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ABSTRACT 

The s-.bj ect of this report is introduced by a short $tatement 
of the need for MrI. This is followed by a rather complete discussion 
of the theory underlying the operation of the coherent pulse doppler hTI 
system. In this discussion, the important mathematical relations are de­
vel~ped, and for the convenience of the user, these relations· a~e tabulated 
in Appendix r. 

The actual conversion unit applied to the SC-SB. systeJtl is then 
discussed, first in broad general terms and then in detail. This conversion 
unit consists of two major components, one a new plate modulator for the 
transmitter and the other the receiving and cancellation systems. 

Lastly the performance of the system is discussed briefly. This 
discussion is purposely made vecy brief since the ma.in test of the system 
is covered in another report. 

The system achieves a cancellation ratioV of 30 db and a sub-­
clutter-visibility of about 25 db• Laximum range :r's unaffected by the ad­
dition of the KTI. This MTI does, however, provide 11solid11 coverage in 
areas of clutter. System reliability has proven to be excellent. 

Authority: BuShips letter Serial No.C-916-96;30 to Director, NRL 
dated 21 February 1945 Requesting Assignment of 
Problem No.Sl055R-C. 

Status: This is an interim report on this problem; w,rk 
is continuing. 

DECLASSIFIED 



DECL~SSl'7:IED 

TABLE OF CONTENTS 

ABS'l'RACT 6 

INTRODUCTION l 
Problem l 
Authorization and References l 

THEORETICAL CONSIDERATION 2 
The Doppler Shift 2 
Doppler in Radar Systems 3 
Detection of Doppler Shi.ft 4 
The Consequences of the Sampling Procedure 6 
Velocity Compensation 7 

SYSTEt: LDiITATIONS - GENERAL 9 
Radial Velocity 9 
Sub-Clutter Visibility 11 
LiJDitations on Sub-Clutter Visibility 12 

SYSTEM LIMITATION - MTI FOR SC-SK SERIES RADAR 16 
Delay Line Cancellation Unit l5 
Antenna Scanning Rate 16 
Velocity Compensation 16 
System Stabilities 16 

SC-SK SYSTEM CONSIDERATIONS 17 
System Parameters 17 
The MTI System 18 
Equipnent Changes 19 
New Components 20 

CHANGES TO THE TRANS!'JTTER 20 

THE ~ODULATOR 21 
The kodule.tor Circuit 
Control Circuits 22 

THE Ml'I CONVERSION UNIT 22 
The Receiver 22 
The MTI I-F and Cobo Unit 24 
The Remodulator and Through Video Signal Channel 26 
The Delay Line Unit 28 
The MTI Cancellation and Video-Distribution Unit 29 
The Trigger Unit 30 

DECLASSIFIED 

-a-



THIS PAGE IS MISSING FROM ORIGINAL. 



TABLE OF CONTD-TS ( CONT) 

SYSTEM PERFOm..ANCE 
Cancellation Ratio 
Sub-Clutter Visibility 
Sea Trials 

31 
31 
32 
32 
32 System Reliability 

REFERENCES 34 

APPENDIX 1. Equations Useful in the Design of an llTI System 35 

APPENDIX 2. Glossary of SYl!lbols 37 

PLATE 1 

PLATE 2 

PIA TE 3 

PLATE 4 

PLATE 5 

PLATE 6 

PLATE 7 

PLATL8 

PLATE 9 

PIA TE 10 

PLATE 11 

PLATE 12 

PLATE 13 

PLATE 14 

PIA '.l$ 15 

PLATE 16 

Block Diagram MTI Conversion Unit for SC-SK Series Radar 

Timing and Cancellation of the ~th Pulse MTI Conversion 
Unit for SC•SK Series Radar 

Receiver Unit #!J MTI Conversion Unit for SC-SK Series Radar 

~TI I-F Amplifier and Coherent Oscillator, Unit #6 

RemodulatQr and Through Video Si~al Channel, Unit #4 

The Delay tine Unit , U~it 4/f, 

The Cancellation and Video Distribution Unit~ Unit 2-3 

The Trigger Unit, Unit #1 

The Modulator. Unit #7 

Expanded $weep Generator and Modifications to Indicator 

Assembly Drawing• Pressurized Mercury Delay Line 

Loss and Sensitivity vs Speed SC- SK ~TI 

Operation of the Balanced fhase DetectoP 

The MTI Conversion Unit for SC-SK Series Radar, Oblique View 

The MTI Conversion Unit ror SC...SK Series RQ.dar, Front View 

The Reeeiver Unit - Unit No. O, Top Vie-tr 



PLATE 17. 

PLATE 18. 

PLATE 19. 

PLATE 20. 

PLATE 21 

PLATE 22. 

PLATE 23. 

PLATE 24. 

PLATE 25. 

PLATE 26. 

PLATE z,. 

PLATE 28. 

FI.ATE 29. 

DECL~SSl~IED 

TABIE OF CONTENTS (CONT.) 

The Receiver Unit, Side View 

The Receiver Unit, Bottom View 

The MTI I-f and Coho Unit - Unit No.6, Side View 

The Hr:[ I-f and Coho Unit, Bottom View 

The Remodulator Unit -Unit No.4., Side View 

The Remodulator Unit, Bottom View 

The Delay Line Unit -- Unit No.5, Top View 

The Delay Line Unit, Front View with Panel Removed. 

The Cancellation and Video Distribution Unit - Units 
No.2 and J, Side View 

The Cancellation and Video Distribution Unit, BottOlll View 

The Trigger Unit - Unit Nc.l, Side View 

The Trigger Unit, Bottom View 

The Modulator Unit - Unit No. 



THE MTI CONVERSION UNIT FOR SC-SK SERIES RADAR 

1. Introduction 

1-1 Problem 

1-1-1 During the closing months of the recent war, naval operations 
had to be earried out in the vicinity of large land masses in the Faci£ic. 
As a result, serious losses in the efficiency of radar in detecting attack­
ing enemy planes occurred because large areas of land clutter echoes ap­
peared on the indicat ors. To combat this loss in radar efficiency, an 
accelerated program of development of hov:ing Target Indicator equipment 
for use with existing radar systems was undertaken in the hope of getting 
usable results in the fleet by the time the main Japanese Island were to 
be invaded. The early ending of the war prevented any such equipment from 
reaching the operational theatres and resulted in the substitution of a 
more orderly and systematic research program for th~ original crash program. 

1-1-2 In connection with the early crash program, the Naval Research 
Laboratory was given the problem of developing an ~:,TI conversion unit for 
the SC-SK series air search radars. A coherent.-pulse doppler t,-pe cf 
system with a supe!'sonic mercury delay cancellation system \oia.S choion for 
this crash program because it fitted the basic radar system, it had been 
pl1Cven at Radiat~ Laboratory to be basically operable, and it was the one 
type of MTI capable of operating w;i..th PPI at normal scanning rates . 

1-1-3 The first devel~pmental model conversion unit, built under 
the crash program, was c~mpleted and put into operation in Jul.3' just before 
the Japanese surrender. This unit, though it gave usable results, was 
quite critical to adjust and generally difficult to operate. Thus, with 
the ending of the war and the reduction in priority on the problem, it was 
decided to build a second improved model incorporating 'all the lessons 
learned in the construction of the first model. It is this setond model 
which is described in this paper. 

1-1-4. Attention should be called to the fact that although the SC-SK 
series radars are at least obsolescent (if not obsolete) the value of this 
work is not affected by the obsolescence of these radars. The MTI Con­
version Unit can be applied, with little chabge, to the SR and SR-A series 
radars; and, with the inclusion of 11velocity compensation by c1>ho ... shift, 11 

and a change in the r-f head can be adapted to other radars of the SR •• 
s eries. 

1-2 Authorization and References 

1-2-1 The work on this problem was authorized by NRL Problem R02-24 
(Sl055R-C*, Reference (a) . Reference (n), (c) and (d) are also of speciai 
interest t o the present problem. Reference (n) is the NRL report (R-2480) 
o~ a prclilllina,y survey of anti-clutter devices -which led to the setting up 
of probletn Sl055R-C. Reference (c) is the NRL report describing in detail 



tho develcpinGnt of pressurized murcury delay lin~ for t his system. 
Reference (d) is tho NRL rcpOrt d0scribing th~ aea ~rials of th~ fina1 
conversion unit. 

2. J'hcorctical Consideration 

2- l The Dvppler Shift 

2-1- 1 A well-known phenomena call~d tho d~ppler shift results when 
tho frequt;ncy cf a wav~ from a stationary transmitte;r is mE:asured from a 
!'JlOVing platform. This shift in receive:d froquency results from the fact 
that tho number of cy-:::los roce:ivcd in unit timo is :i.ncreased or decreased 
(depending on·the direction of motion cf the platform) by th~ numb~r of 
wave lengths that the platform moves relativt; to the transmitter.,· The 
doppl~r frequ~ncy is then cefincd to be the shift in rc~eivod fr~quoncy; 

fd 2 doppler frcqucrtcy 

fr~- rcceiv~d froqucncy 

r.: transmitted fr~quency 

(1) 

2-1-2 In th~ caso where thu rcceiv~r is in motion th~ following 

relation may be deduced: 

(2) 

(R) 
vrcc : Radial spcs;id of platform toward 

tro.n·smi t ter 

Vo._ Velocity of propagation of wavt;s. 

Similarly, if the transmitt.:r is s.,t in motion and th1;; rucciving platform 
held stationary anoth(;r shift will bu obs<-rve;d. Th.:; rusti.ltant fI'(;qutoncy 
is found from the equation; 
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(3) 

fr : rcc~ivcd frbqutncy with transmi tt;.,r 
2 in motion. 

v~!)~ radial sp~c,d of transmitter toward 
rt.c(;iT~r. 

, 2-2 Dopplc,r in ~ Sys~~ 

2-2-1 In tht. case of a radar systwn~ th~ target acts first as a 
recciv~r thus introducing a shift in apparvnt fruqu~ncy according to 
~quation (2). The apparent ruc~iv~d frGquency is then; 

Tho target t h~n reradiatcs t•is rcc~ived frequency as a transmitter nnd 
introducos a second shift according to equation (J). 

. (4) 

This frequ~ncy is th~n thb actual fr~qu~ncy that will b~ received by the 
radar from a moving target. If now we replace v• by 6( the spct:d of 
electromngn~tie wavus) 

I
-. (R) l r ·-. 

C + Vr;..c C 1· . 
C J I (R) C - Vta 

• - -
Furthermore, it will be note:d that for th .. casu of practioal targ9t 
Yolo~iti1:;s, 

Thus w.:: m:;.y write, 

rr 2 ~ ro [ 1 ~ _2v_c l!_R_) - ] 

Substituting.this in equation (1) 

C 
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Thus, the returning echo will differ in £requency from the transmitted signal 
by this amount .. 

2-2-2 
frequency in 
SC-SK series 

It is of interest to note the order of me,gnitude of this doppder 
a practical radar system. Assuming the radar to be one of the 
operating at 200 me and assuming a plane speed of 200 mplw. 

2x2 oo:x2 ,.,ox10 
6 .. US cps 

186,00Q X 3600 

Thus we see that the doppler frequencies will be very low, of the order of 
hundreds of cycles in a practical system.. It is to 'be noted that doppler 
frequency is dependent only on system frequency and target velocity and is 
proportional to both of these. Thus, the doppler frequency for any system 
crui be fotmd with no knowledge of the system' s characteristics other than 
its r-f frequency. 

2-3 Detection of Doppler S~ift. 
. I ._ 

2~3-1 From paragraph 2-2~2 it can be inf'erred that the detection of 
doppler shift will not be an easy problem since the shift amounts to only 
about one part in one million. There are, however, several means which lllElY 
be used to detect it. Perhaps the silllplest of these is to beat the return­
ing signal against the radiated signal as would be done in the ca~e of a c-w 
radar. The c-w radar is not• however, a. good radar for general use because 
of its lack of rango information. It is possible to secure range infonnation 
from a c-w system by using modulation, but the required circuitry 1'ecomes 
complicated, the maximum scanning speod is very low, and the MTI character­
istics of an um:i.odulated c-w radar are lost. For these reasons, and be-
cause of the accepted superiority of the pulsed radar for general mi litary 
applications. or.ly this latter type has been considered, at this Laboratory 
to be suitable for MTI use. 

2-3- 2 When an attempt is made to detect the presence of a doppler 
shift within a given pulse, it is found that, assuming a 5-microsec pulse 
as in the SC-SK series, the only effect of the doppler is to introduqe a 
relative phase rotation betweec the two signals ofs 

~ • 119 x 5 x 10-
6 

x 2 n = .003 radians 

Such a phase rotation is obviously too s:x:ie.11 to detect by means of practical 
circuits. The doppler ahift must be detected by a pulse to pulse coll!Pa.rison 
system rather tha+1 by comparing from start to finish of one pulse. 

2-3-3 Therefore it is necessary to 86tablish a reference agaiust 
which the phas,, of the returning ech9 may be compared. This may be done 
by means of a so,-ealled conerent oscill~to~. !his oscillator is simply an 
r-f oscillator whic~ operates at transmitter frequency and is pulled int• 
phase with the transmitter each time a pulse is radiated. ,Hence, this 
coherent osciliator delivers essentially an extension of the transmitter 
pulse. Its· output is therefore, 

during the interval. 
1 
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The returning echo is, however, of the £orm, 

e . -=cos½ 'ff'" f 0 (t-Td) + ¢tr] 
sig L: (?) 

where 
f

0 
s transmitter frequency 

¢tr= transmitter starting phase 

rd -::. del~y time of returning echo 

If now we add these.two signals together during the interval, 

/;,' t ., 

we will get e.n output signal of the form, 

The first cosine term is the amplitude factor and is the te:nn of interest. 
(The seccnd cosine term is remuved by det ecti0n). From this term, it is 
obvious that the amplitude of the output pulse will be dependent on T&• 
But Td is simply a measure of target range; thus, 

(9) 

where 
D ~ target runge 

Now substituting for Td in the amplitude factor of eq. (8): 

(10) 

From this it is obvious that a staticnary target whose r~nge is constant, 
the amplitude of the output pulse will ren.ain ccnstant. But for a target 
with radial motion, where Dis changing, the amplitude will vary. 

2-3-4 The variation of the amplitude factor with target speed may 
be shown as follows : 

Assume that, 

where, 

.. 
Then, 

D : an arbitrary starting point 
l 

vtiR)~ target radial v~locity 

[

• (R) l 4 r; f vt1 t 4 1f f 0 D1 
A : 2 cos 

O 
- -----

c C j 

5-
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Now choose D, D may be chosen such that t he second tenn in the brackets 
i s zero. 

Then, 
A: 2 cos 

C 

f 2v(R) \ t 
• 2 cos 2 Tl" \ ta .to J 

' C • 

(11) 

Thus it is shown t hat the envelope cf the 
than a cosine wave witn a frequency. 

returning pulse is nothi ng more 

2 
(R) 

"ta 
f ~ 

C 

(12} 

I f we corapare t his with equation (5) we see that it is in actuality the 
doppler f requency showing up as th6 euvel ope of the r esultant of t he ad­
dition of the returning echo si gnal and the coho. 

2-3-5. Further examination of t~is procedure shows that it i s a 
sampling technique wherein the system has the same characteristics as a 
c-w system except that, instead of examining the envelope ccntinuously, 
it is sampled at discrete time intervals . This sampling leads t e; s ome 
very important system characteristics, but before consi~ering these there 
i s another important consideration which should be taken up, 

2-3-6. During the course of t he above discussion t he coho has been 
assumed to ·be at radio frequency. Suppose t hat it is put at the r eceiver 
intermediate f requency instead. Though t he mathematics involved will not 
be given here, the important point is that t he shifting of the r elati ve 
phases of coho and signal, as shown by equat ions (6) and (7) is done at 
radio frequency, and once thi~ phast shift i s introduced, it is pr eserved 
unchanged through the frequency conversion. Hence the amplitude factor in 
equation (8) is the same regardless of where the coho i s introduced. 

2-4 The Consequences of t he Sampling Procedure 
I 

2-4-1 As pointed out above, the "sampli ng" technique used in examining 
t he doppler introduces some important charaeteristics into the system. 
Al so, the amplitudes of successive pulses ar e constant for fixed tar~ets 
but varying for roving targets. Hence, t he separation of moving apd fixed 
targets is made by comparing the amplitudes of these successive p\llses and 
t he sensitivit y of ~ e overall system is dependent on the rate of change 
in pulse amplitude. Although this sampling phenomena could be i nvestigated 
mathematical-l,y to determine sensitivity as a function of target speed, the 
mathematics becomes quite complicat ed anq will not be gone i nto here. 
The results will simply be presented and discussed. 
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2-4-2 Investigation shows that the curve of sensitivity of the 
MTI system versus target speed is a rectified sine wave in which the 
nulls come at speeds where the doppler frequency is an integral multiple 
(including zero) of the system PRF. Thus the nulls come at, 

where, 

or, 

2vCn) ( ) nul r
0 

: n PRF • 
C 

v~~ = speed for zero response 

PRF: system pulse repetition frequency 

n : any integer (including zero) 

v<~) ~ n (PRF) C 
nul. 2 f 

0 

(13) 

The equation for response versus target speed is then ob(1yusly the 
cbsolute value of a sine We.Ve which goes to zero when Vta has the value 
Vnul· Thus, 

Srel ~ 1\1n· 4 n vg) -·· fo ·I (14) 
n (PRF) c 

where, S - relative sensitivity rel -

Such a curve is shown in plate 12 with the relative response scale plotted 
in db. This curve is for the SC-SK MTI system, This system has the follow­
ing characteristics: 

PRF = 500 cps 
f 0 = 200 tt.c 

Thus, for the first null, 
(1) 6 vnul.! = 5QO x 1.8 ,ooo x t600 = 837 mph 

2 X 200 X 10 

The response curve is shewn dotted in the vicinity of this null because 
in the operation of an actual system, 'it will be found that the nulls 
will be ".filled in11 by propellor modulation and other effects which modu­
late the echo. 

2-5 Velocity Compensation 

2-5-1 In paragraph 2-2-1 it was pointed out that both the radar itself 
and the target act both as transmitter and as receiver. Because of this 
symmetry of the pa.th cf the radio waves, it is obvious that there will be 
no difference between the effect of motion of the target and motion of the 
radar. (Note that for this to hold true, the reduction of equation 4.1 
to 4.2 must be possible, thus V. must be smaller than C as it is in the 
radar case~) Tbus the only inrportant motion is the relative motion of 
the target and the radar. Hence if the radar carrying vehicle is in 



motion all stationary targets, except those dead abeam have relative motion 
and become, as the radar sees them, moving targete. Since this would defeat 
the purpose of the MTI, a Qethod must be found to compensate for it. 

2-5-2 There are two bNiomethods of compensating for the motion of the 
radar when used on shipboard. The first of t hese and by far the simpler, 
relies on the wide dif.ferenc~ between the speeds of ships and of planes. 
Ordinarily, planes will travel at speeds of several hundred miles per hour, 
whereas ships will travel at speeds of 40 miles per hour or less. Thus, if 
system parameters are selected so as to put the first peak in the response 
curve at 400 mph or higher, the response to ordinary ships speeds will be 
about 18 db down from peak response. This will allow a subclutter visibility 
of slightly less than 18 db in the system. Unfortunately, however, the 
highest possible ships speeds will give responses only 12 db down, and s.ince 
this will severely limit the subclutter visibility, it will considerably re­
duce t he usefulness of the MTI system. 

2-5-3 The requirements which l'.llUst be met by the system parameters to 
compensate in this manner are quite easil;v determined. The velocity at the 
first null in response is just twice the velocity at the f irst peak; thus., 
':from equ • .;I.J we get, 

where, 

v(l) :. 
null 

Solving this for 

(PRF)c 
2 f 0 

> 

f 0 we get, 
ffiF' 

f 0 : radar frequency 

800 MPH 

PRF = pulse repetition frequency 

(15) 

This condition is quite easily met for low frequency systeras, but for 
high frequency systems, .B t f 1 I. 1 gZi t t'Elqlie i 11 , + ,, e t he required FRF 
becomes so high as to restrict the range. Thus, in the present state of 
the art, this method of compensation cannot generally be used with higher 
frequency systems {L band and higher). 

2-5-4 h second possible method of compensation is the use of 
special electronic circuits which introduce into the coho signal a phase 
rotation which is just equal in magnitude and direction to the phase rota­
tion introduced into the returning echo signal by the ships motion. Then., 
when the comparison between the coho and returning echo is ma.de, the phase 
rotation due to ships motion will be cancelled out and t he effect of that 
mot.ion will be eliminated. 



2-5-5 - In actual operation the introduction ot this phase rotation 
becomes, because of its continuous additive nature (a constant c:mount is 
added between adjacent radar pulses) an actual frequency shift. This fre­
quency shift is equivalent to the doppl.er shift introduced by t he motion of 
the ship. Thus, it will be given by equation (5) and will be, 

fd ~ 2v(R) 
sh 
C (16) 

whe.re, 
fd = necessary frequency shift 

v(R)~ comfonent of ships velocity.in 
sh direction of target 

c ~ velocity of light 

But, 

f : radar frequency 
0 

(R) (A) cos Q 
vsh -= vsh r 

(17) 
(A) 

Xh = ships forward speed 

Q:. relative bearing of antenna 

Substituting for v~:) equation (16) becomes, 

2 ~) cos Q 
V r 

~d .. - ·- · sh .. r 0 
(16.1) 

C 

Thus, this frequency must be added to the coho to conpensate for the . 
ships motion~ 

~-6 Unfortunately, this system does not give perfect velocity 
com~ri.la\.ion. ln the above discussion Q has been taken as the ·antenna 
beariilg:~ but it i s immediately evident that, because of the finite beam­
wi~th or _the ante~, not all(:t:4rgets will be on that bearing; thus, the 
ships a~~nt radial speed vs~J will not be the same for all targets in 
the beam at a given tim~. This effect puts a limitation on the degree of 
comp&nsation attainable and therefore limits the possible subclutter 
visibility. Since it is a fundamental limitation on the system, it will 
be discussed in the next section of this paper. 

3- System Limitations - General 

3-1 Radial Velocity 

3-1-1 Throughout the previous part of th:l;s paper, it was assumed 
that the target \as mo~...ng radially with respect to the radar system. 
Since the system is sensitive to radial velocity only, the Coffiponent of 
target velocity which is radial to the radar will be the only one which 
produces indications on the MTI. Thus, as far as a doppler system -is 
concerned, the target will have a radial speed of: 

-9- DECLASSl!=lf:D 



l;Jhere 
(R) · 

vta 
(A) 

Vta 

Q 
C 

__ radial speed 

:: true speed 

= angle between plane 1s course and radar beam 

(18) 
I 

This effect could be taken into account in plate 12 (thus extending t._is 
plate to cover motion in any direction) simply by dividing the speed scale 
lzy" the factor, 

I cos QC I 
Or, it~-~ taken into account in equation 14, thus obtaining the 
equation ~14. 1) for the sensitivity of the system in .terms of plane speed 
in any direct ion, 

s I 
rel= 1 .. ~~ 

1 ··-,UJ 

(A) 
2 rrvta cos gc fo I 
n (PRF) c ! 

(l.4.1) 

3-1-2 From paragraph 3-1-2 two important facts can be seen. First, 
there will be an apparent general shifting of the twe- speed scale in 
plate 4 to higher speeds for motion which is not truly radial; and second, 
there will be certain cambir;ations of speed and angle of motion which will 
give response nulls. Unfortunately these two factors must, i n the case 
of an l:iTI, be added to the already l ong list of factors which must be 
taken into account in selecting appropriate parpJI1eters for the system. 
Fortunately, however, they do not introduce serious lim.itatic-ns. In 
the case of the first factor (the general shifting of the curve to higher 
true speeds) the shift is not great over the range of angles that is 
important. In military operations, radar targets which ere not headed 
toward the radar ship cannot, in gener~l, caus~ damage, and they there­
fore become of lesser ir.lportance, This cannot be construed as meaning 
that they can be neglected, since ships which are not detacted until they 
are within gun range are an exception to this rule. However, it is 
reasonably safe to neglect targets which have an angle of more than 
60 degrees to the radial. Tr.is 60 degree ~le amounts to a shift in 
the true speed scale of 2 to 1. Thus if the system :j..s being designed to 
have a relatively high speed of maximum response, pare must be taken to 
see that it is not set so high that this factor opens an avenue of ap­
proach to an attacking enemy. 

3-1-3 I n the case of the s~cond factor (the nulls at various speeds 
and angles) the situation again is not too serious. Fotunately, tbere ~re 
many features which t and to modulate the returned echo from a target 
(notable among these is the propeller m.odulation in the case of an 
aeroplane) and, 'llhile this modulation is not due to doppler frequencies, 
it i s still effective in providing an echo visible through the cancellation 
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system. vJhile these nulls would theoretically go to zero, in actual use 
it has been reported that they cause a loss in sensitivity of 6 to 20 db 
and if subclutter visibility is higher than this, the target Gan still be 
seen. 

J-2 Sub-Clutter Visibility 

The sub-Glutter visibility attainable .will in general determine whether 
MTI will or will not be useful in a given system. 

3-2-1 Consider the equation for radar performance, 

Pr . G2Pta ~ 2 X p2 
- (4 ii ).3 D4 

where, 

(19) 

Pr~ power received at the receiver terminals for the 
given target. 

G ~ antenna gain 

Pt - Transmitted power 
er ~ Radar area of the given target 

,\ = \l.'avelength 
D,,,. target range 

F: height gain factor. 

If now we substitute the appropriate factors and find the ratio of 
clutter strength to target echo strength we get, 

where the subscript E indicates factors concerned with the moving target 
and the subscript £1 indicates factors concerned with the clutter. Since 
all factors except Pr,:r and Fare obviously the same in both numerator 
and denominator, equation (20) reduces to, 

Pr 
. ce . . . 

R::;-=:---
2 

.£ C'cE! x Fee 

p 
rta rrta x Ffa 

where., 

R ~ ratio of clutter strength to strength of desired echo. Thus, 
the ciutter return will exce~ the return from the desired signal by this 
ratio and, if the signal is to be seen, tne sub-clutter visibility,. ex­
pressed as a ratio, must quite obvious~ exceed this value R11 
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3•2- 2 A study of equation (20.1) shows that there are four factors 
which deterinipe the value of R. The echoing areas and the height gain 
factors for both the target and the clutter. Unfortunately, sufficient l«lrk 
has not been done to make it possible to quickly evaluate these four factors 
on paper in any given case. Rather i t will generally be necessary to run 
actual tests to evaluate either these factors, or the ratio R directly. 
There are, however, certain cases where useful simplification ca.11 be made. 

3-2-3 In cases where the altitude of the target and the clutter are 
the same, ( or approx:ima tely so) such as the case with low flying planes, 
or submarine periscopes, the factors Fta and Fcl become the same and 
equation (20.1) reduces to, 

R 
_ ,.- ce -·- (21) 

::;ta 
Thus, it ;is necessary to know only the relative_ echoing areas of the target 
and the clutter. 

3-2- 4 In any event, regardless of how the value of R is found, ii' the 
MTI is to have any value in the system under consideration, the sub-clutter 
visibility must exceed this ratio R. Thus, before plans are ma.de to in­
corporate MI'I in a radar system, the value of R for the types of clutter 
and the types of targets expected must be determined. If then the expected 
sub- cltt'tter visibility, as limited ·J:,y antenna scanning rate etc., does not 
exceed R by several db, the ~.iTI will -not render the desired targets visible, 
and its inclusion in the system may not be warranted. 

3-3 Limitations on Sub-Clutter Visibility 

3-3-1 The first limitation on sub-clutter visibility is the cancellation 
ratio of the cancelling system. Quite obviously sub-clutter visibility 
cannot exceed ~ancellation ratio, since such a condition would require dis­
crimination between very small uncancelled moving targets and larger un­
cancelled residual ·from stationary targets. 

3-3- 2 A second fundamental limitation in sub- clutter visibility is 
the antenna scanning rate. To a first approximation we may assume that the 
increase in antenna gain is linear between the 3 db (one way pattern) point 
and the maximum. This being the case, it is then quite obvious that the 
scanning of the antenna will cause a variation in echo power of, 

where, · 

.75 X 2 

.625 M 

~Pr ... pulse to pulse change in received echo power 

P
O 

= mean echo power level 

M -::: number of pulses per beam width 

Thus, the scanning of the antenna intt>oduces a modulation of all echoes, 
the ampJitud~ of this modulation b~ing P, and if the systent. is not, because 
of the modulat ion, to detect·all targets as moving targets, the sub-clutter 
visibility must be less than, 
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'Where, 

~x= maximum permissible subclutter visibility 

Then, since 

and since, 

where, 

R -: M 
max - 2.4. 

M : 60 (PRF) x ¢13 
360 xN 

PRF: pulse repetition frequency 
% = antenna bandwidth to the ½ power points (one way pattern) 

in degrees 

we may write, 

N: antenna rotation speed in RPM 

~~: (PRF) x QB 

160 N 
(23.1) 

J-3-3- This scanning limitation is considered in more detail in 
~eference·(t). !tis interesting to note that, in this reference, the 
author, usL~g a Gaussian antenna pattern, obtains, 

ref (f) ~Vr = 1.66 
~ M 

and therefore, 

--A.lr -:; 2.75 ref ( f) 
Po L"l 

Thus, the error introduced by the simplifying assumptions used in 
paragraph 3-3-2 is less than 15%. 

3-3-4 Another important limitation on sub-clutter visibility arises 
from the compensation of the system for the motion·of· t~ radar carrying 
vehicle. This limitation was mentioned in part two ~! this paper but 
discussion postponed to the present section. 

3-3-5 Qui te evidently the two different methods of velocity compen­
sation discussed.in section 2-5 will lead to different limiting values for 
the sub-clutter visibility, so they will ·be discussed.separately. The 
first one to~ discussed will be velocity compensation by the choice of 
parB.meters (:i,n accordance with equation 15). 

J-J-6. Consider first equation (14) for the relatifR)sensitivity 
to moving targets of ~}ous speeds. If we substitute vsh in this 
equation in place of,_Yta we get the system sensitivity to ships speed; thus, 

. ,. ~-"=rel: ll. f 2 v~~)fo ' 
- •I - -~ B Il __,...;;.~--oe~ -~ f -,_, . ,; (PRF) c .-.·,':!- (24) 

V~T l~~- ~ 
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Since this is the rela.tive response to fixed targets due to ships motion and 
since the sutr;.clutter visibility imist be less than this if the fixed targets 
are not to appear as moving targets, 

Rmax ~ !sin 2 v~~) fo 1'-2 
I (PRF) C 

[lolhere v<t)~~§ been substituted for v~~)since it is the maximum possible 
value of

5
v~a:JJ If the parameters ar5 set-according to equation (15) with ,f '.PRf 

being only slightly less than 4 x 10, then the curve of plate 12 will 
be found to apply and the sub-clutter visibility will be found to be limited 
about as follows: 

Rmax 

0 No l:ilnit 
12K 23 db 
25K 18 db 
40K 12 db 

3-3-7 Turning now to the other method of velocity compensation, the. 
coho-phase- rotation method, consider three.targets off the beam of a moving 
ship. One of these tar~ets is dead abeam on; say, 090° relative ~le the 
other two are on 090° + ~ relative. The antenna is pointed on 09d' relative. 

-7 
Thus, one target is in the center of the }?erun and the other two are at the 
tw half power points. It_ will be o&li.ous that, since ships motion is exactly 
perpendicular to the radius lir.e to the .target on 090° relative, there will 
be no motion with respect to this target and it will be cancelled as a 
stationary target. However, since both the other targets are on bearings 

~ degrees off the normal to the ship's course the ship will have a relative 
2 
velocity with respect to them.: (toward one and away from the other). This 
relative velocity can be shown to be; 

V(R)~ • v(Ah)sin QB 
sh - - s -

2 (~) 
v~h) '= ships relative velocity 

(A) d Vsh _ ships true spee 

antenna beamwidth 

Quite obviously this velocity c~ot be compensated since it is of opposite 
sign on the two sides of the beam. If now ~e)refer to equation 14, and sub­
stitute this value of v in it in place of vl: we get, 

sin 21'1-f0 vit)sin Q51· 

s - 2 
rel : n (?RF) c I 

v(A)sin ~ 
srr, 2 

or, 

Srel = sin 



Thus there will be a doppler response of this (voltage) level to the clutter 
at the edges of the berun even though the t~rget at the center of the beam 
is stationary. This condition, where the antenna is headed broadside, is 
tho worst condition so if sub-clutter visibility is restricted to a value 
such that it will not detect this signal, it will be satisfactory for all 
antenna bearings. Thus sub-clutter visibility must be limited to, 

v(A)sin QB ! -2 sa ...,.. 
in __ ..,,.......---'---

v(l) 
null 

V
5
h-: maximum speed of ship 

(28) 

v< 1) = speed at which the first null in the system 
null response occurs (equ.13) 

QB -::: antenna beam w:i.dth 

3-3-8 The other J.ir.d.tations on sub-clutter visibility are me.inly 
system stabilii:ies. They will not be discussed here since they are covered 
in Part 4, in connection with the present syst~m. 

4. System Limitation - l•;TI for SC...SK1Series Radar 

4-1 Delay Line Cancellation Unit 

4-1-1 The delay line cancellation unit built for this hTI system has 
been found to prov::.de a reliable cancellation ratio of 30 db. Thus, this 
source will limit the sub-clutter visibility of the system to slightly 
less then this v&lue. 

4-2 Antenna Scanning Rate 

4-2-1 In the SC-SK system the antenna sc~nning rate is 5 rpn, the 
antenna beam width is about 20 degrees ~nd the PU is 500 cps. Hence there 
are about 330 pulses on thetcrgot per scan and the pulse to pulse V3.riation 
in echo power, due to this c~use, is do-wn to about 10-5. Since this is 
50 db down it will obviously not be n limitation. 

4-3 Velocity Compensation 

4-3-1 Velocity compensation is acco~plishtd by pare.meter selection 
in accordance with equation (15). The first null in the response curve 
cones at 837 mph, so th~ tabl~ of paragraph 3-3-6 gives the approximate 
limiting v~lues for the sub-clutter visibility for this system4 

4-4 System Stabilities 
4-4-1 Up to the present ti.me it has b~en essumcd that everything 

was perfectly stable and had no effect on system performance. It is now 
necessary to investigate the stability requirements which must be met by 
the various units. Before such an inv~stigation can be made, however, it 
is necessary to assume some degree of desired cancellation. As brought out 
in part 3 ca~cellation ration of 25 db or better can be used at speeds of 
about 12 knots or less. Furthermore, the delay line system is capable of 
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providing a 30 db cancellation ratio. Thus let us assume that the system 
is to have a normal cancellation ratio 30 db. 

4-4-2 If a 31 db cancellation ratio is t~ be maintained, it is evident 
that the aggregate of all effects which will cause variations in pulse 
amplitude, either with or without ceho, must be 30 db ltelow peak pulse 
amplitude. Thus they must be limited tea total of 3% (in voltage). The 
effects •l'Ch contribute to this total will be transmitt~r 8lllplitude and 
frequency stabili:tY, coho phasing and f'requency stability and local oscill­
ator frequency stability. Fertunately~ transmitter frequency and amplitude 
stability are so related that if the amplitude stability requirement is met, 
the frequency stability requirement will be much more than met and can be 
neglected. Thus we have four effects and if we Umi t each of thes a to a 
variation of 1%, the statistical average variation will be less than the 
allowable 3% ~ 

4- 4-3 The requirement !or tram;mitter pulse amplitude simply means 
that the voltage pulse from the modulator must drop less than 1% from pulse 
tc pulse. Tnus the filter on the main modulater high voltage supply must 
ae heavy enough to discharge less than 1% per pulse between charging cycles 
of the 60 cycle power source. 

4-4-• Again, the problem of coho frequency stability is simply one 
of constant supply voltage and fre~d.:>m from microphonics. The former can 
be solved by a voltage re~ulat~r and the latter by proper design. The 
problem of phasing stability is somewhat more complicated being dependent 
entirely on the method used to phase the coho. Assume, however , tl'!t •oh• 
phasing is done by injecting a pulse of radio frequency into the coho while 
it is running normally. If then the residual signal in the coho is t~ be 
30 db below the resultant. it is evident that, 

(29) 

Thus, the phasing tube which drives the coho m-.st deliver a voltage 30 times 
the normal coho level. It is also of interest to note the magnitude of the 
frequency stability required of the coho. If it is to introduce less than 
l% change in pulse voltage amplitude when beating with two adjacent _similarly 
phased pulses, its phase must vary less than .Ol radians from pulse to pulse. 
Thus, in the present system, its stability must be, 

f : £1;. X 500
2 

-- 400 1 / / . G eye es sec sec (30) 

This seems. on first consideration, difficult to obtain. but in actual 
practice it presents no trouble if good design practice is followed. 

4-4-5 The frequency stability requirem~nts of the local oscillator 
are the same as those given by equation (30) for the coho. here again the 
problem is one of voltage ~egulation and microphonics. Because of the 
higher frequency at which this oscillator operates, the requirements are 
harder to meet than for the coho but again with careful design e.nd es­
pecially, with careful choiPe of tube type. no special problems should be 
encountered. 



the use of a 500 cycle PRF with a duty cycle increase of slightly less than 

4 to 1. Extensive tests were run with the transmitter plate-keyed at this 

new PRF and pulse length and it .was found that tube life did not suffer. 

5-1-5 Peak Pulse Power. In the original SC-SK transmitter, the peak 

pulse power ""'1.S limited by peak cathode emission and by arcing rather than 

by plate dissipation in the tubes themselves. Because of this, and because 

of the increase in efficiency when plate keying is used, it prov~d practical 

to mnintain the peak power of the transmitter unchanged in spite of the in-

crease in duty cycle. • 

5-2 The MTI System. Having decided on these two changes in sys tem 

parameters it is possible to proceed with the design of the system in general. 

The technical details and circuitry will not be considered at this point but 

will be left to later sections where each mu.twill be discussed in detail. 

. 5-2-1 Plate 1 shows a block diagram of t~e system (less po~r foippl:i:es, 

antenna control and indicators). The tr.a.nsmitter -and duplexer a~e tRe normal 

SC-SK series units except that the power for the transmitter is ndw gupplied 

by a new modulator, (unit Nq17). instead of by the built-in power s'u.ppiies, 

The receiver (unit No.O) is a complete n~w receiver supplying two separate 

output signals. One of these ~s a normal video•siEal of negative polarity 

and about 2 volt level to th~ video dist,ibu~ion ~ stem. This nonnal presen­

tation is protected against jamming by a~j protect 9.r buiJ.t into t~e ieceiver. 

The second-.tput is a 15 me i-t signal f~d at a • ;te+el of about 1 .ibillivolt 

to unit No..6, the MI'I i-f ahd coho unit. 1 , 
. ! I I . I 

- . . . ,, 

5-2-2 The h"TI i-f and coho unit rec.eives th:!..~.' ~.~gnal froni t~e1 r,feiver 

and amplifies it up to a level of several volts, ~t,s .;.t, an4,:-,:.h~n ~~eds it 

into a phase detector. This: unit also cpntains,,thEi tbher-ent !'sc±µa~or and 

the circuits which lock it in correct phase with1 ~~~ traflsmitteri %~put 

from this coher~nt oscillator is fed to_ the cohQ ~er 'Where it is,~d~ed to 

the i-f signal and t he resultant signal is detected,in the phast, detector 

to give the coherent video signal. This coheren\ video signal is then fed 

to the remodulator: 
I 

5-2-J The reinodulatorl' ~it No.4, cpnsi'~tsi'~}°'a 15 me ysc!f-11.ator driVing 

a pair of 6AG7' s in parallel~ The coherf,~t vid~o stgnal is appli'd "t9 the 

grids of the 6AG7's, along w:1-th ! the triggp~ pulf~j1to modulate this 15i.mc, 

carrier which is then fed ditectly from this ~t to the transmitting1crystal 

in the mercury del~y line. ll$o on this ~hassi, i~. the t hrough channe~l ' 

This channel talces a fractioh of a volt of· the p~tpµt of the 6AG7's th~ough 

an attenuator, amplifies it through a single stage (with a gain contr9l 'fot 

controlling its level) and detects it to give the hndelayed video signal. 

• '1 ' • • 

. 5-2-4 The delay line (fl;dch reoe}ves the output of_the remod~t,or) 

is a five channel folded mercury delay l.il)e. Plate ll i s an assembly draw­

ingot this line and shows its general structure; It is made of sta:l.riless 

steel and weighs about 80 lbs. when filled. It i~ discussed in g~ater 

detail in reference C. The -:,utput of the receiyihg crystal is fed to a 

single tube preamplifier b\dlt into the aelay line~ and then to the delayed 

channel trigee~ amplifier. Although this amplifier is built into this same 

unit as th~ c.eJ.ay line (unit No.5), it is functionally part of the trigger 

channel and will be discussed in connection with the trigger system. The 

I 

I 

I 
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delayed channel signal is also taken off the cathode of the first tube in 
this amplifier and fed up to unit No.3, the delay video and cancellation 

unit. 

5-2-5 In the delay video and cancellation unit, the delayed carrier 

from the delay line preamplifier is a,m.plifi~ and detected to give t he de~ 

layed video signal. This signal is then delayed another 2 micro-seconds by-
a video delay line. This further delay is pecessary in connection with the 

trigger circuit used and will be discus~ed in that connection. The output 

from this video delay line is then fed t.o the resistance cancellation net­
work where it is added, in oppo~ite polarity, to the t hrough video signal 

fed in from unit No.4. The output from ~his c~ncellation network is than a 
video signal in 'Which all fixed targets have 1:>een cancelled out and all moving 

targets appear as pips of either positive or negative polarity. Because of 

this double sided character this vid~o ~ignal mus-t be processed further be­

fore going to the indicators. It is first azµplitied and then fed to a Jilase 
inverter ~ose output is rectified by a fulJ,. wa~e rectifier to give a single­
sided video. This single-sided MTI video s~gnal is then fed to the video 

distribution system. This video distr,ibut~on ffStem contains the necessary 

galn controls, clippers, amplifiers al'}d. cathode fo:1-).owers to feed two 75 ohm 
outputs to PPI indicators and two 75 ohm outputs to 11A.U scopes (one each 
with normal video, and one each with MTI video). 

5-2-6 The other unit in the syst~m is the trigger unit (v.nit No.l). 
This unit generates a pulse \lmich simultaneously keys the transmitter and 

is fed to the re~odulator w'here it is modulated on the carrier at extremely 

high level. This high level pulse then travels do'Wl'l the delay line, along 

'With the video ~ignal, and is picked up by the receiving ~rystal and amplified 

by the delay line preamplifier. It then goes to a $eparate aniplifier and 

detector aro clippers where it is raised ~o working l evel detected and the 

Vid~o signal clipped off, leaving only the delayed trigger pulse. This 

pulse then keys a multivibrator with a pulse length pf 1,6 micro- seconds 
variable t .5 micro-seconds. The t railing edge of this pulse then initiates 

a new cycle of operation. Thus the total-delay of the trigger system is the 
delay-line time plus 1.6 :;; . 5 micro- seconds plus • 7 micro-seconds stray delay time 

for a total of delayed line time plus 2.3=.5 micro-seconds. Jru.t t,he signal 
delay time is delay line time plus 2.0 micro-seconds added video delay time 
plus .J micro-seconds stray delay giving a total of delay l.ine time plus~.) 
micro- seconds. Thus, not only is the system PRf automatically slave to the 

delay line time, but a vecy fine adj~tmept of~ .5 micro- seconds is provided ' 
for precise balance. • 

5-3 Eguipment Changes. Because of the changes necessary in the system 

itself, certain of the eOJiipo~ents, W'lile not necessarily new additions to 

the system, will have to be either modified or r eplaced. 

5-3-1 The Transmitter In the original SC-SK, the r-f oscillator was of 

the self-blocking type and -was synchronized to the 60 cycle supply for timing 
control. Since the keying must now be co_ntrolled exte·rnally and the PRF 

and pulse length must be changed the blncking oscillator function of the 
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transmitter was removed completely and the grids returned to ground through 
a suitable bias source. Keying is then done by plate modulating the trans­
mitter. Unfortunately, the power supply built into the transmitter lolls not 
sufficiently heavy to meet the strict stability requirements at the higher 
repetition rate so it was disconnected and a new high voltage supply built 
into the lllOdulator. 

5-3-2 The Receiver. The CG46ACQ replacement receiver for the SC-SK 
series radat systems was replaced with one of more modem design. 

5-'.3-J Tbe Indicators. Since both the 11A11 scope and the PPI for this 
series radar were designed for use at a PRF of 60 cycles, both are unsatis­
factory for use at the 500 cycle FRF of the ·MTI system. Although it required 
a very 'COlllplete revision, the "A" scope 1es changed to operate at the new 
f requency. The PPI, on the other hand, would require such complete revision 
(and would still ~e an obsolete type) that instead of attempting to use it, 
it was replaced by one of the newer remote PPI1 s capable of operation at the 
higher repetition rate and with the narrower pulses. 

5-4 New Components T'WO new units were added to the system in conver­
sion to MrI operation. ·The first of these is the new modulator for the 
t ransmitter and the second is the unit containing the r eceiver, coherent, 
can<:ellation, and trigger circuit ey. For the sake of brevity, this second 
unit is called "The MTI Conversion Unit.11 

5-4-l The modulator as mentioned in part 4, of t hi s report, plate modu- . 

lation was applied to the transndtter~ This modulator unit uses d-c 
resonant charging of a pulse forming line which dischar ged by a hydrogen 
·thyratron. The modulator unit is 2l inches wide by 401,." high (exclusive 
of mounting channels) by 19i inches deep and weighs 1about 175 lbs. It 
is descri bed in detail in part 7. 

5-4-2 The 11.MTI Conversion Unit" The ?-ITI conversi..on Unit is the second 
new unit added to t.he SC-SK series radar,. It is built in the form of six 

separate chassis 'Which fit into a single cabinet intended to occupy the space 
at present occupied by the original PPI Unit, This UO,it is 41 inches wide 
by 29 inches high (exclusive of shock mounts) bT 34½ inches deep and weighs 
755 lbs. The si.X units contained in it are the receiver unit, the MTI If 
and coho unit, the remodulator unit, the delay line unit, the delay i-f 
and video unit, au:!. the trigger unit. It performs all functions necessary 
t o MTI operation, except for the necessary revisions to the tra.~smitter. 
It is described in detail in part 8 of this report. 

6. Changes to the Transmitter 

Although there are several changes to be made in the transmitter, 
these changes are quite simple and quickly made.· The following i s a li1;1t 
of these modi! ~cations. 

-2.0-
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- a. Remove the high~voltage rectifier tubes and their plate 

leads. 
b. Disconnect power to the high- voltage plate transformer. This 

is best done by disconnecting the power to the plate -voltage control variac 
and securing the leads thus disconnected. 

c. Disconnect the plate- voltage supply from the r-f oscillator. 
Thi s can most easily be done by removing the surge limiting resistor. 

d. Install and connect the pulse-input- power f itting. 

e. Bree.le the grid return at the r-f oscillator and install a 
2.50 ohm non-inductive resistor (preferably me type MPP or equivalent) for 
grid leak. One end of this grid leak connects to the grid return while the 
other connects to ground. (The grid current meter can be remo'V'ed from the 
original circuit end put in the ground side of this new grid leak if proper 
bypassing is installed.) 

f . Install the r.-f coupling loop ( for the coho circuit) in the 
antenna feed line. 

7. The Modula.tor 

7-1 The Kodul.ator Ci£Suij 
4! 

7-l-l The modulator cil-cuit is shown in plate 9. It will be noted 
that the _modulator uses the famil~ar type of pulse forming network with 
d-c resoNmt charging arxi hydrogep thrratron keying. 

7-1- 2 The main high-voitage supply uses two type 100 R rectifiers in 
a f ull-wave circuit, together with a single pie section filter to develop 
a maximum of 4CXYJ v. The regulation and filtering of this supply is very 
~ood and the filter is heavy enough so that output voltage varies less than 
i of one percent from pulse to pulse. Th~s t he voltage stability require­
ments of the transmitter are more than met. 

7-1-3 The pulse forming network is a Sprague type 15-E7-2~~0-50P 
series 1897. It is a 7 section 2 micro~seconds network of 50 ohm character­
istic impedance. It i~ cha:rgeq to about a 7 .9 kv resonant peak through a 
heavy choke and is then discharged through a pulse transformer with an im­
pedance 94epup ratio of 9.6 to l t.o match into the 4130 ohm load presented by 

the transmitter. The discharge of the network is controlled by a 5C22 
hydrogen thyratron which is in turn controlled by the keying unit. 

7-1-4 The ~eying unit consists of tnree tubes whi ch deliver a high­
level pulse to the hydrogen tti,ratron. Thl.s pulse may be either locally or 

r emotely generated. For local keying, thEi first two tubes are coMected in 

a ~ultivibrator circuit to deliver a pulse of 400-cycle repetition rate~ 
The last tube t hen acts as a cathode follower to lower the impedance of the 
pulsing circuit as seen b;v the hydrogen t.hrat ron. When "normal" operation 
is desired this local keying is used. 



..... 
7-1-5 When the k'TI is in operation, and a remotely-generated trieger 

pulse is used to trigger the unit, a relay applies cut-off bias to one 
side of the mul.tivibrator, thus rendering it .ino~tive; and the other 
side is used as a clippeP-amplifier to feed the trigger pulse from the 
input amplifier to the cathode follower. 

7-2 Control Circuits 

The modulator may be controlled either locally from its front 
panel or remotely from the conversion unit. 

7- 2- 1 For local control it is provided with the following controls: 

Yia.in Power 
High Voltage 
High Voltage Control 
Overload relay reset 

It is also provided with the following meters: 

High Voltage Voltmeter 

on-off 
on-off 
(4 position) 

High Voltage Curr ent Meter 
Elapsed Ti.me Meter 

A switch located behind the panel, is provided for selecting local or 
remote trigeer. 

7-2- 2 For remote control of the modulator, a local-remote switch is 
provided on the fr~,nt panel. When this switch is thro'Wtl to the remote 
position, the following functions are controlled from the conversion unit. 

High Voltage on-off 
Overload Relay Reset 
Local or Remote Trigger 

8. The h'TI Conversion Unit 

8-1 The Receiver. As pointed out in section 5-3 the CG46 ACQ receiver 
was satisfactory electrically and could have been used in the }1TI system for 
the nonnal channel and to supply i - f to the MTI channel with only slight 
change. Its mechanical layout did not, however, fit into the plans for the 
MTI. For this reason a complete new receiver was built into the MTI con­
version unit. This new receiver is shown as unit No.O in the bloc~ diagram 
of plate l. The schematic diagram of the r eceiver is shown in plate 3, 
and photographs in plates 16, 17 and 18. 

8-1-1 The RF and Converter. Referring to the circuit of plate 3 it· 
will be noted that a new r-f system, inco!"J)Orating Grounded-grid triodes, 
has been used in this receiver. The use of these grounded-grid triodes 
gives a noise factor about 2 db better than the lighthouse tube preamplifier 
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used in the CG 46 ACQ receiver. The local oscillator used is a 2C¾3 light• 
house tube . .Although several different oscillators using different minia­
ture tubes were tried, they all were found to be too microphonic to be sat­
isfactory in this apFlioation. On the other hand, the lighthouse tube was 
found to be stable and satisfactory. It is used in a double reent~ant tank 
circuit which is capacity loaded to shorten the tank and is capacity tuned 
by means of a double spaced condenser. Output for the signal converter 
and for the coho converter (in unit No. 6) is taken off by meana of two 
ijmall coqpling loops in the side of the tank and is fed to the converters 
over coa.xial'lines. The signal converter deserve~ some mention because 
of the uni~ue metho~ of coupling in the local oscillator signal. This 
converter ia essentially a ttgroundedn grid stage with the r-f signal ap­
plied to tae cathode. It differs, however, from the standard groUX1ded -
grid amplifier in that only pins 5 and 6, of the type 6J4 tube used 
in it, are grounded. Pin l is tied to the coaxial line coming in from the 
local oscillator. Thus, the reactanoes of the grid leads within the tube 
are used as a voltage divider by means of which a portion of the output 
.from the local oscillator is applied to the converter grid without introducing 
excess reactance between grid and ground. Efficient conversion by the tube 
is assured by api lying sufficient bias to insure operation on the nonlinear 
portion of its characteristic. • 

8-2-1 The I-F System. The i-f system can conveniently be divided into 
two parts, the preamplifier {tube~ V-005, V-~06, and V-007) and the normal 
channel i-f amplifier (tubes V-0013 to V-011 inclusive). The preamplifier 
consists of two ordinary i-f amplifier stages using 6AC7 1 s • The main 
system gain control is applied to these two stages using a variable negative 
potential applied to the grids. The third stage, also using a type 6AC7, 
serves both as an amplifier in the normal channel and as a cathode .follower 
to drive the line to the MTI I-F and Coho unit (unit No. 6). The normal 
channel i-f amplifier consists of thrQe stage$ of 6Ac7's and a -final stage 
of 6AG7 with non•amplified back-bias ~pplied to all stages. This gives 
good a•j protection against jam levels up to greater than 5~ db j/s ratio. 

8-1-3 The Detector. The detector is a 6A.L5 diode (V-J12) operated 
at a level high enou/¥1 to insure linearity throughout its o)erating range. 
It gives an output signal of positive polarity. 

8-1-4 The Video S'ystei:i. The video system consi*ts of three tubes. 
The first of these is a pen:umently-connected 6AL5 diode (V-013) D. c. 
reinserter. Although not normally necessary, this c.iade serves as third 
detector for off frequency jamm,iii.g, and, when the switchable FTC (of the 
RL type) is in use, it serves to re~ove overshoot. The second tube is e.n 
amplifier serving to raise the level into the 6AG7 cathode follower output 
tube. -Output is of negative polarity and at a level of about 2 volts. 

8-1-5 All power for this unit is supplied by a built in power s~pply 
supplying 3.00 volts positive at 150 ma for all plate power in this unit 
only. This supply also delivers 75 volts negative at 20 ma, regulated 
~ a VR tube, for bias to this, and ·all other units of the conversion unit. 
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8-1-6 The Control System. All controls for the conversion unit1 

with the exception of coho tuning, time balance, and video gain controls 
are brought out to the panel of this unit. They are as follows: 

Receiver controls 
Main Tuning• 
Osc. Tuning 
Main IF Gain 

Normal Channel Controls 
Normal Channel IF Gain 
FTC On-Off Switch 

MTI Charmel Controls 
MTI Channel IF Gain 
Delayed Channel Gain 
Through Channel Gain 

Power Controls 
Main Power On-off 
MTI Power On-off 

Transmitter Controls 
Transmitter Plate Power 0~-off 
Repetition Rate MTI-400 cy 
Overload Relay Reset 

8-2 The Ml'I I F and Coho Unit 

The MTI i-f and Coho unit is shown in the block diagram of plate l 
as unit No.6. The schenatic diagram is shown in plate 4 and photographs in 
plates 19 and 20. 

8- 2-1 Referring to plate 4 it will be seen that this unit consists of 
tw, major parts; the MTI i-f system consisting of tubes V-601 to V-608 
inclusive and their associated circuits; and the coherent oscillator system 
consisting of tubes V-617 to V-622 inclusive and their associated circuits. 
The MTI i-f system will be described first. 

8-2-2 Signal from the last stage of the i-f preamplifier in the main 
receiver (unit No.O) is fed into a 3-stage amplifier at input connector JO. 
This amplifier uses three type 6AC7 tubes connected in normal fashion and 
using single-tuned interstage coupling networks. Gain control is applied 
to the se.e,;,nd and third stages. This amplifier feeds, again through a 
single-t,uried coupling ·network, to a 6AC7 limiter. This limiter is of the 
plate current saturation type w.i.th regulated screen supply. Its output 
is fed, again through a single- tuned network, to the coho injector. This 
coho injector deserves some mention as it has some rather unique features. 
It is a type 815 tube connected for balanced operation from echo signals 
and for single-ended operation from the coho. A type 815 tube is used to 
insure adequate dynamic range to handle the combined output from the echo 

signal limiter and the coho. Signal is supplied to the grids fr.om a 
balanced single-tuned :1etwork consisting of t 2 c2 and the tube capac~ties. 
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Cobo signal is then applied to the co111J11on cathcde by means of the impedance 
matching pie netvork consisting of L. C a,~j c5 • Thus, in phase eho 
voltages are cx,mbined in the tYo bal~es ~ tAe tube without of phase echo­
signal· voltages. 

8-2-3 The output of this tube is fed to the balanced phase-detector 
by means of circuits vhich are again single tuned. but which are so 
arranged as to !l"iTe independe!>.t control of the resonant circuits for • 
signal and c"ho outputs. Coil L and the tube capacities form the 
resonant circuit for the push-~l echo-signal output, ~bile L and t he 
tube capacities and the capacity of L4 to ground form the resoHant cir­
cuit for the parallel coho signal. Tliis system has been fomld to be very 
easy to ad.just and has given excellent }erformance. 

8-2-4 The pha.we detector consists of two type 6.AL5 double diodes 
connected to give signals of opposite polarity. The outputs ~f these 
tvo are then connectea together through individual load resistors, and 
tc a co1111Don i-b filter andlt:>ad resistor. Operation of this phase de­
teeter is best shq,m by the vect~r diagram of plate 13. It is shown fer 
the c~se of clutter above l imit level, and small echo signal and vith the 
coho almost in phase ~ith the clutter since this is the case where the 
advantage of the phase detector is most a~parent. 

8-2- 5 The upper diagram of plate 13 shows the vector relations for 
the (lT- 1) th pulse and shows ho~· th.e resultant RN-1 is obtained. by 
balancing the rectified outputs {A) and{]). The lower diagram shovs the 
relations ~er th' Wth pulse (~here the target is ass~ed to be tra~el ing 
at a velocity V :\n}, and ho1;• the resultant RN is obtained. Cempar1.?1g 
these two resultffls then gives the pulse to pulse change in echo~ 
litude ~ IL 

8- Z-6 A thorough study of the p~ssible relations between echc 
signal. clutter signal and coho amplitudes and phases will n~t be .given 
here. rather the reader is referred to reference {e) which considers the 
relative merits of the various types of M!l'I receivers. The li~iter and 
balanced phase-detector combination have essentially the ~ame chara­
cteristic as the "lin- log1' receive, except that the null in x,eeponse 
when the :pane is traveling at V ~i: and when the clutter hµ.:i,,pens to 
be in the same phase as the coho is much narrcwer and hence reduces 
the covera~e considerably less. 

8-2- 7 The coherent- :~deo output from ~he :r,hase detector is fed 
to a single~stage amplifier and then out of the unit over coaxial line 
number 61. It sho:uld be mentione4 that this coa+ial line is nbt 
matched. Instead, it is driven by• high. i~iedance source and it acts 
as a lumped shunt capacity. Thh cape.city is made to serve a useful. 
function in the circuit and "11.ll be diacusseq. further in connection 
vi th the remodulator. 

8-2-8 The other main part of tnis• unit is the echo strip. Local 
oscillator voltage is fed into the cathode of a 6J4 converter (V-611) 
•ver cable No. 21 and transmitter pulse is' fed to the grid over cable 
No. 22. The output is then a pulse of 15-mc signal vuch is coherent to the 
difference between b local oscillator and the transmitted pulse . This 
pulse of coherent i.f. is amplified in two stages of nonna.l amplification 



and then applied to the grid of the phasi ng tube (V-620). This phasing 
tube is a type 6AG7 with a fixed bias, slightly greater than cut off, 
applied to its grid and with its plate circuit coupled through a con­

denser to the tank circuit of the coherent oscillator. Operation is as 
follows: During the time between trans1llitter pulses, this phasing tube 
is cut off and hence acts o: nly as a small fixed capacity across the 
oscillator tank circuit. Also during this time the plate load resistor 
for this phasing tube (which n.ust be made high enough not to load ex­
cessiwely the oscillator tank circuit with which it is essentially in 
parallel) charges the coupling condenser to power supply voltage. Then 
when the transmit ter fires, the pulse of coherent i.f., which has been 
built up to high level by the two stages of gain and which is applied to 
the grid of the pllasing tube, drives this tube in class-C to deliver a 
high-level pulse of coherent i.f. into the coherent oscillator tank 
circuit. During this pulse plate current is supr.-lied to the phasing 
tube frofi the charge on the coupling capacitor. 

8-2- 9 The coherent oscillator is a 6AC7 com;ected as an electron 
coupled oscillator and using a high- C tank circuit. This tank circuit 
can be tuned"!: 1 me by means of a double spaced vari able condenser tunable 
from the front panel. As mentioned above, the oscillator is phased by 
injecting a high level r-ulse of coherent i. f. into the tank circuit. No 
gating of the oscillator is used. Tb&- s1ability of this syster, has been 
found to be enti rely adequate to secure JO db cancellation ratio. 

8-2- 10 The final tube in the coho strip .. s a 6AG7 limiter driver. 
It receives coho signal frofil the plate of the coho, limits it to the 
correct level, and by means of the two pie-section impedance-watching 
networks and interconnecting cable no 39, drives the cathode of the 
coho-inj ection tube. 

8-2- ll All power for this unit is sup~lied by~ built-in power 
supply. This supply uses electronic regulation of the r:ain suprly 
voltage to all circuits with the exeption of the echo signal limiter 
and coherent - oscillator screen- grid circuits. These two circuits are 
supplied from sources regulated (in addition to the main electronic 
regulator) by separate gas tubes. This sup: ly a].so supflies 6.J-volts 
ac to all heaters. Two d-c voltages are fed to thi~ unit from the 

receiver unit (unit No. 0). These are the gain cont rol voltage for the 
l:iTI i - r strip (0 to 20 volts negative) and a negative voltage for the 
gain control on the coho-strip i-l' araplifiers . This voltage is negative 
75 volts and is reduced by a network (adjustable from the top of the 
chassis by means of a screw-driver) and applied to the grids of the 
amplifier stages. 

8- 2-12 This unit has one front panel control, t he coherent 
oscillator tuning control. 

8-3 The Remdulator and Throug!i Video Signal Channel 

The Remodulator and through video signal channel is shown in 
the block diagram of plate las unit No. 4. A scheniatic diagr~ of 
this unit is shown in plate 5 and t wo photographw are shown i n plates 
21 and 22, 

8-3-1 This unit consists of two main parts. The first of these 
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is the remodulator. This remodulato;r is., in reality, a small trans­
mitter· 'Which supplies an r-f carrier, modulated by the coherent-video 
signal, to the transititting 1t17ste,l in the mercury delay-line. The 
second :.·a.rt of this unit is the thro-ugh video-sigru1.l channel. This is 
essentially a monitor which takes a small part of the remodulator out­
put and rectifies it to obtain an undelayed Video signal for use in 
the cancelation uni.t. This ~elayed video signal is obtained by the 
use of this monitor (rather than by- taking a. por'. ion of the incoming 
coherent video signal) so that the through .and del.iy channels ·will both 
be subjected to the sar:i.e distortioa in the remodulator and thus this 
distortion will not become a limiting factor on systeJ!l cancelation. 

8-3-2 The reLtodulator employs five tub~s. The first of these is 
a 6AG7 carrier osci:._lator (V-401). 'ibis oscillator is electron-coupled 
and uses a high-C tank circuit to obtain stability. It feeds the grids 
of a pair of 6A.G7 ' s connected in parallel. These 6AG7's a.re the final. 
amplifier and are coupled bye ~ie-section network into the 75 ohu:. cable 
which goes to the delay l:i.ne (cable No. 51). ~,adulation is applied to 
this final amplifier in ik grid circuit. 

8•.3•3"."" The coherent-video sign....l. £rot.. the hTI i-f syste;i_ enters 
the ren.odulator via cable 61. As st~ted in section 8-2, tp.is cable acts 
as a llltlped capacity sµice it is not r..atched in its characteristic 

impedance. This lumped c2.paoity, which has a value of 120 u.ut is \lSed 
as the input condenser cf a low pass filter which limits the band faSs 
into the remodulator to about 400 kc. The other elements of this filter 
are in the input encl of t)le remodulator video circuit. After passing through 
the filt(lr the video is appl:i.ed, through a screw-driver adjusted level .control 
to the grid of tne rilOdula tor tube . This modulator tube is a 6AG7 connected 
as cathode follower. It develops the modulation voltage across tne gl'id­
return condensei- .tor the final stage. Also connected to this grid. return 
of the final stage is a 6AL5 trigger-pulse injector. This trigger-pulse 
;injector se~s to apply to the fi.,al amplifier a high-amplitude posi-
tive pqlse which is necessary for Oferation of the trigger circuit {to 
be described later). • 

• S-3-4 The remodulator deliv6rs a carrier level of about 8 volts 
into the 75 ohm. cable to the ~el.q Une. Thh, when stepped up to the 
Z'/00 ohm irapedance level of th--i cryst.:.l, givef> about a 50-volt level 
across the ccystal. }lOdulation is at a level· of± 70 percent peak 
amplitude for the double-siq¢ coherent video, and+ 125 percent for the 
trigger pulse. 

8-3-5 The through vi~eo sign~l channel coneist~ of three tubes, 
The first or these is a 6AG7 carrier auipli!ier which receives about ~,J 
volts of t.odulated carrie:r from the reiao<iulato:r. This amplifier is \lBed 
sjmply as a convenient method of inclu.cU,ng a gain control in this signal 
channel. Its output feeds~ fuU.5 detector which recvvers the video 
signal frorr. the ~ula1;ed carrie:r. The video :;ignal then is fed out 
over Une No. 62 by a cathode follower. Since the detector is connected 
to give positive out~ut, this line output is aloo positive. 

8-3-6 All power for the wt is su.pplied by- .:on ~ternal power su~ 
ply. This supply delivere 500 volts elect ronic~ly-regulated to the 
remodulator output stage and 300 volts regulated in a two-stage electl'<>'.'" 
nic regulator to all other tubes. One d.-,c voltage is brought in frotll 
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unit No. O. This is a variable negative voltage (0 to -20 volts) for 
the gain control of the through video-signal cht.nnal. The unit has no 
front ~nel controls. 

8-4 The Delay Line Unit . 

The delay line unit. is sho.m in the block diagram of plate 
1 as u.'lit number 5. A scher.;atic diagrwr. is shown in plate 6 and two 
photographs are included as plates 2.3 and 24. 

c.,..4~1 The delay line unit consists of two major parts, the 
delay line itself and the trigger channel carrier aniplifier. Only the 
electrical ch13,racteristics of the delay line Hill be mentioned here, 
since its con~truction and mechanical features are cov~red completely 
inreference (c). 

€-4-2 The high level modulated carrier signal co~~s into this 
unit from the re~ndulator over c~ble nurd>er 51. This cable goes directly 
to the transmitting crystal compartr,1ent. Here a pie-network steps it 
back up to an impe(iance level of Z,00 o~s and aprlies it to the crystal. 
This pie network, together with the pie network in the rem~dulr.tor out­
put circuit and the interconnecting cable forrii, effectively, a double­
tuned transforme~ with slightly greater than critical co~pling. thus 
a double- peaked response, about 1 me broad, is obtained. • 

8-4-3 The receiving crystal of the delay line is matched into the 
grid of a 6J6 cathode .. coupled prean:plifier by a pie section coupling 
network. This coupling network is about 1 me broad, and since it 
gives a single tuned response curve, it corr~cts the double-peaked 
response of the transmitting crystal circuits to give essentially flat 
overall response throughtout the pass band. This preamplifier is built 
into the crystal compartiHmt and ,its output is coupled by means of a pair 
of pie sections end interconnecting cable No. 54 to the second rrai n 
part of this unit, the trigger-channel carrier-8riiplifier. 

8-4-4 The electrical characteristics of the delay line are about 
as follows: lt has a delay tme of 2000 microseconds, and a loss of a bout 
80 db ·without the preamplifier and 65 db with the prean:plifier. .J.t, has 
a bandwidth of about 1 rac with its associated circuits . All its spurio~s 
responses are dO\>m more than 40 db below the rr~in signal. 

8-4-5 The second rriain part of this unit is the delayed- trigge+ 
carrier-a1:1plifier. This amplifier recei ves the output of the delay-line 
preamplifier, builds it up to a level of several volts and then detects 
it . The only unusu,il feature of this amplifier is the signal tcl<e-off on 
the first stage. Tnis first stage acts not only as an amplifier but 
als~ as a cathode follower to feed sign~l to cable 53 whence it goes 
to the delaye~video carrier-amplifier (in unit No. 3). For t he sake 
of clarity~ attention should be cal~ed at this point to the difference 
between thes€ two aanplifiers. In the delayed-trigger carrier-a.cplifier 
(the one in this uni,t) the ·trigger pulse will be clipped off its output, 
hence its gain must be r.iaintained constant to secure proper operation of 
the trigger circuit. ln the delayed ... video carrier .. amplifier (in unit No.J) 
the vide.:) signal .iill be used, and gain 1.iUst be variable to penni.t ruuplitude 
balancing of the cancellation system~ Thus 1 seµtrate amplifiers are 
used, even t hough they are sini.lar and handle the same signal • 
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8- 4-6 Returning to the delayed trigger carrier amplifier; its out­
put is fed to detector V-5.05. 'i'hi s detector gives a positive outfut 
signal \Jhich is then applied to the non-linear arr.r lifier V-506. his 
amplifier is operated ;..ith high bias so that the video signal is com­
pressed in the low-gain }Ortion of its characteristic, and the trigger 
pulse i s strongly accentuated on the high-gain r-0rtion of its charac­
teristic. This suppression of the video is in r reparation for the 
clipping which will be done later (in unit Neu.) to completely sepa-
rate the trigger pulse froo the comrosite sign~l. Out put from this 
amplifier is fed to cable No. 81 and t hence to another unit (unit No, 1) 

8-4- 7 All power for this unit is supplied by a bu:ilt-in electro­
nically regulated power supply. Also cont ained within the unit is an 
automati c pfessurization unit which supFlies 35 lbs of compressed air 
to pressurize t he delay line. There are no cont rols on the front 
panel but there is one indicating meter, a pressure raeter showing delay 
line •·.res sure. 

8- 5 The l~TI Cancellation and Video-Distribution Unit . 

The l•,TI Cancellation System, shown in the block dJ.ar ram of 
plate las unit No. 3, and the Vid~o Distribution Systeµn, shown as Unit 
No. 2, t ogether coo.prise unit No . 2-3 of the }.TI Conversion Unit . A 

scheuati c diagram of this unit is shown in plate 7 and two photographs 
in plates 25 and 26. 

8-5-1 The t:,TI delayed-carrier signal is f~d into this unit (fk:>tn 

unit No. 51 by cable No. 53. This cable br i ngs the delayed carrier in at 
low level from t he cathode of V- 501 (in unit No. 5) and deliv~rs it to 
the delayed-video carrier-an1plifi er where it is built up to a level 'of 
scv~r al volt s r,.nd detected to recover the delayed- video sigru.l. This 
is a convent ional four stage 15 me anplifier. It uses sinr le- tuned cir­
cuits and has a bandwidth of about 1.5 l.c . Gain control is by means of 
a ·neg2..tive voltage applied to the grids of the first two stages. 

8~.5--2 The detector used to r ecover the delayed video si gnal is 
again a 6A15 diode operat ed at a l evel hi h enough t o be linear through­
out its operatinB range. The output of this detector is fed t hrough a 
lumped-con:..tant LC delay network (-whose function will be discussed later 
in connecti on with the trigger circuit), having 2-microsecond delay time, to 
a cathode follower. The output of t his ca thode follower is then the 
delayed coherent-video signal of P. polarity such that ~n increase in 
modulated carrier level causes an increase in the pos tive direction. This 
signal is t hen added, in a resistc-.nce-cc:'.ncellation network consisting 

of R1, R2, R3 and R4, to the undelayed video signal. of opposite polari~y, 

and fed in over cable no 62 ( from unit No. 4) to secure cancellation of 
the fixed targ<.;ts , The o,r, put from this cc:.ncellation network is then 
a bipol~r video signal r~pr esenting only the ~oving targets, ~nd, after it 
is r ectified to render it single si ded, it will become the 1-i.TI -?,deo signal. 

8- 5-3 The rectification of this video signal is accomplished in the 
following way: The output of the c,~ncellation network is f ,:;d through ·a 

si ngle-star;e runplifier to c:.. l ow-pass felter which r cl'lloves the high-fre­
quency w·,c,ancel.led components and lintl. ts the overall system bandwidth 
to the desired 400 kc. The output of this filter is then f ed to a 
degenerai ive cathode follower type of phase inverter the two outr.uts of 
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which are fed to the two grids of a 6J6 double triode. The plates and 
cathodes of this double t r iode are connected together and it is operat~ 
at aprroxi1nately· cut-off bias so tret rectification is secured. The 
resultant signal, single sided and of positive polarity, i s taken off 
the cathodes and fed to a cathode follower whence it leaves the unit 
over cable No. 65. 

8- 5-4 Unit i~o. 2, the video distribution unit, rec,,ives ?'.TI video 
signal over cable No. 65 from unit No, J n.nd nornial video signal over 
cable No. 62 from unit No. o. !ts outputs ~re as follows: 

Cable No. Signal Polarity Level Impedance 
70 1-ITI Neg. 50V .3000 ohms 
71 Normal Neg. 2V 75 ohr..s 
72 Normal Pos. 4V 75 ohms 
73 MTI Neg. 2V 75 dnns 
74 MTI fcs. 4V 75 ohms 

Thus one high-impedc:...nce, high-L .. vel t.TI outrut is provided for direct 
connection to a local tu0nitor scope and four low i.r.lped.:,.nce low level 
outputs are pro~ided for connection to ·the ship's radar-information 
distribution systeQ. • 

8-5-5 All the powe~ for this unit, ,ith the exe~tion of -75 volts 
bi as, is supplied by a built- in electrohicully-rcgul~ted supply. This 
-75 volts bias, and a gain- control voltage of O to-20 volts (for the 
delayed-video carrier-~:.plifier) is sup~lied to this unit from unit No . O. 

t - 5-6 This unit has four front panel controls. These are the 
four gain controls for the four low- irapede.nce outputs. (httention 
should be called to the fact that.; although the PPI channel controls 
are _in reality gain controls th~y do not changa the peak output level. 
Their action, since they preceed the lir.riters, is more·neaiy the action of 
a contr~st control.) 

8-6 The . Trigger Vnit 

The trigger unit is shown in the block diagr<•ni. of plate 1 as 
unit No1. 1. A schemntic diagram of the trigger unit is shown in plate 
8 a.nd two photographs in plates 27 1..nd 2f. In discussing this unit (plate 
2), reference will also be nu-:.de to diagrams for the tin.ing and cancellation 
circuits. 

8-6- 1 The trigger unit receives, over c~ble No. 81, the delayed 
video and trigger sign&l shown as wave form No. 12 on rlate 2. This signai 
is delr,,yed from. the start of the previous trigger l ulse by a time, TL + a 

where TL 3 delay line dealy time 

.3 u sec (del<!y in detector output filter) 

This sienal is partially differentiated and amplified in v~iol to give 
wav~ fonn n◊ . 13. ·· This signal ii:1 in turn clipped, -at the ·levels 
shown, by tube V-102 to rccovet the delayed trigger pulse ~s shown in 
wave form lfo. 14, 1hls delayed trigger pulse ia then differehtiat ed 
:l.n a ve-::-y z:.1ort time con tant ( ave form No. 15) and amplified to give 
\-re.Ve form r.Jo. 16. This puls€ is c-.gain clipped ;,t the level shown in 
plate,, by tube No. V--104 to give the pulsE:: shown as wave form No. 17. 
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This last differentiation nnd clipping e;ives a pulse of about ,4.micro­
second duration. This pulse is used to synchronize the delay-aquo.liz­
ing mul.tivibrator. 

8- 6-2 The ·delay equalizing multivibrator consists of tu.bes V-105 
and V-106. It is a one-shot multivibrator generating a pulsE- 1.3 :: .5 
micros ... conds long as shown by wavtJ form ho. 18. This pulse is then 
differentiated, as shown in wnvetorm No. 19, and clipped, by tube No. 
V-107 at the level indicated. Since this a.itferentiation and clipping 
recovers the trailing ~dge of the multivibrctor pulse, the resultant 
pulse lags t he preceding syne pulse by, • 

TL ( . 3 1 .3 ± .5} microseconds 

or TL (1.6 ! . 5) M.croseconds 

8-6-3 This pulse is then used to initiate a blocking oscillator 
(V-100) which develops the act.ual trigger pulse. This final trigger 
pulse is fed through cathode followrs V-109 and v .. no, throur,h isolat­
ing filters, to the moduL.tor (unit No. 7) , :nd to the remodul:..tor (unit 
No. 4) for r einjection into the delay line c,:rrier. The isol,·.tion 
f~ters add an additional delay of .4 microseconds so the total delay 
around the trigge~ loop is, 

• Tr. (2.0 ± .5) mcroseconds. 

8-6-4 Consider the cancellP-tion of a given echo. Obviously for 
cancellation to take place the delay in the delayed channel n:ust be, 

TL+ 2.0 microseconds 
(The± . 5 microseconds being used to balance the syste1. exactly. Thus 
the two microsecond LC delay line mentioned in r,e.rngraph E-5-2 is added 
in the dekyed video chmlnel. 

8-6-5 .11.11 power · for thie unit with the _cxeption of -75 volt 
bias is supplied by a built-in electronically regulated power sup~;ly. 
The -75 volt bi..'.s is f ed in from unit No. ). This unit has one front 
panel control, the uultivibrator adjustr..unt which acts as the time bal­
ance adjustment. 

9. _§Y.stem Perforr.-ace 
9-l Cancellation Fatio 
9-1-1---nie· . cancellation ratio of the cancelling system wv.s checked 

by feeding a 2 micro-sec pulse into tho . remodu.lntor over cable No. 60. 
This pllse gave a some:what pessiruistic me, .. surement, since it had very 
steep sides and t hus wa~ much richer in high-frequ~ncy cotrponents than 
a radar echo. 

9·1·2 1he actual oeasureDent was J:..ade by ~djusting th~ in~ut pulse 
to th"" desired polarity ,:..nci level and then a djusting the cc.ncelling system 
to bes:t b,dance. Residual pulse energy was then raeasured. The del ayed 
channel w~.s then inactive.ted mid the input r uls_e reduced in level t o give 
t he srune output pulse energy. This reduction in level wa.s then equal to the 
cancellation rat i o. 

cancellition ratio was found to be as follows : 
Level Fositive fulse N,.gative fulse 

5 volts 31 db 29 db 
10 volts 32 db 2e db 
al volts 32 db 28 db 
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Thus, the average cancellation ratio is 30 lb. 

9-1-4 Attention is called to the fact thut this is a true can­
cellation ratio. Limiting was not used to give an apparent cancella.-
tion ratio llDlCh higher than the true cancellation ratio. 

9-2 Sub-Clutter p.sibility 

9-2-1 Sub-Clutter VisU,ility measurements \o;ere ma.de b"J injecting 
a non-coherent puJ.se.of r.f. into the system while it was in nonr.al 
operation over an area of considerable clutter. This pulse wc:.s sup­
plied by a signal tenerator, and, although it does not seriously affect 
the results, the measurement had to be made with a. 4 microsecond pulse 
because of the minimum pµlse width of the signal generator. 

9-2-2 The measurement was made by first measuring clutter strength 
by comparison with the si nal generator output using the normal cbr·.nnel. 
The sign..~1-generator pulse was then moved into the clutter and reduced 
. -to the .minimura level visible on l'..TI. The ratio of clutter strength 
to this .min.imur:l visible echo level then gave the sub-clutter visibility 
of the systeIJ;. 

9-2-3 Sub-clutter visibility was found to be approximately equal 
to clutter level up to c clqtter level of 'Z'l db. At higher clutter 
levels, the sub-clutter ~sibillty remained approx:i.IJately constant at 
Z7 db. 

9-3 S9 Trials 
No-.extensive qiscussioq of the sea trials of the system will 

be included hert: as they a:?"e covered in a separate report {Referenced) 
It would, however, be in order to mention the results obtained in these 
trials. • 

9-3-1 The fj.rst pa.rt of the sea trials ,ms an investigation cf the 
effect of sbiJ;S I speed on iiTI perfoma?lce. The investigation could not 
be carried to speeds higher than 12 knots as this was the ship's 11full. 
speed", ho-wever, at this speed the results were .found to be in ~gree­
ment with the results predicted in paragraph .3•3!"'5. 

9-3-2 The second r:art of the test. 1f4B.S an investigation of the 
effect -which the addition of BTI to the syste~ had on the oaximum detec­
tion range. It was found the.t the sensitivity of the 2-iTI system or 
aircraft was essentially th~ samu as the sensitivity ~r the normal 
5rsten. 

9,-3-3 The third part cf the test concerned the ability L·f the sys­
t~ to track low-flying planes through land clutter. In 24 runs at 
a:t,itudes .from 250 to 1500 feet, 80% hits were n.ade using the PPI indi­
cator, This is.generally considered 11solid11 coverage. 

9-3-4 The last part of the test was concemed with delay line 
performance under conctitions of heavy weath.:..r . .klthough the ship 
rolled through a double an.plitude of 30 degrees and pitched 8 to 10 de• 
grees, there was no effect whatsoever on system performance. 

9-4 Srstem Reliability 
9-4~1 Throughout the many hours of system operation at this labo-
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ratory and during the 60 hours of operation afloat., the reliability of 
the system has been found to be excellent. All units m:.ve proven cap­
able cf operation for exter.ded periods ot time ~ithout a~justruents or 
servicing. Stability has proven such th.·,.t go_od balance is n:aintained., 
without adjust.Dent., for many hours c.,f o:reration. 

9-4.-2 The reliability of the delay line used in this sys~ in­
dicates th£t mercury delay lines can be designed which will operate 
satisfactorily aboard ship. Although it has been in service fer almost 
a year, it has bad no repair or adjusb:lent except to be bled of an 
air bubble formed during the shock and vibration testing it W:..s given 
shortly after its completion. 

DECLASSl?IED 



(a) &iShipa Ltr. Serial No. C-916-96.30 to Dir. NRL dated 21· Feb. 
1945 requesting assignment of problem No. 51055-R•C• 

(b) NRL report No. R-24,tO 

(c) NRL Report No. R-3065 titled "A Pressurized },iercur,y Delay Line 
for fleet Service" to issue about 1 !~y 1947 . 

(d) NRL Report titled "Sea Trials of the MTI Conversion Unit for 
SC-SK Series Radar" to issue abcut l. June l.946. 

(e) Radiation Laboratory Report No. 1010- 11Notes on ¾TI Receivers11
• 

dated 25 ).:ia.rch 1946. 

(f) Radiation Laboratory R;;port No. 1080 - "l'.oving Target Indication 
on ME\oi11 by A. G. E:.isllc, dated 19 Feb. 1946 • 

.- 34 -



APPENDIX I 

Equations useful in the de1ign of an MTI System 

Defi nition of doppler frequency, 

rd z fr ... fo (1) 

Redeived frequency in the radar case, (radar assumed to be stationary) 

frz ~ fo [ 1 ~ 2 
(R) 7 

Vta, I 

C J ( 4.2) 

Doppler frequency in the radar case, (radar assumed t• be st~tionary) 

f d ~ 2vta 
(R) 

C 

Speed for zero response, 
• (n) 

Vnul : N (PRFl_ c 
2 f'o 

(5) 

(13) 

Sys t em sensit ivity as a function of t~rgets radial speed 

si n 4 r, -v u (R) f
0 

-; (PRF) c (14) 

Condition for velocity compensation by parameter select ion. 

< 4 X 10
5 

( 15) 

Coho- frequency shift necessary for ve locity compensat i on by coho sh.ift . 

·f r.J 
d 

2v8h co8 G l" 1' 
0 

35 
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System sensitivity as a function of target velocity and course. 

S:rel = t sin 2 vta (A) cos Q c ro l (14.1) 
I ti (PRF) C 

Required sub-clutter visibility - General case 

R .. Jct x F2c~ 

er ta x F2ta. 

Required sub-clutter visibility O Ca.se where clutter a.nd target 
a.re a.t the same elevation. 

!t .. 

Limit on sub-clutter visibil_ity due to antenna scanning. 

Rmax .,. (PRF) x 9 b (23.1) 
l6C N 

Limit on sub-clutter visibility due to velocity compensation by choice· 
of pare.meters . 

.Rmax = 1· sin 2 Vsh (A) f 0 ii 
(PRF) c (25) 

Limit on sub-clutter visibility ~ue to Yelocity compensation by coho 
shift. l ., 

Itmax = I sin TfVsh (A:)$in ~ "'t-

V {IJ~1 (28) 
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APPENDIX 2 

.:. 

D -
F -
Fcl -
Fta -
f -

fo 

fd -

rr -
G ·-
JI -

N -

Pt -
pr -
~ pr -

PRF --
R -
Rmax -

s -
8rel -
T -
Td -

Vo -

Glossary of Sy:nbols 

Velocity 0£ p•opagation ot electromagnetic waTes in a 
vacumn. 

Target raDge 

Antenna height gain faotor 

Height gain factor for clutter 

~eight gain factor for target 

frequency 

transmitted frequency 

Doppler frequency 

Received frequency 

Antenna gain 

Number of puls.a per beam width with antenna rotating 
at normal speed 

Antenna rotation speed 

Tram mi tter peak power 

Received echo peak power 

Pulae to pulse change in received echo power 

Pulse repetition frequency 

Subclutter visibility Numerical Power 
Ratio of clutter 

Maximum permissible subclutter -Yi81bility level to minim.Ubl 

Sell8itivity 

Relative aem~tivity 

Dela;y time of returning echo 

detectable signal in 
that clutter. 

Velocity of propagation of 1rave motion under consideration 
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vJ~) - -

V (n) 
:11ul. ::: 

V -
V (A) z 

( ) 

V f.R~ -
Vcl( ) -
"re~ ) -
vsJ) -
'Vte, ( ) 

-

• (R) 
• "(sh,cl) ·-

e -
9B ... 

9c -
Qr -
0 -
g-cl -

0-ta, 
-:r 

"i -
a -· 

u tr -
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~peed for maxiJnum response where n is t~e order of 
the maxi.mum 

Speed for no response 1'hsre ~ is t)le order of the 
nul. 

Velocity 

Acutal velocity 

Radial component of velocity 

Clutter velocity 

Receiver velocity 

Ships velocity 

Target velocity 

Relative radial speed of st4p and clutter 

.Angle (Spagi.al) 

Be~dt.h of radar antenna 

Angle between target cour!Se and ~adar ~am 

Relatiye bearing of antoona pee.m 

Radar ar-ea 

Radar area of clutter 

Rade,r area ot target 

Radar pulse length 

i1eetricai phase angle 

Starting phase of radar trf,Ulalllitter 
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