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This invention relates to impulse generating 
systems and more particularly to circuits for gen 
erating impulses of controlled wave form and 
duration. Its principal objects are to facilitate 
the voltage transformation of an impulse while 
at the same time maintaining its wave form; to 
provide for voltage multiplication ‘Without re 
course to the use of electromagnetic transform 
ers; and to increase the useful energy of gener 
ated impulses. 
In impulse transmission systems such, for ex 

ample, as radio echo systems, in which high fre 
quency impulses of very great intensity and of 
short duration are radiated at regular intervals, 
it has been found desirable that the individual 
impulses should have a substantially rectangular 
wave form, that is, one characterized by uniform 
amplitude throughout the whole of the impulse 
duration and by sharp growth and decay at the 
beginning and at the end of the impulse, respec» 
tively. The radiated impulses are ordinarily pro 
duced by exciting an ultrahigh frequency vacuum 
tube oscillator with unidirectional voltage im 
pulses of the desired shape and intensity, the ra 
diated energy being derived almost wholly from 
that contained in the exciting pulse. I-Ieretofore 
the generation of impulses of suitable shape and 
of su?lcient intensity has presented a problem 
of considerable magnitude for the reasons that 
direct currents of the required voltage are not 
readily obtained and that electromagnetic trans 
formers capable of providing the necessary volt 
age transformation without impairing the im 
pulse wave form are costly and dif?cult to con 
struct. 
The present invention overcomes the above 

mentioned difficulties by making use of wave re 
flection effects to bring about the desired voltage 
step-up. For this purpose, a generating impulse 
is caused to traverse a chain of arti?cial lines 
having different characteristic impedances which 
are graded in a particular manner as hereinafter 
described. The wave re?ection eiiects occur at 
the junctions of the several lines and I have 
found that, by suitably proportioning the line 
characteristics, it is possible to ellect any desired 
degree of voltage multiplication while maintain 
ing a rectangular wave form. 
The nature of the invention will be more fully 

understood from the detailed description which 
follows and by reference to the accompanying 
drawings of which: 

Fig. 1 is a schematic representation of an im 
pulse generating system in accordance with the 
invention; 
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2 
‘Figs. 2, 3 and 4 represent con?gurations of ar 

ti?cial lines and impedance networks that may 
be used in the system of Fig. 1; 

Figs. 5 and 6 illustrate a theorem upon which 
an explanation of the invention is based; 

Fig. 7 represents schematically a known type 
of impulse generator which is a prototype of the 
systems of the invention; 

Figs. 8 to 13, inclusive, illustrate the derivation 
of multiplying systems in accordance with the 
invention from the prototype circuit; and 

Fig. 14 shows in more detail a voltage tripling 
system in accordance with the invention. 
Referring to Fig. 1, ill is a source of direct 

current, II a resistor, 12 a switch, elements L1 
to Ln, inclusive, are sections of arti?cial lines hav 
ing negligible energy dissipation, i3 is a ther 
mionic diode, I4 is" a diode oscillator, for exam 
ple, of the type shown in United States Patent 
2,063,342, issued December 8, 1936, to A. L. Sam 
uel, and i5 is a dipole antenna coupled to the 
oscillator by a small coupling loop [6 inserted in 
the oscillator ?eld. The source It has its nega 
tive terminal grounded. Diodes l3 and M are 
poled in opposite directions, the former in con 
ductive relation to the battery and the latter in 
opposition thereto. The cathode heating circuits 
for these vacuum tubes are omitted for the sake 
of simplicity. Lines L1 to lit-1 are connected 
in cascade and the terminal line Ln is connected 
as a two-terminal impedance in series in the out 
put circuit of the cascade system. Line Ln is 
open-circuited at its outer terminals. These lines 
may be portions of actual transmission lines, for 
example, coaxial conductor lines, but to save 
space it is generally advantageous to construct 
them as arti?cial lines, suitable con?gurations 
for which are shown in Figs. 2 and 3. 
The lines conform to certain general require 

ments which may be stated as follows: Those 
designated L1 to Lm—1 are symmetrical, that is, 
they exhibit the same characteristics at each of 
their two pairs of terminals. They should be sub 
stantially dissipationless and should all have the 
same propagation constant. Their open-circuit 
impedances are similar in that they exhibit reso 
nances and anti-resonances at the same frequen 
cies, but the magnitudes of the impedances in 
crease systematically from left to right in the 
drawing as hereinafter explained. The lines 
should also contain no conductive shuntbranches 
so that in the open-circuit condition they are 
able to store electrical energy in the form of an 
electric charge. Line Ln should be similar to the 
others With respect to delay time and may also 
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be of similar con?guration, but since it is used 
only as a two-terminal impedance, its desired 
impedance characteristic may be realized in vari 
ous other well-known con?gurations. 
For the generation of impulses of rectangular 

wave form, it is desirable that the arti?cial line 
sections have characteristics approximating those 
of actual dissipationless transmission lines. Their 
characteristic impedances should therefore be 
substantially pure resistances over a wide fre 
quency range and their phase shift characteris 
tics should be substantially linear in the same 
range. To produce impulses of a given desired 
duration the lines should have a delay time equal 
to half the length of the impulse. 

Fig. 2 shows a low-pass ?lter con?guration 
that may be used for the lines, the series induct 
ances and the shunt capacities being propor 
tioned to place the cut-oil frequency well above 
the frequency range required to produce the de 
sired pulse Wave form. An alternative construc 
tion is shown in Fig. 3 in which the series induct 
ances are provided by a single long solenoid and 
in which the shunt condensers are connected at 
equal intervals along the inductive winding. The 
mutual inductance between the successive sections 
in this construction tends to increase the linearity 
of the phase shift characteristic. 

Fig. 4 shows a con?guration that may be used 
for the terminating section Ln when the other 
lines are constructed according to Fig. 2 or 3. The 
design of this network may be related to that of 
the others by means of the theorem described by 
R. M. Foster in an article entitled “A reactance 
theorem,” published in the Bell System Technical 
Journal, April 1924. 
The range of frequencies over which the char 

acteristics of the arti?cial lines should be uni 
form depends upon the pulse length and should 
be wide enough to include several harmonics of 
the fundamental frequency corresponding to a 
periodic time of two pulse lengths. Thus, in the 
case of a system intended for the generation of 
pulses of one microsecond duration, it is desir 
able that the arti?cial lines should have linear 
characteristics in the range of frequencies ex 
tended from zero to about four or ?ve million 
cycles per second. 
In the operation of the system, when switch 

I2 is opened, direct current passes along the lines 
to the terminal network Ln and builds up a charge 
in the capacities included in this network. Dur 
ing the charging part of the cycle the circuit is 
completed through diode 13 which is conductively 
poled with respect to the charging source voltage. 
The various transient currents that may arise 
during this interval are not of present concern 
since su?icient time may be allowed to permit the 
system to become fully charged to a steady voltage 
equal to that of the source It‘. Resistance H in 
series with the direct current source limits the 
transients and serves to dissipate them quickly 
during. the charging period. The high voltage 
impulses are produced upon the closing of switch 
l2 by the discharging of the lines through the 
switch. contacts and through the oscillator diode 
Id. In so far as the effects produced are con 
cerned, the closing of switch it’ may be regarded 
as equivalent to the sudden application of a 
steady voltage to the left-hand terminals of I»: 
having the same magnitude as the source voltage 
but of opposite polarity. The transient phenom 
ena during the discharge correspond to the trans 
mission. of this suddenly impressed reverse volt 
age, or negative step-voltage, through the system. 
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The wave front of the discharge, or of the hypo 
thetical step-voltage, travels through the cas 
caded lines towards the output circuit and as it 
see so, is increased in voltage at each of the 

junction points because of the wave reflection 
effects arising there. Upon the arrival of the 
generating pulse at the output circuit, current 
begins to ?ow in the space path of the tube l4 
and at the same time enters the line 1.71. The 
current flow continues at a steady value until the 
wave entering Ln returns to the input terminals 
of that line after being reflected at the open 
circuit output terminals. When that takes place 
the current in the output circuit is neutralized 
by the re?ected pulse and the current in the 
circuit drops to zero. The duration of the pulse 
is measured by the time taken for the generating 
pulse to travel through the line Lu and back again 

is thus equal to twice the delay time of that 
line, 
The complete cessation of the current at the 

end of the assigned pulse length requires that 
certain relationships of the parameters of the 
several line sections obtain. This has been men~ 
*ioned before and will now be explained. 

It will be evident that the wave front which 
travels directly through the lines upon the closure 
of switch l2 will be followed by a succession of 
wave fronts or step-voltages produced by the 
reflections at the different junction points in the 
system. For example, at the junction point of L1 
and Le a reflected wave will be transmitted back 
to the switch l2 and then after a second re?ection 
will pass through the system and will arrive at 
the output circuit delayed by twice the delay time 
of line L1. Similar e?ects will be produced at 
each of the line junctions and these would ordi 
narily tend to produce an inde?nitely long train 
of pulses in the output circuit. It is necessary 
that all of these later pulses should, in effect. 
neutralize each other so that the output current 
remains zero alter the ?rst pulse has passed. I 
have found that this result can be achieved by 
grading the line impulses and by making the 
lines all of the same delay time or the same 
electrical length. 
The line impcdances for the con?guration 

shown have the following values: If the resist 
ance of the load, that is, the space path of tube 
54, be denoted by R, then the terminal line sec 
tion Ln should have resistive characteristic im 
pedance of value 

and the other lines should have impedances of 
the values given by 

A demonstration of these relationships in terms 
successive wave re?ections or transients is 

1e, but the relationships may he arrived 
a consideration of the steady-state char 

"' {es of the system. The development of 
ionships on this basis makes use of cer 
y state theorems on equivalent circuits 

and the application of these theorems to the im 
pulse systems of the invention is justified by the 
well~l§nown fact that circuits having the same 
steady-state characteristics at all frequencies also 
exhibit the same transient behaviors. 
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The equivalent circuit theorem upon which the 
demonstration is based is illustrated by Figs. 5 
and 6. In Fig. 5 the circuit comprises an ideal 
transformer I? having a transformation ratio of 
1 to‘ 1+7c, a series impedance i8 unrestricted in 
character and magnitude 70211 and a symmetri 
cal four-terminal network It having an open~ 
circuit impedance Zn and an image transfer 
constant 0. This network is equivalent‘ in 
its behavior to that shown in Fig. 6 which 
comprises a four-terminal network 20 and a 
series impedance 2|, the parameters of which 
are related to those of elements I8 and I9 
of Fig. 5, as indicated in the drawing. In Fig. 6 
the transposition of the series impedance to the 
other side of the four-terminal network and the 
change in the values of the network parameters 
has resulted in the elimination of the trans 
former. The equivalence of the two circuits may 
be demonstrated by developing and comparing 
the formulae for the open-circuit and short~cir- 
cuit impedances at each of the two pairs of ter 
minals oi‘ the two systems. 
The application of the theorem illustrated by 

Figs. 5 and 6 to the development of the systems 
of the invention proceeds as follows: The circuit 
shown in Fig. '7 is a simple impulse generator of 
known type in which a single rectangular impulse 
is produced upon the closing of the battery 
switch. The line section 22 is a portion of an 
ideal dissipationless line having a delay time 
equal to one-half the desired pulse length and 
having a characteristic impedance equal to the 
resistance of the load R. The latter requirement 
is necessary for the generation of a single pulse, 
that is, for the suppression of additional trans 
ients following the ?rst impulse. In this circuit 
the pulse voltage developed at the load terminals 
is equal to one-half the voltage of the direct cur 
rent source. Starting with the circuit of Fig. '7, 
the modi?cation shown in Fig. 8 is arrived at by 
the insertion of an ideal transformer 24 between 
the source and the line 22 and by the inclusion in 
front of the load of a section 223 having the 
same electrical length as line In this ?gure 
and in subsequent ?gures the designation Z0 is 
used to indicate the characteristic impedance of 
the lines. If the characteristic impedance of the 
added line section be such as to match the load 
impedance, the only effect produced by its in 
clusion in the circuit will he to delay the appear— 
ance of the pulse at the load terminals by an 
amount equal to the delay of the line. The in 
clusion of the ideal transformer gives rise to the 
desired voltage step-up. The circuit arrangement 
in Fig. 8 now corresponds to that shown in 5 
for the particular case where it is equal to unity. 
Accordingly, the transformation shown in Fig. 6 
may be used and the circuit of Fig. 9 is arrived 
at directly. This circuit which produces a volt 
age multiplication of two comprises a terminal. 
line section 25 having a characteristic imped 
ance equal to half the load impedance and a 
four-terminal section 25 also having the same 
characteristic impedance. 
By repeating the procedure outlined above as 

many times as desired, additional line sections 
of the proper impedances may be inserted and 
corresponding increases in the voltage magni? 
cation may be obtained. It is necessary, however, 
that all of the lines have the same electrical 
length or delay time in order that the shape and 
the singular character of the pulse be maintained. 
The successive steps in the development of the 
circuit of a voltage tripling system are shown in 
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6 
Figs. 10, 11 and 12, respectively. The ?rst step 
indicated by Fig. 10 consists in the introduction 
of an ideal transformer 27 adjacent the voltage 
source having a ratio of 1 to 3/2 and the inclu 
sion of a line section 2%} adjacent the load and 
having the same impedance as the load. The 
circuit in Fig. 11 is derived from that in Fig. 10 
by a simple shift of the location of the trans 
former and an appropriate change in the im 
pedance of the ?rst line section. Fig. 12 then 
follows from Fig. 11 by the application of the 
equivalent circuit theorem of Figs. 5 and 6. The 
?nal impedances of the various line sections are 
as indicated in the drawing. 

Fig. 13 shows the ?nal result obtained by fur 
ther application of the principle to produce a 
voltage quadrupling system. Here, the lines 
have the impedances from left to right, 1/; R, 
% R, % R and 1/1 R. The derivation of this cir 
cuit from that of Fig. 12 involves the introduc 
tion of an ideal transformer having a step-up 
ratio of 1 to 4/3. 
The expressions for the impedance values given 

in equation 1 may be arrived at by inductive 
reasoning from a comparison of systems having 
progressively increasing numbers of line sections. 
The values given for systems having two, three, 
and four line sections, respectively, agree with 
the values determined from the equation and the 
values for systems of greater complexity are 
readily obtained. The voltage multiplication in 
any given system of the invention is equal to 
the number of line sections used as may be seen 
from a consideration of the successive voltage 
transformations introduced in the course of the 
development from the prototype circuit of Fig. 7. 
For example, the successive transformations in 
troduced into the development of Fig. 13 are 2, 
3/2, and 4/3, the continued product of which is 4. 
The theory of the invention has been developed 

in the foregoing on the assumption that the line 
sections are ideal dissipationless lines. When 
arti?cial lines or networks comprising lumped 
impedance elements are used, the performance 
of the system may differ somewhat by that pr0~ 
duced by the use of ideal lines, but if the arti 
?cial lines are so constructed that they have 
linear phase shift characteristics over a sur? 
ciently wide range, the difference in performance 
will not be serious and will appear primarily as 
a slight rounding of the corners of the rectangu~ 
lar pulse. As already stated, the range in which 
the network characteristics should be linear 
should include several harmonics of the funda 
mental frequency corresponding to a periodic 
time of twice the pulse length. 

Fig. 14 shows an impulse system arranged to 
generate repeated impulses and to provide a volt 
age multiplication of three. The circuit is sup 
plied with energy from. a direct current source 
29 which may, for example, be a recti?er taking 
alternating current from a power line or other 
primary source. The discharging switch 12 in 
Fig, 1 is replaced in this system by a rotary spark 
gap 30 driven by a motor, not shown. The num 
ber of points on the rotary portion of the gap 
and. the speed of the driving motor may be chosen 
to provide various impulse rates up to about 2000 
per second. The three arti?cial lines 3|, 32 and 
33 by which the voltage tripling action is ob 
tained are of the type shown in Fig. 3. Resist 
ance H, charging diode I3, oscillator tube ll‘! 
and output circuits I5 and I6, correspond to the 
like numbered elements of Fig. 1. Cathode heat 
ing circuits are indicated for the vacuum tubes, 
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the cathode of tube i4, since it is at a high poten 
tial above ground, being supplied with heating 
current through an insulating transformer 34 in 
the primary leads of which high frequency chokes 
35 are inserted. 
The source 28 may be capable of supplying a 

direct current voltage of about 20,000 volts in 
which case an impulse voltage of 30,000 volts 
would be developed at the oscillator terminals. 
This compares with the voltage of 10,000 that 
would be produced in the prototype circuit of 
Fig. '7. The spark gap 30 breaks down and pro 
vides a discharge path of very low resistance 
each time one of the rotating points comes into 
juxtaposition with the ?xed point. Since the 
pulse duration including the delay time intro 
duced by the multiplying network is generally 
very short in comparison with the interval be 
tween successive impulses, the system can be 
fully discharged during the passage of the spark 
and can be charged again to a steady voltage 
in the subsequent open-circuit interval before 
the next spark. 
What is claimed is: 
.1. In an impulse generating system compris 

ing a pulse shaping network capable of storing 
electrical energy and proportioned to provide an 
impulse of uniform amplitude and preassigned 
duration, a load device, and means for discharg 
ing the energy stored in said network through 
said device, means for multiplying the voltage of 
the generated impulse comprising a plurality of 
wave transmission networks interposed in tan 
dem between said discharging means and said 
storage network, said wave transmission net 
works having characteristic impedances which 
vary progressively from one to the next, the mag 
nitudes of the impedances and the delay char 
acteristics of the networks being so proportioned 
with respect to the impedance of the wave shap 
ing network and the preassigned pulse duration 
as to substantially suppress transients following 
the initial discharge of said shaping network. 

2. A system in accordance with claim 1 in 
which the wave transmitting networks are con- ; 
stituted by arti?cial lines having substantially 
linear phase shift characteristics and equal de 
lay times, and in which the pulse shaping net 
work has an impedance substantially equal to 
the open-circuit impedance of a uniform line . 
having the same delay time. 

3. In an impulse generating system for im 
pulses of substantially rectangular wave form 
and preassigned duration comprising a pulse 
shaping network capable of storing energy in 
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the form of an electric charge, a load device and 
means for discharging energy stored in said net 
work through said load device, means for mul 
tiplying the voltage of the generated impulse 
comprising a plurality of wave transmission net 
works interposed in tandem between said dis 
charging means and said shaping network, said 
wave transmission networks having characteris 
tic impedances the values of which increase pro 
gressively from one to the next in the direction 
from said discharging means, the impedances and 
the delay characteristics of the transmission net 
works being proportioned with respect to the im 
pedance of the load device and preassigned im 
pulse duration to substantially suppress tran 
sients following the discharge of said shaping 
network. 

4. A system in accordance with claim 3 in 
which the pulse shaping and the wave transmis 
sion networks are constituted by arti?cial lines 
having delay times substantially equal to one 
half the preassigned duration of the impulse. 

5. A system in accordance with claim 3 in 
which the wave transmission networks are con 
stituted by arti?cial lines having linear phase 
shift characteristics and delay times substantially 
equal to one-half the preassigned duration of 
the impulse and having characteristic impedances 
substanitally of the magnitudes de?ned by 

wherein Zr denotes the impedance of the rth net 
work of the tandem chain counting from the dis 
charging means, R is the impedance of the load 
device and n is the total number of networks in 
cluding the pulse shaping network. 

6. A system in accordance with claim 3 in 
which the pulse shaping and the wave transmis 
sion networks are constituted by arti?cial lines 
having delay times substantially equal to one-half 
the preassigned duration of the impulse, in which 
the wave transmission lines have characteristic 
impedances of the magnitudes de?ned by 

and in which the pulse shaping line has a char 
acteristic impedance equal to R+n wherein Zr 
denotes the impedance of the rth network of the 
tandem chain counting from the discharging 
means, R is the impedance of the load device and 
n is the total number of networks including the 
pulse shaping network. 
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