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Abgtract: Pulge transfcmers are useful for coupling between pulse

circuits of a systom bevanse they permit a saving in the mum-
ber and size of the tubes required.

A ops-to~one inverter transformer is useful for coupling
between ad jacent stages, and a step-down step-up arrangement
ie useful for coupling remote stages. Crystzl diodes are usge-
ful in coupling circults for damping, isclating, and clamping
purvoses; the application of cryetal diodes is particularly
helpful in point-to-multipoint and multipoint-to-multipoiat
coupling. Unless fractional-microsecond pulses (order 0.lusec)
are at & very low impedance level, these pulses will normally
feed loade that are predominately capacitive. When relatively
large amplitudes and small delays teke precedesnce over pulse
shape, it is best to replace the load resistor of the trans-
former with an inductance; the inductance is normally neces-
esary to produce overshoot on the pulse and thersby permit ths
uge of a crystal diode to damp out oscillations. Such circuits
have handled C.1 peec pulsecs at repetition frequencies as
high as 3 megacycles without appreciable variation in pulse
amplitude ae a funection of repetition frequency.

There is a good possibility that the present Whirlwind
transformers designed for 0.1 Meec pulses could be improved
upon; this is particularly true when ths transformere drive
on RLC load instezd of a predominately resistive load. It is
belisved that non-metallic magnetic materials (ferrites)
might prove to be better than metallic materials for cores
of transformers designed for 0.1 HUsec. pulses.

A. Introduction

Information in Whirlwind I is transmitted in the form of uni-
lateral pulses. The polarity of a pulse is reversed every time it passes
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through a vacuum-tube amplifier. If capacitive coupling ie used between
stages, every other stage muet be normally on. The use of normelly-on
stages is undesirable for two reasons: (1) since pulses zre preszent less
than half the time, the vower consumption is greater than with normally-
off stages, (2) small noise pulses and vulse overshcot are amplified.

The use of inverter pulse transformers with the proper turns ratio for
interatage coupling permite all pulse amplifiers to be cut off during the
absence of pulses. This rethod of coupling is used extensively in WWI
ellowing the use of smaller tube types and providing noise reduction
throughout the system.

B. The Trapsformer Vs the Cathode Follower

Whan a buffer amplifier is required to drive a low-impedance
source, there may be a question of using & cathode follewer instead of
a conventional amplifier ard a step-down transformer. The gain of a
cathode follower having a load resistor R is:

__..,,E.I(*__y__
T+ (pe
7 1+l )R

The gain of an amplifier using a pulse transformer with a turns ratio of

N:1 is

o

The gain of the amplifier exceeda the gain of the cathode follower if
Fi{r + (u+1)lf_l)r + N°R, or the gain of an amplifier exceeds the gain
of & cathode follower if W< (u+l). A cattede follower has a lower inmt
capacitance and & lower ocutou’ impedance than an amplifier so that pulses
with faster rise times may be handled; however, in most cases the desired
rise times and greater amplitudes can be attained with tuffer amplifiers
and pulse transformers.

Interstage coupling can be classed into four groups (1) point-
to-point coupling, (2) multipoint-to-point coupling, (3) point-to-multi-
point coupling, (4) multipoint-to-multipoint coupling. The coupling of
shoré pulsesn%l uUsac or less) is accomplished in the comruter by using
pulse transformers of the required ratioe and by the use of crystal
diodes for mixing and isolation purposes.

Five transformers have been desirnsd for mnse in Whirlwind cir-
cuite. The design specifications for theee transformere are included in
the standerds booke for Project Whirlwind. Pulee transformers with ’
turng retios of 1:1, 3:1, and 5:1 have been designed for 0.1 psec half-eine
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wave pulses. & pulse tranaformer with a turas ratio of H:1 has been
designed for e trapezoidal pulse with a rise time of '0.1 mlicrosecond
and a duration of 1/2 microsecond. A three-winding pulee transformer
has been designed for blocking oecillators, Rerort R-122 contalns
valvable information on the theory end desigsn of low-power pulse trang-
formers. A large portion of Volume 5 of the Radiation Lab. Series ig
devoted to the theory and design of pulse transformers.

C. Point-to-Point Coupling

Point=to-point coupling may be from a pulse amplifier to an
adjacent stase or from a pulse smplifier to = remote stage. A one~to-one
inverter is used to couyple adjacent stages, and a step-down step-up
arrangement is used to couple remote stages.

1. One-~to-One laverter

The 6-193-6 (Whirlwind Spec.) transformer was designed for
0O-1l-microsecond pulses and has a turns ratio of 1:1. This transformer
is used to reverse the polarity of pulses that are coupled from & gate
tube to a buffer amplifier or from one buffer amplifier to another in
the manner indicated in Figure 1. The 6-193-6 transformer was originally
designed to work into a resistive load of 1000 olms; a 1000-ohm load
gives the best transient response for this pulse transformer when it is
driven from a current source. Because of the sgimy capacitances in the
circuit it ie impossible to present a resistive load to ths pulse trans-
former without sacrificing a large portion of the pulse emplitude. The
circuit in Figure 1 is the most satisfactory erapngement for coupling be-~
twean two pulee amplifiers, assuming the pulse amplifiers are normally
cut off. The transformer works into & parallel R~-L-C combination that
behaves something like ap R-L-C peaker that ie underdamped for the firet
half-cycle of oscillation and critically damped for the second half-cycle.
The leakage inductance of the transformer and the capacitances of the
transformer and the circuit combine to produce ringing on the irailing
edge of the pulse. If the value of the tall=reversing inductarce L is
teo large the ringing will not swing below the vol tage axis and it can
not be damped out by the resistance R. If the value of L ie too small,
the duration ard amplitude of the vulse are decrsased. A guitable value
for L can be determired rapidly by experimental methods. The value of
the inductance L depende on the tranaformer, the pulse duration and the
stray capacitances of the circult; a small value of L is required for
large shunt capacitance., The shunt cepacitance C, and C_ usually total
between 30 to 40 puf in Whirlwind circuits; if the totel®smnt capaci-
tance exclusive of the transformer capacitance is between 30 to 40 puf
and the pulse duration ig rear 0.l-microseconds a S0-microhenry in-
ductance is satisfactory for uese with the 6-193-6 transformer. The value
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of R is imrortant if the circuit is tc handle pulses at g high repeti-
tion rate. The value of R ghkould De crosen to give ecriticsl damping.
When R 18 too small the circult 1s overdarped, and when R is too large
the circuit is underdamped. TFor moet Whirlwind circuits in which a
one-~to-one transformer is veed, a resistance of UJ0-obms is suitabdle

for R. (The forwerd resistance of the gernamium crystal diodes is about
100~ohms,) The circuit of Figure 1 will work for O.l-microseconds pulses
at a repetition rate of well over 2 megacycles without anvreciable prf
sensitivity.

Since most of the Whirlwind circuits that require a one-to-one
inverter have nearly the same shunt capacitance, it seems that 1t ought
to be possidble to design a transformer with a lower magnetizing induc-
tance so that a tail-reversing inductance is unnecessary. If the mumber
of turns on the transformer are reduced, the magnetizing inductance,
leakage inductance, and trznsformer capacitance are reduced. Pulse
transformers with fewer turne were tried in an atterpt to eliminzte the
necessity for the tail-reversing inductance. However, the results were
unsatisfactory; it seems that if the number of turne on the transformer
was reduced so that no tail-reversing inductance was required the pulse
amplitude was less than with the 6-193-6 transformer and a tail-reversing
inductance. The reason for this is not understood. One exvlanation
could be the non~linearity of the magnetizing inductance of a trans-
former wound on a laminated cone. The effective permeability of an
iron core varies with induction and time. The permeability of a core
increases as the)fime for short pulses becaunse the initial eddy currents
in the core are large and tend to prevent the magnetizing flux from
being uniformly distributed in the core.

2. Step-Down Step-Up

In nome cases one pulse amplifier is required to drive another
amplifier at 2 remote point. A low-impedance line is uesually necessary
in connecting remote voints to prevent excessive distortion, attemuation,
and deley of the rulses. A gtep-~down transformer may be used to drive
the low-impedance line; 1f the amplitude of the vulse on the line is
not large enough %c drive the second stage, a steprup transformer may
be useful at the receiving end. This method of interstage coupling
io similar %o using a 1.1 trensformer between stages that arennot
remotely connecled; a tail-reversing inductence and a damping diode
are asually required. The 6~193-7 transformer is decigned for
0.l-micyosecond pulses and has a turne ratio of 3:1, this transformer ig
ugsfu] Yor atep-down step-up purvoses if the impedance of the transmia-
tion line is around 100-ohms. Again, when pulses with fagt rise times
(0.0%.-microsecond) are used it is vractically impessible to terminate
the J0-ohm line or the transformere with resistive loads withbout amcri~
ficing consideradble emplitude decanse of the inmt capacltance of the
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succeeding stage. As in the case of the 1:1 inverter it is usnally

best to leave the transformer as well ag the transmission line unter-
minated. The step-down step-up arrengement shown in Figure 2 is useful
for coupling O.l-microcecond pulses between two stages (7AK7, 7AD7,

6Y6 etc.) connected by a length of RG 62U transmission line. (The
charecteristic impedance of RG 62U line 1s 93 ohms. The delay of

RG 62U is approximately l-microsecond per 1000 feet.) The mizes of

the tail-reversing inductance and the damping resister are about the
game as for the 1l:il transformer; they can be determined best and most
rapidly by experimentsl methods. Since the line is unterminated,
reflections do occur; however, i1f the delay of the transmission line

is less than a quarter of the delay of the pulse these reflections are
damped out (becense of losses in the transformer) before the overshoot
of the mulse is completed and do not caunse any difficulty. If the input
capecitance o the succeeding stage is small a trensformer with & high
turns ratio might be useful at the receiving end; however, in most cases
in Whirlwind, an increase in the turns ratio of the second transformer
increases the rise end fall time of the ecircuit so that there is little
or no gain in the rulre amplitude.

3. Effect of Transformers on Pulse Shape

Many of the circuite in the Whirlwind comvuter are iesigned
for O.l-microsecond half-sine-wave pulees. If the pulse duration is
too long, the circuites do not have sufficient time to recover for high
gpeed operation; 1f the pulse duration is too short, unmnecessarily
large tubes are required to deliver the required pulse amplitudes. The
shape, amplitude, and delay of pulses is affected by the vulse trans-
former and their associzted circults. Usually a pulse amplifier is
biased a few volts beyond cutoff to prevent small noise signals from
being amplified; since the amplifier ie biased beyond cutoff the ef-
fective duration of the input pulee is decreased. If the pulse duraticn
is to remain unchanged the plate circultry must act to broaden the pulse:
the leakage inductance of the transformer, the shunt capacitances in
the plate circuit, and the taill reversing inductance affect the shape
and amplitudes of the pulses out of a pulere amplifier. Because most
of the stages are bilased beyond cutoff and dPecause the circuitry affects
the shape of the pulses, output pulse shape becomes reasonably independent
of the inrut pulse shape after passing through four or five similer
pulce amplifiers. The analyeis in Engineering Note E-138 indicates some
of the effects of opulse transformers on the shape and amplitude of the
pulses. In order to make any reasonably simple enalyeis of thece pulses
circuits 2 number of assumptions hove to be made; the analysis in E-13€
does nd account for non-linearities in the control grid to- plate transfer
characteristice, the magnetizing inductance of the transformer, or the
input impedance to the second tube. The analysis was primarily for a
1:1 inverter used in the manner indicated in Figurse 1l: however, the
behavior for step-down step-up arrangements ie nearly the same. The
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equivalent circuit of the plate circuit was simplified as shown in
Figars 3.

L, - leakage inductance of transformer

C1 = output capacitance of first stage

input capecitance of second stage plus shunt capacliance
of the pulse transformer

-~ tail reversing inductance in parallel with magnetizing
inductance of pulce transformer

Ly

If L. 18 neglected and an impulse of current is suprlied acrose C1
the gxpreseion for ey 1s:

(1 - cosett)

s )
4 Cl + C

c1 + C
vhere =
LG%

It 18 argued thit the effective duration of the in~ut pulse ig always
aporeicably less that the duration of the outrutb rulse so thst the idea
of an impulce is usable. The expression indicates that L. does not
inf’uence the amplitude of the pulee but th:t 1t does inflTuence the
frequency of oscillation in the output. It also indicates that the
oscillations will not swing below the voltage axis if L. is infinite.
If the effect of 1L, ie considered in the circuit of Figure 3 for an
impulce of current, the exprescion for e, becomse more complex and is
rather meaningless in algebraic form. However, the addition of L
results in the two superimpoced cscillctions of different frequencies
so that

e
2

e, = Alcos wt - cos Bt),

where A, w and P are constants determined by the circuit parametere.

From E~138 end experimental evidence it is known that the pulse dura-
tion can be lengthsned by increasing either ths leakage inductance of

the transformer, or the shunt capacitance across the transformer, or
both; in any case, an increase in pulse duration by the circuitry resulte
in a more triangular pulse shape and/or e decrease in pulse amplitude
and an increase in delay time through the circuit. The analysis in
E-138 indicates that the leakage inductance of the pulse transformer
affects the pulse amplitude much less than the shunt capacitance. The
leakage inductance of the transformer is increased and the interwinding
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capacitance decressed if the spacing between the windingsz is increased;
when the shunt capacitance is decreased the amplitude of the ringing
increases and a larger tail reversing inductance may be used. Thus the
pulse duration can be incressed somewhat without a serious loss in am-
plitude; however, the pulse shape becomes more triangular and the delay
ie increased. The 6-193-6 and 6-193-7 transformers in Whirlwind cir-
cuits usually result in a decrecse in pulse width from the standard
O.l-microsecond to a 0.07 to Q.08-microsecond. It is questionable
whether the transformer should be designed to provide greater pulse
widthe; the amplitude of the pulse at its final destination is usually
the deciding factor that must be considered, assuming the time delsy
is not too grezt.

- The point-to-point coupling in Whirlwind circuite is primakily
a matter of attaining moderate (‘s and high L-C ratios. Normally higher
Q's for tranaformer can be attained by using cores of magnetic materiasls;
however, as the pulse duration i1s decreased the effective premeability

of 2 core must be sacrificed in order to keep the eddy circuit losses

at the same order of magnitude as the copper loeses (ideally core losses
should equal copper losses for highest Q's). In general, pulse trans-
formers have been designed to drive resistive loade; in these cases,
eddy~current losses were not so important as long as they were =mall in
corparison to the power dissipated in the load resistor. The leakage
inductance and shunt capacitance of a transformer increase with the
mumber of turns; in order to attain a minimum transformer capacltance

and leskage inductance a high vermeabilit core is desired to reduce

the mumber of turns required for a desired mognetizing inductance. Ex-
periments with the airecore pulse %ransformere in Whirlwind circuits has
giown that these transformers are comparable in performance to the
6-193-6 and 62193-7 transformers. Although a grezter number of turns

are requlired for the air-core transformers go thot the leaksge induc-
tance and interwinding capacitance are increased, the performance of
alr-cored transformers is nearly as good as the ones with Hipersil cores
because (1) the leakage inductance does not seriously affect the pulse
amplitudes unless the grid of the succeeding stages is driven positive

(2) the shunt capacitance of air-cored transformer is not necessarily

as great as the ones with Hipersil cores (3) the core losses with Hipersil
corec are not negligible, The effective shunt capacitance of trans-
formers with Hipersil cores ig affected by the winding-to-core cepacitance
and the core-to-ground capacitance as well azs the intervinding capaci-
tence. If air-cored transformers work nearly as well as those with
Hipersil cores it may be possible to design transformers with powdered
iron cores that work just es well, if not detter. Non-metallic magnetic
materials (Ferroxcubes, Ferramics) have been ceveloped that have e fective
reeistivities as good es powdered iron cores and greater effective per-
meebilities than powdered iron cores; these materlals are being produced
in small quantitiee by Worth American Phillipe Co. and General Ceramica &
Steatite Co. The new magnetic materiele may meke possibdle better trans-
former designs for short pulses and relatively large capacitive loads.
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C. Multipoint-to-Point Coupling

Multipoint~-to=-point coupling is eimilar to point-to-point
coupling: however, cryestal diodes are useful to mix the signals from
the various sources at the recelving point. The circuit of Figure 4
ehows how several signals may be mixed at a common point. The mixing
diodes prevent a signal on one line from feeding back on to adjacent
lines, and 2180, these diodes prevent the arplitude of the pulse on one
line from being affected by the loading effort of the adjacent lines and
the magnetizing inductances of the adjecent transformers.

D. Point-to-Multipoint Coupling

Point-to-mul tipoint coupling ie accorplished by driving a
lov-impedance 1lins with a duffer amplifier and tapping the line at the
desired receiving points aec 1s indicated in Figure 5. The input im-
pedance of the receiving points stould be high compared to the characteris-
tic impedance of the line so that the pulse amplitude at esach recelving
point is nearly the same. Generally speaking, step-up transformers can-
not be used at the receiving points because the increased load on the
transmiesion line results in excessive attemvation.

Since the clamping circuits at the receiving points will clamp
to any pulse overshoots, it 1s important that the overghoot of the pulee
ghould be emall. The maegnetizing inductance ghould be large to reduce
the overshoot; however, the leakage inductance and capecitances should
be small to prevent exceesive attemuation and distortion of the pulse.
The turns ratio of the pulse transformer should be chosen so that the
emplitude of the pulee on the line is a2 maximum; if the pulse gnplifier
hae linear characteristics, the voltege gain ie a2 maximum if N2, = Ty

where N = turns ratio of transformer

Z° = 1in2 impedance

rp = plate resistance of tude
An increase in turns ratio increases the resistive load that aprears
in the plate circuit while decreasing the effect of capacitance on the
line side of the transformer. If the turns ratio is too large the R-C
time constant is increased to the voint where the rise time of the cir-
cuit is exceserive and possibly there is 2 loss in pulse amplitude; 1if
the turns ratio is too small the low impedance in the vlate circuit re-
eults in a loge of pulse amplitude. A turns ratio of 3:l i about
optimum for a transformer driving a 90-ohm load with 0O.l-microsecond
pulses from tubes having an outout capacitance of 10-15 micromicrofarad;
the 6-193-7 transformer was desizned for O.1-microsecond pulg-s and has
a turns ratio of 3:1. Since the pulse amplifier driving the lines is
usually dlased below cutoff, the plate circuit must broaden the pulse
if the pulse duration is t0o remain closre to the standard width; the
best method of increzeing the pulse width without seriously affecting
the pulse amplitude 1e¢ to incresse the turns ratio of the trameformer.
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For some cases in point-to-multivoint coupling an amplifier 1s required

to drive a low impedance line in two directions; this ie desirable on

long lines feeding several points, in order to vrevent excessive attenuation
on the line. If a 90-ohm line i3 driven at its midpoint a 5:1 trzaeformer
is more deeirable than a 3:1 transformer. Ths 6~193-8 transformer has

& turns ratio of 5:1 and is designed for 0.1 microsecond pulses. The
higher turns ratio helps to compsnsate for the decrease in pulse width
resulting from the amplifier being diased below cut off. An increase

in the rise time of the outrut pulse makes termipation problems on the

line simpler.

The 6-~193-10 traneformer is designed for trapedzoidal pulses
with a rise time of O.l-microesecond and a2 duration of 0.5-microsecond;
this transformer has a 5:1 tumns ratio and is designed to drive impedance
~of from 50 to 90 ohms. The magnetizing inductance of this transformer
mst be large encugh to preserve the flat portion of the pulce and to
prevent excessive uvershoot; the leakage inductance and shunt capeci~
tance of the transformer must be small enough to vreserve the O.l-micro=-
second rise time of the pulse.

If the overshoot of pulses vassing through a transformer is
small the recovery time is necessarily large because a traneformer cannot
pase a d-c component; this means that the voltagze dbaseline will gradually
sri ft an amount equal to the d-c component of a chain of pulses at &
high repetition rate s0 thzt the effective amplitude of the pulse is re-
duced. Since comruter circuits must handle pulses over a wide range of
repetition frequencies, any form of prf sensitivity is undesirable.

There are two poesible methods of reducing prf sensitivity resulting
from the averaging effect of the transformer: (1) the magnetizing in-
ductance may be increased so that there is no aprreciable ghift in the
base line for the longest chain of puleses at the highest repetition
frequency to be used. This method of reducing prf sensitivity will
work well 1f the chalns of pulres are not too long, and if there ie suf-
ficient recovery time between the chains of pulses. (2§ A diode may
be used in the manner indicated in Figure 6. The action of the diode
in this circult is apalagous to the action of the diode in a clamping
circuit for capacitively coupling unilateral pulses; the capacitor in
a clamping circuit discharges slowly during a pulse and recharges
rapidly after the pulse has ended.

In the circuit of Figure 6 current builds ur comparitively
glow in the transformer winding while plate current flows but decays
rapidly after vlate current ceazseg and the pulse overshoots. In other
words the time constant is L/R: R 1z ecual to the load plus the forward
registance of the diode during the pulee end to the back resistance plus
the load during the pulse overshoot. The overshoot of the transformer
is large with the diode but since the back resistance of the diode is
large compared to the line impedance thie overshoot does not abpresar on
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the line. The 6-193-7 transformer used in the manner indicated by Figure 6
can handle O.l-microsecond puleses at a repetition rate as high ag 3~
megacycles without appreciabvle prf seneitivity. The principal disad-
vantage of the circuit of Figure 6 is the loss in amplitude acroas the
forward resistance of the diode. The D359 diode has an exceptionslly
low forward resistence (about 30-ohm)end & high current carrying capacity
(500 ma pesk). If a transformer is us~d to drive & S0-ohm line and the
forward resistance of the dicde is 30-ohms there is a 25% lose in ampli-
tude. If pulse emplitude is of prime importance, the voltage drov across
the diode may not be tolerable; however, if a chain of high nrf pulses
are desired with very little prf sensitivity (in test equipment for
oxample) the circuit of Figure 6 i very useful.

E, Multipoint-to-Multipoint Counling

Multipoint-to-multivoint coupling is illustrated by Figure T;
miltipoint-to-multipoint coupling is eimlar to point-to-multipoint
couplinz except that the driving amplifiers have to be isoclated from
the line to prevent erxceseive attenuation. Tach line driver must be
capable of driving a line in two directions. The line drivers are
isolated from the line when not in use by crystal dicdese used in the
manner indic:ted by Figure 5. The receiving amplifiere are coupled to
the line in the manner indicated by Figure i,

F. Conclusion

If a coupling transformer is designed to drive a load that
behaves nearly like a pure resistance, the design procedures in rerort
R-122 are directly applicable. The core material of the transformer
ls, of course, a very important factor to consider in design. A
core material should be chosen that has the highest effective incremental
permeability for the pulses the transformer is required to pass. It
is costly to wind transformers on stacked cores =nd continmuously-
wound cores; for this reason Mu metal and Permslloye may not de chosen
as core materials even though these materials may have & somewhat higher
effective permeability than materials that are manufactured into two-
pien cores. In gary case, better pulse transformers can be designed for
resistive loads if core materials with higher effective incremental
permeabilitlies become avuilabdble.

The design of transformers to drive cepacitive loade is not
readily avvarent from rervort R-122, although the general concepts do
apply. Actually, not too much thought hae been given to the design of
pulse transformers for capacitive loads. If the transformer driving a
capacitive load is required to pase a trapezoidal pulse with fidelty,
the transformer circult will have to have a low Q, and the deeign of the
trensformer will be very similar to the design of transformers for resis-
tive loads. Section 3.U43 of R-122 discusses a wide-band transformer
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circuit that is useful for capacitive locads. In the point-to-point
coupling for Whirlwind circuits pulee amplitude, pulse delay, and re-
covery time take precedence over pulge shave; these counling circuits
are essentially peaking circuits so that high Q's and high L/C ratios
are desired. .

With improved megnetic materials for high frequencies, it

seems likely that better transformers can be designed for coupling cir-
cuits that are essentizally pilaking circuits.
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FIG. 1

COUPLING ARRANGEMENT BETWEEN ADJACENT STAGES.
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SIMPLIFIED EQUIVALENT CIRCUIT FOR TRANSFORMER COUPLING

MG D
Wl g

|
JE 4
EI

FIG. 4
MULTIPOINT TO POINT COUPLING
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POINT TO MULTIPOINT COUPLING
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FIG. 6
THE USE OF AN ISOLATING DIODE FOR TRANSFORMER COUPLING
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MULTIPOINT TO MULTIPOINT COUPLING



