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ABSTRACT 

An incoming signal, whose accurate bearing is being 
sought by a goniometer type direction finder, is traced by 
mathematical analysis from the collector, through the goni­
ometer, through the receiver sections, and finally to the 
cathode ray indicator which provides a visual bearing in­
dication. At each point in the analysis, the effects of the 
various components of the system on the signal are con­
sidered, with special emphasis on those effects which tend 
to cause inaccurate or obscured bearing presentation. The 
greatest emphasis is placed on the bandwidth requirements, 
in the various sections of the direction finding receiver, 
that are essential to the maintenance of accurate and sharp-
1) defined bearings. Tue analyzed receiver input consists of 
two side-bands symmetrically displaced about the carrier 
frequency of the incoming signal by the goniometer modula­
tion or rotation frequency. It is found that, iD the sec­
tions of the receiver prior to the second detector a change 
in the relative phase shift of the side-bands causes bear­
ing error whereas a change ir. the relative a~plitudes of 
the side-bands causes obscured indication. The radio fre­
quency and intermediate frequency bandwidths needed to 
prevent inaccurate and obscured bearing indications are 
shown to be directly proportional to the ratio between the 
goniometer modulation frequency and signal car rier fre­
quency. Carefully desjgned frequency conversion and linear 
detection systems do not contribute to bearing inaccuracy 
or obscurity. The total bandwidth required o f the cir­
cuits following the second detector i s found to be pro­
portional to the goniometer modulation frequency alone. 
Mention is made of methods which can be used to r educe the 
rather severe bandwidth requirements explained i n this 
work. 

PROBLEM STATUS 

The analysis which resulted in this report was under­
taken in conjunction with Problem Sl431, relAting to the 
remote control of direction finder stations. However, 
this report is believed to be of interest to those con­
cerned with many phases of direction finder research and 
develop'llen t. 
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DmECTION FINDER BANDWIDTH REQUmEMENTS 

INfRODlCTION 

The extent to which direction finder receiver characteristics can be 
responsible for inaccurate and obscured bearings has not been determined 
previously by a quantitative analysis. It has been discussed qualitatively 
and demonstrated experimentally that insufficient receiver band-widths can 
be responsible for both bearing error and blur,* but there has existed a 
serious need for a definite and rigorous formulation of the exact cause and 
effect. It is hoped that the mathematical analysis herein presented will 
satisfy this need and in addition afford a concrete foundation for the fu­
ture design of receivers to be used in goniometer type direction finders. 
It is important to emphasize that the material in this work is applicable, 
at least in part if not in the large, to any direction finder system in 
which there is side-band input to the receiver. This side-band input can 
result from mechanical or electronic goniometers as such, or from a number 
of circuits involving carrier suppressed balanced modulators, multivibrators . 
etc. The results obtained from the analysis should find immediate appli­
cation in the problem of remoting bearing information over both long and 
short distances. 

THE SENSE CIRCUIT 

Following this paragraph no mention will be made of sense indication or 
sense circuits. It was considered advisable to eliminate any discussion of 
sense indication for these reasons: (1) there are so many different methods 
of sense indication that the subject would require a separate and quite 
lengthy report in itself, (2) since sense is almost always i.ntroduced as a 
single frequency there are no side-bands involved, and finally (3) in most 
direction finders, bearing error and blur are not initially affected by the 
sense circuits. In those few direction finders where a sense voltage is an 
integral part of, and cannot be divorced from, the initial bearing indi­
cation, the material in this report must be considered with reservation. 

* See Appendix 1 for a discussion and quantitative definition of blur. 
Qualitatively, blur may be considered as any reduction in the definition 
of the bearing pattern, whether aural or visual, resulting from any 
diminution in the sharpness of the indication. 
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'RCX:EDURE OF ANALYSIS 

For the benefit of those readers who, in the past, have not fully ap­
jreciated the equivalence in outputs of the mechanical arxl electronic types 
,f goniometers , the first subdivision of this report treats the incoming 
iignal from the time it first impinges upon the collector until it is ready 
:o be introduced into the receiver. This is divided into two parts: (1) a 
liscussion of the signal prior to the goniometer and (2) an analysis of the 
toniometer action upon the signal. The second and major subdivision of the 
;eport concerns the action of the various parts of the receiver upon the 
;jde-band input. This is treated in six closely related sections: 

(1) The r•f section 
(2) The frequency conversions 
(3) The i•f section 
(4) The audio section 
(S) The secorxl detector 
(6) Detector output amplification 

ln each of these sections in turn there is a discussion of the causes of 
bearing error and blur, how both may be determined, and how to design for 
their prevention. In the last section is an additional discussion of pull­
in • which is often confused with blur. 

rHE COILECTOR SYSTEM 

Before undertaking an analysis of the action of the goniometer itself, 
it is desirable to examine very briefly the incoming signal and determine 
its behavior through the collector system. The exact type of antenna array 
used in this analysis is inrnaterial since it will be assumed to be error­
free of itself. A short-base Adcock array will be used for convenience. 
Let the electric field intensity E, as measured for reference at the center 
of the array, be denoted by: 

E = Em sin ("'ct + 4>c) 
Where Em is the maximum value of field intensity, fc "'c . . =- 1s the radio 

21T 

(1) 

fre-

quency of the carrier signal, and ~c is an arbitrary phase constant. t 

• 

t 

See Appendix 1 for a discussion of pull-in vs. blur. Pull-in may be 
qualitatively defined as the movement of the ends of the propeller-shaped 
pattern of an Automatic Bearing Indicator toward the center of the CRT 
resulting from blur. 
It would have been more general to have considered the case of a modulated 
incoming signal carrier, However, this would have resulted in ne edless 
complication of form; and, ordinary modulation has no deleterious effect 
on direction finder operation, 
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Geometrical considerations (See Figure 11 enable the writing of the four 
voltages induced by the incoming signal into the four monopoles: 

N SIGNAL 

.......... 
..... 

....... 
....... 

........ 
........ 

........ ....... 

w 
~ 

.. ..... 
E 

......................... 

.......................... 
..... 

s 

Figure 1. Geometrical Consideration of Adcock Antenna Array 

eN = E h m e sin ( wet + <Pc 
2nd 

- -- cos 
"c 

a) 
es =~ he sin + <Pc 

2m:i 
+-- cos a) 

3 

( "'ct 
"c . . . . . (2) 
2m:i a) eE = Em he sin ( "'ct sin + <Pc 
"c 

e,, = Em he sin ( "'ct + <Pc + 
2m:i 

sin a) 
"c 

where he js the effective height* of each monopole, dis the distance of 
each monopole from the center of the antenna array, "c is the wavelength of 
the incoming signal carrier, and a is the angle of arrival of the incoming 
signal as measured in a clockwise direction from North. 

* For consideration of he see Sec, 137 of •Phenomena in High - Frequency 
Systems" by August Hund, McGraw - Hill Book Company, 1936. 
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At this point in the analysis the procedure depends upon the type of 
goniometer employed. In particular, if an electronic goniometer is in 
~uestion, the four induced monopole voltages given by equations (2) are fed 
individually into separate balanced modulator units, one at the base of each 
nonopole. If a mechanic~! goniometer is considered, the opposing pairs of 
nonopoles are differentially connected, and the two resultant difference 
voltages are fed into the goniometer stators. In order to determirte the 
goniometer outputs and to demonstrate the equivalence in form between the 
electronic and mechanical types, a separate analysis of each will be pre­
sented. 

GONIOMETER ACTION ANALYSIS 

Regardless of the type of mechanical or electronic goniometer used, and 
independent of the exact circuitry employed, the goniometer output under 
consideration in this report consists of only two side-bands with the ca~­
rier suppressed. There are many different possible combinations to produce 
this restJltant form, but a word of caution ls in order. Not all goniometers 
produce carrier ~uppressed side-band outputs, and to this limited group this 
work does not apply. The work applies only to those conventional and nume r­
ous equipments where the goniometers do produce side-bands. 

1. An Electronic Goniometer 

The particular electronic goniometer considered is one in which carrier­
suppression balanced modulators are used. There is a ba~anced modulator unit 
located at the base of each monopole, each unit consisting of a pair of 
parallel-fed vacuum tube amplifiers having push-pull outputs. The four out­
puts are introduced to a combining impedance and the voltage across this 
common impedance becomes the receiver input. 

A typical balanced modulator 
of other circuits could have been 
indicate conventional operation. 

AU0 10 

MOO 9JC. ~----.,,._ 

-0 

,.--

circuit is shown in Figure 2. A number 
employed, but this one is sufficient to 
As shown, the incoming induced carrier 

signal is fed in parallel and an in­
ternally gener~ted audio modulating 
signal is fed in push-pull to the 
grids of V 1 and V r The plate cur-­
rents,denoted by i 1 and ii_, ,of the 
amplifi er pentodes flow thru the com­
mon impedance Zin opposite direc­
tions as indicated. An audio oscil­
lator is used to generate the audio 
modulation voltage required. This 
voltage is passed thru a 90-degree 
phase splitter yielding two outputs, 
each of which is further split into 
two balanced voltages. These four 

Figure 2. Typical Balanced Modulator 
Unit of An Electronic Goniometer. 

resultjng audio voltages, which are 
applied to the four modulator units, 
are symbolized as follows: 
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eAN = ~ sin utnt 

eAS =~ sin ("-hit + -rr) = -~ sin utnt 
. . • . . . . (3: 

eAE = i\i cos utnt 

eAW =~cos (wmt + 1T) = - ~ cos "-hit 

where~ is the maximum instantaneous value of the modulating signal and 
Wm 

fm = --is the frequency of audio modulation. Since this modulating 
21T 

voltage is to be used subsequently as a time or phase reference, it is con­
venient and does not limit generality to let eAN be zero 'M'len t = 0. 

The operation of only one monopole unit, say the North, will be ana­
lyzed in full and the others will follow readily from symmetry. Let eAN 
from equations (3) and eN from equations (2) be applied to the grids V

1 
and 

V2 as incicated in Figure 2. The outputs from the two tubes will be con­
ventional amplitude modulation. It is of the utmost importance that tubes 
V1 and V2 are adjusted to have equal gain and phase shift. In fact this 
must be true of all eight tubes in the four modulator units. This will be 
assu~ed to hold here, since the discussion of goniometer errors is not a 
part of this work. Employing the conventional mathematical form, the output 
of V1 will be: 

a ) ... (4) 

and for V
2

: 

i 2 = Em he k (1 - m sin CL\t,t) sin ( wet + ¢a + ¢c -
2
:: cos a)· . . (5) 

where mis the modulation factor dependent upon~ and Em, k is dependent 
upon the transconductance of the amplifier tubes and ¢a takes care of the 
phase shift through the amplifier tubes. The negative min equation (5) 
arises from the fact that the audio modulation is introduced Jnto V

1 
and V

2 in push-pull. Combining the currents in equations (4) and (S) through the 
common impedance z and letting ¢s =¢a+ ¢c, the total voltage from the 
North monopole becomes: 

By similar procedure the expressions for the voltage contribution from the 
other three monopoles can be derived; however, they may be rather easily 
written by inspection from synmetry: 
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- 2Em he k Z m sin c.;nt sin ( WC t 
2m:l a)• (6b) eST -= + rl>s + -- cos . . 
/\.c 

eET = ~ he k Z m cos "'mt sin ( wet + 2m:l . ) <l>s - -- s.1n a 
l\.c 

. . . . (6c) 

- 2Em he k Z m cos wmt sin ( wet 
2nd a)· eWT = + ¢s + -- sin . . . . (6d) 
"-c 

hese four equations contain several important parameters which call for 
onsideration. First, it is obvious that in order for any comparison system 
o work, the effective height, he, must be the same in all four monopoles. 
econdly, the fact that the same k and mare used in all four equations im­
,lies that the tubes in the four modulation units are operating at the same 
oint and have identical dynamic characteristics over their operating range. 
lS noted in Figure 2 there is provision made to adjust the operating points 
1f the tubes and by selection the operating characteristics can be made the 
1ame. 

In order to simplify the writing of these equations during manipulation, 
.et k' = 2Em he k Z m. The resultant total output across Z, eT, may now 
>e written as the sum of the four components given by equations (6): 

,T = k• sin w,,,t{sin ("'c' + ,;5 • ~ cos a) · sin ( wet + ,;5 + ~ cos a)} 
t k' cos wmt { sin (wet + ,;5 • ~ sin o) · sin ( wet + •s + ~ sin o ) } ( 7) 

Applying the trigonometric identity: 

a+b a-b 
sin a - sin b = 2 cos --- sin 

2 2 

to the terms within the braces in equation (7) and simplifying the result 
gives: 

eT = -· 2 k• { sin w,,,t sin ( ~ cos a) + cos "'mt sin ( ~ sin o )}cos ( wet + ••) 

. . . . ( 8) 

Now equation (8) is an exact expression for the output of an elec­
tronic goniometer. It is complicated by the fact that terms of the form 
sin (c cos a) and sin (c sin a) occur. However, an approximation may be 
made which is justified in practice and which greatly simplifies the work. 
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That is, in conventional short-base Adcock systems the spacing between 
monopoles is small compared to the wavelength; i.e., in symbols d << Ac· 

2rrd 
This means that--is small, and since sin a and cos o cannot exceed unity, 

277d Ac 2nd 
then -- sin a and -- cos a are small. This justifies the approximation•: 

Ac Ac 

sin ( 
271

d cos a )-
271

d cos cs 
/\.c Ac 

( 
21Td 2nd 

sin --sin o )---sin a 
Ac Ac 

. . . . . . . . . ( 9) 

Ac 
The error of approximation is less than two percent for cl<--. 

20 
This approximation reduces expression (8) to: 

a + cos "Int sin a} . 
Combining the terms in braces: 

e = -T sin ( Wint + a ) cos . . . . . ( 10) 

To obtain the desired form it is now possible to apply a trigonometric 
identity to equation (10), yielding the sum of two sine terms t: 

eT = 2::'' fin [ C<•c + "In ) t + a + Os] + srn [ ( Ole - wm) t + w - a+ ••} ( 11 ) 

The effective height, which is one factor of k', is given by l 
l\.c 

77 sin 
. 2( 77h) 2rrh. s.1n ·-- . . . 

-- /\.c 
Ac 

. . . . . . . ( 12) 

• There is a small octantal spacing error due to this approximation when 
using short-base Adcock systems. For the mathematical expression and 
discussion of this error see NRL report R-2707 by S. F, George and 

t 

l 

E. H. Flath on •sensitivity and Accuracy Comparisons of DAU vs. DA] 
Goniome ters for DA] - a Ins ta 1 lat ions". 
The added 71 in the lower side-band has been introduced in order to 
avoid the negative frequency or amplitude otherwise obtaining. 
Bond, Donald S .. "Radio Direction Finders", McGraw-Hill Book Co,, 
New York, 1944, p 85. 
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\.c 
here h ~--is 

4 
the actual physical height of each monopole. If it can be 

>-.c 
ssumed that h <4 , the value of he is very closely h/2. It is now pos-

ible to combine all of the factors which make up the amplitude term of eT 
n equation ( 11): 

2m:ik' 2m:I 
. ( 13) 

here kT is a parameter dependent upon the incoming signal fre(!Uency, the 
ollector system, and the balanced modulator circuits but is independent of 
ime and phase shift. F.mploying equation ( 13) in ( 11), the final form of 
he goniometer output , eT, becomes: 

eT O ky E,. {sin[< "'c + <4n) t + • + 'Ps] + sin [< "'c • <4n) t + -,, - • + • ~} ( 14) 

This final output voltage is seen to consist of two side-bands of 
•qtrnl amplitude whose frequencies are displaced symmetrically about the 
:arrier by the amount of the modulation frequency. The actual carrier of 
he incoming signal has been suppressed. The equation can be thought of as 
·epresenting two vectors of equal magnitude rotating in counterclockwise 
lirections with nngular velocities of {we+ u,n) and {we - "'1nJ respectively. 
me vectors are initially, i.e., nt time t=O, displaced from an arbitrary 
1xis by phase shifts ofa and n - a respectively. 

L A Mechanical Goniometer 

The action of a mechanically rotated inductive goniometer will now be 
annlyze<l. Unlike the electronic type goniometer, the monopoles are not 
lepArately treated, but the opposite pair, are differentially connected 
first and then the resultant outputs are applied to the two goniometer 
stators. It is not implied that the electronic goniometer does not operate 
)n the differential principle, for it does: but the differential connection 
ln the electronic goniometer occurs in the output across the common, com­
)ining impedance rather than in the input. Both types of goniometers oper­
ate on the same fundamental principle of employini the differential voltage 
~f opposing monopoles. 

As before, the incoming signal is given by equation (1). The signals 
induced in the four monopoles are likewise the sa~e a■ before and are 
~iven by equations (2). From this point forward the analysjs is different. 
~et it be assumed that the coupling device used between the monopole and 
connecting transmission line, whether it be of the cathode follower or 
transformer type, attenuates the induced voltage in the monopole by 1/ a 
and shifts the phase by ~c· The resulting voltages are given by: 
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e I ~hea sin(c,.,ct 211d ) = + 4>c + Vic - -- cos a N 
"'-c 

e I Emhea sin(CtJct 
211d ) = + 'Pc + 'Pc + -- cos a s 
"'-c 

eE, Emhea sin( Wet 
277<l 

sin a) . . ( 15) = + rl>c + 'Pc -
"'-c 

~hea sin(Wct 
271d a) e ' = + 'Pc + 'Pc + -- sin 

" "'-c 

In these equations note t hat both a and 'Pc are functions of frequency and 
it is absolutely necessary that they be equivalent for each monopole. The 
opposite pairs of monopoles are now differentially connected in such a man­
ner as to cause a further voltage attenuation of 1/ a and phase shift f c· 
The resulting differential voltages are: 

= F,.he••• { sin ( "'ct + •c + ¥'c + f!c - 2,,d cos •) 

- sin ( "'c' + •c + ¥'c + f!c + ~ cos•)} 

= E,.he••' { sin ( "'ct + •c + ¥'c + f!c 2,,d sin •) 

- sin {"'ct + •c + •c + f!c + ~ sin•)} 

. ( 16) 

. . . . ( 17) 

Note here also that a ' ar,d f3c are functions of frequency and must be kept 
equal for both eNS and et, · Simpl i fication of the difference te rms within 
braces yields: 

eNS = -2~heaa' sin ( ~cd cos a )cos ( CtJct + q,c + 'Pc + fc) 

sin ( :d sin a )cos ( CtJct f c ) 
. ( 18) 

eEIJ = -2~heaa' + rl>c + 'Pc + 

At this point it might be easier to combine the arbitrary phase constants 
into one, say t/>T = rl>c +'Pc+ fc · It might also be advantageous to permit 
the same approximation as before, namely in equations (9): 

277<l 
(~ct + t/>T) eNS ' = -2Emh aa'·-- cos a cos 

e >-.. 
C 

211d 
( CtJct ¢T) 

. . . . ( 19) 
eEIJ I = -2~h aa'•-- sin a cos + 

e >-.. 
C 



) 

f\s a temporary 

so t hat: 

K = 
0 

expedi·en t , let: 

- 4-n-d E he aa' 
II. m 

C 
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eN s ' = K0 cos a cos (wet + ¢T) 
eEw' = K0 sin a cos (wet + ¢T) 

. . . . . . . . . . . . . . ( 20) 

These voltages are now introduced i nto the two quadrature stators of the 
goniometer. They create auadrature electromagnetic f ields within the 
goniometer which are scanned by a rotating field coil or rotor . Tue pickup 
o f this field coil cons titutes the goniometer output and is the voltage 
with which this study i s chiefly concerned. Let the stators with their 
fields and the · rotor coil with displacement e be illustrated diagramatically 
i n Figure 3. In consideration of the figur e, the magnetic fields may be 

N represented by: 

w E 

s 
Figure 3. The Relationship of Mag­
netic Fields in An Inductive Mechani­
cal Goniometer. 

HNS = K0K1 cos a sin {wet + ¢T)J 
HEW = K0K1 sin a sin ( wet+ ¢T) 

( 21) 

where K1 depends upon the impedance, 
area, and number of turns on the sta­
tor coils . ( Note the change from the 
cosine to sine time function due to 
the fact that the current in t he sta­
tors lags the applied voltage by 90°.) 
The total magnetic flux, generated 
by the current in the stators, pass­
ing through the rotor is given by the 
eouations: 

-NS= K2 HNS sin 

t/>EWI = K2 HE, cos 
: } · • · · ( 22) 

where K2 depends upon the geometrical 
desigQ· of the transformer and the area of the rotor coil. The total flux 
cutting the rotor is the sum of the flux from the two stator s and is: 

4', = K0K1K2 {cos a sin 0 sin ( wet + ;,, ) + sin a cos 0 sin (wet + ;,, ) } (23) 

Now, permitting the rotor to rotate continuously at angular velocity wr, 
there results 

e = t Wr • • • • • • • • • • • • • • • • • • • • • • • • • , ( 24) 
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where 0 = 0 at t = 0 establishes a reference for later synchronization with 
the bearing indicator. Therefore , 

. . . c 2s: 

The voltage induced in the rotor field coi l by this flux is given by: 

e = r . . . ( 26) 

v.here is t he number of turns in the rotor coil. Di fferenti ation and 
simplificat ion of equation (25) in (2~) yields: 

er = -NK0Kl2 ["t: sin ("'rt + a) cos ("t:t + ¢.r) + u.y- ros (<.urt + o) sin ("t:t + ¢T)] 

1 
er = -2l'Kl1K2 {"t: sin [("-c + <.ur) t + a.+¢,,] + "-c sin [(4 - "-c) t + a - ¢y] 

+ "r sin [( "t: + 4) t + a + 4>-r] + Wr sin [("t: - 4) t - a + ¢,,] } 

Finally, 

1 
er =-2 NK0K 1K 2( wc T wr) sin [( we+ wr) t + a+ ¢T] 

1 . -2 NK0 K1Kiwc - wr ) sin ~we - wr) t + or - ¢T] •.• • .• • ( 27) 

It is noted in equation ( 27) that the carrier and rotation angular velocitie 
are summed and differenced as multiplier coefficients . Now in practicable 
cases, since wr represents a physically rotating coil, wr << we always. 
The wr in conventional direction finders is always less than 103 whereas 
for the colllllunication band we is generally greater t han 10 6 , so the t~o 
angular velocities a re at least three orders apart. This justifi es the 
substitution of we for both (we+ wr) and (we - wr) i n the coefficients: 

1 
er = - 2 NK0K1

K2 "-c{sin[("-c + 4) t + a +¢,,] + sin [-("t: - <.ur) t + a -4>i-]} . (28) 

The same substitution cannot be made for the t i me dependent terms since the 
we may be lowered subsequently in conversion. Replace the constant K

0 
in 

eauation ( 27): 

1 2nd 
- -

2 
NK0K 1K2 we = - - N aa1 K 1K2~he. 

Ac 
The value o f he for a short- base Adcock using a differential connection 
is given as:* 

41rdh 
h = - -

e A 
--------- C 
*Bond, Donald S, •Radio Direc tion Finders", McGraw-Hil l Book Co. 1944, 

pp 100 . 101 . 
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since the horizontal distance between two monopoles is 2d. The coefficient 
of equation (28) can thus be written: 

1 
2 NK0K1K2 we - Kc ~ 

where Kc depends upon system constants and parameters but does not have a 
time or phase shift factor. 

Tue final form of the mechanical goniometer output then becomes:* 

THE SICl-lAL IN1RODUCED 10 1HE RECEIVER 

A comparison of eauation s (14) and (29) shows them to be identical in 
form. A detailed comparison o f the amplitudes is of no significance here 
since these do no t al ter t he phase of the side-bands or the bandwidth re­
ouirements. The two impor tant f actor s are: ( 1) that the upper and lower 
side- bands have equal amplitudes , and ( 2) that they have symmetrical phase 
shifts about some arbitrary constant. It is quite readjly acceptable, then, 
to denote the output from either goniometer, and hence, the receiver input 
by the general expression: 

RECEIVER BANDWIDTH REQJIREMENTS 

As s tated previously in the Procedure of Analysis, this major sub­
division is first expanded into six sections, corresponding to the various 
parts of t he r eceiver. Although the sections are definjtely interrelated, 
it is qujte fortunate for this analysis t hat each section may be treated 
separately with respect to its effect on bearing error and blur. This 
means that i n the final analysis the contribu tion of each section to both 
bearing error and blur may be determined. This is very important to the 
design engineer who i s interested in the proper performance of each section 
of the receiver as well as t he receiver on the whole. 

1. The Radio Freauency Section 

The form of the voltage input to the receiver is given by equation (30). 
It is important to note: (1) that both side-bands have the same amplitude, 
(2) that the carrier frequency itself is missing, (3) that the side-bands 
are separated by twice the modulating frequency, and (4) that the phase de­
lay of the side-bands is symmetrically displaced from the bearing angle by 
an arbitrary phase constant. It is also important to consider the method 
of tuning in a signal of this type. Although the carrier frequency is not 

* The factor rr has been added in the lower side-band term to avoid a physi­

cally meaningless negative frequency. 
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present, the receiver is usually tuned very nearly to carrier frequency, 
especially when the modulating frequency is small . This is true because 
the overall selectivity of most receivers is not such as to distinguish be­
tween the two side-band frequencies. In the arguments which follow it will 
be assumed that the receiver is properly tuned when it is tuned to the car­
rier freouency . * This does not preclude examination of error and blur due 
to mistuning \\hich occurs \\henever the receiver is not tuned to the carrier 
frequency . 

In passing through the radio frequency section of the receiver only two 
changes take place in the input signal: (1) the amplitudes of the side­
bands change and (2) the phase shifts of the side-bands change. In each 
stage of radio frequency amplification there is an amplitude ru1d phase 
change. The following analysis applies equally well to the stages one at 
a time or to the combined effect of all the stages. For simplicity, the 
effect of all of the stages working together will be considered here. Let 
the total amplitude change of the lower side-band be G, which is the product 
of the absolute gains of all the stages and let the total phase change be 
¢ r, which is the sum of the phase changes in the individual stages. For the 
upper side-band, let the new amplitude be Gyr where O ~Yr$.. 1, and phase 
shift be ¢r + Sr· Thus, the amplitude ratio between the two side-bands is 
now Yr and the phase change difference is now Sr· A word of explanation 
may be in order as to the generality of these assumed amplitude and phase 
changes. It will become obvious later in the analysis that it is ill11l'aterial 
which side-band is assumed to be of different amplitude and/or phase shift. 
The only important criterion is the ratio of amplitudes and the difference 
in phase shifts between the side-bands . Thus, the absolute amplitude and 
phase shifts in the side-bands is immaterial with regard to both error and 
blur; only their relative changes are significant. The output from the 
radio frequency section of the receiver is thus given by: 

eo(rf) = AG{yr sin[(wc + u.m)t +a+ ¢rf + Sr]+ sin [(wc - u.m)t + ~ - a+ ¢rf]: 

. . . . . ( 31) 

With the output in this form it is not readily applicable to both error and 
blur analysis. In order to handle this output, first the envelope will be 
obtained, since this contains the direction finder intelligence. The enve­
lope is given by: t (See following page) 

* It is conside r e d that, should the selectivity permit distinction between 

side-bands, the average operator would attempt to tune as closely as pos ­

sible between the m , thus coming very close to the carrier frequency. 

t Te r man , F . E • , " Ra di o Eng in e e cs Ha n db o o k " , Mc Gr aw H i I 1 B o o k Co • , 1 9 4 3 , 
pp. 568. For the superimposed waves e = E

0 
sin w

0
t + E

1 
sin (w

1
t + ¢

1
) + 

E 2 s in( w
2

t + ¢ 2 )+ ... the envelone is given as E = {E
0

2 + E 1
2 + E 2

2 + ... 
+ 2E

0
E 1 cos[(w1 - w

0
)t + ¢ 1] + 2!

0
E2cos[(w2 - w

0
)t + ¢ 2) + •.. + 2E 1E 2 cos 

[ ( (,>l - W2) t + ( ¢ 1 - ¢ 2 ) ] t . • . } . 
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= {A2G2y,' + A2G2 + 2111-y,. N:, cos [( "'c 

- -, - a + J,f )} ½ = AG~ + y,' - 2y, 

convenience in the remainder of this For 
lope will be employed: 

+ "-ln - We 

cos 2 ["-ln t 

analysis, 

- "m~ +I a+ 8r +a+ -f 
the square of 

E2 rf = A2G2 [1 + y/ - 2-yr cos 2( "mt + a + 
0
; )]. . 

cl>rf + Sr 

( 32) 

this enve-

. .. (33) 

This envelope will now be studied to see what error and blur, if any, exist 
due to unequal amplitude and phase changes in the side-bands . 

The Causes of Bearing Error. -The first logical step in determining the 
cause of bearing error is to determine the bearing. To establish the null 
point, let E~rf of equation (33) equal zero and determine 0, where 0 = "-lnt. 

Assume: 

E2rf = A2G2 [1 + 'Yr 2 - 2-yr 2 cos 2(0 + a+ 
0

2
r )] = 0 

where A 4 0, G * 0, and O ,:S. 'Yr~ 1. 

This that 

+ a + Or)= 1 + 'Yr 2 

2 2-yr 
For 'Yr= 1, this expression can hold and a null does exist at 

2(0 +a+ 
0
2
r)= cos- 1 1. 

For O ~'Yr< 1, this expression reduces to 

This cannot be possible, since the cosine cannot be greater than unity for 
real arguments. Hence, a null cannot exist for 'Yr other than unity. For 
'Yr l 1, the bearing indication will be given by the minimum value of Erf· 

To obtain the minimum, and coincidently the maximum, value of the en­
velope it is necessary to obtain the first derivative of Erf and then let 
it become zero. Differentiating equation (33) with respect tot: 

2Erf ~; f = A2G:{ 4'Yr"-ln sin 2(0 + a + ~r )] 

Since Erf * 0, then 
dE f for __ r_ = 0 
dt 

. o; )- o 
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This can be true for Yr= 0 or for sin 2(0 + a + ~r)= 0. For the case of 

Yr = 0 , the bearing is indeterminate and, as will be seen later, the blur 
will be 100%. For Yr =4= 0, a minimum value of the envelope will exist and 

2(0 +a + 
8
;)= sin- 10. Thus, so long as Yr* 0, the minimum and max;imum 

values of the envelope will be given alternately by: 

2(0 + a+
8;)= 0, ,,,., 2,,,-, 3rr, 

15 

Inspection of equation 

at (e + a + ~)= 0, 'TT , 

(32) shows at once 

2,,,-, •.• , I111T. • • and 

that rrunimum values of Erf occur 
. ( s 

7T 3-rr 2 
- - - ( ½) - 2' 2 ' · · · ' n- ,,,. ' 

maximum values occur at 0 + a + ~ 

From the above discussion, it can be seen that the bearing occurs at 
Sr e = - a - - . For Sr = 0, the correct bearing is B = -a and hence for 

. 2 
Sr t O the bearing error is given in magnitude by: 

€ = ~ 2 • . . . . . . . . . ( 34) 

Eouation ( 34) shows mathematically that the bearing error is a function of 
unequal side-band phase shift only and is independent of amplitude so long 
as both side-bands exist. Theoretically this is true; however, in the next 
section it will be found that unequal side-band amplitude causes blur or 
bearing obscurity leading to inaccuracy or error. Since this type of error 
results from the inability of the operator to determine the correct minimum 
rather than a fupdamental error in the minimum, it will subsequently be con­
sidered one of the disadvantages of blur and will not be termed error. 
Thus, in this analysis, bearing error is caused solely by a phase shift 1n­
eouality in the side-bands. 

The Causes of Blur. -A quantitative measure for blur occuring prior to 
second detection has been defined in Appendix 1 as the ratio of the minimum 
to maximum value of the envelope resulting from a combination of the two 
side-bands. As determined in the preceeding section (The Causes of Bearing 

Error), a minimum value of the envelope occurs at{0 + a+ 
8;)= n,,,- and a 

maximum at (n - ½),,,-. From equation (32) the blur is readily seen to be: 

Blur = Brf = 

= 

% Blur = 100 

Erf(min.) 

Erf(max.) 

( 1 - Yr)
2 

(1 + Yr) 2 

l - Yr 

l + Yr 

✓ 
~ 

1 
= 

1 

1 + y/ - 2y r cos 2n,,,-

2 1 + Yr - 2yr cos (2n-l}rr 

- Yr 

+ Yr 

. . . . . . . . . . . . . . . . . . ( 35) 
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Equation ( 35) reveals the illuminating fact that blur caused prior to second 
detection is a function of unequal side-bE:nd amplitude only and is entirely 
independent of phase angle so long as a mi:iirr,um exists. For -Yr= 1, the 
side-bands are equal and no blur exists whereas for -Yr= 0, one side-band 
vi:mishes, the blLir is 100%, and no bearing is possible. A plot of the 
percentage of blur against -Yr is given in Figure 4. 

10 I-----+-

0.1 

-~---r --

0.2 0.3 

'II. BLUR" 100{1-Y,) 
\l+Y. 

WHERE Yr IS RATIO OF 
SIDE- BAND AMPLITUDE 

0.4 0.5 

VALUES OF )", 

0.6 0 .7 08 0 .9 

Figure 4. Percentage of Blur as a Function of Side-Band Amplitude 

l 
J 

~ 
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Deterwination of Bandwidth. -Once the factors contributing to bearing 
error and blur have beer. determined, the limits or tolerances allowable in 
the design of the circuits can be e~tablished. TI1is is done in considera­
tion of the specifications and in accordance with the desired over-all per­
formance of the receiver for direction finder purposes. In view of the 
difficulty encountered in maintaining accun1te and sharp bearings through 
the collector system, the transmission lines, and the goniometer, every 
effort is being made in present design to keep the receiver as free as pos­
sible from causing error and blur. 

It has been shown that bearing error results from an unequal phase 
shift imparted to the two side-bands by the receiver, being in magnitude 
ec:ual to half the absolute phase-shift difference. For example, should the 
lower side-band in passing through an amplifier be shifted in phase -181° 
and tre upper side- band -179°, a bearing error of 1. o0 would result. It is 
readily appreciated that the phase characteristic of the conventional arr,pli­
fier is far from linear with respect to frequency, ru,rl hence it is possible 
for this error to become significant. This phase shift error always exists, 
the ma~i tude being directly proportional to the rrodulation freot"ency of the 
gonicrr,eter and inversely proportional to the bandwidth of the ci rc-ui t under 
consideration. Unfortunately the error is gencr~lly the l~rgest when the 
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~i~nal is properly tuned since in most amplifiers the phase characteristic 
has its greatest slope at the resonant frequency. 

There are ho wa)'S in which this phase shift error can be treated: 
(1) a certain maximum error can be considered as tolerable and this can be 
coljbrated out as part of the overall system error, and (2) the design can 
call for a sufficiently large bandwidth as to preclude any significant phasE 
shift. If tb.e first method is used, the actual bearing error caused by a 
phase shift difference is relatively unimportant, and hence the bandwidth 
criterion becomes one of maintaining a constant slope to the phase charac­
teristic over the frequency range of the receiver. This means that, for 
cach freouency to which the receiver can be tuned, the difference in phase 
shift between the side-bands must be constant but not necessari ly negl igibl€ 
If the second method is used, the actual phase difference between t he side­
bands must be made negligible over the entire frequency range of the receive 
Ultimately this is by far the most desirable method, but it is also the most 
severe on bandwidth requirements. 

Blur was shown to result from an inequality in t he amplitude of the 
two side-bands. Al though as small a di ffe rence between sid e -bands as 1 db 
can cause as much as 5% blur, the question of blur prior to second detec­
tion is more or less academic. This is true for two reasons: (1) these­
lectivity curve of r-f amplifiers is gener ally quite symmetri cal about the 
resonant frequency, and (2) the slope of t he selectivity curve can readily 
be made very small around the resonant frequency. The first of these pre­
cludes blur for the case of a correctly tuned signal and the second of these 
reduces the tendency of appreciable blur even in the case of mistuning. 
However, as the ratio between the modulat i on and carrier frequency increases 
the danger of blur due to mistuning i ncrea ses. 

After the bardwidth demands have been established as functions of bear­
ing error and blur, the actual ci rcui t design becomes a prob.Lem in theoreti­
cal analysis. The t heoretical approach i s gene ral l y rather l aborious , but 
there appears to be no alternative fo r des ign work. It is not the purpose 
of this work to discu ss design methods, bu t the two references listed below 
might be of some aid, at least in the method of attack.* 

Since the theoretical approach frequently becomes so complicated, ex­
r,erimental aid is suggested. However, the problen: of accurately measuring 
small JJhase shifts is not too sirr.ple. A number of met.bods have been sug­
.ges ted in the literature and it would be helpful for an engineer desiring 
to measure phase to study them carefully. The accurate measurement of 
selectivity or the amplitude characteristic of a circuit is not new and ,can 
be easily achieved. 

* 1. Markus, John & ZeJuff, Vin, "Electronic s for Eng ineers," McGraw-Hill 

Boo, Co., New York, 1945; Article by J.E. Vaynard on "Universal Perform­

ance Curves for Tuned Transformers", p. 2 64 - 267 from t he Electrc>nics 
Ma~azine of February 1937. 

2. Terman, Joe. cit. p. 135 - 172 Section 3 on Circuit Theory. 
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One way of determining the bearing error and blur due to insufficient 
r-f and i-f bandwidths is to use the automatic bearing indicator itself and 
si~ulate the carrier suppressed balanced modulator input. The important 
factor here is the knowledge of error and blur contributed from the circuits 
other than those being measured. It will be shown in Section 7 that this is 
relatively easy for circuits following second detection. Work along these 
lines has been done at Cruft Laboratory but references are not available. 

2. Frequency Conversion 

In discussing the process of frequency conversion, it will be assuned 
that no deleterious effects were produced in the radio frequency stages of 
the receiver. The form of the input to the converter will then be: 

The mathematical analysis o f the process will not be reproduced here, but 
an outlir.e of the steps needed will be given. First, a local oscillator 
voltage must be supplied whose frequency is either higher or lower than the 
carrier freauency of equation (36) by the desired intermediate frequency. 
Secondly, this local oscilla tor voltage-modulates the voltage given in equa­
tion (36) in the standard manner. There will be a number of frequencies in 
the resultant output, but only t hose near the intermediate frequency are 
wanted. The output from the converter is consequently passed through some 
type of frequency selective network in order to eliminate undesired frequen­
cies. The process of f requency conversion itself does not cause bearing er­
ror or blur; however, reasonable care should be taken in the circuit design 
to insure maximum sensitivity. However, the frequency selective netv.ork 
following the converter, which is still a part of the conversion as a whole, 
rnay cause either e rror or blur o r both. This network will chan~e both the 
amplitude and phase o f the remaining side-bands. Let the new amplitude of 
the lower side-band be Afc and phase shift &e ¢fc = ¢rf + ¢f where ¢f is 
due to the conversion stage alone. Let the new amplitude of the urper 
side-band be AfcYf and phase shift be ¢fc + Sf• Tuer the output of the fre­
ouency conversion section is given by: 

. . . . . . . . . . ( 37) 

where Wif is the new intermediate frequercy and is a variable dependent upon 
the fixed carrier freauency of the incoming signal and the oscillator fre­
quency ~nich varies with tuning.* 

* It is readily acknowle~Aed that Wjf is a variable dependent upon receiver 
tunin~, however, the variation JS not extensive because the receiver is 
generally tuned very close to t~e carrier frequency. For generality in 
this reportw;f mnst be considered a variable. 
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Eouation (37) has exactly the same form as equation (31) and hence the samE 
argumerts on bear i ng error and blur hold here as in t he previous section. 

3. The Intermediate Frequency Section 

The analysis of the effects of intermediate frequency amplification in 
creatirg bearing error and blur can be handl ed in exactly the same manner 
as the radio frequency arnpli fication. Each s tage may be handled separately 
or all may be taken collectively to represen t the whole section. The input 
given by equation (37) is transformed i nto: 

( 38) 

where Yi represents the ratio of side-band amplitudes and oi represents the 
chase shift difference. The causes of bearing error and blur are exactly 
the same as under Section 1, paragraphs entitled nThe Causes of Bearing 
Error" and "The Causes of Blur". The bandwidth analysis under Sect ion 1, 
paragraph entitled "Detenrination of Bandwidth" , is the same except for 
specific values used. It must be remembered that 2 fm is a much larger 
per centage of fif than fc and therefor e a large per centage bandwidth 
is required. 

4. The Audio Section 

Although the audio section of the receiver plays no role in obt aining a 
bearing when using ABI operation, it is useful for monitoring and aural nulJ 
operati on. In such cases the bandwidth r equirements a r e the same as for an) 
monitoring receiver. Although t here i s some hand ro tation of a goniome te r 
in aural null operation, the motion i s very irregular and slight in t he vi­
cinity of the null , and any assumption regarding carrie r supp ression and 
side- band generation would be questionable. In the communications band and 
higher, any bandwi dth fulfilUng tuning and d- f r equirements will al so be 
adequate for a-f needs. Since these audio ci rcuits are the least impor tant 
in the application being considered, no further mention about them will be 
made. 

S. The Second Detector 

For direction finder purposes it is essential that linear or large sig­
nal detection take place. The purpose of the second detector is to repr o­
duce as accurately as possible ei t her the positive or negative envel ope of 
t he sdgnal coming out of the intermediate frequency section of the r eceiver. 
For t his reason both harmonic distortion and phase distortion mus t be kept 
to an absolute minimum. Detector design techniques will not be discussed 
in this report, rut the importance o f linear detection and careful design 
cannot be overemphasized. With existing diodes, such as t he 6H6, callinR 
for a lar ge resistive load, it is possible to design de tec tor circuits whic h 
p r oduce no phase distortion and less than 1% harmonic di stortion. 
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The envelope desi rec is derived frorr the following output of the in­
:ermediate freauency section, where it has been assumed that up to the 
;econd detector there has been no bearing error or blur: 

lne mathematics involved in obtaining the envelope of a form such as is given 
in eauatiori ( 39) has already been illustrated on pages 13 and 14 under Sec­
tion 1. The result given by equation (32) is immediately applicable upon 
the proper substitutions. In the case at hand then, the ideal detector out­
Jut will be given by:* 

Here, the ~r of equation (32) is unity and Sr= 0 since neither bearing error 
nor blur has been assumed. From the identity cos 2x=l-2sin2x equation (40) 
'llay be rewritten as: 

. . • . • . ( 41) 

An harmonic analysis for equation (41) has been performed in Appendix 2 and 
the result is given as: 

(D 

I 
n = 1 

cos 2n( "1n t + a) 

4n 2 - 1 
. . . . . . . . . . . . ( 42) 

An examination of equation ( 42) reveals the following facts about the out­
put of the second detector: (1) there is a negative zero frequency or d-c 
component equal to Q.636 of the maximum envelope amplitude, (2) added to 
this are even harmonics of the modulation frequency whose amplitudes de-

1 
crease as --- , and (3) the phases of these harmonics deter~ine the bear-

4n2-1 
ing an~le a . 

A discussion of the bandwidth requirements for all of those circuits 
following the detector (see Section 7) is postponed urtil the d-c amplifier 
has been considered. This has been done so that the effects could be ob­
served on the indicator directly. 

fi. Detector Output Amplification 

From an inspection of equation (42) it is apnarent that all of the cir­
cuits following the second detector must pass direct current as well as the 
the even harmonics of the modulation frequency. Between the detector and 

* The detection is performed in snch a manner as to prodnce negative pnlses 
because it is desired that negative voltages be applied to the ~rid of the 
d-c amplifier. The next section on the operation of the d-c amplifier will 
ma/re this clear. 
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the indicator there is located a d-c amplifier section consisting of one o 
two stages depending upon the type of indicator employed. As was the case 
with the goniometers, there are two possible types of indicators; electron. 
and electromagnetic. Although either type of indicator may be associated 
with either goniometer, simplicity and convention usually lead to the as­
sociation of the el ectronic indicator with the electronic goniometer and ti 
electromagnetic indicator with the mechanical goniometer . 

If an electronic indicator is used, the same audi o synchronizing volt• 
age used for goniometer modulation must be introduced into one of the d-c 
ampljfier stages . Here t his voltage is phase split, balanced, modulated b) 
the detector output and amplified. The resulting voltages are fed to the 
four plates of the CRT indicator producing the conventional propeller-shape 
pattern. If an electromagnetic t ype indicator is used, the detec tor output 
after amplification is introduced into a rotating f i eld coil or magnetic 
yoke ~hich is synchronized with the r otat ion of the mechanical goniometer. 

Regardless of the type of indicator employed, t he d-c amplifier acts i 
such a manner as to sharpen the bearing indication pattern considerably. 
This results from the inherent nonlinear i ty of the d- c amplifier. The de­
gree of sharpening depends upon this nonl inearity as well as the "cut-off" 
voltage which is the smallest negative grid voltage needed to cut off t he 
d-c amplifier and hence drive t l,.e spot to the center of the CRT. Obviously 
the characteristics of particular vacuum tube s used determine the d- c ampli 
fier voltage linearity and hence (to a certain extent) the pattern shape an 
sharpness. Figure 5 shows a plot of a d-c amplifier voltage character istic 
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Figure 5. Characteristic of a Typi­
cal D-C Amplifier. 

for a typical direction finder equip 
ment. 

Before illustrating the effect 
of the non- linearity of the d- c am­
plifier, i t is well to mention the 
manner of obtaining an indicator pat 
tern on the CRT. First, of course, 
a signal must be located and tuned 
i n. Then, the gain of the receiver 
i s adjusted to p roduce a propeller­
shaped pattern in whi ch the poi nts 
in the vicinity of the cent er of the 
CRT just touch. This means that the 
maximum negative vol t age being f ed 
to the grid of the d -c amplifier is 
just sufficient to cut off the tube. 
The resulting ideal pattern, assum­
ing a perfec tly linear d-c 81Tlpl ifier 
response, is shov.n in Figure 6. 

Applying the typical non-linear 
characteri stic of Figure 5 to this 
pattern, t he actual scope presenta­
tion would resemble very closely that 



Figure 6. Ideal Pattern for Linear 
C-C Amplifier 
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Fjgure 7. Ideal Pattern for Non­
linear D-C Ampli Her 

giver.. in Figure 7 . The bearing quite arbitrarily has been assumed at a = 0. 

The rema1n1ng indicator patterns wiJl be shown after applying the typi­
cal nonlinear d-c ampli f ier response of Figure 5. The next section considers 
the bandwidth requirements of those circuits following the second detector. 

7. Bandwidth Requirements Following the Second Detector 

In Section 5 the fre(!Uency spectrum of the negative d-c pulses from the 
second detector was found to be : 

00 I cos 2n("-mt + (I) 

n = 1 4nl - 1 

4Ad 8Ad 
ed =- -+ --

11 7T 
. . . . . . . . . . . . ( 42) 

Now between t he detector and the indica tor there are a number of circuits 
and one o·r more vacuum tubes which con t ribute to unavoidable capacitance. 
This capacitance has a tendency to i nt roduce a phase shift and an attenua­
tion in the higher frequency components in equation (42). It is of im­
portance, then, to determine jus t what effect this may have on the bearing 
indication. 

The bearing information to be extracted from the voltage given in equa­
tion (42) is contained in the phase constant a and even one frequency is 
sufficient to indicate the correct bearing. From pulse theory it is evi­
dent t hat t_he addition of the higher harmonics contribute to the sharpness 
of the pattern. Theoretically, only when the ser ies is infinite does a per­
fect null exist; a situation which, of course, is not practicable. And onl: 
when each comoonent has the phase constant a is the correct bearing possible. 
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Again, however, this is neither possible nor strictly necessary. 

Any change in the phase of the harmonics of the detector output has sim, 
taneously two dele terious effects: (1 ) it causes a bearing error and (2) 
produces blur. These two effects can be explained logically by a brief con• 
sideration of the mathematical equivalence of an extraneous phase shift in 
any particular frequency harmonic. The harlT'onic may be thought of as con­
sisting of two components, one in phase with the bearjng phase angle and th1 
other in phase quadrature to the bearing phase angle. The in-phase con,pon­
ent will not contribute to bearing error but will by vir tue of its reduced 
magnitude, cause a slight amount of blur. The quadrature compone~t will 
tend to produce a bearing error, but by virtue of its reduced amplitude will 
not be as serious as might be expected so long as the phase e rror is not 
large. In summary, then, a small phase change in the higher harmonics is 
not considered too serious in creating bearing error. 

Attenuation of the harmonics, unaccompanied by a phase change, produces 
blur but no actual bearing error (only difficulty in determining the exact 
minimum). This is by far the most serious effect encountered in practice. 
In order to observe this effect, the patterns in Figures 8- 13 are offered. 
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Figure 8 . Second Detector Output for D. C. and 2nd Harmoni c vs. Angular 
Displacement. 

The first figure in each set shows the dynamic pulse shape and the second 
figure shows the resulting indicator oattern. A d-c component by itself 
would give a circular pattern on the CRT. No generality is lost by assum­
ing a = 0 in these figures. 
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Figure 11. Pattern for 
2nd and 4th 
Only. 
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Figure 10. Second Detector Output for D. C. plus 2nd & 4th Hanronics vs. 
Angular Displace~ent . 

The ffll'\ount of blur created by harmonic attenuation can be ~easured from 
the curves in Figures 8, 10, and 12 and the amount of pull-in on a arr may 
be measured from patterns in Fi~res 9, 11, and 13. For exa-nple, in the 
case where only har~onics up to and including the sixth are present, the 
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vs. Angular Displace~ent. 

Figur e 13. Pattern for D. C. plus 
2nd, 4th, & 6th Harmon­
i cs Only. 

dynamic values of ed froJT1 equ;3tion 

bl ur is measured from Fi~re 12 ~s 
9% l'IT'CT the null- i n frorr Figure 13 as 
roughly 30%. In this case, t hen, tt 
nonlin~arity of the d-c amplifier in 
creAses the del eterious effec t of th 
bl ur over three- fold . 

The bandwidth rec:uirement upon 
the circuits following the second 
detector is establishec by a con­
s i deration of the l:'Axirr.um tolerable 
blur or pull-in. Just? word i n 
passing about phase sr,i ft . In o rder 
to insure against eLror, the phase 
changes in the circui ts_ following 
detection should be kept relatively 
small over the D?ss-band; i. e., un­
til attenuation begins to take over. 
The relationshi1) between blur and 
hPrmonic attenuat.ion will now be ob­
tained. To formulate blur mathemat­
ically, it is necessary once more 
to obtain the maximUIT1 and minimum 

(42) . Lett.ing 0 = umt and a = 0: 



(X) 

7T 

sin 2n0 

4n 2 - 1 
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= 0 ............... . (43) 

hls holds for 0 
2k-1 

= k" and--" where k = 0, 1, 2, ... The second deriva-
2 

ive shows the minimum 
2k-1 

•e at e = - - 7T 
2 

value of led !to be at 0 = k7T and the maximum value to 

Fork = 1 in the above, so that the minimum value of\edloccurs at 
' = ,,,: 

id(min) = - 4Ad + 8Ad {_!_ + _!_ + !_ + .•. + ! + •• · } .•••• . (44) 
n n 3 15 35 4n - 1 

'he braced series can be summed by telescoping in the following manner: 

1 

4n 2 - 1 

i • e , I 

Inerefore: 

Series 
ton terms 

Sum = 2t{l- 1} 2n 
2n + 1 - 2(2n + 1) 
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Therefore, 
n 

I 
n = 1 

Therefore, 

1 
= 

4n2 - 1 

4Ad 8Ad 
---+--

71 71 

4Ad 
- - ----

LABORATORY 

n 

2n + 1 

n 

2n + 1 

71(2n + 1) 

2 

[•d(min)]: - - -n-( 2n-:-4_A_:_1_) . . . • . . . . . . ( 45) 

For maximum value of ed at k = 1 so that 0 = n/2: 

ed( ) = -4Ad + 8Ad {- _!_ + ..!:_ - _!_ + .. . 
max. 7T 7T 3 S 35 

+ ( - 1 t :t •• ·} . • . • • ( 4f'i) 

4n 2 - 1 

Unfortunately it is not possible to obtain the summation of this series to 
n in terms in simple closed form; however, a numerical t e rm-by- term evalua­
tion is practicable since the series converges qui te r apidly. For conven­
ience let the sum of n terms be denoted by Sn so that: 

[ •d( max. ~ n = - 4~ ( 1 - 2 Sn) • 
0 

. • . ( 47) 

It can be shown that the average of S19 and S O gives a numerical value whi 
agrees with S00 to four significant figures. ~us, only 20 values of Sn nee 
be computed and the subsequent values can be taken as S00• It is not diffi-

1 71 
cult to show that S00 = 2 -4 = -0. 2854 to four decimal places and this fig-

ure will be used for S21 and .all higher values. 

Using equations (45) and (47) the blur c an be written as: 

1 
Blur= 

(2n + 1)(1 - 2 Sn) 

for harmonics of fm up to and including the 2n
th

• 

. • • • ( 48) 

The percentage of blur is given by multiplying this value by 100. A plot 
of the percentage of blur as a function of the highest even harmonic passed 
is given in Figure 14. Although this blur has the same deleterious effect 
as that previously discussed, the equation (48) holds after detection wher e 
as equation ( 34) holds before detection. In Figure 15 is given the rela­
tionship between blur and pull-in for the d-c amplifier characteristic of 
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Figure 5. Here the gain of the r e­
cei ver was so varied as to keep the 
pattern just closed at the center o f 
th.e indicator CRT; i . e., maxirm.m: en­
velope just sufficient when rectifiec 
to cut off the d-c amplifier tube. 

A few examples will illustrat e 
the significance of Figures 14 and 
15. 

Example 1. 

In order to obtain a pattern wit 
less than 0.1 percent blur, the cir­
cui ts following detection must pass 
at least 320 even harmonics of the 

0 o 10 20 3 0 4 0 so 60 10 eo 90 100 goniometer modulation or rotation 
PERCENTAGE OF BLUR 

Figure 15. Relationship Between Blur 
and Pull-in for a Typical Equipment. 

frequency ( see Figure 14) . As suming 
a 1200 r .p.m. rotational speed, i.e. 
fm = 20 c.p.s., the bandwidth would 
need to be at least 12.8 kc. (320 x 

2 x 20 cycles= 12. 8 kc) . I f 1 percent blur is permitted the bandwidth 
would need to be only 1. 3 kc. Since pull-in of the pattern on the CRT is 
perhaps easier to measure than blur, with the aid of the figures it can be 
calculated in this exanple a pull-in of less than 5% requires a bandwidth 
of at least 1 kc. 

Example 2. 

Suppose that in an electronic goniometer it is found especially con• 
venient to use 60 cycle modulat ion in the balanced modulators. Then, for 
l ess than 0.1 percent blur , the b andwidth requirement would be at least 
38 .4 kc. If 1 percent blur were tolerated, the bandwidth could be reduced 
to 3.8 kc. For less than 5 percent pull- in, at least a 3 kc . bandwidth woulc 
be required. 

Exan,ple 3. 

The maximum modulation frequency known to be in use today in electroni< 
&oniometers is 150 c.p . s. Assuming this is used, then to keep the blur be ­
low 0.1 percent, a 96 kc bandwidth would be necessary. For 1 percent blur 
the bandwidth could be reduced to 9.6 kc. For 5 percent pull-in only a 7.5 
kc. bandwidth would be required. These bandwidths can all be calculated 
wit h the aid of Figures 14 and 15. 

The question a rises as t o just how much blur or pull -in should be 
tolerat ed. It is true that blur of 0.1 or even 1 percent means a very good 
di rection finder pattern, but j t must be remembered that this is only con­
sidering one o f the numerous causes of blur. The final decision mus t rest 
in the ult i mate performance specifications, but the modern trend is t o desi 1 
fo r as little receiver blur as possible. 
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FUNDM'ENTAL LIMITATIOi\lS ON ROTATION OR MOJXJLATION FRE~CIES 

The u se of shor t duration and pulsed canmunication signals during World 
War II 0 rought to light the fact that slow rotation or modulation frequencies 
wer e inadequate to insure complete direction finder coverage. As the need 
for higher and higher scanning frequencies became evident, attempts were made 
to increase the goniometer rotation rate or go to electronic systems where 
presu~ably the modulation frequency could be increased almost without bound. 
However, there arose a numbe r of difficulties which became more and more 
serious as the modulation f r equencies were increased. Some of these diffi­
culties will be discussed he re. 

There are t wo types of fundamental limitations on the maximun possible 
rotation or modulation f r equencies: (1) physical limitation on speed of 
mechanical goniometer rotation and (2) electronic limitation of bandwidths 
permissible. Although t here i s a definite upper limit to the speed of a 
physical rotor, such a limit i s not nearly so confining as the electronic 
limit set by the bandwidth requirements of the receiver. In this report onl y 
the electronic limitation will be discussed. 

The material in sections 1 and 7 of the text is background for a con­
sideration of modulation frequency limitations . There are t\\O problems here 
also: (1) the phase shift linearity o f the radio and intermediate frequency 
sec tions of the receiver and ( 2) the bandwidth of t he circuits following the 
second detector. It has been seen that both of t hese problems become more 
important as the modulation frequency increases. It \\Ouln be hazardous to 
set an upper limit on the modulation frequency, since it is impossible to 
predict ultimate bandwidth c apabilities. It must be remembered that as the 
intermediate frequency b andwidth is increased, the over-all receiver selec­
tivity is decreased. This means not only decreased sensitivity but also an 
increased tendency to notice cross t alk and adjacent channel interference. 
These are both very serious disadvantages and cannot be overlooked. It is 
these factor s which ultimately det ermine the upper limit to the goniometer 
modulation frequency . The factor s limiting the bandwidth following detec­
tion are chiefly wiring capacitance and interelectrode tube capacitance. 
By very careful design and selection of vacuum tube types these stray capaci­
ties can be reduced substant i ally. 

In the next section several methods will be mentioned which have been 
used or suggested to elimi nate the need for such l arge bandwidths both be­
fore and after the second detector . 

SYSTEMS FOR REOOCING BANDWIIJI'H ~IR™ENTS 

A number of systems are in use and many others have been suggested for 
reducing the bandwidth requirements in those direction finders employing the 
goniometer principle. Only a few representative ~ethods will be mentioned 
her e . They can be placed in tv.o classes: (1) those reducing the bandwidths 
up to the second detector and (2) those reducing the bandwidth following the 
second detector. 
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The possibility of using a relstively high modulation frequency and 
then employing two separate receiver channels for the amplification of the 
side-bands, one for each side-band, was one of the first to be considered. 
The bearing still would be , i n this case, a function of the relative phase 
shift of the side-bands and blur would be a function of side-band amplitude1 
prior to detection. This means that the receiver channels would need to be 
identical throughout in both ampl i tude and phase shift - a situation which 
has been seen in the past to be very difficult to obtain. However, a modi­
fication o f this system may be considered, that of using two different modu· 
lation frequencies to tag the antenna pick-ups. In reality, this turns out 
to be more t han a slight modification, for the principle of indication is 
completely different. The ampl i tudes, rather than the phases of the two 
different frequencies, become the bearing criterion. However, the relative 
phases of the modulation frequencies must be preserved and must be present 
at the second detector along with the tagged signals. Differential detec­
tion takes place in which the signals are brought once again into synchroni• 
zation to produce bearing indication. Tue merits of this system will not 
be considered here, although it can be said that the bandwidth requirements 
in the receiver are less severe than in the system previously discussed. 

The logical way to reduce the bandwidth requirements of the circuits 
following detection seems to be to al ter the shape or wave-form of the fina. 
output so as to r educe t he harmonic content . Attempts along this l ine have 
resulted in simplification dowr, to a single frequency sine wave . This couL 
be some multiple o f the goniome ter modul ation frequency and hence, being 
ouite stable, would require only a relatively narrow bandwidth. This work 
is not the proper place to go into detail on speci fie syste!l"s, but any new 
system which simplifies the wave-form o f the second detector output will 
reduce the bandwidth requirements accordingly. A word of caution may be 
inserted here to keep in mind that a system for reducing the bandwidth in 
ore part of the receiver might demand an increase in the bandwidth o f 
another part. 

CONCLUSIONS 

1. The output from a goniometer (of the type considered in this report) , 
whether it be electronic or mechanical, is equivalent in form to the out­
put of a carrier suppression balanced modulator ; i.e. , the output consists 
only of two side-bands whose freQUencies are symmetrically displaced about 
the incoming signal carrier by the goniometer modulation or rotation fre­
quency. The side-bands have equal a-nplitudes and their relative phase 
shifts contain the bearing infonnation. 

2. In passing through both the radio and intermediate frequency sections 
of the receiver, the two side-bands undergo a change in ampl itude and a 
change in phase shift, with the possibility that these changes may not be 
the same for both side-bands. An unequal change in the phase- shift of the 
two side-bands causes bearing error. An unequal change in the ampl itude of 
the side-bands causes reduced pattern sharpness or bl ur. 

3. The amount of bearing error created by an unequal phas e shift imparted 
to the two side-bands up to detection is numerically equal to one half the 
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difference between the phase shifts. This error can be calibrated out of 
the system provided the phase characteristics of the circuits have constant 
slope with respect to fre~uency over the effective tuning range of the 
r eceiver . 

4 . The amount of blur created by unequal amplitudes of the tv.o side-bands 
is grven by 1 - Y where y is the r atio of the side-band amplitudes . This 

1 + o/ 
function is plotted in Figure 4. Blur, which is responsible for obscured 
bearings, i s defined quantitatively as the ratio between the minimum value 
and t he maximum value of the voltage envelope resulting from the combination 
o f the side-bands. 

5 . The effect of blu r is made mani fest at the cathode ray indicator in a 
fo rm called pull-in. This is observed as a retraction or pulling-in of t he 
tips of the propeller-shaped pattern and is defined quantitatively as the 
di s tance from one tip of the pattern on the CRT to the nearest periphery 
divided by the effective radius of t he CRT. Pull-in is a function of blur , 
receiver gain, and d-c amplifier linearity. In practice it is generally 
independent of receiver gain which i s set so that maximum signal is just 
suf ficient to cut off the d-c amplifier tube. The relationship between 
pul l -in and blur, for the particular d-c response curve shown in Figure 5, 
is given .in Figure 15. 

6. Carefully designed frequency conversion and carefully designed linear 
detection should insure against bearing e rror and blur in these sections of 
t he receiver. 

7. The output from the second detector consists o f pulsating direct -current 
o f repetition rate equal to twice the goniometer modulation frequency fol­
lowing the same form as a full rectified sine wave. Harmonic analysis re­
veals a s teady state component and alternating current components of de­
creasing ampli tude , which are even harmonics of the modulation frequency. 

8. The ultimate pattern sharpness is determined by the bandwidth of the 
circui ts following the second detector. Figure 14 gives the percentage 
blur following detection as a function of the number of even harmonics 
passed. It is found that the bandwidth required for a specified pattern 
sharpness is proportional to the goniometer modulation frequency. 

9 . n1e upper limit to the rate of goniometer rotation or electr•onic modu­
lation is dictated by two bandwidth requirements: (1) the intermediate 
frequency bandwidth needed to maintain linear side·band phase relqtions, 
and (2) the bandwidt h of those circuits following the second detector re­
qui red to insure pattern sharpness. The first of these is in confl ict 
with the selectivity required to prevent adjacen t channel interference and 
works against high sensitivity. TI1e second of these i s limited by inter­
el ectrode tube capacitance and unavoidable wiring capaci tance. 

10. Some fundanen tal methods are mentioned ~nich reduce the large band­
wi dth requirements demanded by increased modulation frequencies. Two sys-
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terns are required: (1) for reducing the needed intermediate frequency band­
width arid (2) for reducing the excessive bandwidth needed following detectio 
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APPENDIX I 

TiiE O)l'CEPTS OF BWR AND PUU.-IN 

In any d jrection f inder which operates on the null principle, one of 
the most signi ficant factor s in reading accurate bearings is the sharpness 
of bearing indication. Throughout the years of development of the art, this 
oualjty of "sharpness o f i ndication" was known under a variety of names; but, 
with the advent o f the automatic bearing indicator, with its propeller-shaped 
CRT patterP, the term "blurw appeared to be the most descriptive and grad­
ually came into conmon use. Blur may be qualitatively defined as any reduc­
tion in the definition of the bearing pattern, whether aural or visual, re­
sulting from any diminution in the sharpness of the indication. It may be 
caused by a multitude of factors some of the more serious of which are odd­
phase r e-radiation of the incoming signal, unbalance in the antennas, un­
balance in the transmission lines, goniometer leakage, and insufficient 
receiver bandwidths. In this work only that blur caused by insufficient 
receiver bandwidths is considered. 

A general ouantitative definition of blur can be given which holds re­
gardless of the cause. Blur is the voltage ratio of the minirnun to maximum 
signal envelope under dynamic conditions. The numerical value will vary 
with respect to the point in the system at which it is measured and the con­
ditions of measurement, such as signal level, etc., so that the expression 
is not coinplete unless all conditjons of measurement are included. In this 
report only two causes of blur are discussed: (1) blur caused prior to the 
secoPd detector by the une~ual 81'!1Plitude of the two side-bands, and (2) blur 
caused by a phase shift or attenuation in harmonics of the goniometer modu­
lation frec;uency. The manner by which both of these change the ratio of mini­
mum to maximum signal is discussed in Sections 1 and 7 of the text. 

Although the measurement of blur from all causes may be achieved by 
direct measurement of pull-in on the CRT, it would be difficult if not im­
possible to isolate by this method the contributions to over-all blur from 
each separate part of the receiver. It would be possible to obtain the blur 
at any point in the receiver by applying the signal to an external oscillo­
scope and actually measuring the minimum and maximum envelope voltages. 
However, this would have to be done under dynamic conditions and would not 
be too accurate. Perhaps the simplest way to determine the blur prior to 
detection is to obtain a selectivity curve and apply equation (35). The 
easiest way to determine the blur after detection is to obtain an audio 
response curve and apply the graph of Figure 14. 

Pull-in is a phenomenon unique to those direction finders employing 
automatic bearing indicators which have propeller-shaped patterns observed 
on a CRT. It may be qualitatively defined as the movement of the ends of the 
pattern toward the center of the CRT resulting from blur. Under ideal con­
ditions, i.e., with no pull-in, the ends of the pattern would be sharp and 
extend to the periphery of ti1e scope. As either the signal strength or gain 
of the receiver was increased, the pattern would get thinner and eventually 
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become a s traight line, but the ends would still remain at the outer edge 
o f the scope. However, when blur exis ts, this does not happen. Instead, 
depending upon the amoun t of blur present, the ends of the pattern begin to 
round off and move toward the center of the scope. As the gain is increasec 
the tendency becomes more prominent ur.til finally a mere circle or dot r e­
mains at the center of the scope. This phenomenon has been named pull-in. 

Pull-in is measured as the ratio of the magnitude of the movement o f tJ 
pattern ends toward the center to the r adius of the (no signal) circle, wit~ 
the receiver gain s o adjusted that the center of the pattern just closes. 
This means that the maximum voltage being fed the d-c amplifier is jus t 
sufficient to cut i t off. 

In order to conform to the definitions previously established by the 
Laboratory and in order to avoid confu~ion whenever blur is caused by f ac­
tors external to the receiver, blur and pull-in are not consi dered synonym­
ous. Pull-in may be considered the visual manifestation of blur and under 
any given set of conditions a definite rel ationship may exist between them. 
For example, in Figure 15 t he relationship between the overall blur exist­
ing prior to d- c ampl i ficat i on and pull-in is given for the characteri stic 
shown in Figure 5. A similar curve relating blur and pul l-in may be obtaine 
for any equipment provided the characteristic of the d-c ampl ifier can be 
dete rmined. Pull- i n, therefore, is not only a function of blur but al so 
of the d- c ampli fier characteristic. 
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APPENDIX II 

HARMONIC ANALYSIS or SECOND DETECTOR 
OUTPUT 

I n this appendix the harmonic 
content of the second detector out­
put will be obtained. The wave-form 
t o be analyzed previously has been 
given i n section 5 equation (41) as 
follows: 

The absolu te value signs in this 
equation prevent the immediate deter­
mination of the frequency componen ts 

I 
I 

C-1r or. 
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present, and hence a Fourier analysis 
is suggested . The wave-form of the 
function to be analy zed is sketched 
i n Figur e 16. The analysis can be 

Figure 16. Wave-form of Second 
Detector Output 

~ade simpler upon appl ying t he transformation x = 2("tnt + a) and then 

ed = - 2Adl sin;,= f(x) . Since sin x/2 does not change sign in the inter­

val O $.. x $... 211, the complete analysis can be carried out within this inter-

val on f(x) = 
X 

sin- . 
2 

As can be seen from the boundary conditions 

in Figure 16, this transformation greatly simplifies the work. 

X 
It is then oossible to determine a function such that f(x) = -2Ad sin 2 

in O ~ x ~ 211 and such that f(x) = f( -x). Since such a function will be an 
even function, let 

(X) 

f(x) I ~ cos nx . . . . . . . . . . . . . . . . . . ( 49) 

n = 1 
211 

where ~ =_! J f(x) cos nxdx 
11 0 

The evaluation of .\, follows: 
277 

An = ~ J -2Ad 
X 

sin 2 cos 

0 

l.et u = cos nx 

du = -n sin nxdx 

nxdx . . . . . . . • • • • . . . . • . . ( SO) 

X 
dv = sin- dx 

2 

V = -2 COS x/ 2 
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X A,, = -
2
,\J [2cos nx cos ;]x = 

2

" + 2Ad J2n 

'TT [ 'TT 0 
cos - sin nxdx . . . . . ( S 1: 

2 

X = 0 
2r 

To evaluate J cos ; sin nxdx, let: 

0 p = sin nx 

dp = n cos nxdx 

X 
dq = cos2 dx 

q. = 2 
X 

sin-
2 

X 
2~ r I cos ; sin nxdx = L 

]

x = 277 2r 

sin nx sin ; - f 2n sin-cos n xdx .... (52'. 
2 

X = 0 0 

Employing equation (SO) in (52) and evaluating t he limits, the last integral 
becomes: 

2r 

I cos ; sin nxdx -
770

,\, 

o Ad 

Substituting this last expression in equation (5 1) gives : 

A,, = 

2

:d [-2 cos nx cos ;I : :" + ~ d ~~ 
2Ad 

= --- (2 + 2 cos 2770) + 4n2An 
'TT 

Ther efore: 

'TT 

• 8Ad 
,\,=----

77(4n2 - 1) 

'TT 

. . . . . . . . . . . . . . . . . . ( 53) 

The final result in equation (49) ther. becomes: 



i8 

4Ad 
(Xl 

I f(x) = --- + 
7T n = 1 

Reversing the transformatior,, 

4Ad 8Ad 
ed = --+-

77 7T 

U) 

I 
n = 1 
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8Ad cos nx 

77(4n2 - 1) 

X : 2Cumt + a), 

cos 2n(umt + a) 

4n2 - 1 

the final form 

LA BORA TORY 

is: 

This is the form of equation (42) discussed in Sections 5 and 7 of the text. 


