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ABSTRACT

This report describes the theoretical basis and practical instru-
mentation of the Michigan Automatic Direction Finder (MADFI). The
MADFI is an integrated data collection, processing, and display system
for determination of bearing statistics of signals in the high-frequency
radio spectrum and is intended as a research tool in the study of
propagation phenomena and direction-finding techniques. Signal
processing includes narrowband postdetection filtering and a type of
linearly-weighted time averaging which improves the bearing estimates
in the presence of multipath and noise processes. The MADFI is
equipped with several types of readout suitable for telemetry trans-

mission and computer processing of bearing statistics.
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FOREWORD

The effort described in this report represents significant contri-
butions by a number of individuals, each of whom has made his addi-
tion by expanding or specializing the body of theory inherited from his
predecessors and leaving in turn a more profuse collection of reports,
memos, and notations. Such a collection has made possible this re-
port on the Michigan Automatic Direction Finder (MADFI). In this
vein, I would like to acknowledge the invaluable assistance received
through notes left by D. S. Heim and W. J. Lindsay, former Project
Engineers on projects involving direction-finding research, and in
particular to L. W. Orr, whose unpublished notes furnished the basis
for a sizeable amount of this report. I also wish to credit R. E. Lillie,
G. Ziedins, and K. E. Burkhalter, engineers who developed much of
the hardware of the MADFI, and in particular, G. A. Hellwarth, whose

technical advice ""unstuck many an ornery circuit."
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1. INTRODUCTION

The effort narrated in this report is a continuation of that initiated by W. J. Lindsay and
D. S. Heim and described in Reference 7. The effort is directed toward the realization of a
semi-automatic direction finder (df) suitable for collection of bearing statistics of signals in
the high-frequency radio spectrum. Of considerable importance is the introduction of signal
processing which simulates the behavior of a trained operator in stabilizing an indication
distorted by multipath processes. As a result of this effort the Michigan Automatic Direction
Finder (MADFI) was constructed. The MADFI is an integrated data collection, processing,
and display system for determination of bearing statistics of radio signals in the 2-30-mcs
range. The system consists of a modified AN/TRD-4A Tactical Direction Finder Set,
laboratory-constructed analog and digital computing-type components, and a variety of dis-

play devices.

It is the purpose of this report to describe the theoretical basis and practical instrumenta-
tion of the MADFI. Since others have in some areas developed and published the theory
(cf. References) responsible for the realization of some of the components, only those de-
velopments pertinent to the operation of the MADFI as a system are included. Accompanying
these developments are descriptions of the AN/TRD-4A modifications and the additional

laboratory-constructed equipment.

Due to time restrictions on this effort the MADFI has not undergone extensive field tests.
For this reason little operational experience has been gained with the system, although pre-
liminary tests indicate a significant improvement in the MADFI performance over that of the
unmodified AN/TRD-4A equipment.

2. MICHIGAN AUTOMATIC DIRECTION FINDER SYSTEM DESCRIPTION

The MADFI consists of three basic subsystems: (1) The receiving system, which in-
cludes the antennas, goniometer, receiver and detector; (2) The processing system, which in-
cludes the filtering, computing, and synchronizing elements; and (3) The display and recording
system, which includes the cathode-ray and digital displays, a pen recorder, and a paper
punch. The three subsystems will be described in detail in Sections 3 through 5. The sections

immediately following describe the organization of these subsystems as a whole.



2.1 AN/TRD-4A DF Set

The AN/TRD-4A, around which the system is designed, is a spinning-goniometer type
direction finder utilizing a four-element Adcock antenna and a cathode-ray tube display. Its
antenna, classified as a medium aperture system, may be of two dimensions: one for 2-10 mcs,
the other for 10-30 mcs. Techniques of the MADFI are by no means restricted to this partic-
ular df set, however, and any df set which produces a sine wave signal of amplitude and phase
corresponding to the amplitude and bearing of the incident signal is suitable for MADFI-type
processing. Examples of these types of df sets include doppler and other commutated-antenna
systems as well as spinning-antenna systems. The twin-channel system is applicable with

some slight changes.

The reader is directed to pertinent publications concerning the operational characteristics
of the AN/TRD-4A, including the R-390/URR Radio Receiving Set, and is presumed familiar
with them (References 8 and 9). However, the casual reader will find an essential descrip-

tion of the operation of these components in this report.

2.2 MADFI

Figure 1 will be helpful in describing the system operation of the MADFI. As seen, there
are two modes of operation: (1) The manual mode, which is that of the essentially unmodified
AN/TRD-4A, and (2) The automatic mode, which includes the processing and display equip-
ment of the MADFI. The two modes are selected by a single switch, enabling rapid compari-

sons.

The bulk of the antenna, goniometer, and receiving components of the MADFI is adopted
with few changes from the corresponding AN/TRD-4A components. The two most significant
changes involve the addition of a sense antenna at the center of the Adcock array and a re-

designed receiver detector. These components will be described further in Section 3.

The processing system includes the narrowband filter and bearing computer. These
elements, which will be described in Section 4, help to reduce bearing error due to multipath
processes. A synchronizing generator utilizing a code wheel coupled to the goniometer rotor
is used with the bearing computer and digital display elements. Meters monitor important

signal levels.

The display and recording system, described in detail in Section 5, includes both analog
and digital real-time displays together with corresponding analog and digital peripheral re-

cording devices. The real-time displays consist of the AN/TRD-4A cathode-ray indicator
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and a three-digit decimal display reading directly in degrees. An automatic sense circuit
eliminates the 180°—bearing ambiguity inherent in the AN/TRD-4A. The peripheral recording
devices consist of an eight-channel paper tape punch and a pen recorder. (The full-wave
rectifier, modulator, 72-kcs oscillator, indicator goniometer, and cathode-ray tube elements

of Figure 1 are all part of the modified AN/TRD-4A indicator.)

A photograph of the MADFI equipment is shown in Figure 2. Four of the five antenna elements,
(not shown) the goniometer, the receiver, and the cathode-ray display are partof the AN/TRD-4A;
the rest of the components are laboratory-constructed or modified to varying degrees. Ex-
cept for the antennas the entire system is contained in two equipment racks. ‘One five-foot
rack contains the modified AN/ TRD-4A DF Set and the processing and real-time display
equipment. A smaller three-foot rack contains the peripheral recording devices. Except for
the original AN/TRD-4A components and the Moseley pen recorder, the entire system is

constructed with solid-state modularized circuitry.

Most of the component modules are visible in the two racks illustrated in Figure 2, the
analog rack and the digital rack. Meters and test jacks are provided for system adjustment

and servicing, and testing circuitry is in some instances an integral part of the equipment.

The patch panel shown in Figure 2 is provided so that individual processing, display, and
recording elements may be interconnected for demonstration and evaluation procedures. Its
connections are shown in Figure 3. Standard phone jacks are provided with a normally-closed
contact which is disconnected when a simple patch cord is inserted. These contacts are wired

so that when all patch cords are removed the system is interconnected as in Figure 1.

To allow the greatest flexibilify when the MADFI components are interconnected in other
than the normal manner shown in Figure 1, or when external devices are connected, the
patch panel voltage and impedance levels are standardized. All circuits are designed to be
linear to twice the operating level of 1-volt rms and to maintain an indicated bearing accuracy

of+1/ 2° under extreme conditions of circuit loading.

Records made with this equipment may be processed by either analog or digital general-
purpose computers and may be used to evaluate system performance, to aid in refining
processing techniques, and to study ionospheric propagation phenomena. Together with a
remote-controlled df receiver, (Reference 1) and a telemetering link, the MADFI is suitable

for installation at an unattended field site.
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3. RECEIVING SYSTEM

The receiving system used in the MADFI is diagrammed in Figure 4. The antennas con-
sist of a four-element Adcock array together with a fifth centrally-located element used as a
sense antenna. The antenna goniometer and sense-phase network act upon the element
voltages to produce an amplitude-modulated signal e, which is amplified and detected by the

receiver. Phase information contained in the detector output voltage e | is used in the process-

d
ing and display systems to reconstruct the direction of signal arrival #. The following
analysis indicates how this is done and how the dimensions of the antenna system and adjust-

ments of the sense-phase network affect the system accuracy.

3.1 Operation of Antennas and Goniometers

The central sense element willbe assumed the reference element of the antenna array.
Relative to a cw signal of frequency w, arriving from bearing 6 relative to true north, the

voltage induced in the central element is

e =A coswt, (3.1)
¢ c c
while the differential voltages induced in the north-south and east-west pairs of elements are

e. -e,= 2AC sin(—ﬂ—cl cos 9) sin wct,

N S )Y
and (3.2)
-e., =2A sin <ZT—C—1- sin 9) sin w t
°E T fw T 4% x et

If the goniometer rotor angular position ¢ is measured as in Figure 4, then the rotor voltage

is

eg = K[(eN - es) cos @ + (eE - ew) sin ¢ |, (3.3)

where K is the transmission coefficient of the goniometer.1 This voltage passes through a

null where

x
= - )
E W  sin (%\9 sin 95

. (TTd )
e_-e¢ sin (— cos 6

'C. E. Lindahl has analyzed K and other losses in the antenna system. See Reference 5.



which occurs twice in every revolution of the rotor. Thus the angle ¢ at null may be used as

an indication of the bearing 6 if -Z\—d is sufficiently small; for in that case

tan 6 = tan (¢ + 7/2). (8.5)

The error Af in ¢ =6 + Af is a function of the wavelength and the geometry of the antenna
system, and is called the octantal error. A plot of A@ as a function of d/x is shown in Fig. 5,
which indicates that for values of d/A less than about 1/3 (the maximum value permitted in
the MADFI) the octantal error is less than 30”

The unmodified AN/ TRD-4A operates in the fashion described above, the null points
indicated in Eq. (3.5) becoming the tips of the propeller-like pattern displayed on the cathode-
ray indicator. The +7/2 ambiguity apparent in Eq. (3.5) is resolved in the MADFI equipment
by summing the rotor voltage and a voltage of appropriate phase and amplitude dertied from
]

the sense antenna. Letting the transfer constant of the sense-phase network be ae’", this

voltage is

ep =ozAc cos (wct + B). (3.6)

The goniometer rotor is spinning at a frequency wg. If the octantal error is neglected, then

the rotor voltage is, from Eq. (3.3),

eg = 2KACE£1 cos (wgt - 0) sin wct. 3.7

3.2 Operation of Receiver and Detector

The voltage ep and eg are summed in the input circuitry of the receiver:

] d o)
e, = ozAC cos (wct +B) + ZKAC S COS (wgt ) sin wct. (3.8)
The results of this analysis willﬁgt be affected if the amplitude dependence in Eq. (3.8) is
md
dropped by setting ozAc =1 and ; = m, so that er becomes proportional to
| - _ .
e, =cos (wct +B) + m cos (wgt 8) sin wct. (3.9)

2C. E. Lindahl has demonstrated an antenna design that permits an error of less than 1°
for values of d/\ as high as unity. See Reference 6.
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Following the receiver and a conventional envelope detector, the signal becomes proportional

to
e(']l = [1 +2m sin B sin (wgt -0) + m" sin (wgt - 9)} . (3.10)

It is evident that if 8, the phase shift introduced by the sense phase network, is set equal to
/2, Eq. (3.10) may be further simplified. In this case, the detector voltage becomes propor-

tional to

ed=1+msin (wgt -6). (3.11)

If 8 may not be adjusted to exactly n/2, then, since Eq. (3.10) is in the form (1 + x)l/z, it may
be expanded in a Maclaurin series. The expansion is valid for values of @ and 8 chosen such
that [x| < 1. The result, after some rearrangement of terms, is

2

v o_ . . _ m_ 2, .2 )
ed_1+msmBsm(wgt 6) + 5 COS B sin (wgt ) +..., (3.12)

where the implicit terms are all at third and higher harmonics of sin (wgt - 8). If the second
and higher harmonics of sin (wgt - ) in Eq. (3.12) are removed by a low-pass filter following
the detector, then Eq. (3.12) becomes

e('j=1+msin6sin (wgt—e), (3.13)

which is similar in form to Eq. (3.11). If the d-c term in either Eqgs. (3.11) or (3.13) is re-
moved by a high-pass filter and the goniometer rotor position ¢ noted at the time of a positive-
going zero crossing, then it is clear that either Eqs. (3.11) or (3.13) will yield an unambiguous
bearing indication ¢ = 8. Furthermore, this indication does not vary over a range of the

sense-phase network adjustments.

In the MADFI equipment, the narrowband filter included in the processing system functions
as both the high- and the low-pass filters. The display system extracts the bearing indication

from the resultant signal in the manner described above.

3.3 Receiving System Instrumentation

The MADFI receiving system consists of the AN/TRD-4A antenna and receiver components

together with a sense antenna, sense-phase network, and the redesigned receiver detector.

The sense antenna, located at the center of the AN/TRD-4A Adcock array, is constructed

and connected in the same fashion as the other four array elements. The other antenna and

10



goniometer components of the AN/TRD-4A remain unchanged, except that the manual sense

provision of the AN/TRD-4A is disabled in the automatic or MADFI mode.

In the R390/URR receiver used with the AN/TRD-4A there is a 90°-phase difference be-
tween the balanced antenna input and the unbalanced antenna input which is maintained up to
about 10 mcs. Accordingly, if the goniometer is connected to the balanced input and the sense
antenna is connected to the unbalanced input, then no sense-phase control is required over
these frequencies. Above 10 mcs, however, phase equalization is required such as is provided
by the simple delay line shown in Fig. 6, which consists of switch-selected lengths of coaxial

cable. The increments, selectable at 1/20 per mcs, are adequate at frequencies up to 30 mec.

The R390/URR receiver is not modified in any way. Predetection bandwidths of less than
2 kecs are desirable but cannot be obtained with the receiver i-f selectivity because of the
excessively nonuniform phase characteristics introduced. An outboard i-f filter having phase
characteristics uniform within 1° over a 500-cps bandwidth has been constructed, but is not
incorporated in the MADFI due to the critical tuning problems associated with its use (Reference
4). No attempt has been made to utilize either the automatic gain control or the envelope detector

circuitry of the receiver, and output to the external detector is at the i-f frequency of 455 kcs.

The detector circuitry of the AN/ TRD-4A is incorporated in the indicator chassis and
consists of an i-f amplifier followed by a nonlinear detector. Considerable redesigning of
these circuits was necessary in order to obtain linear operation over the dynamic ranges en-
countered under typical operating conditions. The redesigned detector, shown in Fig. 7, in-
cludes a phase-corrected high-pass filter to attenuate low-frequency transients generated by
fluctuating carrier amplitudes. The low source-impedance amplifier included is capable of a

40-v output into the processing system.

4, PROCESSING SYSTEM

The heart of the MADFI is its processing system, including the narrowband postdetection
filter, the bearing computer, and the synchronizing generator. The narrowband filter is used
to remove modulation products and noise from the bearing signal. The bearing computer is

used to improve the bearing accuracy under conditions of severe multipath distortion.

11
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The synchronizing generator supplies special signals to the bearing computer and display
circuits. Since it is believed that the processing system offers significant performance

features, its theory of operation will be expanded in considerable detail below.

4.1 Narrowband Filter Operation

A narrowband filter of center frequency wg is necessary following the detector for the
reasons explained in Section 3.2. The filter also removes any modulation products outside its
passband which may accompany the incoming signal. Busignies and Dishal (Ref. 2) have shown
that in addition a signal-to-noise performance improvement is possible through the use of filters

of this type. The improvement is a function of the ratio of the predetection to the postdetection
bandwidth:

(signal-to-noise improvement) = i-f bandwidth 1/4
& P narrowband filter bandwidth

; (4.1)

which corresponds to an increase in signal-to-noise performance of 5 db per decade of band-

width narrowing.

The input to the narrowband filter is the detector output voltage e d described by Eq. (3.13).

After passage through the filter, the bearing signal becomes

€4 = A sin (wgt - 8), (4.2)

where A represents the various multiplicative factors implicit in the development.

4.2 Narrowband Filter Instrumentation

The principal requirement of the narrowband filter, other than a good selectivity charac-
teristic, is a high degree of linearity. This requirement is necessary for proper operation of
the bearing computer and display circuits under conditions of extreme fading. A linear phase
characteristic is also highly desirable so that variations in goniometer spin-frequency wg will

not affect the bearing accuracy.

The MADFTI filter, which satisfies these requirements, is diagrammed in Fig. 8. This
filter does not employ iron-core inductors, thus avoiding their inherent nonlinearities. The
two filter sections shown have a bandwidth of about 30 cps. Using the formula of Busignies
and Dishal (4.1) and noting that the prediction bandwidth of the system is 2 kcs, we see that

this order of selectivity allows an increase of about 8 db in the signal-to-noise ratio.

The amplitude limiter shown between the filter sections is included as an operational

convenience. Its limiting threshold is set somewhat above normal operating system level in

13
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order that overloading of the remainder of the processing system by occasional large peaks

in signal amplitude can be avoided.

4.3 Bearing Computer Operation

In the preceding analysis the tacit assumption of a stationary amplitude and phase of the
incident signal has been maintained. Under conditions of severe multipath distortion, this
assumption must be abandoned, since signal amplitude variations of as much as 30 db and

phase variations of a full 360° are quite common in practice.

The amplitude and phase variations of the incident signal may be represented through a

time dependence of the A and § parameters of Eq. (4.2):
eq = A(t) sin [wgt -0 ]. (4.3)

Now it is assumed that a good estimate of the true bearing 6 may be obtained from the expected
value of 9. If this is correct, then a better estimate can be made by taking A into account. If
it is agreed that for a multipath process the 6 's obtained with correspondingly large A's are
'better' than those obtained with correspondingly small A's, then an obvious type of weighted
average computation would use the expected value of the product of § and some monotonic
function of A, say f(A). An initial choice for f(A) is a linear relation of the form

_E (A sin §)

tan & =F & cos 0) °

(4.4)

This process, called linearly-weighted time averaging, is carried out in the bearing computer.
No claim is made as to its accuracy, but it appears to be a good initial choice from the im-

pressive results seen on the display devices.

Since the practical details of the MADFI bearing computer somewhat obscure its intended
function, the operation of an ideal bearing computer will be outlined in the following section.
Following this outline the operation of the actual system implemented in the MADFI will be
described. The operation of the MADFI system, however, does not depart from that of the ideal

system except in those details as will be explained.

4.3.1 Model Bearing Computer

The ideal bearing computer is diagrammed in Fig. 9. The input to this system is

normally the output from the narrowband filter e . described by Eq. (4.3). In this system two

d
sinusoidal generators phase-synchronized to the goniometer spin-frequency produce outputs

of sin wgt and cos wgt. Voltage e , is applied to two linear four-quadrant multipliers as shown

d
in Figure 9. The outputs from these multipliers at positions (2) are
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- oA A _

€, = A sin (wgt - ) sin wgt =5 cos 9 + 5 COS (ngt 9), (4.5a)
e =Asin(wt—6)coswt=—ésin6+ésin(2wt-9) (4.5Db)
2b g g 2 2 g ’

The two integrators are permitted to operate on these voltages for an interval of time T. If

their outputs are both zero at the beginning of the integration interval, the voltages at time T

are
T T
€gy = 1/2 J Acos g dt-1/2 J A cos Q2w t - 8) dt, (4.6a)
a g
0 0
T T
eq, = -1/2 j A sin 9 dt + 1/2f A sin Qw t - 8) dt. (4.60)
b 0 0 g

Equations (4.6) cannot be integrated analytically without a knowledge of the functions A(t) and
6(t). Nevertheless, the first term in Eq. (4.6a) has the form of a weighted-average value of
cos 0 indicated by A cos § multiplied by T. The second term in Eq. (4.6a) will be small
compared to the first term provided that T is large compared to 277/wg. With a goniometer
spin-frequency of 30 rps, Zﬂ/wg is only .034 sec. Since T can be made much greater than
this, the error term can be made small. Similar reasoning applies to Eq. (4.6b) so that for

long integration intervals, the following approximate equations are valid:

T T
€34 = 1/2 f Acosfdt=+5Acos g, (4.7a)
a 0 2
T T o
€y = -1/2 j Asingdt=-=Asing. (4.7b)
3b 0 2

These voltages are again multiplied by the sine and cosine generator voltages as indicated

in Fig. 9, and the outputs at position (4) added to produce a voltage at position (5) given by

ey = A sin (wgt -9), (4.8)

where

1/2
[A sin 62 + A cos 92] and tan 6 = A sin /A cos 4.

A=

po|H

If ideal integrators are used and if their inputs are both disconnected after the integration

time T, the output voltage e_ would clearly be a steady-state sine wave of amplitude A and

5
phase angle 9.
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If it is now assumed that the variations in A and 6 are slow compared to wg, that is, that

the fading process is not too rapid, then

T
f A sin 6 dt
0

tan § =

T (4.9)

J A cos ¢ dt
0
For long integration times T,this is equivalent to Eq. (4.4).

4.3.2 MADFI Bearing Computer

In order to realize in practice the system just discussed and to maintain the desired ac-

curacy the following four conditions must be met:

(1) The sine and cosine generators must be of equal amplitude, have very low output
distortion, and have a relative output phase of exactly 90°;

(2) To this is added a second problem of constructing four-quadrant multipliers
which will give good accuracy over an appreciable dynamic range;

(3) The integrators must be stable and not subject to output drift over long periods of
time and must be started together exactly in synchronism at the beginning of the
integration interval,

(4) Should it be desired to vary the integration time T, integrator gains must be made

to vary inversely with T so that the output multipliers will not be overloaded.

These problems are pointed out for the sake of clarity that, although providing the proc-
essing desired, the simplified bearing computer described in the previous section is in fact
quite impractical. However, the simple bearing computer described serves as a model for
the practical system used in the MADFI. The MADFI bearing computer differs only in the

realization of some of the components of Fig. 9 and in the type of integration performed.

The MADFI bearing computer is shown in Fig. 10. The sine and cosine generators are
replaced by square waves generated by the synchronizing generator which is, in turn, coupled
to the goniometer rotor. The wave corresponding to the sine generator is the north-south (NS)
signal, while the wave corresponding to the cosine generator is the east-west (EW) signal.
Note that the fundamental components of these waves are in phase with the simplified gener-
ators. If the multipliers in Fig, 9 are replaced by simple choppers, or electronic switches,
driven by the NS and EW generators, the waveforms at 2a and 2b are produced as shown in

Fig. 11. This figure also shows the input voltage e 1 and the two chopper-drive square waves.
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Fig. 11 MADFI Bearing Computer Waveforms
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The input to the bearing computer is normally taken from the narrowband filter, and is
given at (1) in Fig. 10 by

e = A sin (wgt - 8). (4.10)

The choppers operate in such a way that the outputs (2) consist alternately of the input signal
and then ground potential in synchronism with the system NS and EW signals as illustrated in

Fig. 11. With the input voltage e the chopper outputs are

€9y = = A sin (w t-6) [ 2k sin 2k + 1) wgt , (4.11a)

—

€9y = A sin (w t-9) { Z j cos (2k +1) wgt . (4.11p)

After some rearrangement and transformation,

o =2

2a

E] I

1
Asmwt—e sinwt+sAsin(wt-26
( ) sinwt +5 Asin (@t - )

é i_ -
+ E T A sin (wt 8) sin 2k + 1) w (4.12a)
——gAsin(wt—e) coswt+lAsin(wt—9)
Cop” g g g

2
®©
2w
k=1

Comparing Eqs. (4.12 a, b) and (4.5 a, b) we see that the first terms of €9a and €y, ATe each

equal to ezzj1 and ezb of Egs. (4.5 a, b) except for a multiplicative constant. The harmonics

Sl

A sin (wgt - 0) cos (2k + 1) wgt. (4.12Db)

differ in amplitude and number, but are all at multiples of wg and attenuated significantly by
the integration as in the previous case.
The transfer function of the integrators in Figure 10, where R2 is typically 3-10 times R

1’
may be written (dropping obvious subscripts):

— = = , (4.13)
e 1 p+a
2 RIC (p * R C)



1 . . .
where K = RIC and a = qc- In differential-equation form,
de:3
= *2es =Ke2. (4.19)

If eq (0) = 0, the general solution of this first-order linear differential equation is

t
ey (1) = f ey (1) & ™9 4. (4.15)
0

Now eq can be found when e is the output of the choppers given in Egs. (4.12). Finally, when

the first terms of Eqs. (4.12 a, b) are rearranged as in (4.5 a, b), an expression for the outputs
of the integrators is developed:

t t
e3 = K j A ea(T-t) cos 0 drt - K J A ea(T—t) cos 2w 7-6)dr
a T 0 T 0 g

t
K J‘ a(r-t) . 2K a(r-t)
+= | Ae sin (w 7- 9 E: JAe
2 0 g 2k + 1

sin (ng - 0) sin 2k + 1) ng dr, (4.16a)
-K a(7-t) K & a(7-t)
—JAe sinGdT—;J’Ae sin(2wg7-9)d‘r

a(r-t)

tA a(r-t) sin (w 7-0) dr+ 2K 3 Aé?
Jae sty z ZTkTs f
k=1

+ cos (ng - 0) sin 2k + 1) wg'r dar. (4.16Db)

If we make the same assumptions as in Section 4.3.1, that the integration time T is long com-
pared to the goniometer spin period 2 17/(«)g and steady-state conditions have been reached,

all terms in Eqgs. (4.16) containing integrands periodic in multiples of wg, may be neglected and
equations similar to Egs. (4.6 a, b) resulit:

€3, =% j Aea'(t -T) cos 6 dt, (4.17a)
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T
e = -% f AT i g at. (4.17b)
0

3b

Next the integrator, output voltages (4.17) are multiplied by the chopper-drive waves as in

Figure 10. (Note that the high-order terms contain only odd harmonics of wg.)

T
e, =L sinw t A e(t_T) cos 9 dt+... (4.18a)
4a 2 g
i 0
T
e, =-K oswt A e(t_T) sin § dt+... . (4.18b)
4b 772 g 0

The voltages at position (4) are linearly added, after which the high-order odd harmonic

terms are removed by the comb filter. Thus the voltage at position (5) is:

ey = A sin (wgt -9) (4.19)
where
1/2
T 2 T 2
A - Ez D AT oo dt:| + D AT g dtJ (4.20)
m 0 0
and
T
f AT i g at
— Yy

tan 0 = (4.21)

T )
J A ea(t_T) cos 9 dt
0

Fxcept for the ea(t-T) factors under the integrands, Eq. (4.21) is identical to Eq. (4.8). Thus
the MADFI bearing computer does, infact, perform substantially the same processing as the

simple bearing computer described in Section 4.2.

4.4 MADFI Bearing Computer Instrumentation

Realization of the MADFI bearing computer components indicated in Fig. 10 is for the
most part straightforward. The chopper and d-c amplifiers are designed for extremely low
d-c offset and drift. The d-c amplifiers have an open loop gain of over 100 db but a closed
loop d-c gain in the operational circuit shown of only about 3 db. It appears feasible to do
away with these operational amplifiers by replacing them with simple RC circuits. They were

included in the MADFI equipment for reasons of design flexibility and convenience.
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The time constant of the feedback components of the operational amplifiers is selectable
between 1/3 and 30 seconds. The exact values depend on the multipath process fading rate
and are chosen experimentally for each operational situation. The integrated 'bias' in favor
of a particular bearing may be reset at any time by a switch, which simultaneously shorts the

feedback capacitors.

The comb filter contains three zeroes positioned to provide maximum attenuation of the
most significant odd harmonic components of the goniometer spin-frequency w _and minimum
attenuation of the fundamental component. A problem encountered during design was the
change in incremental inductance of the iron-core inductors with changes in signal levels.
Bearing errors of as much as a few degrees accrued at extremes in input signal levels, but

were minimized by operating the inductors well below saturation levels.

4.5 Synchronizing Generator

The synchronizing generator provides the NS and EW signals to the bearing computer as
required in the preceding sections. In addition it supplies special signals to the digital dis-
play, which will be described in Section 5.2, Figure 12 shows the three-output signal wave-
forms, which are periodic at multiples of the goniometer spin-frequency wg. Channel 1 (count)
pulses occur at a repetition rate of about 5.3 kcs and are used in the digital display circuits.
Channel 2 (NS) and 3 (EW) signals occur at a rate of about 30 cps and are used in the digital

display and bearing computer circuits.

The waveforms shown in Figure 12 are generated by a photoelectric method involving a
rotating code wheel coupled to the goniometer rotor. As indicated in Fig. 13, the rim of the
transparent code wheel is divided into three tracks, one corresponding to each output channel.
Each track consists of a series of strips of opaque material placed in the pattern indicated in
Fig. 13. Three miniature lamps placed in the general area behind the strips and behind the
outer web of the wheel provide illumination of three photosensitive diodes mounted outside
the rim of the wheel. The output of each of the photodiode amplifiers corresponds to the
presence or absence of opaque material in its respective track as the wheel revolves in the
direction of the arrows and results in a square waveform as shown in Fig. 12. The circuit
shown for supplying operating voltage to the lamps was chosen for mechanical convenience.
The protective diodes shown prevent a multiple lamp burnout situation in event of a single lamp

filament failure.

In this and other digital-type circuits used throughout the equipment, waveshape and

driving levels are standardized for compatibility reasons. System waveshape characteristics
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have been chosen appropriate for 1-mcs operation, with zero volts corresponding to a logical

"0" and -3 volts to a logical "L"

5. DISPLAY AND RECORDING SYSTEM

The MADFI display and recording system displays the amplitude and bearing of the inci-
dent signal on several types of readout devices. Instantaneous bearing indications are visible
on the modified AN/TRD-4A cathode-ray display as the conventional propeller-shaped pattern.
As an added convenience the automatic sense circuit blanks the anomalous half of the propeller
associated with the 180° ambiguity mentioned in Section 3.1. A permanent record of the
cathode-ray display may be made by the pen recorder, which traces a polar-coordinate plot
not only of the indicated bearing but of the bearing signal amplitude as well. A three-digit
decimal display reading directly in degrees is included in the system as well as paper tape
punch which records the decimal display indications. The decimal display and the paper tape
punch are sampling-type systems which display and record bearings periodically at a preset
rate. Such a system in conjunction with the processing system yields very low information

rates for peripheral computer processing.

5.1 Cathode-Ray Display Operation

The cathode-ray display utilizes components of the prototype AN/ TRD-4A system. Its
principal modifications include the addition of the automatic sense circuit and provisions to
convert the MADFI bearing signal to a compatible signal appropriate for the AN/ TRD-4A

cathode-ray display circuits.

The operation of the modified AN/ TRD-4A cathode-ray display may be better understood
by contrasting it with the operation of the unmodified display. Figure 14is ablockdiagram of
the unmodified AN/TRD-4A system. The cusped waveform (a) appearing at the receiver de-
tector output is a full-wave rectified sine wave resulting from amplitude detection of a
double-sideband suppressed-carrier wave. This wave, normal to the unmodified AN/ TRD-4A
operation, is connected to an amplitude modulator in such a fashion that its amplitude zeroes
correspond to peaks in the output. The 72-kcs subcarrier frequency is used to facilitate
passage of the wave through a second goniometer. The two resultant goniometer stator

voltages deflect the cathode-ray tube to produce the conventional propeller pattern.
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Figure 15 is a block diagram of the modified system with the addition of MADFI auto-
matic sense circuitry. In this case, the receiver output is an amplitude-modulated wave with
index less than unity, so that the detector output is a sine wave plus a d-c¢ component. After
removal of the d-c component by a high-pass filter, the resultant sine wave bearing signal

is full-wave rectified to provide the normal cusped signal for the 72-kcs modulator.

If the remainder of the circuitry were unchanged, the propeller pattern would be identical
with that described above. In the MADFI system, however, a blanking signal is generated in a
balanced modulator by driving this modulator with wave (d), a 90° phase-shifted version of the
sine wave (a), and with the same 72-kcs subcarrier as the original modulator. This 72-kcs
blanking signal, wave (e), is phased in such a manner as to blank one-half of the propeller

pattern as shown.

5.2 Modifications and Additions to Cathode-Ray Display

Modifications to the AN/TRD-4A cathode-ray display are shown in Fig. 16. An amplifier
was added to increase the blanking signal at the grid of the cathode-ray tube. The synchro-
nizing signal which is routed to the automatic sense circuit is derived from the grid of the
72-kes oscillator tube in the indicator chassis. The transformer and diodes and RC network
shown are components of the full-wave rectifier and its associated phase equalization net-
work. Although the transformer is operated well below saturation, considerable pattern dis-
tortion is observed with rapidly fluctuating incident signal amplitudes when the detector is
patched via the patch panel directly to the cathode-ray display. The rapidly-changing d-c
component generates low-frequency signals which cause saturation of the transformer. Since

this patching condition is rarely uséd, a solution to this problem was deferred.

The automatic sense circuitry is contained in an external module located in the analog
case. Its circuitry, shown in simpiified form in Fig. 17, is that of a ring-diode balanced
modulator preceded by a phase-shifting network and followed by a 72-kcs amplifier. Its per-
formance is such that a discernible blanking action is visible on the cathode-ray tube even if

the bearing signal is too low to form a recognizable propeller pattern.

The manual operation of the AN/TRD-4A indicator is left undisturbed, including the
manual-sense circuitry. The MADFI operation is identical with manual operation except that
the sense operation is automatic. The relay evident in Fig. 16 is part of the manual-automatic

switching circuitry and is shown in the manual mode.
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5.3 Pen Recorder

The pen recorder used in the MADFI to record amplitude and bearing indications is a
Moseley Model L X-Y Recorder. This recorder is connected to the bearing computer opera-
tional amplifier outputs so that the X-channel indicates the voltage €3, at position (3a) on

Fig. 10 and the Y-channel indicates the voltage e,, at position (3b) on the same figure.

Points are plotted on polar coordinate paper arr:rkl)ged on the pen recorder so that the Y-axis
corresponds to an angle of zero degrees and the X-axis corresponds to an angle of 90°. In-
spection of Eq. (4.18) reveals that the amplitude A and bearing 6 of the incoming signal are
represented by the radial distance and angular argument respectively of points plotted in this

manner.

The recorder is equipped with a 'pen pecker' which causes the pen to strike the paper
periodically and produce a sequence of dots rather than scrawl continuously and produce a
tangle of wavy lines. It is believed that 'scatter' plots produced in this manner over a time
interval of a few minutes will provide considerable information as to the nature of the fading

process.

5.4 Decimal Display

Digital readout of bearing indications is shown by a three-digit decimal display. The
display contains large, easily read incandescent projection numerals and reads directly in
degrees. Convenient binary-coded-decimal outputs are provided for either a peripheral paper
punch or a digital telemetering link, making unattended operation at a remote field site con-

venient and attractive.

The circuitry used in the decimal display and shown in block diagram in Fig. 18 is
basically that of an event counter which operates during that interval the goniometer shaft
moves through the angular displacement ¢ corresponding to the incident signal bearing 6.
The start-signal to the counter is generated by the synchronizing generator as the code wheel
passes through an angular position established as a north referencé. The stop-signal to the
counter is generated at the time of each positive-going zero crossing of the bearing signal €
from the bearing computer. During the interval between the start- and stop-signals, the
counter totals the number of 1/ 2O—pulses produced by the synchronizing generator in con-
junction with a circuit called the count multiplier. Several design innovations have been in-
cluded in these circuits for reasons of accuracy and reliability and will be described in the

following sections.
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5.4.1 Count-Control Circuitry

The count-control circuitry of the decimal-display consists of all the blocks in Figure 18
except the decimal counter and the zero-crossing detector. The count multiplier employs a
blocking oscillator synchronized to the fourth harmonic of the 5.3-kes count signal from the
synchronizing generator. Since the count pulses occur once every 2° of rotation of the code
wheel, it is apparent that the pulses produced by the count multiplier occur every 1/2° of ro-
tation. The count-control and count-gate circuits gate the pulses produced by the count mul-
tiplier according to a start-signal produced by the synchronizing generator, a stop-signal
produced by the zero-crossing detector, and an inhibit-signal produced by the display delay

circuitry.

The inhibit-signal is generated by the display delay circuit, which controls the length of
time a count is left on display before another count cycle is initiated. The circuit, controlled
by a simple RC delay, establishes an enable condition to the start gate at some time during a
revolution of the goniometer shaft. The next start-pulse to appear switches the count-control
circuitry to the ON state. The following stop-pulse resets not only the count-control circuit,
but the display delay circuit as well, and the delay begins timing the display interval. At the
end of this interval, the enable condition is again established and the cycle repeats. The
display interval may be adjusted by the operator, but a count may be initiated at any time by a

reset control provided for that purpose.

Particular care was taken in the design of this circuitry to minimize false counts due to
undesired coincidences of the various pulses. If in any case the counter is 'confused,' it is
reset to zero and awaits the next start-pulse. This reset condition persists for only a frac-

tional revolution and is generally unnoticeable.

5.4.2 Zero-Crossing Detector

The practice of finding the bearing estimation 9 of Eq. (4.5) by zero-crossing detection
requires a highly precise zero-crossing detector. The design precision of the digital display
was set to be +1/ 20, which corresponds to three significant figures on the three-digit display.
This precision corresponds to about one part in 700, which is also a voltage differential of

one part in 700 since the slope of the bearing sine-wave signal at its zero crossings is unity.

Precisions such as this led to the approach chosen in the MADFI and illustrated in the
circuit of Fig. 19, a circuit borrowed from analog computer technology. Each of the strings

of four silicon diodes in this diagram provides a convenient voltage reference. When the voltage
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at the output exceeds this voltage the feedback diodes conduct and the device gain approaches
zero, whereas when the feedback diodes are not conducting the full gain of the d-c amplifier

is active.

The circuit used in the MADFI includes a level detector which supplies a lock signal to
the count-control circuitry in the event of insufficient bearing signal amplitude. The lock

signal holds the decimal display at the last successfully completed count.

5.4.3 Binary-Coded Decimal Counter

The counter indicated in Fig. 18 is a three-digit Binary-Coded Decimal (BCD) type of
conventional design. A feature of note is the automatic-rounding circuit, which rounds off
the units digit according to whether the number of 1/ Zo—pulses passing the count gate is odd
or even. Instead of the + lo—ambiguity present with conventional counters of this type, the
reading is now accurate to the nearest half-degree. The technique consists of complement-
ing the 1/2°-flip-flop of the counter with the register pulse and propagating any 'carries’

generated.

The ten BCD outputs from the three decades—four each from the 'units' and 'tens' dec-
ades and two from the 'hundreds'—are connected by three BCD-decimal decoding matrices
to driver transistors for the decimal-display lamps. Buffered outputs are also available to

drive the paper tape punch.

5.5 Paper Tape Punch

The paper tape punch provides a means of saving bearing estimates produced by the
system for later computer processing. With the present system the bearing is punched once
for each count cycle of the decimal-display. No provision is made for recording any amplitude
or time information. However, even records of this simpler type may be highly useful in

evaluating various combinations of processing elements.

The tape punch, affectionately called the Michigan Automatic Generator of Indigenous
Confetti (MAGIC), is adapted from a commercial tape transport through the addition of
laboratory-constructed solenoid drivers and timing circuits and an integral d-c power supply.
The unit is completely self-contained and may be driven from any source with compatible in-

put signals.

The punch is capable of recording eight binary bits of information per line of tape at a

rate of 60 lines per second. This rate is more than adequate to obtain one recording for each
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revolution of the goniometer drive shaft should such a rapid rate be desired. Since ten
channels are required to record the full three-digit number from the decimal-display, two
lines of tape are required per count. At present no provision is made in the MADFI system to
do this; only the low-order bits from the 'units' and 'tens' decades are recorded as one line
of tape per count. A device to perform the desired multiplexing could be realized using, say,
a multicontact pulsed relay. Also, the received amplitude information could be recorded
through an analog-to-digital converter, but neither the complexity of currently available tech-
niques nor the high cost of commercial units was considered justifiable under the present

effort.

The diagram of Fig. 20 shows a logical diagram of the punch as well as the tape format.
The inputs are connected to a set of lines in which a level of -3 volts corresponds to a punch
and a level of zero to a no-punch. The inputs are normally gated off so that no-punch action is
initiated except on the receipt of a register-pulse. The -3 volt register-pulse causes a 4.5-ms
pulse to be produced which then routes the inputs through the solenoid drivers to the punch
solenoids in the tape transport. Following the punch action, asprocket hole is automatically

punched and the tape advances one line.

A button is provided to punch sprocket holes and advance the tape without punching any
input information. This button is used for loading and clearing the transport and preparing

leaders, as well as for producing confetti for a multitude of uses.

6. FIELD MEASUREMENTS

Due to time limitations imposed on the present effort, very little quantitative information
has been gathered concerning system performance. A site for the antenna array was chosen
that is believed comparatively free from man-made noise. The site is a partially forested,
gently rolling, hilly terrain about thirty miles northwest of Ann Arbor, Michigan. With the
aid of a surveyor's theodolite, the antenna array was erected and surrounded with bearing-
marker stakes every 15° at a radius of about 100 feet from its center. The target transmitter
supplied with the AN/ TRD-4A equipment was placed on each of these stakes in turn and the
MADFI indicated-bearing recorded. Deviations between the actual and recorded bearings are
summarized in Fig. 21 for frequencies of 6, 8, and 10 mcs. The deviations are evidently

due in part to the influence of the shelter and, at the higher frequencies, to the octantal error.
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Qualitative data regarding the worth of the processing system components are difficult
to collect since relevant data are largely statistical in nature. It is certain that, on a sub-
jective basis, the appearance and stability of the cathode-ray display are vastly improved over
that of the unmodified AN/TRD-4A. Stable bearings on single-sideband, hand- and machine-
telegraphand evenkineplex transmission are readily achieved. When the bearing of a station of
known coordinates was compared to that indicated by the MADFI, agreement to within a couple
of degrees was common even in the presence of multipath processes that caused the unmodi-
fied AN/TRD-4A indicated bearing to vary over a range of 180°, However, to support these
subjective observations quantitatively, it would be necessary to collect a large enough quantity

of data for a thorough statistical analysis.

7. SUGGESTIONS FOR FURTHER RESEARCH

The MADFI system is intended as a research tool. As such it has application in studies
of ionospheric phenomena and direction-finding techniques. However, some of the MA DFI
operating characteristics may need to be refined so as to inject the least amount of error into
some specialized measurements. Thus, itis suggested that further research include some

considerations of equipment improvement.

7.1 Collection of Bearing Statistics

Bearing statistics furnished by the MADFI equipment could well be used in studies of
ionospheric phenomena related to radio transmission. Probably the most useful record of
these would be the paper tape record, together with additional amplitude and time information.
The bearing estimates could be read at high-speed directly from the tape by a general-purpose
computer. Results of a large amount of data taken over several months could be processed
in this manner to give statistical information concerning ionospheric dynamics and ray-re-
tracing techniques. Of equal importance would be the quantitative information available con-

cerning the evaluation of antennas, sites and direction-finding methods in general.

7.2 MADK System Improvemess

As a system, the MADFI has operating characteristics which are deemed undesirable
under certain conditions. A few of these will be discussed in the following paragraphs to-
gether with suggested improvements. Some of the problems in the MADFI are directly related
to those in the original AN/TRD-4A DF Set, and many in the areas of antennas, goniometers,
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and receiver filtering have been discussed elsewhere (cf. References). It is believed that
attention therefore should be concentrated on problems of the processing and display systems
of the MADFI.

Throughout the MADFI effort,little attention was paid to the effects of nonuniform phase
characteristics of the postdetection filtering components. The effects of this distortion are
significant only in rapidly fluctuating multipath processes and in this connection may be

worthy of further study.

The realization of the bearing computer has demonstrated the promising features of
linearly-weighted time-averaging. Virtually no quantitative testing of this particular weighting
scheme was possible on this project. Examination of this and various other weighting tech-
niques for use in the bearing computer would be desirable, especially in connection with the
problem of rapid and widely varying signal amplitudes. Some system of utilizing automatic
gain control-circuitry in the receiver appears particularly attractive in view of the wide

dynamic range associated with some multipath fading processes.

The operational amplifiers in the integrator circuit of Fig. 10 could be eliminated from
the system by replacing their gain with the other active circuit components. Although the
amplifiers were designed for maximum stability through the use of differential circuitry and

silicon-type transistors, the small but measurable drift affects MADFI long-term accuracy.

As mentioned in Section 3.2.2, the comb filter might be improved through further study.
The three-zero design was used as a result of an arbitrary choice made some time ago in the
history of MADFI. Unquestionably, a method of eliminating the nonlinear iron-core inductors
would be most desirable to implement. An estimate of bearing error due to residual harmonics

at the filter output should be studied.

As mentioned above, the paper tape punch is not equipped to record the amplitude of the
bearing signal. An obvious improvement in the recording system is to incorporate provisions
for this. An analog-to-digital converter would be required along with a multiplex unit. Addi-
tional convenience would be gained by including a provision to record periodically the time of

observation.
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8. APPENDIX
OPERATION NOTES AND CIRCUIT INFORMATION

Most test points adjustments and indicators for setup and operation of the MADFI are
readily accessible from the front of the equipment. Figures 22 and 23 show the logical dia-
gram and cable interconnections, Figs. 24 through 28 show the equipment and connector place-
ment within the racks, and Figs. 29 through 31 show the arrangement and labelling of the vari-
ous controls. Figures 32 and 33 show the logical interconnection at the modules in the Analog

and Digital racks. The remaining figures, 34 through 60, show the detailed circuit diagrams
of the modules within the rack.

After the usual procedure is followed, the AN/TRD-4A is tuned and adjusted with the
MADFTI in the manual code. With the receiver RF gain control at minimum and MADFT in the
automatic mode, the regulated power supply should be adjusted, and all d-c amplifiers zeroed.
In the case of the operational amplifiers in the bearing computer, zero adjustments are made
both with the INTEG RESET Button depressed and released. The balance control in the auto-
matic sense module is adjusted for minimum 72-kc carrier at the output and the null controls
of the comb filter adjusted for minimum goniometer-spin frequency harmonics at its output.
The lamp current control (on the goniometer drive chassis) is adjusted for lamp brightness
consistent with good pulse shape of the count (Channel 1) output. The narrowband filter gain
is found by experiment. Sense phase adjustment is made using an oscilloscope connected to

the R-390/URR IF output to obtain a good amplitude-modulated wave.

Using the RF gain control of the R-390/URR, the system gain is set at a point where the
output meter reads one-half scale (50 na) allowing for the integration time of the bearing
computer. The input meter should not swing upward off-scale under any fading conditions.
The narrowband filter gain may be used to increase the processing system gain if necessary.
Integration and count times are choéen appropriately for the signal dynamics, and the AUTO
SENSE and AUTO/MAN switches are used as desired.

39



DISPLAY BUFFERS

POWER

DISPLAY

L POWER
SYNG
|
COUNT | BGD
| CONTROL | COUNTER L
. 4
DIGITAL GASE
3
[0
'—
P
(@]
I O]
L.l DISPLAY : CONTROL
______ T
CONTROL UNIT |
(@]
o
= O
Z| €
[ [ 8 n
AUTO | NB | BRG |
| SENSE | FILTER | COMP
1 ]
ANALOG CASE

CONTROL
POWER

CRT BLANK

HF SYNC

RECEIVER INDICATOR

; |

MODIFIED  AN/TRD4-A

Fig. 22

40

System Logical Diagram




TYPE OF CIRCUIT

w
l A
: TYPE OF
POWER SYNC 2 5 RF AF CONTROL
OWe o 3 EQUIPMENT
J401-J404 GONIO. DRIVE
J4ol-
P70l PG2 PGI J40Q54405 P40I (G)
] ﬂ Q 0
m — —
';_J x >
wlw I Y CONTROL
= o
2% ol 2|0 PC6 PC5 PC2i@| PC4PC3PCI (C)
3 ol el ™ —° ? 9 9 9
(U]
Y J324 46 é
J304 J322 L jg?le- tw J303 INDICATOR
g 1]
nsv| P302 J J302 | oluz23nluz2l P30 J30I (I)
-0 4 ¢—O0 >¢—0 ) °
T T T 5
Il 2
J108 JIO6 LOCAL RECEIVER
AUDIO R)
H5V| Jio4 o J107
2 Z '5 it
o 2| 2| >
W w | g PPl PPE 2| g < g 3| | PATCHING
g of | & PP8PP2pp3PP4ppsPP7 | S| S| &| 5| £ (P)
> 5|2 2959295 SEEEE
n ) h ET?)TZT oT T al a
slylofofw ANALOG
! N JEEHE 1
PAIO : .| PATPAAPASPABPAG P::\z (A)
- Ooa—t——
PAIl PA3 2 X pag |PLOT
g g < 1
W
13 [oGiTaL
(O] [0} Q
S S PD3 PD4PD5PD7| (D)
pD2Y PD6Y
473 37 2 pO1ow—ELNCH
[ [ d
o ®
Ei b4 ai & 4 & 8
PXIPX2PX3 | PXSPX7PX8 | PXIIPXI2 PXIO PX9 CONNECTOR
PX4 PX6 (X)
T [+
péa : POWER
1sv| Psi (S)
+——0

Fig. 23 System Connector Diagram

41



qusWI0BTd JO30SUU0) PUB STNPOW 988D JoTeuy

dv34-3SVvI S0TTVNV

¢g *31d

1vd @ evd
gvd @
olvd (® Svd 2vd
lvd @
6vd @ vv Ivd
ovd
INOY4-3SVD 9071VNV
oo 2|2l 12| () |8] |&| 8| 18] |&| 3] |®
90 of M ndw W > o M > o L b
vo o @ (2| 3| |3| (2] |2| |3] |g] |F| |F
2 1] 2 r z
20 o] — w
1S3L m
< < < < = = =< < < <
- n (Y] H (8,4 [e2] ~ @ (o} m
NUSWo0RTd J0109UU0) JO1BISUSY JUTZTUOIYIULS e *9Td

YVHY —HOLVYIANID ONAS

O
€dl

O
Idl

@)
2dl

29d

19d

42



o N T O
U)O";oooo

w
-— o o o o
m@"‘-mm»

I 689% 030
[4}] ¥09% 03a
eW ¢O0ly 23a
PN 129} 030Q
SW G2y 030
9N IL91 230
LN SiZgy 03a
8W 1291 230
6W Si2y 030
OIN ¢0lvy 230
1N SOl 23a
2IN 602t 030
EIN £0ev 230
PIN Olvv 23a
SIN Ol ¥ 23Q
9IN Olgy 030
LIW 1NN LNNOD
8IW dWV 2d
6IN axz

DIGITAL CASE —FRONT

RDS

PD6

PD7

PD4

PD!

PD2

PD3(®)

43

DIGITAL CASE-REAR

Digital Case Module and Connector Placement

Fig. 26



SENSE
IXI JX3 JX5 JX7 JX9 ANT.
‘ RELAY
JXII JXI2
X2 JX4 JX6 JX8 N RO
CONNECTOR PANEL-REAR
Fig. 27 Connector Panel Connector Placement
JP12  JPJI JPIO JP9 JP8 JP7  JP6 JP5 JP4 JP3 JP2 JPI
& ® & 8 & & & & T 6

PATCHING PANEL-REAR

Fig. 28 Patching Panel Connector Placement

44




QUaWsoBTd J0908UU0) PUBR TOJIUO) 3FTUN TOIFUO)D

dv34-1INN TT041NOD

62 *3Td

@ vor

20r

AHV €0 |2or |[1or
sor

1NOY4-1INN TTOHLNOD

AVdSIA TvLiolg

AHWV Aﬂwv 1353y
93INI
INIL OILNI
ISN3S
IN41N0

13S3y
1NNOO

NVW

oLnv

ORG

3WIL 1NNOD

313K

LNdNI

45



ON

OFF

OJl OJ2

OJ3  OJ4

OJ5 OJe

OJ7 OJ8

S1
J1 » NOT USED
J2

J3 - 72 kc AUTO SENSE

J4 - COMB FILTER OUTPUT
J5 - EW OUTPUT CHOPPER
J6 - NS OUTPUT CHOPPER
J7 - REGULATED +6 VDC
J8 - REGULATED -12 VDC

Fig. 30 Analog Case Test Panel

46



N's O

OFF

O Jl OJ2
OJ3 OJ4a
O J5 OJ6

OJ7 OuJs

St ON - TEST
OFF - NORMAL

S2 PUSH TO CLEAR

J1 - N-S SYNC J2 - .59 CLCK

J3 - E-W SYNC J4 - COUNT TIME

J5 - 20 CLCK SYNC J6 - DELAY M.V. DISABLE
J7 - STOP PULSE J8 - TEST PATCH

NOTE -

FOR TEST J8 IS PATCHED TO
J1 (0° OR 360°) OR J3 (90°)

Fig. 31 Digital Case Test Panel

47



01307 ase) JoTevuy 2¢ 814

g ivi3g 33S p 310N

D vi3g 33S '¢ 310N

g Ivl3a 33S 2 310N

v vl3Q 33S I 310N
n sve

NI dWOD 98
SN ONAS ©  °¢TEVf
M3 ONAs °  ETEVP

LN TN 9 W N =
: b b § i |
ovr 10 A 9W < LW | 3] ew 2 W EI I cW e

dWO0D ou8 | 1114 8WO0D [ 310N| dWV 20 43ddOHD [ 31ON| dWv 2@ 43ddOHO[ 3LON| aWv 2a
N Al X N INE? Al X A X v-evr
- uve
8dl o T 1-oIve
ldl o— 5T AGI- 0——o  Z-lIVP
AQl+ o—o ¢€- IV
ed .:J Al x Al x
8w SW 6W v OIW
g-ovr o WNVI8 183D 3 u%www 3 ] HMd 93y 1114 8N [ 31ON| dWv 2a
[ % H[ 3

YVl 10 i3 an N i3 8N Lvr
NI 3SN3S oLnv = ovr
G=°  9-evr
o z-0Ivr

ONAS dH

48



6W
43114 8N

013077 ose) 8ojeuy z2e i

—° bdl

9w 3 v. LW
14 8N0d = =1 dWv oa
r r
5 TIvi3g

—————0 22—V}
¢————o G-2VI
p-2vr
Z z N TN
OIW 2N r Iy +W IN
3 x dWV 20  H¥3ddOHD > Z dWNV 00  H3ddOHD
M M A °9ar
-
a Tvi3a g 7ivi3a

———————0 ¢ -~|vr
—————o ¢-2vr
2=-2avr
x )
r M €N
7 Z dAv 0Q
O
A Sdl

VvV vi3g

49



Toxquop qumo) - 5T80T asE) TerTSIq

<]

1NNOD

¢¢ -91a
2e-var o'llm w\xmm H.I.T i m....wﬂ
- 8dl
'SOd (440) 1 A T oIN [ nwﬂuom
TVINHON NI NMOHS 2S ANV IS o I 3 um.m__%n_ Om.o/.wl o - n\%
= +—o
8 TIv13Q 33S "2 3LON AN [S R VIS Tm| axz [}
v 1lvL3a 33S °| 310N N = NI
v = T 1 9-gar JLINN TOHLINOD NI - _ | 30N |dsia-91a
wvao os | SIW LS 4 1
? 25 9dL w| AN Ivdvd W W meﬁ
r i H [ [ ant [ ANt (] A3A9n [T
ge-var o————¢_ | 3AN =
71 9wVl I3 T SIN .M
(g3sn LON) p— _l AVT13Q 93LNI
_,hw..l ANI [S] n W
mms_ " 2 3LON
R WY ANI
62-var AOI+ [ 3snd |4 318VN3 Jommﬂuu N !
ALY  g-gar © L
£-ear gl bdl X h L v-sar
vZ-var ] T = = =
—zap T T T 2IN o W
¢-2a do14 din4 ANI
| om OIW o |, | s _ cal o oc-9ar
= I m| MNI ANI [ ANT [q p2 Y] k*: iT M3
2i—iar INAS
I-zar X ‘ A Ng Ho 2w (LHws) 8 e s—oz-9ar
. Wl W AL RE ANl |'S 3| 35904 |S H omum
1-<d 43151934 ANI ANI _ 241
gz- var L
ZN W 1NNOJ
1-1ar o- dANV  jo———— = =
s| 3snd [N ZIN T il
3S7Nd ¥31S193Y —] do14 d114 vIN LIW
Le— o N39 LINW 1-9ar
N = d| 34w H ]3| 3s7nd [S 3| 1NNOD |4 [ 1NNOD
Ie-var oii 3AING -
el gl 6W | e gd1 ONAS
dWVY1 1NNOD " d 4o ds [
1NNOD

50



BCD
DECODER
M4

DECIMAL
DISPLAY
UNITS

P uD4-10

2o upa-9

Y

——o0 JD4-8

X & 04-7
W

———o0 JD4-6

Y JD4-5

Y 5 upa-4
T
o Jp4-3
s

o0 JD4-2

R
—o° JD4 -1

DETAIL A DETAIL B
. [ ]
R_W MI3 LO JD5-2
Mi9 S X MI8 INTEG © JD5-3
zxo P pc amp DELAY F2—o JD5-I
Y_ Y ]
vV J
Fig. 33 Digital Case Logic - Count Control
HIGHER DECADES
TAPE PUNCH
JDI-4 0——T——'\/W—O
N F
M E|
v |z
,_L FLIP FLOP |V
M5
JDI-3 o—— o AAA—oO
L fx w J
K ' H
w .
T U
- | |FLP FLOP | E
@
5 M5 F
JbI-2 o—————o—AAWN—0 - 2
J 3] Ts R L
H ' | K|
e 1
N P
- FLIP FLOP (M
ws o
JDI-1 o—————AAANN—0
F IL K N
E ' vy
INV o -
M3 H J
..L FLIP FLOP
M5
Ir Te
CLEAR o~
COUNT o
Fig. 34 Digital Case Iogic - BCD Counter

51



TAPE PUNCH DECIMAL
- DISPLAY
F L HUNDREDS
E v
NV |E . Y - o w430
MIO | F T
BCD L o JD4-23
L FLIPM;LOP _L_E DECODER |5, ypg-22
bI—s 4 Me R . ipa-2|
© "z vV jx w N
y M|
INV -
w3 [ T U
_L‘ FLIP FLOP
M9
JDI—8 o————o—AA\\—0
y ’rs R F
W -
INV W _ o
M3 IRE: TENS
1 FLIP FLOP |V P 6 JDa-20
= M7
DI-7 oA —Tw 5 up4-19
J
, ,,_T < Y 5 Jp4-18
INV | . A X, JD4-17
M3 T U BCD w
_L « - = JD4-16
L § FuPMF?LOP % DECODER [V, jpga-i5
DI 6 o z M6 Y JDa-14
T S R L T
‘ I o L & JD4-I3
w;z S T Kl S o w4-12
R
_]_ N P L o JD4-I]
FLIP FLOP [M
= Mz [
JI=5 o——AW—o L Ik N
INV o >
M3 H J
1 FLIP FLOP
= M7
’_fF E
{
LOWER DECADE
Fig. 34 Digital Case Logic - BCD Counter

52



RS-722-2

QUTPUT SOCKETS
3 CINCH JONES S-308 FP.
T -
s OEC ‘ —0} 1 via) @0 1070 amps
INPUT - llOls l
e o 0 r s w0 2,500
AMPHENOL I =T 2sv “Twro <r2
g ~__T : ) 25v 2'5 25w
= Cl < 5%
-0 DUAL ! —OGND
2X 0l MF§ :
22 1,000V DC L !Fnazos PIN | — +lov(A)
2 = +0Vv(B)
+ 06
= 35500 “NSZO@ S 9300 MFD 3
“T Meo Yor | v . ]
bl N3208
5
c4 -
_“3?‘4;00 1[["0352“ 6 ] ¥
o] ™ -3V @ 010 +1.2aMPS 7
04 8 25w 8 :I GNO
IN3208 % .
¢ —O-15v @ Ot 6.5AMPS
*SUM_OF OUTPUT  CURRENTS ARE
UMITED 8Y THE, FOLLOWING EQUATION
Blip+ 61)5 =
UNLESS OTHERWISE INDICATED
RESISTORS ARE 172w, 10%
CAPACITORS  ARE  MMFO THIS SCHEMATIC 1S FURNISHED ONLY FOR
TEST AND MAINTENANCE PURPOSES, THE
Fig. 35 POWER SUPPLY DEC722 CIRCUITS ARE PROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.
COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION
RS-1671-3
E
F %
H
.r"'g
e +
w__ O~
NFio-L M
mmmn‘oeooo7bomuonllmus4m?sm7 ] o0
YYY Y Y YYYY FY Y SY Y YV Y VY y f"!f"hi" Y Y
> Ri S na 2re Ry R0 Riz M 2 mig Qe n20
%n.ooo 7,000 ?m ?looo ?u:o ,000
C-15vO—
ol Q2 o3 as o6 Q7 o ® o0
150 2N224 zuzzi_@inzu 2N22¢ 2N22¢ r@:n:m tutzf_@:u:u r@z_waa 2N224
L1y
RS RS R? ) Ril n3 s RI? an w2l
10,000 16000 10000 10000 10000 10000 10,000
8 +oVB) O s
0 GNOO- Pt
ot oz o o ) o o7 ( j)oﬂ ( S)m G20
2N22¢ N2 2284 2n224 224 (e aneee (11 (27 ntte
° ] t 3 . s . v . s
P [ . T v v v x Y z
[;;li;:;lll:l;l;l;::l:: I
UNLESS OTWERWISE  INDICATED THIS SCHEMATIC IS FURNISHED ONLY FOR
RESISTORS  ARE i/2W, . EST AND MAINTENANCE PURPOSES. THE
DIOOES ~ ARE  IN276 F;g' 36 B.C.D. LIGHT DRIVER DEC1671 CIRCUITS ARE PROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.
(Digital Modules M)'l- , NE ’ MB) COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION

53




RS-4102

———OA+10v (A)
R3 RIS
68,000
Vaw 6:3’%? 0
—OD GND
Q%
2Ni305 2N 305
)
D12
¥ Neas
cio
ci -r’ R2 Ri4 O = Y2
G Sibo ko [ =T ™
5% 5%
DIO
!!mscsj_ o
ol
—OR —O02Z MFD
[« o
3
[e]
05 D9
IN276 IN276
4 @
¢
> > > > > >
RI3 RI6 RI9 R22 R2S Rr28
1500 1,500 %,emo %1,500 %I.SOO %550
c-1sv

UNLESS OTHERWISE INDICATED
RESISTORS ARE 1/2W 10%
CAPACITORS ARE MMFD

RS-4105-5

Fig. 37
(Digital Modules M3, M1O)

INVERTER DEC4102

THIS SCHEMATIC IS FURNISHED ONLY FOR
TEST AND MAINTENANCE PURPOSES. THE
CIRCUITS ARE PROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.

COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION

OB +10V(8)
R4 -0 A +10V(A)
68,000
Ve w
H
J
R3
3,000 c3
5% seé[
]
+ -0 GND
Q2
-] Fotas
K A A%
IN645
e L ¥ L&
MFD | IN635 T 4ro
OR Ov 0z !!PN7645
Ril RI2 RIS
. 1,500 1,500 L 1,500
o & 8% 02 % Y 5%
IN276] * IN276 IN276 Ri4
560
/2w
o C-15V
THERWISE INDICATED:
:::fssrsong AERE‘” SIZW ?0% THIS SCHEMATIC IS FURNISHED ONLY FOR
\ . TEST AND MAINTENANCE PURPOSES. THE
CAPACITORS ARE MMFD. Fig. 38 INVERTER DEC4105 :

(Digital Module M1l)

54

CIRCUITS ARE PROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.

COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION



RS-4209-10 4 8
%7 CLEAR
M RI S X
a 350,?0 " COMPLEMENT
M
o Res
c2s ¢ "L 1,000
P T e E
weAl & & [ . vl et
Qe Ou 23000 3‘6 - 7 ci8 R47 W {our
< ony 40 =xx =470 Y z
[ Yoo w38
AL 1000
D2 03 AP
g orie ) T
hid D22y 2} 4 470
IN9I4 IN9i4 —O A HOV(A)}
= —O BHOVB.
> > > >
R4 R R | P4 Lr3g < 15000 S
00 28800 B 2 S| ex2 é > § 39
§ é 385 | S ey s |33 3
. -0 D GND
<
GG
Q4
23| Yo szvsaj Yos
VA ING45
IN645
& o5
ING4S
o ko | 3o SR L
7 1,00
b Koi $ NG4S
2w
cay(620 Aat
Y 560
c22)(820 3, oW
OC-isv
UNLESS OTHERWISE  INDICATED'
RESISTORS ARE 14 W, 10%
CAPACITORS  ARE  MMFD
DIODES  ARE  IN276 THIS SCHEMATIC 1S FURNISHED ONLY FOR
TRANSISTORS ~ ARE  2NI305 AL FLIP FLOP DEC4209 TEST AND MAINTENANCE PURPOSES. THE
DU - CIRCUITS ARE RROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.
(Digltal Module ﬁ'Mla) COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION
X 3
RS- 42' 5 -4 _?_ c3 ca
Lt o Tnomru i.oon MFD
R7 R28 [
00 Yors 30002 Yois
A Yoo 5%
T g & + —OAq0V{A)
1 ! -0B+OVI® |
Al R4 R22 R25
68000 68000, 68000 68,000
O D GND
72 o8
2'?('75‘ 2??‘!2154 2N?754 [2N1754
021
[y ) N , A gz
U t
cs :E \, J ~c6 JF Cil J LR D22
150 [iso 150 Fgo Neas| ci3
MFD
R2 RS R23 R26 023
3000 3000 N6
o > g < 5
024
Aoz A0 ]E‘o: Wi y o] NG4S
R RE A24 R27
J oI |,5030 1500 ]E':s 1,500 1500 A020 29
qu 5% 5% 4 % 3% Nola S P2
L l' J 172w
R3| @%{, QC -15v
1,51 |
R36
R30 1 1,500
> C1S o~ r cal
s T L =330
E ceT T
%o 330 " 330
M 0z Ov (g ON E OH OJ
e z(z)no ONE SET A%) ADD ZERO ADD ZERO ONE
ONE OUT OUT ZERO FF 3 ouT out ouT
FFA FFA FFA FFA F™3 FF*q FF¥ 4
UNLESS OTHERWISE INDICATED:
RESISTORS ARE /4w, 10%

CAPACITORS ARE MMFD
DIODES ARE IN276

(Digital Modules M5, M7, Mg)

THIS SCHEMATIC IS FURNISHED ONLY FOR
TEST AND MAINTENANCE PURPOSES. THE
CIRCUITS ARE PROPRIETARY IN NATURE AND
SHOULD BE TREATED ACCORDINGLY.

COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION



25-4303-4

T —Oa+ovia

—OB+I0V(B)

-O0 GND
¥i8as

oIS
Yinsas

Q5
2NI304

| W
gwm Les

 AH

R4
%n,soo
&%

P 2as

Do
Pwsas

y
¥ileas
A
3

D9
!IN645

R28
%350
—QC-15v

Prow

~NO-

M w u
ONE OUT ZERO OUuT
[=: "-i1rizoizeoo-
UNLESS OTHEERWIS’E/Zw IND‘ISe/TED
AR o
BERIIGRs “RRe iMiro Fig. 41 INTEGRATING ONE-SHOT DEC4303 THIS SCHEMATIC IS FURNISHED ONLY FOR
: TEST AND MAINTENANCE PURPOSES . THE
s s CIRCUITS ARE PROPRIETARY IN NATURE AND
(Dlgltal Medule MlB) SHOULD BE TREATED ACCORDINGLY.
=-4410-l —O A+I0V(A)
R6 -0 B +10V{B)
2,200
% A8 §mo A1l
2,200 < 27,000 33,000
5%
MO— QD GND
5
03 = 08
IN276 - !!ms«
] 001
MFD
Ri4
120
DI B 2°l$ 4 > ZNolim
wore 2NI754 / NIT5 f
SH— y_ i =
N \
LOR.(,)D Rz 2 LG
mg TwFD
VONN—
RI ¢ TI T2
330 DEC oEC
@ 220 T2039 [T2024 E
D2 20 4 -
20— IN276 2¢ 4 s 4
%o % ' o3 I S &
e 19
KO—o— - 220 '(NFD
=3
5% §
RI2
S %,
O C-I5v
UNLESS OTHERWISE INDI-
KT3ISTORS ARE I/2W, |
% 'ACITORS ARE MMFC
Fig. 42 PULSE GE

(Digital Modules MLk, M15, M6)

56

THIS SCHEMATIC IS FURNISHZD DNLY FOR
TEST AND MAINTENANCE PLR2 DSES, THE
CIRCUITS ARE PROPRIETARY I\ N ATURE AND
SHOULD BE TREATED ACCORDINGLY.

TFYRIGHT 1961 BY DIGITAL EQUIPNSN" CORPORATION



RS5-4604-4

Fig. 44

Indicator Driver Module - DEC4689

(Digital Module M1)

57

4 D
ca L}SO CI()l 330 {Noéld ClﬁlSBO |N§l24
€0~ N 4 z
oW T N T 3 -mo—)' s
c3 330 cg 330 o 255 v o5 330 (o9 L BEC
+IN +IN i3 +N 3 02
DI0, DI8,
R RIg A R302 | pas
1300 18003 | 2205%) 4 15002 | 32059 V4
—QOA+I0V{A)
—O8 +0v@E)
RI7 saz‘oo R3I
1500 1500
S% 5% oo o
Ql Q4 Qs Q6 a7 a8
2NI754 2NIT34] 2NITS4) R23 [2Ni305 2M754)  2NI7S
LO— 14w
028
2 dce R2) %.Z;J: cia NG4S
r~20 120 3,000, MFO 120 [ cio
5% . 027 TH#D
KO—J-) t EC wo._.) } NG4S
& 72037 o
220
30 220 026
IN645
v
Ao y ¢ xor T o7 02
IN6AS
/28
120
™
RI R4 R6 Ril < RIS RIB R20 R25 R23 R32 R34 R39
15,000 <1,500 <1500 220 15,000 <4500 <1,500 220 15000 4500 K00 220
5% & '5% 5% % 5% 5% 5% 5% 5% ey
UNLESS OTHERWISE INDICATED
RESISTOR  ARE  /2W, 10% [
il S S L e B THIS SCHEMATIC 1S FURNISHED ONLY FOR
. ops TEST AND MAINTENANCE PURPOSES, THE
Fig. 43 Pulse Amplifier Module - DEC4604 RS ARE FROMIETARY I MATURE AND
I SHOULD BE TREATED ACCORDINGLY.
(Digital Module M2)
COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION
—O A+I0VA)
Rl R3 RT R9 RIt RI3 RIS RI7
Se2.000 22,000 22,000 22,000 2,000 2,000 22,000 22,000 22,000
a 02 Qs 05 a6
ans2? ans2? 2ns27 2Ns27 ans2?
I 4 05 D6
p £ p 2P Y Y insia p A
> >
R2 Re L1 RIO RI2
1,000 ,000 ;I,OOO 1,000 ?u,ooo
o 9 ) o © b (L J)
3 F " J M N 1 R s T
UNLESS  OTHERWISE  INDIC*TED —l
RESISTORS  ARE V2w, 10% THIS SCHEMATIC IS FURNISHED ONLY FOR

TEST AND MAINTENANCE PURPOSES. THE
CIRCUITS ARE PROPRIETARY [N NATURE AND
SHOULD BE TREATED ACCORDINGLY.

COPYRIGHT 1961 BY DIGITAL EQUIPMENT CORPORATION *



(6T PO 1e1181() SMPOIN 1030939 SUISS0ID-0I9Z G¥ 814

7 o— T
8143 1NAOW =
YIIHNdWY < o o— H
ol ol
10! H Al
S o + — MN—s MAN———k;
Ast Tog (2)
LGPNI
LGPNI (8)
= '8! 220¢NI T 90.LN! v

S A B S

1l o
AQ+ X o©
AOI+Y o AAN—] -
A 21-A { v ozl .

doo_% 1y

AGI- D) o—

A / LSoNI

M 32 '8 =

ymool |
W . = T
LGPNI ¥ee

1NdLNO 4 o

N

YOVING

9's 808INZ
¥010313d TTVNOIS -ON

58



oOuUTPUT

— C

GND

IN270 SYNC INPUT

Fig. 46 Count Multiplier Module (Digital Module M17)

59



AM

2N1404
12k
AN
2Ni623 ‘Jek
5.6k
— VW r AN
27k
10k
6.8k VWV~
i 10k 10/25 10/25
2NI808 ADJUST §5‘6k
82 n

Fig. 47 Chopper Module (Analog Module M1, M2)

+10v

CHOPPER INPUT

INTEG. INPUT

SYNC.
INTEG. OUTPUT

TO TEST POINT

GROUND

TO ADDER

+6v

=12v

-15v



AT

ANN—0 Y
1A}
_L_ 100/15 100 M.
Ik
ANV o N
o K
90cps 150¢cps 210cps
= |uf 10H P I0H P lOHp
4.7k 30cps 4.7k 30cps I g 11 2112
1 ? 065 065 | 0.26 026 {042 o2 T °F
J——if J——————t
ok 2.9uf
<9 15k 33k | °D
3 g = E—d = 10k =
10k 10k
ALL CAPACITANCES IN pf = =
J
DC AMP
FEEBACK NET
v
220 22k
- I /
(2) souf 15V
+ +
s
470
o T
O.35yfl BRG COMP
]: INPUT NET

Fig. 48 Comb Filter Module (Analog Module M6)

61



oF INPUT

* ? © A +|0v
SELECTED

2Nig808 2NIBO8

——A\— Z
T OUTPUT
TO BASE #
llk  AMP. MOD.#10

n

I AV\A, . s
S ik l %)
5

Ik

= ?33k

54 7

LIMIT LEVEL ?5"
A —oC ~-|5v

_____ow

AMPLIFIER MODULE #10 L oH
FEEDBACK RESISTORS TO OUTPUT

K
BASE #|
D

GROUND

Fig. 49 Narrowband Filter Module (Analog Module M9)

62



(8T oINPOo [eI81d ‘0TIN ‘LN ‘PN ‘€N SO[NpOI So[euy) Smpoy aoiyidwy D

0S 81q
9 2gne
@310313S *
Mo
I LNdNI
22 1Inani
x & - P . &
N@#ZH
eov_
¥zl aE'E 3189 18’9 Ne
89 L¥0 (43ddn)
2 SaSo
11Ra1no mom_zmﬁwvﬁ 26vIL(e) J <\ (3naaiw) T
Am% H_ )/ AQ AQ 1081 Yol
HOPINZ(2) £29INe(2)
*
AN
22°0
w %012
Al 18'9 18°9 ! 1 T
..I)x((l*l.
8l 09S 22°0 90ZNI
(43MOT) e *!
A o — - - YWV

Ae’e

63



+ 10V
0 A
2N1I83
| +6V
',—«N\'-—Q\ AAA— ’ ’ o X
ﬁ + aoopuf
15V
680 1.2k 1k I
2N1404 2N1404
Pt - { 500
IN457
MV IN716 § §
470 820 {680
2NI1I83
3 -12V
[ oY
_ 200puf
*= I5v
39 +
[ ——————o0D
J 2NI808 =
5.6k
“ '\/W—l
IN457 =
-5V
oC
Fig. 51 Regulated Power Supply Module (Analog Module M5)
AUTO SENSE INPUT
o F
30cps 3Vp-p 330 -I5V
° . oK
1 2o0uf
+| 15V
2N1404
uTcC
0-12

AY|

Ik
BALANCE

—
%*
n
(6]
-
b
O C
T 5
—_—
o
(@]
(8,]
ml.a.mv.mw

0.25

.005 1
(4) IN270
25k

HF SYNC

.02 CRT BLANK

B
33kp P

72kc 400mVp-p

Fig. 52 Auto-Sense Module (Analog Module M8)

64



TPl
Ik 1/2W BRN

— I BROWN
B e e
2 IN ‘ED—OZNS
Q 270 PG |
ORANG
COUNT _BROWN X RANSE e w
CHANNEL¥ BLACK
IN2I75 ©4GND
p )
o
?3900 iy
+ |0V
TP2
-i5V - ‘Ik I72W RED
47% 15
kS k
Q3
NS RED .
CHANNEL*
IN2175 47k [
3900
+10 ’
¢ TP3
Ik 1/2W ORN
1
47S 155 Qs
IN
ke k 270
Q
EW  ORANGE , .
CHANNEL
50 I0W RE-30
1
IN2175 AN on | @
9 % N I.2K§ ¢———o I GND
P ATC D W | —©3 +10V PG2
02 -I5V
CHAN 1 O,
ALL TRANSISTORS CHAN 2 ~ 1.4V 300 MA
2N1404 ) CYSTOSCOPE
CHAN 3 @ LAMPS

Fig. 53 Synchronizing Generator



9-10r
o

t2-v Il o————o0 AGI -

1un [oIuod ¢ ‘S1d

0g€ SdAV 11V
Z9NI S340I1a v

%G1

13S3H
INNOD
Ie-¥or

_

(LOV 11V)

3ISN3S -0l Nnv

e ®——OAGI-

9-20r NYW |oLnv
1-200 C)
-290 o
G-20 ﬁ AG|—
("LOV ‘17V)
NVW-01NY
= 9 o
. g-1or
r
¥OGI ® €9 ooz % |
¥00I
l o A
02 _ | _
o |
ro—"° |
] |
oo_v_ _ _ ]
A
)
o H _ v-1or
= |
t O
W | e-1or
02’ _ % |
| 300t
T .dwzlro \\__ !
o
o o 1
_ |
S i _
é !
ot oor! ! _
g |,
—) ———o
o! 2-1or

3NIL LNNOD

|

3NWIL "931NI

66



e 82 =30
$iiseds
0O O O O VU O O
= D D = D D
' Q s P
UNITS TE|NS HUNDREDS
JC4-2 o -0 JC4-30
JC4-5 o l J I 0 JC4-23
0 | | |
JC4-I0 o—o0 T 2 ° 2 0 T g—o JC4-22
JC4 -1 o ©  JC4-2I
3 4 5 3 4 5 3 4 5
JC4-3 o——o T o— o— o o o
JC4-4 o
6 7 8 6 7 8 6 7 8
JC4 -6 o————0 j ‘'—0 (0 [—o0 o o )
Jc4-7 o8
9 C 9 C 9 C
JC4-9 o————20 o T T () I ) ) I
JC4-8 o v . o JC4-24
o o
0 N~ ©
TR
$S 3

Fig. 55 Control Unit - Decimal Readout

67



young odeJ, dodeq 9¢ "Sid

t1-34WH
onNid A1IvL
| s |
i
" bouo T8 NO 13X Sarpa-
WSl ° 2% IHM-NYO
Agyt AT IAm-038
MS! ouor“ IAM T~
f—o Vo—
m_o o1l Mg )
gr ode JATE g 2
}—oHo—| m
) TIA 1z
o 10—} o
w_ Yol nag 95
S e N5 S
oWNo—
v o Pod 13A v S
3 mM “ NH0 €<
T O
N“ om?ku a3d 23 d0LV
SLINOVW 'L _ _ _J Nyg i -gANED
¥O1VH0443d as1nd
[ [4OLOW
NO9-V———— - r AIddNS | oy
oY [ u/. d43MOd 7
| _ NO9
Y | 24 Bl o2lo | =
I —— | Ab2- ANO I
mu;E" ~ |1 s a3y | © _o “ SISSVHD
L] AR IAm Nao| | T2 ~T
7 e [T IAM 2
uge 93 gAro 8o TAM-T3A ° ov TRM|C!M01D
L~} o2 0—} 05/ o0l
X8 CEHDGSEH NHE-1HM 09 |
Mg TAm! © 9ot THM -G34 °6|
r——— o g o og| )
/TN Omm_ o b o—f a3y aN9 AHO
“ R IREL e SRE] 50Av2- AL
3ONVAQY | & | RE] NT“ N1g-1THM 38 |3m|om_ >
3dvl _ NG, ° ¢ NGO-IHAM | 39 o oS! L2
o _N&9)
K _ oV m§<T\E; x@s ° '] X99-LHM | ano ..m»HMM“ 3
L —f— LA iy NHO
g -
as ol S3INOM AaNO0D-2I IdMMiION_
o———1+o0| |
= I
s3anor

aUNOD - 21

dId1S Yd3144vE

68



2N1404
) IN270
330
2N1404
33k /‘ ONI183 IN270 | =
2 A" L 4 — %
&
22k 10 k 2N1404
—AA—
2N1404
2N1183 IN270 | o
o 4 )W
w x
[ 4
e
g
zdo
ox> ] !
39
e} o ]
x> ADVANCE PUNCH GROUND -24
© PULSE PULSE
p4
@
{9 STAGES IN ALL) zm’o
oS>
a9
SOLENOID DRIVERS >0
AND PULSE GATES x
87654321 876543215
INPUTS PUNCH SOLS.

Fig. 57 Paper Tape Punch - Solenoid Drivers

69



sxojeIouan asing - young ade], aedeqd 8¢G 314

YOPINZ SHOLSISNVHL 171V sdo09 OZDCOKO LNdNI
i %0072
)
oos’ »
WAA e OOA.L\
1.2 T
AAA
¥.2
A nee o] o | wee b2 e'e 52
i mW”MMWnlx <N NI | AQv 3dvl NI
.lL
200 . - .
100! 100! %00l
OIZNI
xm;w X2 22
12 nﬁ
8IL
00S 00S NI
ol weg %95 1S 4113 e Ae'e %95 Aee

70

A1
\

3SINd 3ONVAQVY S 3SINd HONNd & Ab2-




POWER

115vAC

T e -
| AMP ! | 8 | (a)IN3208
T A A4 T
| 2 o ! 2N441
5AMP SLO | | 5AMP {MAX)
BLO | 3§ E9 L —t 24
o 10 '
! 4 o 1 1k 68
1 W Iw
s vAIC 1'_E | 6000|- |4 4| 30001
| 68 6A | 50v T& : 30v T3 s POWER
| 5 | v 5 O|_AMF>s
[ g I" I IN205I e e
. 7 -~ ¥ 330|330
I N ] 0+24
o o
60 cps
TO AMP
Fig. 59 Paper Tape Punch - Power Supply
-24v
820 YELLOW
1/2W
125.n
“Jioop IOW
27k 470 == |5v
172W +
gok  2pmf 2NII83 | ORANGE
AN—HEE
0 PEN
<DOWN
- ow
'0@“; 8K RE-30 YELL
T s
| ¢ 60N sif colL
200pp T 2.2k glk 2N1404 2NI1404
=
IN457
JR-1 TRIGGER
#4 INPUT
Fig. 60 X - Y Recorder Pen Pecker Amplifier

71



1.

9. REFERENCES

E. M. Aupperle, T. W. Butler, Jr., and D. L. Mills, Remotely-Controlled
Tactical Direction-Finding System, Cooley Electronics Laboratory Techni-

cal Report No. 124, The University of Michigan, Ann Arbor, 1961.

. Busignies and M. Dishal, Some Relations Between Speed of Indication, Band-

width and Signal-to-Random-Noise Ratio in Radio Navigation and Direction
Finding, Proc. IRE, v. 37, pp. 473-488, 1949.

R. D. Carlsen, Amplitude, Phase and Time Delay Characteristics for the
R390/URR AM Receiver, Cooley Electronics Laboratory Technical Memo-
randum No. 38, The University of Michigan, Ann Arbor, 1957,

C. E. Lindahl, A Linear Phase Bandpass Filter, Cooley Electronics Labora-
tory, Technical Memorandum No. 82, The University of Michigan, Ann Arbor,
1961.

. C. E. Lindahl, Study of Input Circuitry of Direction Finder Set AN/TRD-4A,

Cooley Electronics Laboratory Technical Memorandum No. 77, The University
of Michigan, Ann Arbor, 1960,

. C. E. Lindahl, System Study Covering an Antenna Suitable for a Spinning

Goniometer Direction-Finding System, Cooley Electronics Laboratory
Technical Report No. 125, The University of Michigan, Ann Arbor, 1961.

W. J. Lindsay and D. S. Heim, Considerations in the Automation of a Spinning-
Goniometer Radio Direction Finder, Cooley Electronics Laboratory Tech-
nical Report No. 85, The University of Michigan, Ann Arbor, 1961.

Instruction Book for R-390/URR Radio Receiver, Department of the Army

Technical Manual TM 11-856.

Instruction Book for AN/TRD-4A DF Set, Department of the Army Technical
Manual TM 11-688.

72



Copy No.
1-2

9-18
19

20
21-22
23

24
25

26-27

28
29
30
31

32

DISTRIBUTION LIST

Commanding Officer, U. S. Army Electronics Research and Development
Laboratory, Fort Monmouth, New Jersey, ATTN: Senior Scientist,
Electronic Warfare Division

Commanding General, U. S. Army Electronic Proving Ground, Fort
Huachuca, Arizona, ATTN: Director, Electronic Warfare Department

Chief, Research and Development Division, Office of the Chief Signal
Officer, Department of the Army, Washington 25, D. C., ATTN: SIGEB

Commanding Officer, Signal Corps Electronic Research Unit, 9560th
USASRU, P. O. Box 205, Mountain View, California

U. S. Atomic Energy Commission, 1901 Constitution Avenue, N.W.,
Washington 25, D. C., ATTN: Chief Librarian

Director, Central Intelligence Agency, 2430 E Street, N.W.,
Washington 25, D. C., ATTN: OCD

U. S. Army Research Liaison Officer, MIT-Lincoln Laboratory,
Lexington 73, Massachusetts

Defense Documentation Center, Cameron Station, Alexandria, Virginia

Commander, Air Research and Development Command, Andrews Air
Force Base, Washington 25, D. C., ATTN: SCEC, Hq.

Directorate of Research and Development, USAF, Washington 25, D. C.,
ATTN: Electronic Division

Hgs., Aeronautical Systems Division, Air Force Command, Wright-
Patterson Air Force Base, Ohio, ATTN: WWAD

Hgs., Aeronautical Systems Division, Air Force Command, Wright-
Patterson Air Force Base, Ohio, ATTN: WCLGL-"7

Air Force Liaison Office, Hexagon, Fort Monmouth, New Jersey

Commander, Air Force Cambridge Research Center, L. G. Hanscom
Field, Bedford, Massachusetts, ATTN: CROTLR-2

Commander, Rome Air Development Center, Griffiss Air Force Base,
New York, ATTN: RCSSLD - For retransmittal to - Ohio State University
Research Foundation

Commander, Air Proving Ground Center, ATTN: Adj/Technical Report
Branch, Eglin Air Force Base, Florida

Chief, Bureau of Naval Weapons, Code RRR-E, Department of the Navy,
Washington 25, D. C.

Chief of Naval Operations, EW Systems Branch, OP-35, Department of
the Navy, Washington 25, D. C.

Chief, Bureau of Ships, Code 691C, Department of the Navy,
Washington 25, D. C.

Chief, Bureau of Ships, Code 684, Department of the Navy,
Washington 25, D. C.

73



Copy No.
33  Chief, Bureau of Naval Weapons, Code RAAV-33, Department of the Navy,
Washington 25, D. C.

34 Commander, Naval Ordnance Test Station, Inyokern, China Lake,
California, ATTN: Test Director - Code 30

35 Director, Naval Research Laboratory, Countermeasures Branch, Code
5430, Washington 25, D. C.

36  Director, Naval Research Laboratory, Washington 25, D. C., ATTN: Code
2021

37  Director, Air University Library, Maxwell Air Force Base, Alabama,
ATTN: CR-4987

38 Commanding Officer - Director, U. S. Naval Electronics Laboratory,
San Diego 52, California

39  Office of the Chief of Ordnance, Department of the Army, Washington 25,
D. C., ATTN: ORDTU

40  Commanding Officer, U. S. Naval Ordnance Laboratory, Silver Spring 19,
Maryland

41-42  Chief, U. S. Army Security Agency, Arlington Hall Station, Arlington 12,
Virginia, ATTN: TADEV

43 President, U. S. Army Defense Board, Headquarters, Fort Bliss, Texas

44  President, U. S. Army Airborne and Electronics Board, Fort Bragg,
North Carolina

45 U. S. Army Antiaircraft Artillery and Guided Missile School, Fort Bliss,
Texas

46 Commander, USAF Security Service, San Antonio, Texas, ATTN: CLR

47  Chief, Naval Research, Department of the Navy, Washington 25, D. C.,
ATTN: Code 931

48 Commanding Officer, 52d U. S. Army Security Agency, Special Operations
Command, Fort Huachuca, Arizona

49  President, U. S. Army Security Agency Board, Arlington Hall Station,
Arlington 12, Virginia

50 The Research Analysis Corporation, 6935 Arlington Rd., Bethesda 14,
Maryland, ATTN: Librarian

51 Carlyle Barton Laboratory, The Johns Hopkins University, Charles and
34th Streets, Baltimore 18, Maryland

52  Stanford Electronics Laboratories, Stanford University, Stanford,
California, ATTN: Applied Electronics Laboratory Document Library

53 HRB - Singer, Inc., Science Park, State College, Pennsylvania,
ATTN: R. A. Evans, Manager, Technical Information Center

54 ITT Laboratories, 500 Washington Avenue, Nutley 10, New Jersey,
ATTN: Mr. L. A. DeRosa, Div. R-15 Lab.

55  Director, USAF Project Rand, via Air Force Liaison Office, The Rand
Corporation, 1700 Main Street, Santa Monica, California

74



Copy No.

56

57
58-59

60

61

62

63-71

72

73

74-97

98

99

100

Stanford Electronics Laboratories, Stanford University, Stanford,
California, ATTN: Dr. R. C. Cumming

Stanford Research Institute, Menlo Park, California

Commanding Officer, U. S. Army Signal Missile Support Agency, White
Sands Missile Range, New Mexico, ATTN: SIGWS-EW and SIGWS-FC

Commanding Officer, U. S. Naval Air Development Center, Johnsville,
Pennsylvania, ATTN: Naval Air Development Center Library

Commanding Officer, U. S. Army Electronics Research and Development
Laboratory, Fort Monmouth, New Jersey, ATTN: U. S. Marine Corps
Liaison Office, Code AO-C

Director, Fort Monmouth Office, Communications-Electronics Combat
Development Agency, Bldg. 410, Fort Monmouth, New Jersey

Commanding Officer, U. S. Army Electronics Research and Development
Laboratory, Fort Monmouth, New Jersey

ATTN: 1 Copy— Director of Research

1 Copy— Technical Documents Center ADT/E

1 Copy— Chief, Special Devices Branch,
Electronic Warfare Div.

1 Copy— Chief, Advanced Techniques Branch,
Electronic Warfare Div.

1 Copy— Chief, Jamming and Deception Branch,
Electronic Warfare Div.

1 Copy— File Unit No. 2, Mail and Records,
Electronic Warfare Div.

3 Cpys— Chief, Security Division
(For retransmittal to - EJSM)

Director, National Security Agency, Fort George G. Meade, Maryland,
ATTN: TEC

Dr. B. F. Barton, Director, Cooley Electronics Laboratory, The Uni-
versity of Michigan, Ann Arbor, Michigan

Cooley Electronics Laboratory Project File, The University of Michigan,
Ann Arbor, Michigan

Project File, The University of Michigan Office of Research Adminis-
tration, Ann Arbor, Michigan

Bureau of Naval Weapons Representative, Lockheed Missiles and Space
Co., P. O. Box 504, Sunnyvale, California - For forwarding to - Lockheed
Aircraft Corp.

Lockheed Aircraft Corp., Technical Information Center, 3251 Hanover
Street, Palo Alto, California

Above distribution is effected by Electronic Warfare Division, Surveillance
Department, USAELRDL, Evans Area, Belmar, New Jersey. For further
information contact Mr. I. O. Myers, Senior Scientist, Telephone 5961262

75



Page

16

20

21

23

32

38

ERRATA SHEET FOR
TECHNICAL REPORT NO. 137

CCOLEY ELECTRONICS LABORATORY

Equation (4. 6a) should read

T T
eg, = 1/zjo'f Acos@dt+1/2f0 Acos(zwgt-ﬁ)dt,

i
In Eq. (4. 13) the term RZC should read aﬁléw R
2

Line 10 should read

+ sin (wg'r - 6)sin(2k + 1) wg'r dt,

In line 15, replace ""Section 5.2" with "Section 5. 4",
In line 25, replace "Eg. (4.5)" with "Eq. (4.4)".

In line 19, replace "Section 3. 2. 2" wiil: "Section 4.3.2"
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