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EXEMPLARY CLAIM 
l. A missile propulsion control system which termi 
nates the powered ?ight of a ballistic missile at the op 
timum time to cause the resulting trajectory of the 
missile to intercept a predetermined target area com 
prising: 

a. microwave signal generator means for generating 
a high-frequency output signal; 
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[45] 

b. antenna means connected to said microwave 
signal generator means for radiating said 
high-frequency output signal in the direction of 
the missile and for receiving signals from the 
missile; 
means connected to said microwave signal 

generator means and to said antenna and 
responsive to said high-frequency output signal 
and to the received signals for producing a 
variable frequency output signal which is 
indicative of the rate of change of phase between 
said high-frequency output signal and the 
received signals, the change in phase being 
caused by the velocity of the missile; 

d. pulse generating means connected to said means 
for producing a variable frequency output signal 
for generating a first series of pulses which 
correspond to ?rst alternate zero crossings of said 
variable frequency output signal and for 
generating a second series of pulses which 
correspond to second alternate zero crossings of 
said variable frequency output signal; 
counting means connected to said pulse 

generating means for counting at a predetermined 
rate upon the occurrence of every pulse of said 
?rst series and for producing an output pulse 
when a predetermined count is achieved; 

. comparator switch means connected to said pulse 
generating means and to said counting means for 
producing an output coincidence signal when said 
output pulse of said counting means coincides 
with a pulse of said second series. said output 
coincidence signal representing the instant when 
the missile achieves cutoff velocity; and 
means connected to said comparator switch 
means and responsive to said output coincidence 
signal for terminating the powered ?ight of the 
missile. 

6 Claims, 19 Drawing Figures 

so 

1 59 
r . f 

I I COMMAND 
l : oerec'ron 

54' l 

51 52 

PROGRAMMlNG 
SWlTCH URCULATDR 

r ------- -----+----~1 53 

I 5,\ COMMAND I 55 
: GENERATOR : 

l l 15 
I "5 L_[ _______ __ ____ 
| 

56 : 99 62 I55 f i 
1 5-|\ COMPARATDR PULSE DOPPLER l 
: SWITCH GENERATOR AMPLIFIER : 
: e1 61\ 95%00 [_ _ _ _ _ _ _ _ _ ____l 

| PRESET 9‘ {at l 
| coum’ms : 

cmcun' 
I as l‘ 
|_ _____l 



Pf» 15m ; APR 8 ‘975 

ALTITUDE 

ALTlTUDE 

3.876.169 

SLIZET 1 0f U 

i0 

16 11 1 

15 \ 

1'1 

R Z Z Z H ‘W65 21 18 20 

V amh/\ wussme 
2o ACCELERATION 

mn)\ 9 
F 1:9. 2 

H 

u 

36 Flg. 3 
12. 

L14 RANGE (20 (is 221 
INVENTORS 

?oeaer 7.‘ Hrzesmw ’ 
C4 V05 0. HARD/N 
504 OMO/V Z5 VINE 





1876.169 TI UH fi Ti. 

13g. 7 b 

61 

Fly. 7 0 
TIME 

F119. 76 

/ ‘F129. 7d 

//VV£N7'0R.$'.‘ 

72,2291‘ 7.“ F1 TZGEPHL D 
61 YDE D. Harp/N 
5'0LoMo/v L EV/NE 

,9,» X12354 4.2 WQLJJPM 

PRESET 

COUNTER 

6'1 

IIIIIIIIIIIII 

/ 95' 

CLOCK 

_____;_________________23_/_ __ ___ _ __ __ 

DIODE / B4 
SWITCH 

$3151 3 0f 5 

IIIIIIIIIHII 

6 
OUTPUT 

Fig. 6 

‘a 
MULTIVIBRATOR OFF PULSE 

IIIIIIIIIIIIII 

BISTABLE 

I 

' 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I_ 

94 



F‘ATENTESAPR 81975 

SI'EE? Lt 0F 5 

1.875.165 

, ____ 

,// / 60 SUPERREGENERATIVE COMMAND __ 8323;? 
/ 

/ // REPEATER DETECTOR CONTROL 
/ / 

/ / 
/ / 

/ I ‘ 

54/. {53 {57. 
CIRCULATOR SWITCH 

{51 55 98\ 
MIXER OSCILLATOR 

131 
QUENCH / 16 couNTmG 
RATE — AND COMMAND Fly. 6 

AMPLIFIER C‘RCUITS 

TO COMMAND 
GENERATOR 

91 113 
m 1/ r us 

COMPARATOR 

[H1 
GATE 

SAWTOOTH /“9 
WAVE 109 

GENERATOR SUBTRACTOR / 

AND olvmER Fig. 9 

D.A.C. /‘°'1 
COUNTER /65 

DOPPLER /405 
CYCLE 

/96 COUNTER 

{5'1 (63 
99 a2 

COMPARATOR f PULSE _ 
swrrcH GENERATOR 

_ /NV£NTOR$; 
PaaERT 7.‘ F/T’Z @EPHLD 
SQLYDE 3, Hmwuv oLoMaN LEVINE 

.By.‘ - %~A;, a. 740%,.» 94.0. 3:40-11; 





3,876,169 
1 

MISSILE BOOSTER CUTOFF CONTROL SYSTEM 
The invention described herein may be manufac 

tured and used by or for the Government of the United 
States of America for governmental purposes without 
the payment to us of any royalty theron. 
This invention relates to the ?eld of missile control, 

and more particularly to means for controlling missile 
booster cutoff. 
One of the problems associated with short-range bal 

listic missiles is the recognition of the time when the 
optimum terminal missile velocity for a given range has 
been obtained. With present techniques, which are 
based on the assumption that the acceleration charac 
teristics of the missile are known and uniform, this time 
is determined and set into the missile before launch. 
This imposes stringent controls on fuel characteristics 
and requires expensive, expendable timing mecha 
nisms. Range accuracy is limited by deviations of indi 
vidual missiles from the desired acceleration character 
istics. 
Therefore, it is one object of this invention to reduce 

the stringent control on fuel characteristics previously 
required. 
A further object of this invention is to eliminate the 

need for expendable, expensive timing mechanism. 
Still another object of this invention is to replace the 

preflight estimates of missile velocity based on average 
acceleration-time patterns. 
Yet another object of this invention is to allow for 

in?ight corrections for the deviation of individual mis 
siles from these patterns. 
A still further object of this invention is to permit 

missile booster cutoff at the instant of optimum missile 
velocity and distance from launch. 
These and other objects are achieved by providing, 

within an intermediate range missile launching system, 
means for continously monitoring the missile velocity 
and distance from the launching point, for determining 
from these values the proper instant of booster power 
cutoff, and for effecting cutoff at the proper instant. 
These and other objects of this invention will become 

more clearly understood from the following detailed 
description taken in connection with the accompanying 
drawings wherein: 
FIG. 1 is a pictorial representation of possible trajec 

tories of missiles controlled according to prior art tech 
niques. 
FIG. 2 is a vector diagram of acceleration forces act 

ing on a missile during its powered ?ight. 
FIG. 3 is a pictorial representation of possible trajec 

tories of missiles controlled according to one embodi 
ment of this invention. 
FIGS. 4a and 4b are pictorial representations of pos 

sible trajectories of missiles controlled according to a 
second embodiment of this invention. 
FIG. 5 is a block diagram of one embodiment of a 

system according to the present invention. 
FIG. 6 is a block diagram of the preset counting cir 

cuit of FIG. 5. 
FIGS. 7a-e consists of graphs of several voltages ap 

pearing in the circuit of FIG. 5. 
FIG. 8 a block diagram of a second embodiment of 

this invention. 
FIG. 9 is a block diagram of an addition to the cir 

cuits of FIGS. 5 or 8. 
FIGS. l0a-d consist of graphs of voltages appearing 

in the circuit of FIG. 9. 
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2 
FIG. 11 is a circuit diagram of one portion of the cir 

cuit of FIG. 9. 
The principle object of ballistic missile ?ight is the 

placing of the missile payload on its target with as high 
a degree of accuracy as possible. In order to accom 
plish this object, it is necessary that the ?ight of the 
missile during its powered portion conform closely to 
preset values of acceleration and ?ight angle. In the 
past, it has been the practice to relay on the missile 
booster to produce a planned magnitude of accelera 
tion, and to control the cutoff of the booster engine by 
means of a preset timing device. This timing device 
might comprise an accurately measured quantity of 
fuel which will be exhausted after a ?xed time interval, 
or a mechanical clock timer which is mounted within 
the missile and which functions to cut off the missile 
booster after a ?xed time interval. Such a system func 
tions well when the booster produces the prescribed ac 
celeration. However, when the acceleration produced 
by the booster deviates from this amount the missile ve 
locity will be either too high or too low at the instant 
of booster cutoff. Furthermore, when the acceleration 
is too high the missile will be more distant from the 
launch point than planned at the instant of power cut 
off, and when the acceleration of the booster is too low, 
the missile will be nearer to the launch point at the in 
stant of cutoff. 
The effect in prior art systems of such deviations in 

acceleration on missile range accuracy is shown in FIG. 
I for ?ring angles of less than 45° wherein the curve 10 
represents the trajectory of a missile which is launched 
from the point 14 and which undergoes powered ?ight 
until reaching the cutoff point 12. The missile then fol 
lows a ballistic ?ight path until impacting on the target 
19. If the acceleration of the missile referred to in con 
nection with FIG. 1 is above the preset value, then the 
missile will follow a higher trajectory such as that rep 
resented by the line 11. As will be explained in connec 
tion with FIG. 2, the higher acceleration, when com 
bined vectorially with the constant acceleration due to 
gravity, produces a slightly higher trajectory during the 
powered ?ight interval 14-16. Because the missile is 
being accelerated at a higher rate during its powered 
?ight, the distance 14-16 between launch and cutoff 
will be greater than the distance 14-15. A missile hav 
ing such higher acceleration will travel along the trajec 
tory 11 and impact at the point 20, some distance be 
yond the target 19. Conversely when a missile has a 
lower acceleration during its powered flight it will 
reach the point 17 at the cutoff time and follow the 
lower trajectory 12, impacting at the point 21, which is 
some distance short of the target 19. 
The present invention contemplates overcoming the 

range errors caused by slight variations in the accelera 
tion characteristic of the missile booster. According to 
the simplest form of this invention, the desired correc 
tion is achieved by cutting off the missile booster power 
at the desired booster velocity, rather than after a fixed 
powered ?ight time. In another embodiment of this in 
vention corrections are also made for the difference be 
tween the actual booster cutoff distance from the 
launch site and the predicted booster cutoff distance. 
Before discussing the principles of the present inven 

tion, it will be well examine the changes in missile ?ight 
angle caused by varying values of acceleration during 
the powered ?ight stage. FIG. 2 represents a series of 
vector diagrams of the resultant acceleration of a mis 
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sile during this stage. The vector 20 shows the direction 
of the component of missile acceleration caused by the 
booster. The vector 3 represents the acceleration im 
parted to the missile by the force of gravity. The por 
tion of the vector 20 having a length of am" represents 
the magnitude of the acceleration caused by the 
booster when performing exactly as predicted. The 
vector addition of this vector with 3 produces the resul 
tant 10'. When the missile booster acceleration is 
slightly higher than expected, as shown by the vector 
length am, it combines with the gravity vector to pro 
duce the resultant acceleration 11', and when the ac 
celeration of the missile is slightly lower, as shown by 
the length am], it combines to produce the resultant 
12'. In practice the acceleration caused by the missile 
booster might be of the order of 12 times the accelera 
tion of gravity, but in FIG. 2 the acceleration is shown 
to be much smaller as compared to gravity so that the 
small changes in the resultant direction of the accelera 
tion vector can be more clearly illustrated. Actually, 
when the acceleration is of the order of 12 times that 
of gravity, and when the acceleration caused by the 
booster varies in magnitude by 10% above or below the 
predicted acceleration value, the change in the direc 
tion of the resultant vector varies by less than one-half 
of a degree. However, it may be seen from FIG. 2 that 
as the booster acceleration decreases, the direction of 
the acceleration approaches the horizontal. 

It has been discovered that for launch angles of less 
than 45° if the booster cutoff is determined by a preset 
missile velocity rather that by a preset time, errors 
caused by varying booster accelerations are greatly 
minimized. The resulting missile range error under this 
system is illustrated in FIG. 3 wherein variations in 
booster ?ight angle caused by variations in acceleration 
are greatly exaggerated for purposes of illustration. In 
FIG. 3 the curve 10 represents the trajectory of a mis 
sile having proper booster acceleration during the pro 
pulsion stage 14-35. At the point 35 the missile 
achieves the proper velocity and the booster is cut off 
by a command from the ground. The missile then con 
tinues along the trajectory 10 until impacting at the tar 
get 19. The curve 11 represents the trajectory of a mis 
sile having a higher-than-normal booster acceleration 
during the interval 14-36. Because of this higher accel 
eration, the missile achieves the proper velocity at a 
distance from the launch point 14 which is slightly less 
than the distance at cutoff for the missile following the 
trajectory 10. Upon reaching the proper velocity at the 
cutoff point 36, the missile following the trajectory 11 
has traveled a shorter distance down range than had the 
missile following the trajectory 10 when it achieved 
cutoff, and the missile following the trajectory 11 is 
traveling at a slightly steeper angle. Since the booster 
having higher acceleration is cut off when it achieves 
the same velocity as the booster having normal acceler 
ation. and the shorter distance traveled compensates 
for the steeper trajectory, the range errors caused by 
this higher acceleration are greatly minimized as shown 
in FIG. 3 wherein the missile following trajectory ll 
impacts at the point 20, which is relatively close to the 
target 19. Similarly, a missile having a lower accelera 
tion rate, such as that traveling along trajectory 12, is 
cut off after having traveled further down range, has a 
lower trajectory, and impacts at the point 21 which is 
slightly beyond the target 19. 
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In a second embodiment of this invention it has been 

found that a more accurate compensation for booster 
acceleration errors can be achieved by varying the 
booster cutoff velocity to correct for deviation of the 
cutoff distance from its desired value. As has been 
noted previously, accelerations above the desired value 
result in the achievement of cutoff velocity at a point 
in space which is closer to the launch point than ex 
pected. Conversely, when the booster acceleration is 
lower than the expected value it achieves cutoff veloc 
ity at a distance which is further away from the launch 
point. The distance error is one major source of the 
range errors which occur in a system which only 
achieves the desired cutoff velocity, these errors being 
indicated by the points 20 and 21 of FIG. 3. A tech 
nique for modifying the basic velocity control system in 
order to correct for this error will be illustrated in con 
nection with FIG. 4a and 4b. As has been noted previ 
ously, the variation in missile ?ight angle due to a varia 
tion of 10% booster acceleration is less than one-half 
of a degree. Such angular variations around 45° launch 
angles, introduce very little error into the missile ?ight, 
and will be ignored. 
Referring now to FIG. 4a, there is shown a curve 10 

representing the trajectory of a missile which is 
launched from the point 14 and which impacts on the 
target 19. This missile goes through a powered ?ight 
stage until reaching the point 35, at which point the 
booster is cut off. The range R of the missile consists 
of the component d,,, which represents the horizontal 
distance which the missile travels during its powered 
?ight and the componenet d, which represents the hori 
zontal distance which the missile travels during its bal 
listic, or unpowered, ?ight. For the purposes of this dis‘ 
cussion it may be assumed that the missile travels in a 
straight line during its powered ?ight, so that the direc 
tion of travel of the missile is at an angle 6 with respect 
to the ground at both the launch point 14 and the 
booster cutoff point 35. The distance along the missile 
?ight path between the launch point 14 and the point 
35 is represented by d. Thus, the horizontal distance 
traveled by the missile during the powered flight may 
be represented by the relation: 

d’, = d cos 0. 

(1) 

Assuming now that the missile is ?ying in a vacuum, i. 
e., it encounters no air resistance, the distance traveled 
by the missile during the ballistic portion of its ?ight 
may be expressed by the equation: 

d,= V (cos 6) X t, 

(2) 

where V equals the missile velocity at the cutoff point 
35 and t, equals the time of ballistic ?ight. Therefore, 
the total range R traversed by the missile may be ex 
pressed by the relation: 

R =d cos 0+ V (cos 6) (tr) 

(3) 

Turning now to FIG. 4b, there is shown a portion of 
the missile trajectory 10 on which are shown the cutoff 
point 35 for a missile having the predicted acceleration 
characteristic and the cutoff point 35' for a missile hav 
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ing an acceleration which is of greater value than that 
predicted. These cutoff points are separated by a dis 
tance Ad. The velocity vectors V and V’ for the missiles 
at their respective cutoff points are also indicated, 
wherein the vector V represents the velocity of the mis 
sile having normal acceleration and the vector V’ rep 
resents the velocity of the missile having greater than 
normal acceleration. The vectors V,. and V,, represent 
vertical and horizontal components, respectively, of 
the velocity vector V and the components V’, and V’,, 
represent the corresponding components for the veloc 
ity vector V’. It is proposed to correct for this differ 
ence Ad in cutoff distance by effecting a slight increase 
in the cutoff velocity of the missile having the higher 
acceleration. The cutoff distance from the launch point 
of the missile having a higher acceleration may be rep 
resented by d'(not shown). The relation between the 
distance d’ and the distance d is therefore given by 

d’ = d — Ad. 

(4) 

The United States of America as represented by 
the Secretary of the Army, Washington, DC. 

The velocity V’ may be represented by 

V' = V + AV. 

(5) 

According to equation (3) the range R’ of the missile 
having higher acceleration may be expressed by the 
equation 

R’ = d'cos 6 + V’ (cos 0):; 

(6) 

It may be assumed that the ballistic ?ight time of the 
missile is relatively long with respect to any variations 
in the missile powered ?ight time t,,, so that I; may be 
considered unvarying for slight changes in missile 
booster acceleration. It is desired that the range of the 
missile having a slightly higher acceleration be equal to 
the range of the missile having normal acceleration, or 
in other words that equation (3) be made to equal 
equation (6). Substituting equations (4) and (5) into 
equation (6) yields the relation 

R’ = (d—A d) cos 6 + (V+ A V) (cos 6) t, 

(7) 

setting R = R‘ yields the equation: 
d cos 6+ V(cos6) t,= (d-A d) cos 6+ (V+A V) (cos 

9) tr (8) 

or, 

Ad cos 6 = AV (cos 6) t, 

(9) 
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It is obvious that the small change in velocity A V is 
equal to the missile booster acceleration multiplied by 
an incremental change in missile powered ?ight time A 
t,,, in other words, 

A V = a (A t,,) 

(10) 

dividing both sides of equation (9) by cos 0 and substi 
tuting equation (10) into equation (9) yields the rela 
tion: 

(ll) 
or, 

Ad 
at, ('2, 

In actual practice it will be necessary to introduce a 
factor K into the right side of equation ( l 2). The value 
of K would be experimentally derived for a particular 
missile design and would take such factors into account 
as air resistance and change in direction of the booster 
acceleration vector caused by changes in the magni 
tude of acceleration. According to equation ( 12), if the 
acceleration of the missile is such as to bring the missile 
to its preset cutoff velocity at some point before or 
after the cutoff point 35 of a missile having normal ac 
celeration, then the range error can be corrected by ef~ 
fecting a slight increase or decrease in that cutoff ve 
locity. For example, assume that a missile reaches cut 
off velocity at the point 35' and that the distance A d 
from the preset cutoff point 35 is equal to 100 feet, the 
booster has an acceleration of 500 feet per second, per 
second, and the time of ?ight for the missile after cutoff 
is 50 seconds. These values of ?ight time and accelera 
tion are typical for tactical missiles. Substituting these 
values into equation ( 12) yields a value of A!p of 4 mil 
liseconds, during which time the missile travels a rela 
tively short distance, of the order of 5 or 6 feet, so that 
Ad is not appreciably changed. By following a similar 
development, and by checking velocity before the 
nominal value is reached, one can arrive at a relation 
for negative Atp where the missile booster acceleration 
was initially below the desired value. 

It should be noted that missile ballistic ?ight time and 
approximate booster acceleration are normally known 
to a fair degree of accuracy prior to the launching of 
the missile so that in controlling the missile in accor 
dance with the present invention, only two parameters 
of the missile‘s flight need be known-velocity and dis 
tance from the launch point. Systems capable of ob 
taining this information and controlling the missile 
booster cutoff will now be described in connection with 
FIGS. 5 through 11. The preferred embodiment of the 
present invention is based on the doppler system in 
which, in the case where only velocity is controlled, 
doppler periods are measured to give velocity informa 
tion, and in the case where both velocity and distance 
are controlled, doppler cycles are counted to give dis 
tance information and doppler periods are measured to 
give velocity information. 
The following paragraphs will describe in detail a sys 

tem shown in FIGS. 5, 6 and 7 for effecting booster cut 
off when a predetermined missile velocity is reached. 
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Broadly, this system involves a ground station located 
at the missile launching site. The ground station in 
cludes an antenna 54 from which is radiated a micro 
wave signal beamed at the missile. The missile carrier 
a receiving antenna 60. Part of the radiation from an 
tenna 54 that impinges on the missile is re?ected back 
to antenna 54. This returned signal is mixed with a local 
signal to produce a doppler signal. The period of the 
doppler signal is proportional to missile velocity. Cir 
cuitry at the ground station measures the period of the 
doppler signal. When this period attains the value cor 
responding to the desired missile velocity, amplitude 
modulation of a ?xed frequency is applied to the micro 
wave carrier beamed from antenna 54. Suitable cir 
cuitry aboard the missile detects, and is actuated by, 
this modulation and cuts off the boosterv 
Referring now to FIG. 5, there is shown a block dia 

gram of a system for effecting booster cutoff when the 
proper velocity is reached. An oscillator 51 generates 
on unmodulated CW signal. The signal produced must 
be of a high enough frequency to give the desired range 
resolution, a signal in the 1 gigacycle region yielding 
one doppler cycle for every 6 inches of target move 
ment being sufficient resolution for the purposes of this 
invention. Depending upon the selected operating fre 
quency, the oscillator may be of the well known magne 
tron, klystron or solid state type. 
The output of the osciliator 51 is conducted to a 

switch 52 which functions to prevent the output power 
from the oscillator from being radiated before the mis 
sile is far enough away from the ground unit. This 
switch prevents damage which might be caused if ex 
cessively high rf energy were placed upon the various 
mixer-detector crystals in the units. Any diode switch 
which functions by having a bias voltage applied to it 
may serve as this switch. The biasing control could be 
operated by a timer which turned the switch on when 
the missile had reached the distance of approximately 
50 feet from the launch site. 
The output of the switch is fed to a circulator 53 

which serves to distribute the energy between the an 
tenna 54 and the balanced mixer 55. The circulator is 
a well known device which is commercially available; 
the device used herein being a Ratheon Model CXMZ. 
The balanced mixer 55 has one input fed from the cir 
culator 53, which input represents the re?ected signal 
received from the missile by the antenna 54. The other 
input to the mixer is received from a port ofthe circula 
tor 53 which takes part of the transmitted energy and 
attenuates it in the order of 35 db. This serves as the 
local oscillator reference energy to the balanced mixer 
55. The reference energy is combined with the received 
signal in the balanced mixer 55. The two signals within 
the balanced mixer combine to produce the doppler 
signal which is conducted to the doppler ampli?er 56. 
The balanced mixer 55 may be of the magic T-type 
such as that shown in U.S. Pat. No. 2,943,192, issued 
to Fabian T. Liss on June 28, 1960. The doppler ampli 
?er 56 may be of any well known type of class A, linear 
audio frequency ampli?er, and serves to receive the 
doppler frequency signal from mixer 55 and to amplify 
that signal to a usable output level. 
The output of the doppler amplifier is fed to a pulse 

generator 63, which may be of any well known type, 
and which serves to generate a pulse output whenever 
the output of the doppler ampli?er passes through zero. 
Thus, the pulse generator will produce a positive pulse 
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8 
when the doppler signal crosses zero going in the posi 
tion direction and a negative pulse when the doppler 
signal crosses zero going in the negative direction. The 
output of pulse generator 63 is fed to the input of a pre 
set counter 61 (shown in FIG. 6 and described more 
fully below) which in response to each negative pulse 
from the generator 63, begins to count pulses from a 
clock 67. The preset counter 61 counts to a preselected 
value and, after reading that count, produces a signal 
pulse having ?xed duration. The output pulse from the 
preset counter 61 is fed to one input of comparator 57, 
and the positive pulse output of the generator 63 is fed 
to a second input of the comparator 57. When the posi 
tive pulse from the pulse generator and the output 
pulse from the preset counter 61 coincide in time, a sig 
nal is produced at the output of comparator 57 and is 
recorded on a coincidence counter 65. When the coin 
cidence counter 65 has counted the occurrence of a 
?xed number of such coincidences, it transmits an acti 
vating signal to command generator 58. The reason for 
using a coincidence counter 65 to detect several such 
coincidence events is to eliminate the possibility that a 
spurious signal from the comparator 57 might activate 
the command generator 58. The preset counter 61 is 
automatically reset by the pulse which it generates at 
the end of of its count, so that is is in a condition to re 
ceive the next negative output from the pulse generator 
63 and to begin a new cound cycle. The command gen 
erator 58 is an oscillator which is used to control the 
diode of the switch 52, so that upon the activation of 
generator 58 by comparator 57, the output of oscillator 
51 is amplitude‘modulated at a ?xed rate. 
The signal radiated by antenna 54 is picked up by an 

tenna 60 on the missile and is fed to a command detec 
tor 59 which is set to detect the frequency produced by 
command generator 58 and which functions to sepa 
rate the booster from the missile upon activation of 
generator 58. The output of command detector 59 
could also be used to merely turn off the power of the 
booster rather than to effect a complete mechanical 
separation. After cutoff is effected the ground unit re 
mains an operative signal transmitting unit while the 
unit mounted on the missile remains an operative signal 
receiving unit so that after booster separation these two 
units could be utilized to transmit a command signal of 
any type to the missile guidance equipment. 
A clock 67 provides a series of accurately timed 

pulses to the preset counter 61. The counter records 
these pulses after it has been rendered operative by 
means of a positive pulse from generator 63. The clock 
67 may be nothing more than a stable oscillator having 
a very high frequency with respect to the doppler fre 
quency. Both of these elements are well known in the 
art and need not be discussed in greater detail here. 
One embodiment which the counter 61 could take is 
shown in greater detail in FIG. 6. 

Referring speci?cally to FIG. 6, counter 61 is shown 
to contain a bistable multivibrator 85 adapted to be 
turned “on” by negative pulses from generator 63 
through conductor 94, and to be turned “of " by a 
pulse produced by a counter 83 when it has achieved 
a preset count. An output signal on conductor 96 from 
multivibrator 85 serves to render a diode switch 84 
conducting during the interval between a multivibrator 
on pulse and off pulse. While the switch 84 is conduct 
ing, the output pulses from clock 67 are conducted to 
counter 83. When the counter 83 reaches its preset 
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count, it produces a pulse at terminal 95 which serves 
to turn the multivibrator 85 off, which in turn renders 
the diode switch 84 non-conducting so that no more 
pulses from clock 67 appear at counter 83 until another 
negative pulse from generator 63 serves to turn the cir 
cuit 61 on. The multivibrator 85 could be of the vac 
uum tube or transistor type and could be similar to that 
shown on page I29, FIG. 5-1 I of Pettit, Electronic 
Switching, Timing and Pulse Circuits (I959). The mul 
tivibrator 85 could also include suitable signal inverting 
circuits where necessary at the plate inputs. The preset 
counter 83 is a basic components in the digital art and 
could be of the form shown and described by Gossick 
in the Proceedings of the IRE, volume 7, number 37, 
page 813 (1949). 
Having described in some detail the structure and 

general theory of operation of the circuit of FIG. 5, a 
more detailed description of the utilization of intelli 
gence by the circuit will now be given with the aid of 
the diagrams of FIG. 7. As has already been noted, the 
mixer 55 of FIG. 5 receives a portion of the transmitted 
signal and the received signal re?ected from the missile 
and produces an output which represents the differ 
ence between these two signals. This output contains a 
component which is proportional to the frequency dif 
ference between the two input signals and is known as 
the doppler signal. This signal has a frequency which is 
directly proportional to the velocity of the missile. 
Therefore, the number of the doppler cycles appearing 
at the output of mixer 55 during any time period repre 
sents the distance traveled by the missile, and the time 
interval of any doppler period or half-period represents 
the average missile speed during that interval. The dop 
pler amplifier 56 is designed to amplify this doppler sig 
nal and to suppress the other components of the signal 
generated in mixer 59. The output wave form of ampli 
tier 56 is shown in FIG. 7a. This output is applied to the 
input of pulse generator 63, which produces a pulse 
each time the output signal from the doppler ampli?er 
56 passes through zero. The generator 63 produces a 
positive pulse when the output of ampli?er 56 passes 
through zero going positive and a negative pulse when 
the output is negative-going. A simple device to per 
form the function of pulse generator 63 could be con 
structed from a voltage amplitude clipper which is fed 
by doppler ampli?er 56, the output of said clipper 
being connected to a differentiating circuit. By means 
of a pair of oppositely poled diodes connected to the 
output of the differentiator of generator 63 the nega 
tive output pulses from the differentiator are con 
ducted by conductor 81 to the terminal 94 of preset 
counter 61, while the positive output pulses of the gen 
erator 63 are conducted to terminal 99 of the compara 
tor 57. The signal appearing on line 81 is shown in FIG. 
7b, while the signal appearing on conductor 82 is 
shown in FIGS. 70. The pulses on line 81 are conducted 
to one input of the multivibrator 85 and serve to acti 
vate the counter 83 in the manner previously de 
scribed. When the counter 83 reaches its preset count, 
it generates an output pulse 95' as shown in FIG. 7d. 
This pulse is conducted to the input 100 of comparator 
switch 57 and whenever a pulse at terminal 100 coin 
cides in time with a pulse at terminal 99 an output pulse 
appears at terminal 96 of the comparator 57 and is 
counted by counter 65. Since the preset counting cir 
cuit 61 is driven by a stable oscillator 67, the time be 
tween initiation of a count of a negative pulse output 
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10 
from generator 63 and the production of a pulse 95' is 
of ?xed duration. This duration is preset to coincide 
with the period of the doppler signal when the missile 
is moving at the desired cutoff velocity. Further, since 
the time interval between a negative pulse output from 
the generator 63 and the succeeding positive pulse out 
put therefrom is equal to this doppler half-cycle inter 
val, the positive pulse inputs to terminal 99 of compara 
tor switch 57 will only coincide with the pulse inputs 
95' at terminal 100 of switch 57 at the time when the 
missile velocity is equal to the desired cutoff velocity. 
Hence the counter 65 will only receive pulses when this 
condition exists. Since the missile is accelerating during 
its powered ?ight phase, the frequency of the doppler 
signal will be continually increasing so that the time be 
tween negative pulses from generator 63 and succeed 
ing positive pulses will be correspondingly decreasing. 
The effect of this time interval variation on the output 
of comparator switch 57 may be seen from an examina 
tion of FIGS. 7d and e. In FIG. 7d is shown the initia 
tion of counts in the counting circuit 61 at the times :2, 
t4 and £8. The series of closely spaced pulses following 
these times represent the production of counts by the 
counter 83, but do not represent the frequency of those 
counts since it is so high that the indication of each in 
dividual count is not feasible on the scale of this dia 
gram. A count reaches its predetermined value at a 
?xed time after its initiations and then generates an 
output pulse 95’. The pulse 95' is then fed to the input 
100 of switch 57 while the positive pulse occuring at 
times such as :3, t5, and t, are fed to the input 99 of 
switch 57. Since the doppler frequency is continously 
increasing as the missile accelerates, the positive pulse 
99’ occur at successively shorter intervals after their 
immediately preceding negative pulses 94'. This means 
that, at ?rst, the pulses 99' will occur after the termina 
tion of the gating pulses 95', but that, as the missile ac 
celerates, the pulses 99' will begin to occur in coinci 
dence with the pulses 95 ’. The pulses 95’ are of such 
duration that a least ID to 15 cycles of the doppler 
wave will produce pairs of pulses 94’ and 99’ at time 
intervals such that the pulses 99' will coincide with the 
gating pulses. When these two pulses do coincide in 
time, a count is generated in counter 65 and when a 
?xed number of counts have been generated in counter 
65, such as ID or 15 counts, the signal appearing on 
conductor 97 activates command generator 58. The 
generator 58 produces a sine wave which is at a lower 
frequency than that produced by oscillator 51, and the 
command generator output is conducted to the diode 
of switch 52. This signal serves to modulate the output 
of oscillator 51 at the frequency of the output of gener' 
ator 58 and the resultant amplitude modulated signal is 
transmitted via antenna 54 and is received by missile 
antenna 60. The modulated signal appearing at antenna 
60 is detected by a command detector 59 which is de 
signed to be sensitive to signals of the frequency pro 
duced by the generator 58. The signal so detected by 
the circuit 59 is then employed in a well known manner 
to either separate the booster from the missile warhead 
or to turn off the booster engine. 
A modification of the system of FIG. 5 is shown in 

FIG. 8 wherein a superregenerative oscillator, or re 
peater, 110 is inserted between the antenna 60 and the 
command detector 59. This oscillator is well known in 
the art and is of the class of devices fully described in 
Whitehead, Supperregenerative Receivers ( I950). The 
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repeater 110 receives the transmitted signal from the 
ground unit and re-radiates it by means of antenna 60 
to antenna 54 of the ground unit. The signal received 
by repeater 110 is subject to a modulation or “quench 
ing" at a predetermined frequency, known as the 
“quench” frequency. The superrengenerative repeater 
110 is essentially an oscillator which is energized by a 
series of short pulses occuring at the quench frequency. 
At the instant of energization, the oscillator output be 
gins to build up exponentially until the instant of ener 
gizing signal cutoff at which time the oscillator output 
begins to decrease exponentially. The oscillator itself 
produces a radio frequency signal having a frequency 
which is very nearly equal to the frequency transmitted 
by the ground unit. The characteristics of the superre 
generative repeater 110 are such that the phase of the 
oscillator frequency output is controlled by radio fre 
quency signals received by the repeater 110 at the in 
stant of energization. The result is that the repeater 110 
produces a series of pulse modulated radio frequency 
signals. Each pulse consists of a wave train having an 
initial phase which is equal to the phase of the carrier 
as received by antenna 60 from antenna 54. The signal 
radiated by antenna 60 is then received by antenna 54. 
The signal received by antenna 54 has a carrier wave 
whose phase differs from the phase of the output of os 
cillator 51, the phase shift being due to the signal tran 
sit time from antenna 54 to antenna 60 and back. The 
signal received by antenna 54 is conducted to circula 
tor 53 and then to mixer 55 where it is combined with 
the output of oscillator 51. The result of this mixing of 
the oscillator frequency signal and the pulse modulated 
superregenerative repeater frequency signal is a signal 
having three main components; a signal at twice the 
doppler frequency, a signal having a frequency equal to 
the superregenerative oscillator modulating frequency 
(the quench frequency) plus twice the doppler fre 
quency, and a signal having a frequency equal to the 
quench frequency minus twice the doppler frequency. 
By using the last pair of frequencies rather than the 
doppler frequency, it is possible to amplify the informa 
tion signal at the quench frequency which is much 
higher than the doppler frequency, and thus to avoid 
the problem of microphonics which exist at the doppler 
frequency and to utilize a narrow band ampli?er. After 
ampli?cation in the ampli?er 76, the envelope of the 
resultant signal is detected by the ampli?er S6 in the 
circuit 73 to produce a resultant signal having a maxi 
mum energy at a frequency of four times the doppler 
frequency. This signal furnishes the intelligence by 
which the counters and comparators determine the 
proper missile-motor separation time. At separation 
time, the command unit supplies a signal that modu 
lates the amplitude of the signal transmitted by oscilla 
tor 51. This signal is detected by the superregenerative 
oscillator, then ampli?ed and ?ltered by the command 
detector 59 and transmitted to the booster cutoff con 
trol 70 to execute the separation command. 
The circuit of FIG. 5 can be modi?ed so as to provide 

correction for errors in missile distance traveled at the 
time when the missile achieves cutoff velocity. Such a 
modi?cation is shown in FIG. 9 wherein the added cir 
cuitry serves to vary the time of missile booster cutoff 
so as to correct for such displacement errors. In FIG. 
9 a doppler cycle counter 105 is connected to the out 
put of generator 63 in such a manner as to receive and 
record the positive pulses produced by generator 63. 
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The output of counter 105 is connected to the input of 
a digital-to-analog converter 107 which produces a 
voltage which is directly proportional to the count ap 
pearing on counter 105. The output of converter 107 
is connected to a subtracting and dividing circuit 109. 
The circuit 109 is preset to subtract the voltage output 
of converter 107 from a ?xed voltage which is propor 
tional to the predicted distance of the missile from the 
laucnh point of 5 milliseconds prior to booster cutoff. 
The circuit 109 also serves to divide the difference volt 
age by an amount which is proportional to the product 
of the predicted missile acceleration and time of flight 
in accordance with equation (12). The resultant output 
of circuit 109 is therefore proportional to the small 
change in time of powered ?ight (A t,,) necessary to 
correct for small distance errors at time of cutoff, as ex 
plained supra in connection FIG. 4b. Counter 65 
counts the comparisons produced by circuit 57 in the 
manner previously described, and is connected to a 
sawtooth wave generator 119 and a gate 111 in such a 
manner that when counter 65 achieves its predeter 
mined count it activates the sawtooth wave generator 
and turns on the gate 111, thereby permitting the out 
put of circuit 109 and generator 119 to be applied to 
comparator 113. When these two inputs to comparator 
113 are equal, comparator 113 generates a signal 
which activates command generator 58. 

In order to achieve the desired distance correction it 
is necessary that information regarding missile velocity 
be obtained a short time prior to cutoff. This is neces 
sary since, as was explained supra, if the missile has 
traveled further than its predicted distance in reaching 
cutoff velocity (if acceleration is too low) then it is nec 
essary to effect the cutoff prior to the predicted time. 
It has been found that by adjusting the count produced 
by circuit 61 of FIG. 5 so that an output is produced at 
terminal 96 of comparator 57 when the missile velocity 
corresponds to the desired velocity 5 milliseconds prior 
to cutoff, a suf?cient time delay is produced to effect 
the desired correction. Keeping in mind that the 
counter 65 when used in the circuit of FIG. 9 is acti» 
vated when the missile achieves this velocity rather 
than cutoff velocity, the operation of the circuit of FIG. 
9 will be explained in connection with the diagrams of 
FIG. 10. At the instant when the counter 65 of FIG. 9 
achieves its predetermined count it activates the saw 
tooth wave generator 119 and the gate 111. At this in 
stant the output of circuit 109 produces a signal which 
is proportional, in both magnitude and polarity, to At, 
of equation ( 12). If the missile has traveled further than 
the predicted amount, the output of circuit 109 will be 
negative; conversely, if the missile has traveled a 
shorter distance than expected the output will be posi 
tive. When activated, the generator 119 will produce a 
linear sawtooth wave which begins at a preset positive 
value and passes through zero 5 milliseconds after initi~ 
ation. The output voltage of generator 119 then contin 
ues increasing in a negative direction until at least 10 
milliseconds after initiation. This voltage, shown in 
FIG. 10a, serves as one input to the comparator 113. 
FIG. 10b shows the relation between the voltage Vt“, 
representing the predicted distance of the missile from 
the launch point 5 milliseconds before the missile 
reaches cutoff velocity, the voltage Vdm , repre 
senting the actual distance of the missile at that instant 
for a booster which has produced a lower than normal 
acceleration, and the voltage Vdi", , represent 
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ing the distance at that instant for a booster which has 
produced a higher than normal acceleration. FIG. 100 
represents the result of the subtraction process in cir 
cuit 109. Thus, VM represents a positive volgate hav 
ing a magnitude which is equal to the difference be 
tween the voltage V,,‘ and the voltage Vd while 
the voltage V Ad- is a negative voltage .i'epresenting 
the difference between the voltage Vd, minus the volt 
age Vd'm . When the missile achieves that veloc 
ity from which it will reach cutoff velocity in 5 millisec 
onds, the counter 65 activates the wave generator 119 
and the gate 111, impressing the output of the genera 
tor 119 and the circuit 109 on the comparator 113. The 
comparator 113 is of the type which adds the two input 
signals and generates an output on lead 97 when the 
sum becomes less than zero. Either the subtractor 109 
or the comparator 113 might include a simple voltage 
divider circuit to transform the voltage VM to a volt 
age representing Ar,,. A preset voltage divider is ade 
quate for this purpose since both the value of accelera 
tion a and time of ?ight If in equation ( 12) were consid 
ered to be constant. The result of the summation of the 
sawtooh voltage of FIG. 19a and the voltage corre 
sponding to At, in comparator 113 is shown in FIG. 
10d, for three different cases. Thus, curve 86 repre 
sents the sum of the saw tooth wave with a positive volt 
age, representing the situation when the missile is 
below its predicted distance, the curve 87 represents 
the sum for zero distance error and the curve 88 repre‘ 
sents the sum of the sawtooth wave with a negative 
voltage, representing the situation when the missile is 
beyond its predicted distance. From observation of 
curve 86 it may be seen that when the missile is below 
its predicted position the cutoff will not be effected 
until some time after the preset 5 millisecond delay, 
thus permitting the missile to achieve a slightly higher 
velocity in order to correct for this de?ciency in dis 
tance. Conversely when the missile has traveled too far 
during its powered ?ight stage the cutoff will be ef 
fected earlier than predicted, as is the case with the 
curve 88. When the voltage VM is 0, the missile dis 
tance exactly corresponds to the predicted distance 
and cutoff will be effected at the predetermined time, 
This condition is indicated in FIG. 10d by the curve 87. 
FIG. 11 shows one suitable form which the compara 

tor 113 might take. In this ?gure input terminal 12] re 
ceives the output waveform from generator 119, while 
the input terminal 128 receives a voltage which is pro 
portional to the required change in time of powered 
?ight A1,. A circuit 129 represents one form of voltage 
divider which might be used to convert the voltage rep 
resenting the distance error to a voltage representing 
the incremental change in ?ight time. This voltage di 
vider, or its equivalent, could be incorporated in the 
comparator 113, as shown in FIG. 11 or it could be in 
corporated in the circuit 109. The voltage applied at 
terminals 121 and 128 are conducted through equal re 
sistors R, and R2 to terminal point 126 where their alge 
braic sum appears. So long as this sum is of positive po 
larity, all of the current appearing at terminal 126 will 
be conducted throught diode D and the voltage at ter 
minal 126 will be maintained at a low value. As soon 
as the voltage on terminal 126 becomes less than zero, 
or negative, the diode D will cease to conduct and its 
effective resistance from terminal 126 to ground will 
increase sharply, thus causing an increased voltage to 
appear across this diode and a signal to be conducted 
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along line 97. As has been previously discussed, the sig 
nal appearing on line 97 will activate the command 
generator 58 of FIG. 5 and cause the missile booster to 
be cut off. 
The counter 105 of FIG. 9 could be of exactly the 

same form as the counter 65. The converter 107 is well 
known in the art and could be of the type shown in Hus 
key and Korn, Computer Handbook, page 6-44 
(1962). The subtractor circuit 109 is also basic compo 
nent in the art and could consist of an inverter and add 
ing amplifier, or an adding ampli?er, or an adding am 
pli?er, one input to which is ?xed-amplitude negative 
voltage. The gate 111 could be of the type shown in 
Terman, Electronic and Radio Engineering, page 659 
(I955). The sawtooth wave generator 1 19 could be any 
of the types shown in Terman, op. cit. supra, at pages 
615-51. 

It should be obvious that the circuit modi?cation of 
FIG. 9 could easily be incorporated in the circuit of 
FIG. 8, so that a system could be constructed to correct 
for both velocity and distance errors while using a 
supperregenerative repeater in the missile unit. 

It will be apparent that the embodiments shown are 
only exemplary and that various modi?cations can be 
made in construction and arrangement within the 
scope of the invention as de?ned in the appended 
claims. 
We claim as our invention: 
1. A missile propulsion control system which termi 

nates the powered flight of a ballistic missile at the opti 
mum time to cause the resulting trajectory of the mis 
sile to intercept a predetermined targer area compris 
ing: 

a. microwave signal generator means for generating 
a high-frequency output signal; 

b. antenna means connected to said microwave signal 
generator means for radiating said high-frequency 
output sign] in the direction of the missile and for 
receiving signals from the missile; 

0. means connected to said microwave signal genera 
tor means and to said antenna and responsive to 
said high-frequency output signal and to the re 
ceived signals for producing a variable frequency 
output signal which is indicative of the rate of 
change of phase between said high-frequency out 
put signal and the received signals, the change in 
phase being caused by the velocity of the missile; 

d. pulse generating means connected to said means 
for producing a variable frequency output signal 
for generating a first series of pulses which corre 
spond to ?rst alternate zero crossings of said vari 
able frequency output signal and for generating a 
second series of pulses which correspond to second 
alternate zero crossings of said variable frequency 
output signal; 

e. counting means connected to said pulse generating 
means for counting at a predetermined rate upon 
the occurrence of every pulse of said first series 
and for producing an output pulse when a predeter 
mined count is achieved; 

f. comparator switch means connected to said pulse 
generating means and to said counting means for 
producing an output coincidence signal when said 
output pulse of said counting means coincides with 
a pulse of said second series, said output coinci~ 
dence signal representing the instant when the mis 
sile achieves cuto?" velocity; and 
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g. means connected to said comparator switch means 
and responsive to said output coincidence signal 
for terminating the powered ?ight of the missile. 

2. A missile propulsion control system as recited in 
claim 1 further comprising: 

a. second counting means connected to said pulse 
generating means for counting one of said series of 
pulses and for producing an output voltage signal 
which is directly proportional to the number of 
pulses counted, said output voltage signal thereby 
being proportional at every instant to the distance 
traversed by the missile; 

b. computing means connected to said second count 
ing means for producing a signal representing the 
change in powered ?ight time required at the in 
stantaneous position of the missile assuming at 
every instant that the missile has achieved a prede 
termined cutoff velocity; and 

c. means connected to said comparator switch means 
and to said computing means and responsive to 
said output coincidence signal and said signal rep 
resenting the change in powered ?ight time for ac 
tuating said means for terminating the powered 
?ight of the missile at a time equal to the sum of the 
time of occurrence of said output coincidence sig 
nal and the change in powered ?ight time as repre 
sented by the signal produced by said computing 
means. 

3. A system as recited in claim 2 wherein said com 
puting means comprises: 

a. subtracting means connected to said second count 
ing means for subtracting the output voltage of said 
second counting means from a ?xed voltage which 
is proportional to the predicted distance of the mis 
sile from the launch site at a predetermined period 
of time just prior to the instant when the missile 
achieves cutoff velocity and for producing an out 
put difference voltage; and 

b. dividing means connected to said subtracting 
means for dividing said difference voltage by a volt 
age which is proportional to the product of the pre 
dicted missile acceleration and time of ?ight and 
for producing an output quotient voltage, said quo 
tient voltage being said second indication. 

4. A system as recited in claim 3 werein said means 
for actuating said means for terminating the powered 
?ight of the missile comprises: 

16 
a. sawtooth wave generating means and connected to 

said comparator switch means for producing an 
output voltage which varies as a linear function of 
time when said comparator switch means produces 

5 said output; 
b. comparing means connected to said sawtooth 
wave generating means and to said dividing means 
and controlled by said comparator switch means 
for producing a comparison signal when the output 
voltage from said sawtooth wave generating means 
and said quotient voltage are equal said means for 
terminating the powered ?ight of the missile being 
connected to said comparing means and responsive 
to said comparison signal; 

. command generator means stationed at the launch 
site and connected to said third comparing means 
for modulating the transmitted microwave signal at 
a command frequency at the instant when said 
third indication is produced; and 

d. command detecting means mounted on the missile 
for detecting the modulated signal and for termi 
nating the powered ?ight of the missile on detec 
tion of the modulated signal. 

5. A missile propulsion control system as recited in 
claim 4 wherein said means for terminating powered 
?ight comprises: 

a. command generator means connected to said com 
parator switch means for modulating said high 
frequency output signal generated by said micro~ 
wave generator means with a command signal at 
the instant when the missile achieves cutoff veloc 
ity: and 

b. command detecting means mounted on the missile 
35 for detecting the modulating command and for ter 

minating the powered ?ight of the missile on detec 
tion of the modulating command signal. 

6. A missle propulsion control system as recited in 
claim 5 further comprising: transceiver means mounted 
on the missile and connected to said command detect 
ing means for receiving the signal radiated by said an 
tenna means and for transmitting back toward said an 
tenna means a series of pulse modulated, microwave 
frequency wave trains, the initial phase of each of said 
wave trains being controlled by said signal received by 
said transceiver means. 
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