow as in Figure 2.la.

8,0 Point=Contact Transistors

Construction is illustrated in Figure 2.4b and electrical charac-
teristics in Figure 2.5¢c. ' Two contacts are located close together on the
surface of an n-type wafer. Only the collector is electrically formed
to produce the desired transistor characteristics. The result is that the
collector contact area becomes relatively large and its back resistance
low. r, is about 20,000 ohms and a varies from 2 to 3 in most pointe
contact transistors.

# RCA 2N35 ,\/ g -
Signed Ufih“v » t:I;;iﬁi~:I>~JJEn

Nolan T. Jones

Approved/b il d ¢ £ c/é/@

Donald J. Bekl

NTJ/ 3k

Drawings attached:

Figure 2.1 = A=58L72
Figure 2.2 - A=58L439
Figure 2.3 = C=58LL2
Figure 2.4 = A=59105
Figure 2,5 - A-58856
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Division 6 - Lincoln Laboratory
Massachusetts Institute of Technology
Lexington 73, Massachusetts
Subject: MTC Technician Training Manual - Chapter I
To: N.H.Taylor and MTC Personnel
From: A. Vanderburgh, Jr.

Date: December 1k, 195k

Approved: W /ig/ i f;:i-

w. “Ogden, ‘Jr.

Abstract: A technician training course in the troubleshooting of
Memory Test Computer was started late in September 195L. This
memorandum is the first chapter of a text that will be prepared
concurrently with the course. :

Although it is slanted toward MTC, the material in Chapter
I is applicable to other computers. It consists of an intro-
duction to automatic-digital computers, a description of the
binary number system, a discussion of available computer com-
ponents, and a sample programming problem.

Chapter II, which covers the MTC Central Contrel Bleck
Diagram (SE 37L60), has been finished in class and will be avail-
able in Jamuary 1955,

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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I. Introduction:

Some of the mathematical problems of Science and Engineering can not
be solved by direct analytical methods., For various reasons it becomes
neccessary to assign numbers to the known variables and seek numerical
solutions. 1In the past. and indeed in the present, these solutions were
performed by hand, or with the aid of adding machines and office calculators.
Since there is much repetition of simple operations;, many of these problems
can be solved by untrained personnel who merely follow a set of complete
instructions written by the mathematician., There are however, many problems
that require so many operations that human operators are not sufficiently
reliable, and in any event would take too long, It is for this latter class
of problems that High Speed Automatic Digital Computers are used.,

This first chapter will deal with a simplfied human computing system.
The first section will describe the system, the second will introduce systems
for representing numbers (e.g. Binary - Octal ), and the last section will
list some of the components that are available for mechanization of the human
system, Later chapters will discribe how this mechanization was carried out
in connection with the Memory Test Computer ( MTC ) .

IT, Automatic Digital Computers can be considered as further mechanization of
Adding Machine techniques.

Let us consider a % computing system. We will make it s e
because our purpose is to e it completely automatic later on. e dia-

gram below shows the essential components of our system,

me;N?—

ﬁJJ""j/Q

Self-Contained Human Computing System
Fig. #1
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a. The computing system of figure # 1 consists of a notebook, an adding mach-
ine, and an operator., Let us describe these components in detail.

1, The Operator

Our operator can read and write, but his vocabulary is very
limited., By convention, he starts at notebook line # O and performs
the instructions in the order written. The only instructions he can
understand are listed below, This list will eventually be extended
to include all of the 26 instructions of the MTC instruction code.

Instruction Abbreviation Description of Operator's
actions,
Add x ad x Enter the number on line x

into the keyboard. Then
push the add button, (See
below under "Adding Machine")

Clear and ca x Push %Clear" button, Perform

add x tgd x" instruction.

Store x st x Erase line x , Copy the number
in the Accumulator onto line
X o

Transfer if tn x If the Accumulator is nega-

negative to x tive take next instruction

from line x, and proceed in
in order from there. If it
is positive, ignore this in-
struction and proceed to the
next.

2., The Adding Machine

The adding machine is designed to accommodate 5 digit numbers.
Both the keyboard and the accumulating register (Accumilator) can
accommodate negative numbers as well as positive, An alarm will
sound if the result of an addition is too large. (This is called
an OVERFLOW alarm.) There is a set of control buttons. Their
functions are as followss

Add Adds the number in the keyboard to the num-
ber in the accumulator, and leaves the sum
in the accumulator.

Clear Sets the accumulator to zero.

More operations will be added to this list as they are found to
be desirable.




b.

Co
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3., The Notebook

The notebook contains a list of instructions and numbers that
tell the operator how to solve the problem., This list must be pre-
pared by a mathematician and written into the notebook. We will
specify that our notebook contains 2048 lines numbered from O to

. 2047, There is roem on each line for ome instruction, or one number.,
There is not room for both, Only those instructions that are un-
derstood by the opsrator may be used.

The Programmer's Viewpoint

How does this system appear to the mathematician who must use it?
In its present state it presents severe limitations. One obvious handi-
cap shows up when we wish to know which of two numbers is the larger,
Suppose for example that instructions have been writtem to store number
A on line 73 and number B on line 7k, and that the largér is to be used
in further computation. If we are restricted to the stated vocabulary,
the problem is insolvable, If we introduce a subtract instruction the
solution is extremely simple., "Subtract® will be defined as follows:

su x Subtract from the accumulator the number on line x.
Leave the difference in the accumulator, If the
difference is zero, it is considered positive,

We are now prepared to write a list of instructions that will enable
the operator to solve the problem. One possible list is as follows:

de: e&13

2. suTh The “tr 7% instruction means the same as "tn 7"
3. tn 6 except that it is independent of the contents of
ho ca73 the accumulator., It is called "unconditional

5. tr 7 transfer",

6. calk

7. halt

After these instructions are performed, the accumulator will contain
the larger of the two numbers A and B,

Questions:

1. If A and B are equal, which one will be chosen?
2, How should the program be changed so that the other would
have been chosen?

Subtraction with an Adding Machine.

Our overall intention is to completely automatize our computing
system; "Notebook", "Adding Machine", and "Operator®, With this in
mind, some of our specifications will b"_aictated by engineering con-
venience° The subtract instruction is a good example of this,
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If we were to build subtracting circuits into our adding mach-
ine, its size and complexity would be nearly doubled. On the other
hand; the circuitry needed to change the sign of one of the numbers
is almost negligible., If we add this equipment, we can perform the
instruction "su x " by the following proceedure.

1. Copy the number on line x into the keyboard.
2, Change the sign of the keyboard,
3, Push the Add button,

This method is used in Whirlwind I. In MTC, however, electronic con-
siderations make it desirable to leave the keyboard intact. We are
allowed to change the sign of the accumlator, but this would give
us the wrong answer. That is, we would get the contents of line x
minus the contents of the accumulator - the reverse of the desired
result, However, since this result is in the accumulator, we can
correct it by changing the accumulator sign again. In summary, the
instruction "su x" can be performed by the procedure below. The

only additional equipment needed is a "complement accumulator® * push-
button,.

To perform "su x",

1., Copy the number on line x into the keyboard,
2., Push the complement accumlator button,

3. Push the add button.

i, Push the complement accumulator button.

Question:

l. How can we do the instruction "clear and subtract x" ?
G W R now w ugyhtract magnitudes x" ?

See MTC Programming Mamual M-2527 for definitions of the above in-
structions,

s As used here the word "complement" denotes an electronic operation
that results in changing the sign of the number in question. The mathe-
matical use of the word is described in section III of this memo, The
ergineering use is discussed in section IV and will be covered in des
tail in later chapters of this training course mamual.
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de

Sample Program

Perhaps the most fundamental operation in arithmetic is countigg.
The familiar addition table can be formed through “Ycounting by ones",
The multiplication table can be found by counting additioms. Nearly
every program written for automatic digital computer solution includes
some form of counting, As an example, consider multiplication by
counting additions., The product of the numbers om lines 101 and 102
is desired. It is assumed that these numbers will not cause an over-

flow upon multiplication. (This assumption is justified later on.)

Line 105 is to contain the answer., The program below uses this line
to contain the partial sums as well. Line 103 contains the "count®
and is called the "counter", Line 104 contains the counting increment,
in this case it is plus ome, Thus:

101 - Multiplicand
102 - Multiplier
103 - counter

0 - 1

105 - partial sums and answer

The program can be written anywhere in the motebook., For example
it could start at line # 507.

507 - ca 101
508 - ad 105 Perform addition
509 = st 105
510 - ca 104

511 - ad 103 } Increase counter

512 - st 103

513 - su 102

51l - tan 507 } Test Count - if not complete return to 507
to make another addition,

515 - halt

Questions:

1, Overlooking overflow considerations, does this program work if
the numbers are 3 and 4 ? Does it work for %E[ numbers? What
if the numbers are negative? If not, what changes or additions
should be made?

2, Suppose the numbers A, B, and C were stored on lines }01,‘102,
and 103, How can the present vocabulary be used to find

(A+B-¢C)?

. Division can be performed by successive subtraction. Assuming
: that the numbers A amd B are stored om lines 101, and 102, how
can the quotient A/B be found, What further assumptions will

simplify the program?
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e.

:

Fractional Representation for Numbers.

Later on we shall add the instruction "Multiply by the contents
of line x " (mh x) to the operator's vocabulary. The ability to
multiply brings up the question of number length and the position of
the decimal point. Consider a calculating machine with a keyboard
length of two digits. With the decimal point at the right ;, we would
have to extend the accumulator two places to the left in order to
accomodate the largest products., For instance, 99 x 99= 9801, If
the next instruction were to attempt multiplication by 99 again; we
would obtain 9801 x 99 = 970299 , Thus we should be forced to limit
the number of successive multiplications or to extend the accumlator
indefinitely.

This difficulty is overcome in MTC and WWI through a sacrifice of
accuracy. If we consider the decimal point to be at the left, then all
numbers in the accumulator and keyboard are less than uniy and any
product is smaller still, To retain full accuracy from a single mul-
tiplication, a right extension of the accumlator is needed. In MTC
and WWI this extensiom is called the"B Register”, It is the same lemgth
as the accumulator., With the presemt vocabulary, the B register is not
available to the programmer. Multiplication will fill the B register,
but as yet mo instruction has been specified that will use its contents,
An entire class of instructions; the "Shift Class", will be introduced
later for this purpose, We shall find that the ability to shift num-
bers along the extended accumulator will greatly simplify the task of
multiplication with am adding machine,

Questionsg

1, Does fractional representation affect additiom and subtraction?

2, That is, does the position of the decimal point make amy diff-
erence in a program that does mot involve multiplicatiom and
division?

3. Does it affect counting?

#Coded” Imstructions

At presemt, the operator must be able to read. That is; he must
recognize the letters of the alphabet and identify several combimatioms
or words, He must also recogmize mumbers, For example , numbers are
used to specify which line of the motebook a given instruction makes
reference to, The lines are mumbered from O to 2047 -~ thus there is
room on a given lime for a line mumber and some other number that is
a multiple of 2048, To make the job of mechamization easier; code
numbers are assigned to each operatiom im the operator's vocabulary.
For example, the operation "multiply" is givea code #1 in MTC. The
instruction mh 607 would be coded as(l x 2048 + 607 = 02655, The
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e

separation of address and coded operatiom is obvious when the in-
struction is written in octal or bimary form. This matter is dis-
cussed in detail in sectiom III of this memo. The mumbers chosen for
the various imnstructions of the vocabulary cam be picked at ramdom,
In MTC, engineering considerations made it desirable to group inm-
structions with similar functions, For example, all instructions
that refer to the notebook have code values less tham 16, Those that
have no reference to storage have code values greater than or equal
to 16, Other computers, such as WNI for example, have completely
different code values,

Summary

The computing system that has been described has been designed
with an eye toward eventual automatization. Through specification of
a restricted vocabulary the implication has been made that the op-
erator is to do omnly what he is told, He is to do nothing om his own
iniative, This makes our automatizatiom possible, but it puts the
responsibility squarely om the programmer, The program writtem for
multiplication will mot work if %he multiplier is negative, This
shortcoming surely is not the fault of the operator, notebook, or
adding machine, The programmer must forsee all such difficulties,

By "coding" our operations as numbers we have made it impossible
to tell if a given line in the motebook comtains a constant or am
instruction. Thus the programmer must imform the operator of the
starting point of his program. Since the operator is to perform
instructions sequentially there should be no comfusiom, With this
system a programmimng error could cause the operator to wade through
a block of comstants as if they were bonafide instructions. The
operator does what he is told. He can not tell if it makes sense or

not,

Table I is a summary of the present vocabulary. It lists each
instruction and gives the programmer's and operator's viewpoints sep-
arately. Later chapters in this series will extend this table to the
26 imstructions of the MTC Operation Code.
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Table ?
Instruction

Add
(ad x)

Clear & Add
(ca x)

Subtract
(su x)

Clear & Subtract
(cs x)

Store
(st x)

Transfer
(tr x)

Transfer if neg.
(tn x)

Multiply
(mh x)

Halt (ha —=)

(MTC Imstructiom Mmemonics)

Programmer's Viewpoint

Page 9 of 32

Operator's Viewpoint

Add the number stored om

line x to that in the acc-

umulator, lLeave the sum
in the AC., If the sum
is zero it is negative,

Copy the mumber om line
x into the accumulator,

Subtract the number omn
line x from the number
in the accumulator,
Leave the difference in
the accumulator. If the
result is zero, it is
positive,

Put the negative of the
mumbar on %Tno x into the
accumulator,

Copy the number im the
Accumulator onto line x,
Previous contents of x
are lost,

Take next instruction
from line x,

If accumulator is neg-
ative, proceed as for
tr. If AC is positive,
ignore this instruction
and proceed to the next,

Multiply the mumber in

the accumulator by the

number im x. The most

significant digits - of

the product are left im
AC., The least sigmifi-
cant half is stored im

the B register,

Halb,
is mot meeded

The address sechbion

Copy the mumber om lime x
into the keyboard.

Push the "Add KB to ACH
pushbutton on the adding
machine, Proceed to mext
instruction,

Push "Clear Accumulator®
Proceed as for (ad x).

Copy the mumber om line x
into the Keyboard.

Push "Complement ACY.

Push "Add KB to ACH,

Push "Complement ACH,
Proceed to next instruction,

Push "Clear ACH
Proceed as for (su x).

Erase line x, Copy the
number in the accumulator
omto line x.

Take mext instruction from
lime x, Proceed sequentially
from this line,

If accumulator is megative,
proceed as for tr, If AC
is positive, ignmore this
instzuction and proceed to
the next.

Without additional equipment,
the opsrator is umnable to do
this imstructiom. The means
whereby the opsrator cam
multiply is discussed in
later chapters,

Do mothing, Do mot proceed
to next imstructionm.
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The Octal and Binary Number Systems.

Introduction

The paragraphs that follow discuss two number systems that are
unfamiliar to most people. In explaining these systems some familiar
number system must be used as a language. In this memorandum the
"language" used is the decimal number system. Numbers that are not
intended to be imterpreted decimally will be tagged (b) for Binary,
and (o) for Octal.,

The use of bimary numbers was chosen because of engineering con-
venience., As will be shown, the binary system dictates the use of
"on-off" components such as relays or flip-flops, whereas the decimal
system requires devices with ten stable states. Since "on-off™ operation
is much simpler, it is more desireable from an engineering point of view,

Fractions -~ Decimals - "Radix"

This discussion might just as well begin with fractions since it has
been stated that only fractions will be used within the machine., Fract-
ional notation was chosen because it limits overflow problems to the
addition and subtraction operations. (Division could still cause trouble,

but MTC has no divide operation and hence it does not concern us here.)

When a fraction is represented as a "decimal" there are certain un-
derstood rules and descriptions that are so familiar that we seldom think

about them, For example:

1. The "decimal point" serves as a reference. Digit
positions are counted from this point.

2, Empty positions are indicated by the figure “zero",
The use of positions and zeros was a major step in
the science of number theory., It is often spoken
of as " The Discovery of Zero ."™. Note that the
Romans had no zerol

3. Decimal positions refer to fractions based on the
number ten, The first position tells the number of
tenths, the second - hundreths, the third - thousandths,

and so forth., For example:
7 6 s
765 means 76 * ;o0 T 7oco
g o) o '
.8005 means AR eyt e
li. Some fractions can be represented exactly. For ex-
ample:
- _ SRS TRETTRE ST
= ;5 = 5 s o o2

1
2 ry

Q4 L =5
ZE= B+ 76 *ivco "/-01%30 "'/07;%0 *'4000;::»"0/5_‘;kr
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5. Some fractions can not be represented exactly.
For example: 8
}L: 7’:—'*/‘0%' +/:;?a— “+ 00+ = .339"‘37&,

4 = 102857 142857 142857 -—- etc.

These are called repeating decimals.

Note that in writing fractions as decimals, we drop the denomimators
of our "base tem" fractions and supply the "decimal point" as a reference,
For example:

c e TR T 0
% m%w\ —025 ‘é‘"‘ i\\*”:.s_o

Note that-each digit position can contain amy of ten symbols - 0,1;2,3,
4s5,6,7,8,and 9. Mechanization of a "digit positiom" would therefore
require a device with ten positions. ( Take a telephone dial for instance.)

The number "ten" has no special attributes. We might have chosen a
different set of denmominators. "Ten" was probably chosen because human
beings have ten fingers. Suppose, for example, that we chose the number
"two" as’our base. FEach succeeding demominator is now twice its pre-
decessor; rather than ten times, Thus:

1}

= ol L L. o)
oy * g = ¢ 2

2 e

- =
LegE v g

/70 (b)

A system based on the number "two" is called the "Binary System®, Each
position can contain one of two symbols -~ O and 1, Any mumerator greater
than 1 would reduce to the adjacent positiom, For example:

2 b IR 3 & ‘

Rl 7e = 3 DL
With this system as with the decimal system, some fractions can be rep-
resented exactly and some repeat indefinitely., A "point" is used as a

reference and empty positions are indicated by zeros., The bimary sys-
tem is exactly analogous to the decimal system. Their only difference

is in the base number.

Note that any base number can be used. Ten is commonly used because
we are used to it. Two is useful in commection with computers for eng-

& ineering reasons. Eight and sixteen are used in the computer field as
convemient short-hand notations for bimary. Twelve is used occasionally

because many more common fractioms can then be expressed exactly.

. " The base number of a system is often called the "radix"of the sys-
tem., Likewise, the reference point is kmown as the nradix poimt®.
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Questions:

1. Change the fraction 2/3 into the forms indicated.

a. ?/10 + ?2/100 + ?2/1000
b. ?/12 4+ 2/1kh + 2/1728
c. 2/8 + 264 + 2/512
G ¥i2 +.2h  + VUG T4 NS

e, as a decimal.
f. in binary form,

Ce Powers and Exponents

Representation of mixed numbers and integers with positiomal num-
ber systems is more easily described through the use of exponents or
powers. A complete coverage of this mathematical notation can be found
in any Algebra book. A review of the basic principles is given here,

1. Six raised to the second power is 6 x 6 or 36, It is
written 67, and is often called "six squgred". Likewise,
six raised to the third power, written 6 and called"six
cubed", is 6 x 6 x 6 or 216, The "power" or "exponent"

is written as a superscript and indicates howmany times
‘ the "base" is to be multiplied by itself. Thus:
0.3= QX & X
2¢=13‘2X7—XL=/6

3 2 3«7x3x3x3 = 253
a" = (a «x & x & ..00 2a) (where "a" appears "n" times)
2, Arithmetic

a, Addition and Subtractiom

The numbers must be reduced. For éxample:
3%2°= §+8 = 17
3%-2'= 9-¢ = /

b. Multiplication

If the bases are the same, we multiply by adding
exponents. Thus:

9-3' 21= (-?.xzxz)(o.l.z.) = AAXAxLXAX2L =1‘ = 32

¢, Division

‘ If the bases are the same, we divide by subtract-
ing exponents. Thus:

- /
‘39‘?: 3<32):2.=2-

T T o i o~ TR 0 Ly o e e N R R e S TSRS e
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If
- RO 178 1 W & #2) -~

ST e

d. Negative Exponents mean reciprocals. For example:

g LN -2 /
‘;_7'-2 =?:83
~3 JA ol
5N e
a™®  means 1
al

e. The "zero" exponent means unity. For example:
S

PR — S"(z'Z)= ke -

51—
N (w-w) 0
f—: — _f = 5o 2
f. Summary

1. a® means "a" times itself "n" times,

2, Addition of exponents with like bases is multipli-
" cation
s Subtraction of " n 1t " is division,

Negative exponents mean reciprocals,
Zero exponent means unity with any base.

viEw
°

d, Mixed Numbers and Integers.

Using expoment notatiom, a decimal fraction can be described as
follows,

1<0,25=2x10 ,plus 5x 102 plus Ox 107>,plus o..

The same fraction in binary form is:

3

i=0,0 =-0x 2% plus 1 x 2~2 plus O0x 2 °, plus ...
4 s 9

Mixed numbers and integers are handled by an extension of the
system to the left. For completeness, all three systems - decimal,
binary, and octal are diagrammed om the next page.
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The "Dec’{imal" system is based on ten,
FO 0’ /0° /o" ¥ =3

/ s 3L8 v o,

(decimal point)

The "Octal" system 1s based on eight,

X, -3
g g 8° i i g

2 o <% v4 o o

(octal point) .

The "Bibnary" systam 1s based on tvro.

é Y il LERE Ty R B B
22322211222122122212
ogoxoooo/a////ooooooO

{ 1|
' 3

(binary point)

The number expressed above is 133 and 7/8 . In decimal rep-
resentation, we have 133,875 or:

1.x 102 = 100.000
plus 3 x 101 = 30.000
u 3:x 10%" . = 3000
" 8 x 101 = 0.800
" 7x 102 = 0,070
" Bx103 = 0,005
“133.875
Using octal representation we have 205,700 or:
2x 8 = 2x6i4 = 128,000 (d)
plus O x g8 =o0x 8 = 0.000 "
" By 89 =€y Y = S.00G ¥
#o 7x B% =728 = 0815
m 0x 82 =0x1/L= 0,000 "
1355

Using binary representation we have 10000101,111000000 or:

1x 2/ =1x128 =128,000 (a)
. plus 1 x 22 -1x L4 = L4.000
R T o R T SR
" 1x 271 =1x % e 0500 »
" 1x 22 =1x 41 = 0,250 "
" iy 2’ m1x 178 = 4328 *
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eb

f.

Counting

We learn to "count" at an early age. Every small child seems to
know when some other child has "more" marbles than he has. The symbols
and words used in counting express "how many" in a way that can be
understood by others. What is "counting" ? In the terms of the math-
ematician, " counting" means putting a set of symbols into a one-to-one
correspondence with the objects to be counted. In other words, counting
symbols or numbering systems are a language. Several such languages
are in use today. Four of them are illustrated below.

Roman Arabic Base 10 Arabic Base 8 Arabic Base 2
Numerals (decimal) (octal ) (binary)
= 0 0 0
i i 2 i s
I 2 2 10 (b
ITI 3 3 .
G 81 Iy iy 100 ™
v 5 5 101 8
VI 6 6 110
VIiI i 7 Lir..»
VIII 8 10 (o) 1000 n
VIIII 9 Je N 1001
X 10 (d) 12 1010 "
XIIII 1 (d) 16 (o) 1110 *
XV 15 ® 17 1111 ®
XVI 16 n 20N 10000 "

In every-day use, words such as "twenty", "thirty", and "hundred®
and the corresponding symbols have a built in decimal bias., In the
computer field, identical words and symbols are used with different
meanings. In order to be understood, we must specify what language
(number system) we are speaking. For example 16 (o) , 1k (d), and
1110 (b) are all equivalent to XIV (Roman). To say or write®"sixty" -
would be ambiguous unless the system is specified.

Conversion

From the diagram in section "d" we see that each position counts
by some power of the base., For instance, the second position to the
left of the radix point counts by 10's in the decimal system, by 8's
in the octal system, and by 2's in the binary system. In general the
positions count differently in each system, Notice, however, that the
nzero" position is the same for all three systems. It always counts
by "ones". We shall use this in all our conversion methods.

Suppose we wish to find the binary representation that corresponds
to 0,875 (d). One method is by repeated multiplication by 2. Let us
see why this method works, The base of the binary system is 2. The
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base of the decimal system is ten. Multiplication by the base in the
decimal system moves the number one place to the left. The same is
true for the binary system. Consider the number 0.001 (b). In frac-
tional notatation this is 1/8 . Multiplying by 2 we get 1/l or 00010(9)
The number has been shifted to the left. Another example:

0.101 1/2 + 1/8
1 + 1/h =1.010 (note shift to left)
2 + 1/2 =10.100

times 2
times 2 again

Perhaps the conversion method toward which we are leading is becoming
clearer. We have found that multiplication by two shifts the number
onge to the left. Note that the first binary digit is shifted from the
2 7 position into the "ones" position § In the ones position it means
the same in any language. Thus by repeated multiplication of two we can
spill the binary bits one by one into the "ones" bit positions

o875 (d)
x2
~T.750 The first bit is "lv,

1,500 The second bit is w1,

1,000 The third bit is "1,

0,000 All succeeding bits are "o,

The binary equivalent to .875 (d) is then ,11100....

The above method is good for numbers less than one, If the decimal
number is an integer, we must resort to another method. If a mixed num-
ber, both methods are used. That is, the fractional part and integer part
are converted separately. One method for integers is given below. The
diagram may be helpful. We wish to convert 30 (d) to its binary form.

% g a¥ o 2% gt g¥ z"|

9 |
@y @ O ® O (&)

What goes into the 26 position? ie. How many 6li's are there? By trial
and error we find that there are no 6li's, no 32's, one 16, one 8, one L,
one 2, and no ones. We can now fill in the binary positions, The binary

Torm of 30 (d) is therefore 11110 (b) o
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Conversion from decimal to octal is done in a similar manner. Starting
with the highest power of 8 that is part of the number, we fill each
octal position down to the "ones® position, The fractional part can be
handled the same way, or by another method,

Conversion from octal to binary or vice-versa is extremely easy.

Notice that three binary bits are equivalent to one octal digit. This
can be seen from the fact that the largest binary number in three bits
is 111 (b) or bk + 2 + 1 = 7 (0). The next higher binary number must use
the next position and the next higher octal number must do so also,
Thus if one memorizes the binary representation for the octal digits from
0 to 7, conversion between octal and binary is accomplished by inspection
of each group of three bits.” It is for this reason that the MIC display
lights are grouped in sets of three lights each,

Questionss

a. Convert 5 days,10 hours, 3 minutes, and 30 seconds into seconds.,
b. Convert 1100111 (b) into its decimal form,

¢. Do you notice any similarity between questions a and b ?

d. Convert 100,000 seconds into days, hours, minutes, and seconds.
e, Convert L3 (d) into its binary form.

f. Do you notice any similarity between questions d and e ?

Negative Numbers - Complements

In section II-c we stated that subtraction can be accomplished by
adding the negative of the subtractor. Because of engineering consider-
ations we had to add the negative of the subtrahend and hence were forced
to change the sign of our answer. This may seem like so much double-talk
but it isn't. For example, when the temperature drops from A degrees to
B, how far has it dropped ? You might say "(A-B) ", But what if B is ten
below (ie = 10 )? Suppose they are both negative? Find the temperature
drop from A to B for the following values:

A =59, and B = }j1
§

59 ) =
~10, =40
Lo, 50
-159 ”5

From a consideration of the temperature scale we can derive the following
rules for the addition and subtraction of negative and positive numbers.

1, When we wrifc ( 4-2 ) we will associate the minus sign with the 2,
Thus we could have written ( =2 + L4 ). Since we keep the sign
with the number, the order is unimportant.

2, Minus a Minus is a plus. That is: = (=) = + o,

ONote also that.the octal base "8" is simply related to the binary base®2m,
That is, 8 = 23 o« Thus 3 binary bits are equivalent to one octal.
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3o «(#) ==, #(=) ==, #(+) =+ That is, an odd number of mimus
signs results in minus, an even number results in plus.

i. The same rules apply for multiplication,

Now that negative numbers are understood we can proceed to outline-
ing the method we shall use for their representation in the machine, We
need a system that will add or subtract signed numbers., Since we can
change the gign of numbers, we need consider only the addition process.

There is an old parlor trick that gives a clue to the method we shall
use. The magician asks for a number from the audience. Leaving room for
four more numbers, he writes the sum of all fivel! Then he asks for the
second, writes the third, asks for the fourth, and writes the fifth., Since
he has the last turn, he can of course pick a number that will make the sum
correct, but he works so fast that it must be magic. The answer he wrote
turns out to be correct § For example:

Step 1 Step 2 Step 3
1432073 432073 432073
- 391046 391046
= 608953 608953
¢ - - 7121116
- 287583
“2h32071 2132071 2I32071
Let us look carefully at the numbers the magician supplied:
1432073
391046

Zodoes | = 999999 or(1,000,000 - 1)

TS} = 999999 0r(1,000,000 - 1)

2L32071 -

14132073 4 2,000,000 = 2

This can be rewritten.

132073 1432073 1432073
391046 3910k46 3910L6
(999999-3910L6) =391046 + 999 999 +608953
712416 712116 712L16
§999999-712h16) =7121116 + 999 999 +287583
073 #1999,99 :
4
T 132073

The "end around carry" subtracts 2,000,000 and adds +2. Thus the

. complements ( 999999 - 391046 for example ) can be used to repre-

sent negative numbers,
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A method similar to this is used to represent negative numbers in
MIC. In the above example, the numbers added to 999999« 1In the binary
case we will choose numbers that add to 111111 (i.e. all “ones"), Thus
"minus"® 1/h becomes .101 because »010 # .101 = ,111 . 1In this form,
it is impossible to tell whether .101 means - 1/ or 45/8 . We there-
fore must supply another bit position to indicate the sign. For conven-
ience we use 3he left end of the number. Notice that this bit is not con-
sidered the 2~ position. All numbers in the machine are still fractions,
A "0" in the sign bit position means that the fraction is positive, A nln
in the sign digit position means that the fraction is negative and has been
complemented., Try a few examples:

How would the following be represented?

& Y sis 5/8 % 45/8 Jow PR Gesild/2

Have you noticed how simple it is to camplement a binary number? For
example, the complement of 0,010 is 1,101 . We have merely interchanged
the ones and zeros | As we shall see later, this change is easy to accom=-
plish electronically,

Arithmetic

In this section we shall discuss binary addition, subtraction, and
multiplication., For clarity we shall discuss decimal arithmetic first.
Then we shall turn to binary arithmetic, and finally to the manipulation
of negative numbers in complement form,

1., Addition

We are all familiar with the process of addition, but before we can
design a machine to do the work for us we must outline in gross detail just
what addition is. In school, we learn to "add" by memorization of the
"addition table" and by following a set of rules econcerning carries. The
process was somewhat as follows:

a. Consider the "“ones" colum. Look up the sum in the table.
Write the “ones" digit from the table into the "ones" posi=-
tion of the answer., "Carry™ the ten's digit from the table
to the next column.

b. Consider the next digit column and the previous carry, and
proceed as before,

In MIC we shall always limit ourselves to the addition of a pair of
numbers - one in the accumulator, and one in the "keyboard" register. ﬁé
shall use a special method to add in the "carries" as a separate operation.
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For example:

+019
&
« 06 (From addition Table)

.11 (to carry)
2116  (Answer)

Binary addition is completely analogous. However, before we start we
must form the binary addition table:

+lo 1
od0e - 1
Ficl 10

Binary Addition Table

Now we can add two binary fractions using the binary addition table, and
the same rules of addition. For example, 1/h +1/h =1/2 ,

1/h + 1/L = ,010
+ 010
000 (from table)
+ 100 (to carry)
. =100 (answer) note: 0,100 (b) =1/2 |

What are the rules for addition with negative numbers expressed in
complement form? The rules are given below. The paragraph following
them shows how they were derived.

1. The "complement® or "negative representation" of a number is
found by changing all ones to zeros and all zeros to ones, including
the. sign bit.

2. The sign bits are considered as part of the number - - that
is a "Carry" from the first position to the right of the binary point
is added into the sign digit columr. (This is "end around carry".)

3. If there is any carry out from the sign digit column, it is
added to the extreme right hand end of the number.

4. Overflow 1i.e. a result greater than unity ,is detected by
the occurence of an incorrect sign bit. Two fractions with unlike sigps
cannot cause overflow., Like signs should produce a result with same sign.

5, All "ones" i.e. 1.111 111 111 111 is the complement of all
"zeros" and is called "minus zero". All "zeros" is called "plus
zero".




Memorandum 6M-3004 Page 21 of 32

Some examples:

/2 + 1/ = 3/k 0,100
+ 0,010 (no end around carry)

3/ + 3/L

1.5 0,110

T.I00 = -1/2 (Wrong sign - hence overflow)

3/h + 3/h = 0 1,001

<1/2 + -1/L

=3/L 1.011

+1 (end around carry)

00T = -3/
-3/

+

-3/L = -1.5

?ftg - (end around carry)
0.0I1 = 4+3/8 (Wrong sign - hence overflow)

An interesting example is -0 ¢ (-0) or -0 & (+0):

2111 131

' lj%ii 111
1.111 110 = <0
+1

1.111111 = -0

1.111 11}

Lol LLE = =0

Where did we get these rules? Consider a binary number 15 bits long.
The last bit is the 2-15 positiors Let us see what the "end around

carry" has accomplished.

First we must get a mathematical notation for the "complement"
of a number. In finding complements we changed ones to zeros and
vice-versa in order to get the number to add up to "all ones".

That is, we subtracted our mmber from 1,111 111 111 111 111. (The
use of 1.111 111 111 111 111 is called the "ones complement" system.)
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Notice that this binary number is almost 2. That is, if we add
0.000 000 000 000 001(b) or 1 x 2-15(d) the sum is 2. Now the
"complement" of "a" can be expressed:

70 R e« b A b SN
or

2 - (1x2-15) Mgt

When we add some other negative number say "b" we wish to obtain our
answer in the same form! 1l.e.

2 - (1x2-15) -2 b
Now straight addition gives: '

2-2"15_4

PR RS T ... - P
282 «2ald « 2al8 2.0

and "end_igound carry" removes a "1" from the 21 position and adds a "1n
to the 2 position, It therefore subtracts "2", and adds "2-15 ", e

‘ are left with: @ - 2'15J—a. b orﬁ.&lll 111 111 111 111 -a -b_] —
which is the result we were seeking }

2. Multiplication:
The school-boy method for multiplication is as followss

1. 1-6x9 is 54 (from table) -4 and 5 to carry
6x2 is 12 (" " ) -2 and 1 to carry &% 174
is first partial Product.

2. 7x9 is 63 (from table) -3 and 6 to carry
7x2 is 14 (" ") -4 and 1 to carry .%203
Second Partial Producte

3. Shift to the left and add.

4, Point off in the multiplier and 2 in the
multiplicande

The school-boy who asks why any of these steps are taken, or Where
did the multiplication table come fromf“,is quickly squashed.

Perhaps he is told that the multiplication table came from the same
place that the addition table came from! (And everybody knows thgii)
Well where did these tables come from! They came from gounting!

The addition table comes first and from it the multiplication table
can be derived.
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For example:

What is the sum of 6 and 4. The natural thing to do is count
it off on your fingers. Count 6 fingers, then 4 more and the answer
is ten. The whole addition table can be found this way and once found
it can be memorized, Well then how about the multiplication table?
Four "times" six means four groups of six each or 8ix plus gix olus
8ix vlus gix. Thus with the addition table and the rules of addition,
we can easily form the multiplication table,

Now let us form the multiplication tgble for binary numbers.
The only symbols are 0 and 1 hence there are only 4 entries.

x 0 i 3
0 0 0
3 0 2k

Binary Multiplication Table

The rules for using this table are the same as for decimal
but since there are no "ecarries", the process is much simpler.

For example: 6/8 x 5/8 = 30/6k (d) = 15/32 (d)

110
X ad)
110
000
130
OIIII0 = ,011110 = .36 (o)

036 (o) =3/8 4+ 6/64 = 12/32 +3/32 =15/32 (d) (which checks)

Negative Numbers:

We have no tricky method for multiplication with negative
numbers. When the multiplier is negative, we make it positive,
multiply, and then mgke the answer negative again. (This is called
"sign control®.)

3. Division:

Since MTC has no divide instruction we need not dwell on
the subject of divisions We are aware that in decimal arithmetic
"long division" consists of rules concerning “trial,divisions“,
the multiplication table; subtraction, and shiftinges In binary
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1.

arithmetic the process is simplified by the lack of carries in the
multiplication table. As with multiplication, we work with positive
numbers only and supply the proper sign after the division has

been acomplished,

Questionss

How would you add with Roman Numerals?
(Hint: Be careful! Do you need a table?)

How about subtraction?

How about multiplication?

In decimal multiplication do we have to shift left?
That is could we have shifted right?

What is 64(0) x 144(0)? (Do not convert to decimal except to
check answer.) (Hint: Form the Octal multiplication table,)

Summary :

The word "arithmetic" comes from a Greek word that means "to
number". To "number" means tos@®$ign names and symbols that convey
to others the answer to the question "How many?" We found that
several numbering systems are in use, some of them "positional"

(e.g. Decimal, Octal, Binary), and some "non-positional®(e.g. Roman).
The familiar operations of addition and multiplication were

considered as faster means for counting "upward". Subtraction and
division were faster means for counting "downward". The binary system
was chosen for engineering convenience in the storage of numbers,

but it was found that it allows important simplifications in the
arithmetic operations as well. We decided to learn the octal system
because it is a convenient "short<hand" for binary. Finally we

noted that since both the decimal and octal systems use arabic
symbols, we must specify which is in use.




Memorandum 6M-300L Page 25 of 32

Iv,

Available Components

We intend to replace our human computing system with one that is com-
pletely automatic. It is to have an high-speed motebook, an electronic
adding machine, and an electronic operator. Our automatic machine is to
be such that we need only write our instructions into the automatic note-
book, and push the "START" button.

The notebook is the heart of the machine., What it is, and what it
does is simple. It is similar in operation to the familiar tape recorder.
In short, it stores information which can be copied easily, erased easily,
and changed easily. Most important of all, these operations can be dome in
a few micro-seconds.(One microsecond = one millionth of a second.)., The
physics and engineering that describes how this is done will be covered in
a later chapter. For the present we will assume that a high-speed note-book
is available.

The adding machine and operater make up the rest of the system. For-
tunately they can be made from the same building blocks., The adding machine
must be able to manipulate numbers arithmetically. The operator must be
able to transfer numbers between the adding machine and the note-book, and
he must remember such things as which instruction is to be done next, etc..
The operation of the machine can therefore be separated into two areas:

1. The storage, transfer, and manipulation of numbers.
2, The timing, sequenceing, and selection of the above.

Let us take a look at the components that have been designed to perform
these operations.

The Mechanization of Numbers - Storage, Tramsfer, and Manipulation

Storage

To store a binary bit, we need a device that has two stable states -
a state we will call "O", and a state for "1". The device must be such
that it can be forced to either stase, and it must be possible to make
it change to the opposite state. The latter requirement is dictated by
our desire to use a complenent system for representation of negative mum-
bers. All of these operations are to take place at high speed.

The electronic device used by MTC is called a "flip-flep". It is
represented schematically by a"black box" with two outputs and three in-
puts. We will label the two outputs as the ul" ocutput and the "O" out-
put., In a similar fashion there is a u1" input and a "O" input. There is
also a "complement" input. The conventional diagram is shown on the next

page.
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(Diamond arrowheads (outputs)
mean dc levels.)

1 0

FF

4
(Triagular heads ’ T
mesn 0,1 micro- ¢ :
second pulses. ) * O (inpubs)

Block Diagram for a Flip-flop

The major characteristic of a flip-flop is that one output is al-
ways "on" or "high", and the other is "off" or "low"., That is, the
two outputs are never the same, 1In MTC, "omn" or "high" or "up" means
that a dc voltage level of +10 volts is available at the so~-designated
output terminal. The other output will of course be "down". Im MTC
a voltage level of =30 volts ( 30 volts below ground ) is available at
the "down", "off", or "low" terminal of the flip-flop.

The flip-flop is considered to contain a "1" if the "1" output is
"high". This condition of operation is also called "set to a "one pos-
ition", or sometimes just "set",

The flip-flop is considered to contain a "O" if the "O" output is
"high". This condition is also called "set to a zero", or simply "clear-
.d" L

There are three input connectioms; the "1" inmput, the "O" input -and
the "complement" input. The input signal is a voltage pulse such as would
result from turning a switch on and off very quickly. Im MTC the pulse
duration is 0.1 microsecond. The MTC flip-flops respond within 0,5 micro-
seconds.

We are now able to store a number., For our 15 bit binary fractions
with the sign bit we require 16 flip-flops. Such flip-flop registers
areused in MTC for the "keyboard", the B-register, the accumulator and
for many other functions that will be found necessary as we replace more
and more of the operator's duties with electronic equipment.

Number Transfers - Copying

Suppose that we wish to copy a number from flip-flop #A to flip-flep
The word "copy" implies that the contemt of #A is left unchanged.

o

(In computer work the word "transfer" often means the same thing.) Let us
consider flip-flop #B. We wish to supply a pulse on the "ome" input
enly if #A contains a one. Likewise we wish to supply a pulse on the

#O" input only if #A contains a zero. We need a switch that can be con-
trolled by a dc level such as is obtainable at the output terminals of

a flip-flop. Such a switch is called a "gate" or "gate tube". The com-
ventional diagram is shown om the next page.
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b.

Pulse input ~——» gr [ Pulse output

Switching level input
Block Diagram for Gate Tube

A gate will be "on" if the switching level is "high%., Im this pos-
ition the pulse is passed with megligible delay. (Usually about 0,05

microsecond.) A gate will be "off" if the switching level is "low". In
this case, the pulse is not passed.

We can use a combination of two gates and 2 command pulse for mumber
transfer or copyinrg. A possible circuit is shown below.

p 4 0
FF # B

GT | _GETJ‘—-
?
: 0
FFE # A
Copying Circuit

¢ Command pulse inpub

When a pulse appears on the line labeled "command pulse input", the con-
tents of FF #A will be copied imto FF #B. The operation will take about
0.55 microseconds. The number in #A is left unchanged.

Comtrol Functions - Timing, Sequenceing, and Selection

Part of the operation of the computing system comsists of the cepy-
ing or transfer of numbers. Notice that the circuit above will not per-
form the copying operatiom until "commanded" to do so by the application
of a "command" pulse to the input lead. Let us see what devices we have
at our disposal to make sure that these command pulses occur at the pro-
per intervals and in the right order.
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The major compoments we will use for control purposes are:

Flip-flops
Gates

Delay Lines
Diede Mixers

We have already discussed the black bex characteristies of flip-fleps
and gates. A delay line is just what the mame implies. It is a device
that delays a commamd pulse by a specified amount of time. Schematically
it is represented as shown below. The rnumber indicates the length of the
delay in micreseconds.

b T

L8 o

Delay Line = 0,5 miereseconds

Delay lines can be used to allow one command pulse to perform a sequence
of operations. Fer example, suppose we need twe pulses separated by ene
microsecond to perform a certain operation. A pessible circuit is shown
below, The delay lines used in MTC include a pulse amplifier te restere
the pulse after the delay. Hence any number can be used in series.

Command pulse input ® & » First pulse
/.0

Second pulse
Circuit to Produce Pair of Pulses

Diede mixers are used in MTC in three forms. They are made with the
familiar erystal diede. In chapter three of this series we shall discuss
the circuitry. Here, we are concerned with the "black box" characteristiecs.
The three mixers we will use are diagrammed below:

. —® |
—®1 and . _—_‘ or Bl <2 :;L_’
"And" or “All" Mixer "Or® or “Any" Mixer "Any" Mixer
(levels) (levels) (pulses)

Mixers may'have several inputs, but only one output. The characteristics
are as follews:

1. "And" er "All" mixers - (alse called "And gates".) There will be
a "high" level at the output terminal only if all eof the input
levels are "high",

2. "Or" or "Any" mixers - (also called "Or gates".) There will be
a "high" level at the output terminal when any input level is
high,
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3.

It often happens that some circuit is pulsed froem several other
locations. The pulse mixer is used to keep the input pulses
from affecting the ether common circuits. It is similar te the
"Any" level mixer, the only difference being in the signals that
are mixed.

A Few Questiens.

1.

3.

L.

Extend the "copying Circuit" teo handle L bit numbers. Nete that
8 gates are used. Can this be reduced to L gates. What has been
lost thereby?

We have designed a circuit that produces a pair of pulses. If

we have a "cleck pulse generater" that is,a device that puts out
a series of pulses at specified intervals, we can double the fre-
quencv by use of the above-mentioned circuit. Design a circuit
to do this and include means for turning it on and eff without
changing the "cleock pulse generator".

The circuit shown below is to be supplied with command pulses.
What does it do.?

< ﬂ;?k R

pulse

f IEIJ ! input
<o % |

) i |
il

Design a circuit that will do the same thing backwards.

A Few Words about Programming.

We
ulary.

have discussed a few short programs to illustrate the MTC vecab-
Let us now discuss a more realistic program. The problem below

was chosen because it can be understood by those whe de not have a back-
greund in mathematics. In actual practice, it probably would not merit

machine

We
that is

time.

wish te design an agitator type washing-machine. The problem
of interest at present concerns the size of the moter. The eng-

ineer tells us that he must know the area of the agitator blade in erder
to compute the lead on the motor. The shape ef the blade is shewn below.

Parabelic — -T
curve. V) 2
0

O .48/ L ; l

-rk-em—d
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Here are the details ef the parabela:

i \ AY

Y= 06X~y e ~v s

w N £ 4

o o ”’\
T2 |0u¥#% ;
t¢ |2.56
L 15.76
g  |g.30 o

£ /0 |jg.00 o 2 0 X

The shaded part is the area we seek. The equation gives the height

of the blade for each point on the base. New here is a geod example of
the danger ef having a little knowledge. The existence of an equatien
will send some of us back te study algebra. The fact that seek an area
might indicate to seme that they had better study integral calculus. But
if we were completely unencoumbered by knowledge we might think of draw-
ing one-inch squares on the figure and then obtain the area by counting
them, Take a look at our computing vecabulary. Only a glance is needed
to see that "counting" is our systems majer facility! We shall therefore
write a program that will instruct eur operator to count a large number
of easily outlined areas.

Let us divide the area into several thin rectangles. The thinner

4
t

N=6
Z % x

and mere numereus they are, the cleser the resulting "staircase curve"
well be te the true curve. If we add the rectangular areas, we will

get an approximate answer. The area of each rectangle is the preduct

of its base and height, where the base is givenm by eight divided by the
number of rectangles chesen, and the height is given by the equatien.

( The height is equal to 0.1l6 x2, where x is the distance from the origin
of our graph. ) All that is left is a means of determining how many
rectangles te cheese. It can be shown that as the number increases, the
difference between successive answers will decrease. For simple curves,
the following criterion will serve. (Assume that 2% accuracy is desired.)

nIf the difference between the result for N rectangles and that for
2 times N is less than 2% of the latter result, then the latter result
can be accepted as being correct te within + or - 2%. ™

The block diagram for our pregram is therefere as follows;
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{ B A
Set N =6 ‘Cempute and store
! the sum of

N rectangles

\

Compute and store
the sum of
L2N rectangles

( Cempare:

Is the difference

| less than 2% ef the
latter sum?

@és Ne

Increase N,
return te
repeat the
process.

: 24

In writing the pregram, we write a short program for each block
of the above diagram and then put them together. Usually it is wise
to test each block separately if possible. Some of these blocks will
be easy to program. Others will seem quite difficult. Bear in mind
that only the werds of the MIC vocabulary can be used! Since we have
not yet introduced all of the needed vocabulary, we will not finish
the problem here. The enterprising reader should be able to write
programs for all the boxes but the last. M-2527, the MTIC Pro§£ammi§§
Manual, contains the needed information for programming the last box.
We shall continue the selution in a later chapter.

VI, Summary and Forecast

We have begun a description of the MTC computer by specifying a
human system that uses the same vocabulary. The human system that is
extremely simple was chosen so that mechanization would be easier. We

. discussed methods for representation of the process of mumbering, and
for engineering convenience we chose the binary system. With this in
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mind, we investigated the "black bex" characteristics of the available
components. We found that the computer can be mechanized from flip-flops,
gates,delay lines, and mixers in addition to an automatic note-book.
Finally, we started the solution of a fairly realistic computer problem,

The tentative outline for the rest of the manual is given below. Each
chapter should be available about one month after it has been covered in
class. The experience gained in class may diectate changes in the outline
so it must be emphasized that the outline below is tentative.

Chapter I - Introduction
a. The Analogous Human System
b. The Binary and Octal Numbering Systems
¢, Available Components
d. A Sample Program
Chapter IT - An Overall View of MTC
a. From Human Copying to the MTC Bus ‘System.
b. From A Human Operator to Delay Line Control.
¢. The MTC Block Diagram of"Central Control".
Chapter III - Specific MTC Circuits
a. The "A Frame" Circuits
b. The Memory Circuits
¢. The Control Circuits
d. The In-=Out Equipment
e. The MTC Console
f. The MTC Power Supplies
Chapter IV - Programming
a. The Complete MTC Vocabulary
b. The Finished Sample Problem
c. Programming Exercises
Chapter V' - Maintenence and Trouble Location

a, Test Programs
b. Marginal Checking
¢. Trouble Location Problems

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

SUBJECT:  TRANSISTOR FLIP-FLOPS FOR HIGH-SPEED DIGITAL COMPUTER

APPLICATIONS
Tos D. R. Brown
From: Edmund U, Cohler
Date: September 9, 1954

Abstract: The general characteristics of point contact and junction
flip-flops are presented, The fastest types are the non-
saturating point-contact circuits which will operate at
several megacycles, The other types in order of decreasing
speed are: saturating point-contact, four-transistor
silicon-junction, L-transistor n-p-n, 4 transistor p-n-p,

2 transistor silicon-junction, 2 transistor n-p-n, and 2
transistor p-n=p, The top speed of the slowest type is
about 100 kc, more than an order of magnitude less than the
fastest,

The fastest circuits are usually the most sensitive to
narrow (less than 0.2 usec) pulses, while the emitter
triggered types are most sensitive to low amplitude pulses.
The transformer-coupled flip-flop is an an exception to this
rule, for it is more sensitive to narrow and low-amplitude
pulses than any other type while is not the fastest,

Introduction

This paper is an attempt to summarize some of the designs
and capabilities of conventional flip-flops employing transistors. It
cannot claim to cover all possible types; it does try to give a general
picture of transistor capabilities, Types with which I have had no
experience, such as the slave flip-flop or dynamic flip-flop, have been
neglected; those I know have been overemphasized., However, experience
with these circuits is important because the conventional flip-flop
forms the basis of most switching circuits, and is itself the major
building block of many computers,

Computer Description

Before I consider the flip-flops themselves it will be wise
to give a short description of the computer techniques used at Lincoln
Laboratory, The Whirlwind I computer and similar machines use par§lle1
logic which achieves the ultimate in speed and flexibility by sacri-
ficing something to large equipment counts, Most of the logic wired
into the machine is implemented with flip-flops and pulse-level ®and*®
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gates, Some explanation is necessary to clarify the terminology we use
at Lincoln Laboratory to describe the various types of flip-flop inputs,
There are three inputs to the flip-flops set, clear, and complement,

A pulse to either the "set™ or "clear® terminal will put the flip-flop
into the corresponding state, while a pulse to the "complement®™ input
will always change the state of the flip-flop, The ™and® gates employed
pass a pulse upon coincidence of a pulse and a high level, Most of the
logical nets are realized in plug-in form using these two elements,

Another important facet of these machines should be emphasized,
Parallel logic involves relatively large quantities of equipment, and
thus each circuit and component must be rigidly reliable, In basic cir=
cuit design, this requires a compromise between circuit stabilization
and number of components, In order to achieve this goal circuits must
be made as simple as possible without sacrifice of good stability,

Terminologz

Just as some of the circuit terminology used above is peculiar
to Lincoln Laboratory, so is some of the transistor terminology. To
clarify this, I will briefly describe the three states (of import to us)
of the transistor, First, the state of the transistor in which it is .
an active element with a power amplification, is called the Mactive®
state, Second, when the current flowing is such that the transistor
appears as a low-resistance three-terminal device, like two diodes both
conducting to a common cathode, it is said to be in the "on® or saturated
state, Third, when it appears as a high-resistance three-terminal device,
like two common-cathode diodes back biased, it is said to be “off %
These terms correspond closely to the vacuum-=tube states of active,
saturated, and cut off,

The Two-Transistor Point-Contact Flip-=Flop

Desigg

The most common type of flip-flop is the two-transistor point-
contact saturating circuit shown in its basic form in Figure 1., In the
lower right-hand corner of Figure 1 is shown the voltage-current .
characteristic which one observes when looking in at points AA' with Rg
removed, This characteristic is called the composite N=curve, It is
easily found from the characteristics of the separate transistors and
forms the basis for the design of the d-c circuit, A little explana-
tion of this curve will make its use clearer, It is obtained from the
single N-curves of the two transistors by adding the emitter currents
of each for successive emitter voltages, Each of the branches is then
labeled with the states of the two transistors, For instance, the
®on-of f* branch of the composite curve represents the emitter voltage-
current characteristic when one transistor is ™on" and the other is"off."
Because of the symmetry involved this really represents two different
states, i.,e.; "on-off" or "off-on,"
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By choosing a suitable load to be inserted in the position of
Re, an operating point may be set anywhere on this characteristic, For
instance, to design a saturating flip-flop, one makes the load a simple
restistance Re, whose characteristic intersects the N-curve within the
"on-of f" region, Moreover, it is desirable that the intersection be
Just to the right of the valley point, This choice will ensure that
one transistor is "on" and the other is "off"™; that there is little
saturation (thus reducing hole storage to a minimum): and that there
is no chance for a third stable state (such as both transistors %ont),
Notice that if the load were a resistance of too small a magnitude then
there would be two intersections on dark portions of the curve (possible
stable points), which would imply three possible stable states: ™“off-
on," "on-off," and "on-on," It is also possible to obtain a stable
equilibrium point on the composite N-curve in the active-off ‘region,
The vertical load line (current generator) shown in Fig, 1 is typical
of such a load line, Thus, a nonsaturating flip-flop might be designed
by this method. This, then, indicates how the composite N-curve is
used to design the flip-flop for proper steady-state conditions, In
addition, several of the possible types of flip-flops to be derived
from such a design have been mentioned,

Relative Merits

Saturating Capacitor-Coupled Type, Now it will be well to con=-
sider the relative advantages and disadvantages of the various flip-flops
of the two transistor type. The simple, saturating, capacitor-coupled
flip=-flop shown in Fig, 2 has certain advantages over single-transistor
and nonsaturating circuits, First, its stability with regard to noise
triggering is enhanced by the hole storage in the "“on" transistor. Any
noise pulse which is too narrow to last beyond the turnoff time of the
saturated transistor will fail to trigger the flip-flop, whereas a non-
saturating flip-flop, or a single-transistor flip-flop in the ®off®
state, may be triggered by a much narrower noise pulse, Second, the two-
transistor flip-flop is symmetric, which means that it may have gates
attached to both sides to provide a logical ®and® for both states, The
single=transistor flip-flop would require gates of different circuitry
to achieve this purpose,

The transient characteristics of a capacitor-coupled flip-flop
are determined by the responses of the transistors and the size of the
capacitors., In general, the bigger the capacitors are made, the more
sensitive the flip-flop becomes, and the wider the range of pulses that
can be used for triggering, However, as the capacitors are enlarged
the maximum frequency of operation goes down, so that a compromise must
be made between sensitivity and speed., The simplest and most sensitive
method for complementing such a flip-flop is to apply negative pulses
in the emitter circuit., This is accomplished by including a triggering
transformer in series with the emitter load (see Fig. 2). A satisfactary
set of parameter values is Rp= Ry = 1500 ohms, Ro= 3900 ohms, C = 56 uuf,

and the supply voltage is =30 volts,
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. Transformer Coupled Type, An improvement may be achieved in
triggering sensitivity by coupling the transient with a transformer
instead of two capacitors as is customary, This has the added advantage
of causing each of the transistors to act like a blocking oscillator
during the switching time which speeds the switching transient. This
circuit is shown in Fig., 3, The advantage of the transformer arises
partly from this "autoswitching® effect but also from the fact that the
transformer couples the current directly from collector to base and the
transistor collector acts very much like a current generator in the
switching,

Nonsaturating Type. Finally, the nonsaturating circuit of
Fig, L offers the advantages of speed and sensitivity to narrower trig-
gering pulses, Since there is no saturation of either transistor during
operation, there is no delay due to hole storage. This increases the
maximum speed with comparable transistors and circuitry by as much as
four times and generally about two times, This speed may be a suf-
ficiently important asset to compensate for the concomitant disadvantages,
For example, the output levels of nonsaturating circuits are not as con=-
sistent as in saturating types unless clamping diodes are added, For
example, the output swing may vary by as much as 5 volts in 20 with or-
dinary variations in the transistors. Moreover, the nonsaturating flip-
flop will be more sensitive to narrow noise pulses, just as it is more
sensitive to narrow trigger pulses, Such a flip-flop cannot be comple=
mented in the emitter because the impedance of the current generator in
the emitter is very large which makes the time constant of the trans-
former too small to pass a pulse of reasonable width, In this case,
triggering may be done with a diode steering circuit (Fige. 4). This
causes a decrease in voltage sensitivity of the flip-flop, i.e., a
higher amplitude pulse is required for triggering, Finally,the output
swing from a nonsaturating circuit is approximately half that from a
comparable saturating circuit, Nonetheless, for consistent operation
at high speeds this is the best type of circuit that transistors can

offer,

Summary, To sum up, the basis of design for the steady-state
conditions of the two-transistor flip-flop is the composite N-curve.
Various types of coupling circuits may be used to increase the gain of
the loop during the switching transients, capacitor coupling being the
commonest and cheapest, transformer coupling of fering somewhat more
sensitivity to the complement trigger. Finally, the choice between
saturating and nonsaturating circuitry is based on the relative import-
ance of speed and circuit simplicity (the nonsaturating flip-flop gives
about a two to one advantage in speed) .

SinglewTransistor Circuits

The point-contact transistor offers the unique poss?bility of
designing a two-state circuit with but one transistor., The single-
transistor circuits with which we have had the most success are the so-
called "current® types described by Williams and Chaplin} The basic

T, Williams, F.C. and chaplingG.B.D.2 A Method of Designing Transistor
Trigger Circuits; Proc. L.E.E, v,100,n66, Part II,pp,228=2h8,July,l953
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circuit for such a flip-flop is shown in Fig, 5, along with the simple
design equations, This circuit takes advantage of the fact that the
transistor in its active state acts very much like a current amplifier
and consequently can be designed to switch a current between an external
diode and itself, This type of circuitry is very tolerant of transistor
parameter variation, and indeed, if the parameters are such as to sat-
isfy the equations, the transistor will work invariably, The equations
given apply to design of a saturating-type flip-flop, but a nonsaturating
circuit may be designed with the aid of additional clamping diodes.,

The obvious economy of this circuit in components, power, and
cost gives it great possibilities for computer applications., However,
its advantages are not without offsetting difficulties., With but one
transistor in the circuit, gates can be tied on at only one point. Thus
two different gate circuits are needed if they are to be operative for
either state of the flip-flop, Moreover, use of a single transistor
imposes all the disadvantages of the nonsaturating flip-flop with none
of its advantages (unless a nonsaturating single-transistor flip-flop
. were used), Specifically the flip-flop is very sensitive to narrow
noise pulses when in the Moff® state, because there is no saturation to
overcome, However, its peed is no better than that of the other saturating
types, because hole storage in the "on"™ state slows up the transient
enough to require large coupling condensers ( or transformers) which in
turn limit the maximum trigger rate., Figure 5, the basic circuit, does
not show any provision for complement triggering, In general, the margins
on pulse width and amplitude required for successful complementing are
not as good in a single-transistor flip-flop as in a two-transistor flip-
flop, Nonethelesi, with a simple capacitor-coupled steering circuit
given by Williams— such a flip-flop has been triggered over a range of
five to one in both pulse amplitude and pulse width,

Junction Flip=Flops

When I originally undertook to present this paper on high-speed
flip-flops, the junction transistors then available did not warrant con-
sideration for such circuitry, However, since then the development in
both germanium and silicon junctions has been such that junction flip-
flops may be considered for medium-speed applications. I intend, there-
fore, to describe some of their salient features and capabilities,

The junction flip-flop requires at least two transistors. The
proper gain and phase inversion, required for two stable states, is
obtained by cross-coupling two grounded-emitter amplifiers, Thus, the
basic circuit is similar to the corresponding vacuum-tube circuit, Add-
ing capacitors across the coupling resistors or adding a coupling trans-
former will serve to increase the loop gain of the circuit during the
switching transient., The characteristics of these two types of coupling
are similar to those found in poinkcontact circuits using the same

techniques,

Junction flip-flops are invariably operated nonsaturating
because of the tremendous hole-storage sensitivity of this type of
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transistor, Clamping may or may not be provided to standardize output
levels, but the same problems of level variation are present as were
found with the point-contact nonsaturating circuits. In general;, the
fastest of the junctions (among lower priced units) are the silicon
n-p=n's which have recently appeared on the market, Following the
silicons in order of speed are the grown n-p-n's and the diffused p-n-p's,
Because some feeling has existed that there was little promise in pointe
contact work, there has been great incentive to make high-speed flip-
flops with junction transistors. Efforts in this direction have led to
circuits similar to vacuum=tube flip-=flops which employ cathode followers
for cross-coupling, These four-transistor circuits gain about two to one
in speed over the two-transistor counterpart., The junction flip-flops
may run anywhere from a third to a tenth as fast as the point-contact
types. The output swings available from junctions are as great as those
from the point-contacts, and the power available is as great or greater,
The triggering requirements are similar to those found in point-contact
types.

Capabilities of the Various Types of Flip-Flops

In order to present a better idea of the general field of flip-
flop performance, I have refrained from giving any quantitative evalua-
tions of the various types up to this point, Now let us consider the
actual scope of speeds, output swings and triggering ranges available,

Speed Limits, All saturating types of flip-flops are limited to maximum
speeds around 1 megacycle. This applies to well designed circuits
employing transistor types which have low hole-storage coefficients.
Experience has shown that reaching l-mc operation requires some selec-
tion from production samples of transistors: about 80% of the transis=-
tors are acceptable, For computer work or other large .systems; circuitry
of this type may be relied on to operate atbasic maximum rates of 200 to
500 kilocycles, The waveforms in Figs. 2 and 3 show operation at 500
kilocycles, Nonsaturating circuits using the same transistors will
approximately double these limitsj they may go even faster, but the wave-
form begins to deteriorate radically when the pulse-repetition period
becomes of the order of the rise and fall times, The waveform shown in
Fig, U4 was taken at a pulse-repetition frequency of 3.5 megacycles.
However, this was with very high-frequency transistors not now com=
mercially available, Junction flip-flops using p-n-p transistors will
operate up to 200 kilocycles with the lower-priced models available

from some manufacturers., Use of n-p-n transistors extends this limit to
about 300 kilocycles, while silicon n=p-n's will push this speed to L50
kilocycles. With a four-transistor flip-flop using silicon=junction
transistors, operation can be obtained at rates as high as 1 megacycle.

TPrigger Limits. All of these circuits trigger with pulses in the range
of 2 to 30 volts., Generally speaking, circuits which employ steering-
circuit triggering are less sensitive but less critical, For instance,
with steering diodes a pulse of 15 to 30 volts will trigger the f}ipu
flop at all pulse widths from 0,1 to 2 microseconds while triggering in
the emitter with a transformer may be accomplished with pulses from
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to 20 volts in a range from 0,5 to 1,5 microseconds,

As for the pulse width required, pulses which are too broad or
too narrow will fail to trigger any given flip-flop, The lower limit is
usually of more concern; because slightly higher speeds may be achieved
with narrower pulses, Nonsaturating circuits are best with respect to
this criterion; they will trigger easily on a O,l-usec, 0,5-sine-wave pulse.
Most other circuits will not trigger at all on such narrow pulses or else
require excessive amplitude, The one exception to this rule is the trans-
former-coupled saturating type which will trigger on 0,l-unsecpulses and
is somewhat more sensitive than the capacitor-coupled nonsaturating cir-
cuit, The remainder of the saturating circuits require pulse widths in
excess of 0,2 microsecond, The upper limit of pulse widths which will
trigger a flip-flop depends largely on the storage elements involved in
the feedback circuits. Since these elements also affect the speed of
the flip-flop there must be some compromise between speed and pulse
standardization. Finally, junction transistor flip-flops require pulse
widths from 0,2 to 1,0 microsecond, Generally they are subject to the
same conditions as have been described for the point contacts but re-
quire slightly wider pulses for the same sensitivity,

Qutput Available, The transistor is essentially a low-power device and
as such is more subject to noise interference than vacuum-tube cir-
cuitry, In order to rise as far above the noise level as possible; cir-
cuits are designed for maximum swings, The swing is limited by the “off®
power dissipation in point-contact units and by the reverse breakdown
voltage for junction types. These factors limit swings to less than

30 volts in all cases encountereds a more practical value for final
design has been found to be about 20 volts, The rise time of the flip-
flops is invariably shorter than the fall time, and the fall time may
vary from 0,1 microsecond to several microseconds for the slower cir-
cuits and transistors, It might be noted that very often, even though
high repetition rates will not be encountered in a particular applica-
tion, it is required that the flip-flop waveform achieve its final
value in a short time, This means use of one of the high-speed cir-

cuits,

Gates

Before proceeding to the description of a typical application
of these flip-flops, it will be well to describe briefly the character-
istics of the gates to be used in the system, I have previously ex-
plained that the computer involved employs pulse-level gates. In high-
speed application, such gates require the following characteristicss
they must operate fast; they must isolate the input and output from
each other; they must not cause heavy loading on either the pulse source
or level source; and they must amplify or regenerate the input pulse,
Gates of this description must employ an asymmetric active device, and
we have found the transistor to be ideal in that application, Our
present circuit is quite simple; and as many as ten gates can be drive§
from one flip-flop, Moreover, the gate will operate as fast as the flip-
flop "sets up! (Further details are beyond the scope of this paper.)
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Application for Study

In order to gain insight into the problems involved in the use
of transistor circuitry, a small system modeled after an existing section
of a vacuum-tube computer was designed and built, The Mangular-position
counter" and checking circuit (Fig, 6) employ L8 transistors and are
designed to provide a tally of positions on the surface of a magnetic-
drum memory., They also serve to synchronize the drum with the rest of
the computer operation and thus provide a means of reading into, and out
of , proper positions on the drum, The basic rate of the counter is 100
kilocycles, at which speed the transistors have little difficulty in
performing their jobs, The only use that has been made of junction
transistors in this setup is in a pulse amplifier, This amplifier sup-
plies a 20-v pulse to a 200-phm impedance, There are 11 two-transistor
flip-flops in the counter itself, 2 two-transistor flip-flops in the
checking circuit;, and 1 single-transistor flip-flop in the checking cir=-
cuit,

This system has been operative for some time, and is reveal-
ing to us some of the problems and joys of transistor circuits, The
comparative power of the transistor circuit is minuscule: L watts as
compared with 240 watts for the vacuum-tube system, The size reduction
is also impressive, Although the reduction has not yet been carried to
its practical limit; the transistor system is about one-tenth of the
area of the vacuum=tube system, The cost of constructing computer
systemsis very little dependent on the actual price of transistors vs,
tubes, so that the transistor circuits are in the same price class as
tube circuits even now, Now, for some of the gloomy parts of the pic-
ture, Since transistors are small-power devices; power-line noise has
become a problem; supplies will require better filtering at high fre-
quencies, Supplying low voltages at relatively high currents and good
efficiencies is a problem which is yet to be solved. Finally, the old
question of reliability comes up, Generally, the tendency is to blame
the device for the failings of the engineer, the major weakness being
in the circuitry and associated equipment rather than the transistor.
At the time we built this counter the point-contact transistors
received were considered relatively good and quite reliable devices,
Indeed, one small accumulator incorporating early-model transitors has
operated at Lincoln Laboratory for 13,000 hours with only one outright
failure, Nonetheless, adverse reports on the economics and reliability
of point-contact units have encouraged many manufacturers to leave the
field, Our experience with junction transistors shows that they too have
had their difficulties, but these are being eliminated with great
rapidity, At present some manufacturers are quoting reliability figures
for transistors, both point-contact and junction, which are comparable
to those usually given for "reliable® tubes,
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Abstractt A high-speed core driver has been developed. The circuit con-
sists of two pulse amplifiers, a slave flip-flop, a buffer
amplifier (which has very rapid rise and fall times), and a
current amplifier (Fig. 1). The rise and fall times of the
output current pulse are approximately 0.05 microsecond. The
current pulse output is negative (as in the Mod V core driver)
‘ and its amplitude exceeds 1.5 amps (Fig. 8).

Introduction

A memory system in which the cores are switcheg by very large
currents, and therefore very rapidly, is being developed.™ Work on this
system using the Mod V Core Driver has been frustrating, partially due
to the relatively slow rise time of this driver; and mainly because of
its extremely slow fall time.® It has been found that the cores switch
before the éurrent through them has risen to its final value. The result
has been the inability to take any quantitative data on the operation of
the memory systeme The solution may be a driver capable of rising and
falling more rapidly than the Mod V driver does.

Fig. 1 shows a block diagram of the core driver. The first
pulse is applied to Pulse Amplifier 1, which has two outputs from its
three-winding output transformer - one positive and one negative. This
sets the slave flip-flop whose output rises as rapidly as the rise time
of the applied pulse. The second pulse applied to Pulse Amplifier 2
clears the flip=flop in the same manner. A trapezoidal wave is applied
to a buffer amplifier which has the ability to rise and fall rapidly.

*1t is necessary to switch the cores both during the rise and fall of the

‘ rents.
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The low impedance output of the buffer amplifier is used to drive four
6CD6's in parallels The output is taken from the plates of the 6CDé's
and is greater than 1.5 amps in the negative direction; it rises and falls
in less than O.l microsecond. This curreat amplifier stage is very much
like that found in the Mod V core driver.%s»3

The outputs of the flip-flop and the buffer amplifier (Figs.
)}y and 6) are trapezoidal in order to achieve a rectangular current output.
The reason for this situation is the RC combination in the cathodes of
the current amplifier tubes (time ¢constant = 0.1 microsecond). If the
flip-flop output were rectangular then the current amplifier would have
an overshoot (Fig. ). The RC combination is required to prevent oscilla-
tions in the outpute. '

Slave Flip-quLh.

The fast eperation of the high-speed core driver (Fige. 2) is
due to the ability of the slave flip-flop te change states as rapidly as
the rise times of the input pulses (for 0.l microsecond imput pulses, the
flip-flop can be set in 0.05 microsecond).

In the quiescent condition V2A is on and V2B is off. The out-
put voltage is taken from the plate of V2A, which is normally clamped at
=215 volts (in order to hold the current amplifier stage cut off).

The application of a positive 0.l nsec pulse at input 1 of
pulse amplifier 1, results in the agplication of a positive pulse at point
A and a negative pulse at point B (Figs. 1, 2, 3). The diodes, CRL and
V3, pass these pulses and turn V2A off and V2B on rapidly, but only part-
ially. The switching operation finishes slowly by means of the feedback
loops. The reason for this peculiar mode of operation has already been
explained = - in order to achieve a rectangular current output, the flip-
flop output must be trapezoidal.

The waveform at the cathode of V3 (flip-flop output) is shown
in Fige I (the dec. level is =215 volts). The waveform at the plate of
R) .is shown in Fig. § (dec. level is =1LO volts). This waveform has a
dent in it because the diode's recovery time is not zero (i.e. - some
time is required before the crystal diode can switch from the low forward
resistance to the high back resistance). A dent such as this could not
be tolerated in the output, and so a vacuum diode, V3, rather than a cry-
stal is used. The capacitance from plate and grid to cathode of the 5965
is large compared to that of a germanium diode, however, and this could
cause a dent in the output waveform caused by coupling of the pulse's
trailing edge (from A) through this capacitance to the output. Two sec=-
tions in series minimize this effect, and the addition of C15 at their
junction helps further to eliminate the dent.

The flip-flop is switched back to its original (steady) state
by the application of a positive pulse at input 2 (Figs 3C and D show the
pulses at points C and D). In this case, a dent in the output of the flip=-
flop (Fige L) is of no consequence, due to the fact that the current
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amplifier stage is well cut off when the flip-flop is down. Thus CR5 may
be a germanium rather than a vacuum diode.

The current output is shown in Fig. 8. The amplitude is 1.8
amps and the rise and fall times are each about 0,05 Jsecs

The amplitude of the output is controlled by varying the upper
clamp voltage of V2A from =150 (maximum output) to =215 (no output). Un-
fortunately the amplitude control problem is not solved as simply as the
above indicates. In order to obtain a rectangular output pulse, the size
of the imput pulse at point A must be carefully controlled. If the pulse
at A is too large, the output appears like Fige 93 if it is too small,
the output is like Fig, 10, The reason for these distorted waveforms
follows: The leading edge of the trapezoidal flip-flop output is almost
the same height as the pulse at A. The output then approaches the clamp
voltage almost linearly. If the slope is too small (pulse at A too large)
then the grids of the 6CD6's do not rise as rapidly as their cathodes and,
as time progresses, the current output decreases to its steady value
(Fige 9). If the slope is too large (pulse at A too small), then the
grids of the 6CD6's rise more rapidly than the cathodes and the current
output slowly increases to its final value after the initial jump (Fig.
10). In the ideal case (Fig. 8), the slope of the trapezoid allows the
6CD6 grids to rise just as rapidly as the cathodes rise, resulting in a
rectangular output.

Thus, the method of varying the amplitude of the output wave
is to observe it and vary both the "amplitude control® (which sets the
upper d.c. level of the flip-flop output), and the "imput 1 control"
(which varies the sizes of the pulses at points A and B).

Fig, 11 shows a 0.1 psec, 2.1 ampere pulse output from the core
driver., This demonstrates the speed with which this circuit operates, for
the slave flip-flop has been set and cleared in about O.1 psecs

Fig. 12 shows a 1.8 psec, 1.8 ampere square wave output. This
demonstrates the ability of the circuit to hold a fixed output for a rela-
tively long period of time, despite the necessity for using a peculiarly
shaped output from the flip-flop.

Buffer Amplifier

The output voltage of the buffer amplifier used in this core
driver rises and falls rapidly (Fig. 6). When the flipflop output is
down (=215 volts), both the upper and lower tubes (VL) conduct fairly
heavily. The plate waveform of the upper tube is shown in Fig. 7.

Upon the application of the rapidly rising edge of the trape-
goidal wave to the grid of the upper tube, a large slug of current is
drawn, dropping the plate voltage of the upper tube to about =73 volts
(Figo 7)3 the lower tube is immediately cut off by the feedback arrange-
mente This means that all the current drawn is used to charge stray wiring
capacity and so the cathode follower output rises rapidly. Following this




@1-3107 Page |} of 5

there is an increase in bias on the upper tube, and a resulting increase
in its plate voltage, turning the lower tube on again, but not heavily.
Part of the current now drawn continues to charge the capacity (resulting
in the steadily increasing voltage of Fig. 6); the rest flows through the
lower tube.

When the input to the buffer amplifier suddenly drops, the
upper tube tried to go off, but the following circumstances prevent this
from happening. The plate voltage of upper tube rises and this results
in a large current flowing through the lower tube, whose grid is capaci-
tatively coupled to the plate of the upper tube. This current discharges
the wiring capacity, and so the output of the buffer amplifier is forcibly
pulled down. The upper tube cannot turn off completely because its cathode
falls almost as fast as its grid does.

The remainder of the circuit, the pulse amplifiers5 and the
current anplifier2:3, present no material that is not well-known, and so
no description is given of their operation.

It is to be noted that all waveforms shown were made using a
Tektronix 51l oscilloscope in which the input was taken directly to the
vertical deflection plates of the scepes
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FIG 3A
VOLTAGE AT POINT A
CORRESPONDING TO FIG. 8

FIG. 3B

VOLTAGE AT POINT B

CORRESPONDING TO FIG. 8

FIG.3C
VOLTAGE AT POINT C
CORRESPONDING TO FIG. 8

FIG. 3D
VOLTAGE AT POINT D
CORRESPONDING TO FIG. 8




A-60685

IS VOLTS/CM

0.1 uSEC/CM

FIG. 4
FLIP-FLOP OUTPUT
(WAVEFORM AT CATHODE OF v3)
CORRESPONDING TO FIG. 8
DC LEVEL=-215 VOLTS

FIG. 5
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CORRESPONDING TO FIG. 8
DC LEVEL=-140 VOLTS

FIG. 6
BUFFER AMPLIFIER OUTPUT
CORRESPONDING TO FIG. 8
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FIG.7
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WAVEFORM
CORRESPONDING TO FIG. 8
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FIG. 8
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FIG. 9
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FIG. 10
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FIG. 11
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Abstracte The results of tests made to determine the triggering margins
for point-contact and junction transistors are presented herein, Only
pulse amplitude vs, pulse width curves were taken for the point-contact
transistors, while both those characteristics and pulse amplitude vs,
pPorof. characteristics were investigated for junction transistors. The
following conclusions can be stated:

1, Emitter triggering (a complement which depends on
storage elements) was more sensitive than steering-
circuit triggering., On the other hand, steering-
circuit triggering showed less variation of sensi-
tivity with pulse width,

2, Circuits using transformer and capacitor coupling
showed speed superiority over capacitor-goupled
circuits, Collector-to-emitter type of transformer
coupling was fastest,

3, Larger storage elements tend to increase both
sensitivity and top speed up to a certain point,
Beyond this point the top speed decreases,

o Ideal trigger pulses are wider for junction tran-
sistors than for point contact units due to the
lower frequency response of the junctions., The
best pulse width for junction circuits is of the
order of O.5usec.

So Top speeds for junction circuits with present con=-
ventional junction transistors are of the order of
500 kilocycles,

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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1, INTRODUCTION

l.1 Scope of Tests

After much work had been done on the best design for a flip=-
flop circuit it was decided to test the characteristics of different
triggering schemes with a variety of flip-flops, The first set of experi=
ments encompassed the pulse amplitude vs pulse width characteristics of
several point-contact flip-flops. The trigger source employed generated
rectangular pulses whose width and amplitude could be varied., The width-
amplitude region in which the pulses succeeded in triggering the circuit
was explored and plotted, A parametric family of characteristics was
taken for each circuit with the coupling capacity as the parameter,

When the point contact circuits were being tested; there was
no high-frequency pulse generator available so that there were no p.r.f.
tests on point contact circuits, At a later date these tests were
continued on junction flip-flops and data plotted in a similar manner,
Moreover the Technitrol pulser was now available and made possible p.r.f.
tests on the junction circuits, In examining the p.r.f. characteristics
a reasonable pulse width was chosen, and remained fixed throughout the
test, The frequency-amplitude region of triggering was then explored
and plotted, Because of the wide variety of junction transistors there
was some evaluation of the various transistors in these tests, as well
as a study of the various circuits and parameters,

1,2 Experimental Procedure

The triggering pulses for the pulse-=width vs amplitude tests
were obtained from the Hewlett-Packard Pulse Generator (212A)., The
output was set at some convenient amplitude and the pulse width varied
until a triggering failure occurred, This generally happened at two
pointss a very narrow pulse and a very wide pulse, Failure of trigger=-
ing was determined by observing the collector wave form and noting the
point where the state ceased to change with each trigger. In all but a
few cases this was a sharp transition rather than a gradual deterioration

of the waveform,

In a few instances it was desired to find the sensitivity of
circuits to 0,1 psec., half-sinewave pulses, and in these tests a
Burroughs Clock Pulse Generator was employed in place of the Hewlett-
Packard Pulse Generator, The pulse amplitude was varied, and a range of
pulse amplitudes found which would trigger the flip-flop.

2. POINT-CONTACT CIRCUITS

2.1 Two-Transistor, Capacitor-Coupled, Emitter-Triggered Flip-Flop

The circuit described in E=5571 was tested first, In Figure 1
are shown both the circuit diagram and the results of the width-amplitude
tests, The transistors used in the circuit were General Electric GllA's.
In order to obtain truly comparable results between the various circuits

T, E-557 The Design of a Two-Transistor Saturating Flip-flop,
E, U, Cohler, 7-9<53,
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we used these same transistors wherever possible, The parameter on the

various curves was the coupling capacity, We may infer from these results
thats

1. The voltage required to trigger at successively lower
widths increases rapidly beyond a certain point, The
boundary of operation on the narrow side is little
dependent on the coupling capacity, and largely a
function of the transistor gain-band width character-
istics,

2o There is a maximum pulse width beyond which the
circuit becomes inoperative, This width goes down
as the voltage is increased, and eventually reaches
a minimum which is directly proportional to the
coupling capacity, This results from the nature
of the triggering cycle which requires that thg
trigger remit before the circuit equilibrates.

2.2 Other Two-Transistor-Flip-flop Triggering Schemes

Successively, other triggering schemes were tried, and the
results plotted in Figures 2 and 3, Both of these triggering methods
were less sensitive than emitter triggering except with very narrow
pulses, Consequently, the upper limit on pulse amplitude was not in the
range explored, This decrease in sensitivity is due largely to the loss
in amplitude which the pulse suffers in passing through the diode steer=-
ing gates, As can be seen from these curves it is characteristic of
steering-circuit triggering that the sole effect of increased capacity
in the steering circuit is increased sensitivity.

2.3 Non=-saturating Flip-Flop

All of the preceding types of flip-flops had involved the same
basic circuit,i.e. the two-transistor saturating flip-flop., The next
test was concerned with a different flip-flop developed by Carlson at
AFCRC, This circuit was a two=transistor non-saturating type which
included a steering circuit for triggering, Emitter triggering was not
attempted because the high resistance in the emitter circuit would have
dissipated most of the trigger energy. The results of the tests on this
flip=flop are plotted in Figure L, and reveal a basic similarity to the
characteristics of the other steering-circuit flip-flops, i.e. sensi-
tivity is dependent on the capacity in the coupling circuit. However,
the eircuit itself is much more sensitive than saturating flip-flops
using similar triggering circuitry, This increase in sensitivity is
especially noticeable with narrow pulses, In Figure 5 the sensitivity of
the flip-flops of Figs. 3 and L have been compared for various values of
C, using 0,1 psec, half-sinewave pulses,

2, E-556, A Study of a Two-Transistor Flip-flop, p. 13 discusses this
action briefly, However, it ignores the effects of wide pulses which
require the trigger amplitude to be less than some upper limit. It
can be seen from Fig, 1 that for narrow pulses there is no upper limit

on amplitude,
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2.4 Single Transistor Flip-flop

The only single transistor flip-flop on which extensive tests
were done is that shown in Figure.6, This particular circuit was
propounded by Williams and Chaplin® and was considered to be one of the
best performers among the single-transistor types. It can be seen from
the pulse width vs pulse amplitude tests (Fig., 6b) that the region of
operation is not as great for this type of flip-flop as for the two-
transistor types. In fact, the curves close on themselves to form
closed regions of operation, Successively larger capacities caduse
successively larger regions of operation and all regions are concentric,
It would seem then that the ideal capacity would be the largest possiblej
however, experience tells us that increasing the capacity will eventually
lead to lower maximum por.f.’s and diminishing returns in pulse range,
Using 0.5 psec pulses operation was achieved up to at least 670 kc at all
capacities, It was not possible to find an upper frequency bound because
of lack of equipment to give pulses at high frequencies,

3. Junction Flip-Flops
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