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SONNE 17.01 

SONNE (CONSOL) 

Type of System 
Azimuth, giving radial lines of position. 

Useful Range 
Depends on transmitter power and location of craft. Figures based on a num

ber of observations of German transmissions are: 
Day 1000 miles} . . . Night 2000 miles transmitter power 1.5 kw, transm1ss1on over water. 

Owing to the frequency used, there· are no altitude limitations at a distance. However, 
aircraft close to the source of transmissions will be subject to errors in position 
due to geometrical considerations. (See Section 1) 

Accuracy and Precision 
The best theoretical precision is approximately 1/ 6° azimuth in a line of pos-

ition. 

Results of a number of test observations indicate an average operational ac
curacy of 1. 70 by day and 2. 3° at night, corresponding to errors of 15 and 20 miles 
at 1000 miles range in a line of position. Ambiguity exists between alternate sectors, 
and must be solved by an approximate knowledge of position obtained from dead reck
oning based on previous bearings or from D/F observations. Large errors have 
been observed at sunrise and sunset. 

Type of Presentation 
Aural. The operator counts the number Of dots and dashes during a one

minute cycle. 

Operating Skill Required 
A feature of this system is that the complexity of the operations and equip

ment on the craft have been reduced to a minimum. No skill is required beyond the 
ability to tune a communications radio receiver, plus the ability to listen, count, add, 
subtract, and use charts. 

At the ground installation, skilled monitoring is desirable. 

Two minutes are required for determination of a line of position. A fix should 
be obtainable in four to six minutes. 

Equipment Required 
At the ground station: Transmitter of about 1.5 kw, specialized phasing and 

keying gear, two or three antenna towers of height 150 - 350 feet with the necessary 
transmission lines, monitoring equipment. On the craft: Standard communications 
receiver. 

Frequency 
250 - 500 kcps (wavelength 1200 - 600 meters). 

Bandwidth Required 
Less than that of the usual communications receiver. 1 kcps per ground station. 

Present Status 
The Sonne system has been used extensivelyby the Germans during the last 

two years of the war. The Allied Air Forces have also found the system reliable and 
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useful. Sonne is considered by many qualified persons to be in certain respects 
superior to Loran as a long-distance navigational aid for general use. British use 
of German Sonne transmission is usually referred to as Consol. Prior to the Japan
ese surrender a modified Sonne system (AN/FRN - 5) was under development for 
fi.ghter navigation in the Pacific theater. 

Principles of Operation 
A Sonne station radiates a multi-lobed pattern in which, by phase-switching 

and phase-shifting of the transmissions from three spaced antennas, certain "equi
signal" lines relative to the station are defined. These lines move slowly in position 
over a period of one minute. By counting the number of dots and dashes heard before 
and after the passage of the equisignal during this period, the operator at the craft is 
able to locate himself with regard to the ground station, obtaining a line of position. 
Another such observation yields a second line of position on a different station and 
thus a fix is obtained. ' 

The ground station uses three antennas (A, B, and C in Figure 17-01). The 
spacings between A and B, and between Band C, are equal and are usually of about 
three wavelengths. A variety of arrangements as to phasing and amplitude of antenna 
currents is possible, but that used by the Germans is illustrated in Figure 17-02 (a) 
and (b). The amplitudes of the currents in antennas A and C are equal, and are one-
fourth (other fractions maybe used) of that in antenna B. At the start of a one-minute 
phase-shifting period, the phase relations are as indicated in Figure 17-02 (a). Tak
ing the A current as ~hase reference, the C current has a phase of 180° with respect 
to A, while B is at +90°. At the end of the first 5/ 6 second of the phase-shifting cycle 
the phases of A and Care suddenly reversed. After an additional 1/ 6 second the phases 
of A and C are suddenly returned to their original positions (ignoring for the moment 
the relatively slow superimposed phase-sweep described below). This phase-keying 
sequence is repeated at one- second intervals throughout the one- minute phase-shifting 
period. At the same time, the phases of A and C are moved slowly and uniformly in 
opposite directions, so that after 10 seconds, the A and C phases would be as shown 
in Figure 17-02 (b), andafter60secondstheA and C phases would each have changed 
by 180° and would be reversed with respect to their initial position; in Figure 1 7-02 
(a). At the beginning of the next phase-shifting period (after a further interval of one 
minute) the phases start again from the positions of Figure 17-02 (a). The complete 
sequence of events in a two- minute cycle is as fallows: 
Phase-shifting and keying in the manner described 
Silent period (no transmission) 
Steady transmission from the center antenna alone 
including an identification signal 
Silent period (no transmission) 

for 
for 

for 
for 

60 seconds 
1 second 

56 seconds 
3 seconds 

120 seconds 

The complete sequence therefore lasts for two minutes, and bearings cannot 
be taken closer in time than this interval. 

Considering the radiation pattern at the start of the 60-second phasing period, 
the current in antenna B leads that in antenna A by 90°, and that in antenna C leads 
by 180° (Figure 17-02 (a)). The radiated pattern is then similar to Figure 17-03 
which is drawn for an antenna spacing d = 3 wavelengths, amplitude of A and C cur
rents one quarter of amplitude of B current. If the phases of A and C were reversed 
the pattern would be as shown iri Figure 17-04. It will be seen that maxima in Figure 
17-04 occur at the same azimuth angles as minima in Figure 17-03 and vice versa. 
The pattern is symmetrical with regard to the line of antennas, but not with regard 
to a line perpendicular to this. If now the phase reversal of the A and C currents 
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weretotakeplacewithoutany change in the phase of B, the patterns of Figures 17-03 
and 17-04 would alternate. This is illustrated by Figure 17-05, in which the two pat
terns are superimposed. (Figure 17 3 contributes the dashed line, Figure 17-04 
the full line). Since Figure 17-03 would obtain for 5/6 second intervals and Figure 
17-04for 1/6 second intervals, Figure 17-03 will be referred to as the "dash pattern" 
and Figure 17-04 as the "dot pattern ". 

An observer ona craft located at P (Figures 17-03, 17-04,17-05) will receive 
stronger signals during the 5/ 6 second intervals when the dash pattern obtains than 
during the 1/ 6 second intervals corresponding to the dot pattern. He will therefore 
hear a series of dashes. An observer in the direction OQ will hear dots by similar 
reasoning. In the direction OR, both patterns yield signals of the same strength and 
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a continuous signal will therefore be heard. This is referred to as an equisignal. The 
alternation of the two patterns therefore determines a number of equisignal lines 
characterized by equal signal strengths from the dot and dash patterns. These equi
signal lines are shown in Figure 17-05. 

In this relatively simple form, which includes no phase-sweep, the system pro
vides a navigational aid known as Elektra. Elektra was used by the Germans in 1940-
41 and Sonne was developed from it. The difference between Sonne and Elektra lies 
in the slow progressive shifting of the phases of the currents in the two outer antennas. 

The effect of this slow and uniform phase shift in the A and C currents is to cause a 
rotation of the equisignal lines. Starting from the beginning of the 60- second phase
shifting period, the equisignals are first as shown in Figure 1 7-05. The equisignals 
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in the top half of Figure 17-05 then move clockwise, and those ·in the lower half 
counter-clockwise, until at the end of the 60-second period each equisignal now oc
cupies the position originally occupied by the adjacent equisignal to the right. At 
the left side of the dash pattern, the small lobe expands and divides; and at the right 
side the two large lobes contract into one small lobe. Corresponding changes take 
place in the dot pattern, so that at the end of the 60-second period the two patterns 
have become interchanged. 

Considering effect of these changes on an observer situated on (say) OP, 
the sequence of events will be as follows: 

(a) At the start of the cycle, dashes will be heard 
(b) Dashes decrease in contrast ( 5/ 6 second and 1/ 6 second signals become 

more nearly equal) until 
(c) Equisignal is heard. 
(d) After the equisignal, dots are heard, at first increasing in contrast and 

then decreasing slightly until the end of the 60-second period occurs. 

These changes are graphically represented in Figure 17-06, in which the time 
intervals are not drawn to scale. During the 3-second silent intervals there is no 
transmission from any of the antennas, and during the 56- second steady signal, only 
the center antenna is used. 

3 sec. 
silent 

56 sec. 

Dashes ~.,.__-Dots heard-~ ~---steady signal---~ 
heard including identification 

equisignal 1 sec. 
silent 

Fig. 17-06 Transmission sequence 

3 sec. 
silent 

Cycle 
starts .. 
again 
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Provided the operator knows his approximate position, a knowledge of the num
ber of cl}aracters heard (dots or dashes) before the equisignal, and of the initial and 
final positions of the equisignal conce ned, together with suitable means for interpo
lation, enables a line of position to be determined. 

Since in general the equisignal will not be sharply defined, and may appear to 
last several seconds, the operator counts both (a) the number of dashes (or dots) heard 
before the equisignal and (b) the number of dots (or dashes) heard after the equisignal. 
These are added and the total subtracted from 60 (the number of characters trans
mitted) giving the apparent length of the equisignal. Half of this latter figure is then 
added to the (a) count so as to determine as nearly as possible the true interval be
fore the equisignal. For example, the observer at P might have counted as follows: 

The computation is then as fallows: 
13 
41 

13 dashes 
Equisignal 
41 dots 

60 = characters transmitted 
54 

54 = {f haracters heard 6 = apparent length of equisignal 
13 + 2 = 16 = true number of characters before equisignal. 

Charts are provided on which position lines marked in degrees azimuth from Sonne 
stations are overprinted in color. Keys or tables are also provided by means of 
which the azimuth line of position corresponding to a given count within a given sec
tor can be obtained. A sketch of the central portion of such a key is shown in Figure 
1 7-07. The advantage of this procedure is that if it should become necessary to change 
the phasing of the antenna currents in order to modify the pattern for security or 
other reasons, only new keys and not new charts are required. 

It will be seen that ambiguities exist. The above count could have been ob
tained in any of the dash sectors of Figure 17-05. In the patterns shown, the mini
mum angular separation between equisignals is 9 .6°. The ambiguity is thus between 
position lines whose minimum separation is 19 .2°. It is therefore necessary for 
the craft to know its bearing on the Sonne station to within 9 .6° or better. This may 
be done by a rough D/F measurement on the steady 56 sec. signal or the position 
may be approximately found by dead reckoning, a knowledge of the existing course 
and speed since a previous observation then being necessary. Regarding the extent 
of the ambiguity, adjacent dash sectors (or adjacent dot sectors) are separated by 
a minimum angle of about 19°. The maxinium· error permissible in the D/F measure
ment used to solve the ambiguity is however only half this figure. A consideration 

of Figure 1 7-07 will illustrate this point. 

Suppose that a navigator makes a count of 40 dots preceding the equisignal 
and 20 dashes fallowing it. The fact that the dots were heard first locates him in a 

dot sector. The fact that 40 dots were heard locates him at a particular azimuth with
in a dot sector. This azimuth is read from a key or table attached to the actual chart. 
The central portion of such a key, somewhat compressed in scale and with the finer 
markings omitted, is shown in Figure 1 7-07 (b). On an actual key, azimuth angles 
corresponding to the line of antennas of the particular Sonne station are read from 

the angular scale direct. In Figure 17-07 (b), it is assumed for convenience that the 
line of antennas runs from west to east, so that the central equisignal points due 
north. 

The count obtained therefore gives the navigator the following choices in line 
of position on the north side of the pattern: 

6
10 

261° 51° 267! 0 326! 0 347! 0 
°3' 3 ' ' 4 ' 4 ' 4 

These lines of position are shown as dashed lines in Figure 1 7-07 (a). 
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Fig. 17-07 Sector ambiguity 

Suppose further that the maximum error to be expected in the D/F observa
tion is the same as the angle of ambiguity, i.e., 19°. Then the situation may be repre
sented at (2) in Figure 17-07 (b), .where the D/F reading might give an azimuth in
dication anywhere within the shaded range. Remembering that theD/F reading may 
give the extreme values of 3471° or 26~0, and that the navigator has only one read
ing at his disposal , and will take the ~osition line nearest this reading, it is seen that 
he might easily choose 3471° or 26"J 0 as the final reading. If however, the maximum 

error to be expected in the I>'F observation is reduced to 9~ 0 , the situation will be as 

represented in the shadedareaof Figure 17-07 (a) or at (1) in Figure 17-07 (b). Even 
an eftreme D/F reading will indicate to the navigator that his correct azimuth bearing 
is 63 °. The maximum allowable error in the D/F reading is therefore one half of the 

minimum angle of ambiguity. 
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Since observations cannot be taken closer in time than two minutes, running 
fix technique may be necessary. 

It should be noted that Sonne transmissions as here described are unmodu
lated (C .W .) . The receiver used should therefore include a beat-frequency oscillator. 
If receivers without beat-frequency oscillators are to be used, then provision for 
mod~lation at the transmitter must be made. 

This concludes the general discussion of the system. Some notes on tm 
geometry of the radiation pattern, and on factors affecting it, will now be given, 
together with information as to the transmitting equipment used, a discussion of 
transmitter errors and tolerances, and an outline of a proposed two-antenna system. 

I 
1~ 
19 

B 

d=nA. 
t21 
)I ... d =n I\ 

Fig. 17-08 Three-antenna Sonne 

it = + A sin (wt+ cp) i 2 = B cos wt 
i 3 = + A sin (wt - cf>) 

B/ A = p spacing = nA 
1T 

cf> = (6Q)t radians, t measured in seconds 

Field strength at a distant point P of azimuth angle 6 
E = k.cos wt. [ B + 2A sin (cf> - 21T n sin 9)] 

where k is a constant determined by the distance of P from 
the array and by propagation conditions. 

The radiation pattern of Sonne. 
Many arrangements yield multi-lobed patterns of the type described. Two 

basic arrangements are here discussed: 
(1) three antennas, equally spaced, equal currents in the two outer antennas, phased 

as indicated in Figure 17-03. This is the system used by the Germans. 
(2) possible two-antenna arrays yielding the same results as (1). 

Three antenna Sonne 
Let the spacing d = nA.. Note that n need not be integral. The currents in the 

three antennas are i1 =+A sin (wt+ ct>); i 2 = B cos wt; i 3 = +A sin (wt -ct>). (See Fig-
ure 17-08). The + and - signs in it and the - and+ signs in i2 yield the dash and dot 
patterns quoted previously if the upper sign obtains for 5/ 6 sec. an<!_ the lower sign 
for 1/ 6 sec. The phase-shift ct> in the outer antennas is given by cp = ( 6~)t radians where 
tis measured in seconds from the start of the phase-shifting period. The ratio of the 
current amplitudes is denoted by B/ A = p. 
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There are two physical variables: 
(1) n (2) p 

The following factors relating to the pattern are of interest: 
(1) total number of equisignals in the pa~tern. 
<2> minimum angle of ambiguity. One half of this is the maximum tolerable error 

in the D /F measurement required to solve the ambiguity of sector, as already 
noted. It should be as large as possible, that is, a value of 3600 would indicate 
complete certainty of sector. 

(3) . equisignal field . f · d" t d The ratio maximum field = p. For most economical use o a given ra ia e 

power to obtain large useful range, p should be as near unity ·as possible. This 
ideal condition is not realizeable in practice with either two- or three-antenna 
arrays. 

<4> Absolute field strength at equisignal. This determines the maximum useful 
range. 

(5) Rate of change off ield strength with azimuth in the region of an equisignal. This 
is a factor in determining the discrimination with which a bearing may be ob
served <that is, the theoretical accuracy obtainable>. 

(6) The number of db. difference in level between the dot and dash signals for 1° azi .... 
mu th departure from an equisignal. 

The way in which these five factors depend on the variables <current amplieoo 
tude, antenna spacing) is summarized in Table 17-01. 

total number of equisignals 
in pattern ( 1> 

minimum ane-le of ambiguity <2> 

f> = equisignal field {3) 
maximum field 

absolute field strength at equi-
signal <4> 

rate of change of field strength 
with azimuth <dE/d9> at equi-
signal (5) 

db. difference <6>between dot and 
dash signals per degree azimuth 
departure from equisignal = a 

Equation determining equisignal 
positions 

Table 17-01 

Current Amplitudes Spacing 

no influence equals 8n (l) 

no influence decreases as n incf eas= 
es <equal to 2 sin- 1/2n) 

p - p no influence 
P+ 2 

proportional to no influence 
B only 

proportional to proportional to n 
A only 

also proportional to cos 6 

a= 1 + 0.22 <n/p) cos a 
20 log 101 - 0.22 <n/p> cos 9 

sin ae = _!_ (i + m) , where m is any inte-
2n 60 

ger including zero 
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Notes on Table 17-01 
1. If the.spacing d is an integral number of half-wavelengths <that is, if n = Oo5, loO, 

1. 5, 2. 0, 2. 5, etc,), equisignals occur at 9 = + 900, and by symmetry the number 
of equisignals in the pattern is always even, whatever the value of n. If n is some 
other number (e.g. 2.3), the number of equisignals will be the next even number 
above Sn <e.g 20). This is not however, the number of useful equisignals ~ In the 
pattern drawn, it will be noted that the accuracy will be very poor near 8 = + 90°, 
so that a safe rule for the number of useful equisignals is Sn - 2. 

2. The angle of ambiguity is the angle between the equisignal concerned and the next 
but one adjacent to it. This is a minimum (requiring the greatest accuracy of 
approximate D /F observation> at 8 = o0. <Equisignals occur at 8 = o0 and 9= 
1800 in all patterns covered by this analysis>.. Since equisignals occur where sin 
(27Tn sin 0) = 0, the angle concerned is 2 sin -l 1/2n for the first pair of equisignals 
either side of 0 = oo. In the pattern shown in Figure 17 -05 , n = 3 and p = 4, so 
that there are twenty-four equisignals in all, occurring at the following approxi-
mate values of e: o0 , + 91

2
°, + 19!0 , + 30°, +41~0 , + 56!0 , + 90°, +i23!0 , +i3s!0 , 

2 4 2 2 4 

+ 150°, + 160~0 , + 170~0 , 1S0°. The minimum angle of ambiguity is therefore about 
19°. 

3. With the phase relationships here assumed, the pattern may be thought of as made 
up of <a> a uniform component due to the central antenna, (b) a component due to the 
two outer antennas which varies in phase and in magnitude as 8 is varied, causing 
increments and decrements to the uniform component. Thus in the example given 
B = 4A (p = 4) and the ratios of maximum field, equisignal field and minimum field 
are as (B + 2A) : B : (B - 2A), that is, as 6 : 4 : 2 or as 3 : 2 : 1. 

4. Since at the equisignals the fields due to the two outer antennas exactly cancel, 
the equisignal field depends only on that due to the center antenna. 

5. Analysis shows that dE in the region of an equisignal is given by 4k1111 A cos 0 
erg--

units per degree azimuth where k is a propagation constant depending on the dis
tance of the observer from the transmitter. This gives the slope of either the 
dot or the dash pattern at the equisignal. 

6. Of more interest than ~~ is the number of db. difference in signal strength between 

the dash and dot patterns per degree azimuth departure from equisignal. This is 
E +dE 

given by a (db) = 20 log 10 d 8 , where E is the equisignal field (of magnitude 
E _ dE 

d8 
kB) and ~~ is measured in units per degree and is evaluated at the equisignal. 

U 
+ 0.22 ncos ~ 

This reduces to a (db) = 20 log 10 g decibels per degree azimuth. 
1 - 0.22- cos e 

p 
This expression is characteristic only of the geometry of the radiation pattern 
aud does not depend on propagation tactors or on C11stance tram the array o Apply-
ing this result to the example previously used (n = 3, p = 4), the maximum change 
in signal strength per degree is obtained at 0 = o0 , under which condition a (db)= 
20 log 

10
[1 + O.l6~T= 2.9 decibels per degree azimuth. If it be assumed that an 
1 - 0.l 65J 

operator under average conditions can detect a 1 db. change in audible signal 
level, then the position of the central equisignal (8 = 00) can be observed direct
ly to about+ 1 /3° azimuth. However, since the technique of counting dots and 
dashes both before and after the equisignal is used, greater discrimination than 
this maybe obtained, and the limiting factor under these conditions is not in prac
tice the change in signal strength per degree azimuth but is concerned with the 
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number of characters transmitted per minute. This is further considered later 
under the heading Theoretical Accuracy. 

In general it is to be noted that the change in the signal strength per de
gree azimuth at equisignals varies as follows: 

'Maximum at 0 = 0, decreasing to zero at 9 = + 900 
Increases as n is increased. 
Decreases as p is increased. 

Two~antenna Sonne 
It has been pointed out that similar results may be had if only two antennas 

are used. The spacing between antennas is n' A and the currents are it = A sin (wt-+<P) 
and i2 = + B cos wt (Figure 17-0~), and</>= ( 6~)t. The equisignals occur at azimuth 
angles where the magnitudes of the dash and dot fields are equal, that is, where sin 
(</> - 21Tn' sin 0) = 0. Since this is the same equation as that which determines equi
signals in the three-antenna pattern, the equisignals will occur at the same azimuth 
angles if n = n' , and the 2 antenna pattern will be similar to the 3-antenna pattern. 

0 

d= n'A. 

Fig. 17-09 Two-antenna Sonne 

it = A sin (wt+</>) 
i2 = + B cos wt 

a = ratio Of amplitudes : PI 
A 

' I ~ spacing = n "-
</> = (fffJ) t radians, t measured in seconds 

Field strength at a distant point P of azimuth angle 6 
is E = kA:/ 1 + p' 2 + 2p' sin (</> - 27Tn 1 sin 0} where 
k is a constant representing the distance of point P 
from the array and the propagation conditions. 

In Table 17-02 the features of the pattern and their dependence on physical 
var.iables (p' = B/ A and n' = d/A) are listed. 
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total number of equisignals 
in pattern (1) 

miniJllUpl angle of ambi
guity l2J 

p' = ~quisignal field)( 3) 
( maximum field) 

absol~te. f ield(~trength 
at equ1s1gnal ) 

Rate of change of field 
strength w~ azimuth at 
equisignal 

db difference (B) between 
dot and dash patterns per 
degree azimuth departure 
from equisignal = a 1 

equation determining equi
signal positions 

Notes on Table 17-02 

SONNE 

Table 17-02 

Current Amplitudes 

no influence 

no influence 

I }1 tp'2 
p - 1 + p' 

or 

proportional to 
Ap 1 AB 

Vl +p 1 2 = VA2 + B2 

Spacing 

equals 8n 1 (or next 
higher even number 
if 8n' is not even)(l) 

decreases as n' in
creases (=2 sin -l l/2n') 

no influence 

no influence 

proportional to n' 

also proportional to cos e 

~ + p I 2 ± Q .11 p I Il I COS ~ 
a ' = 20 lo 

g 1 Q 1 ± p I 2 - Q .11 p I n I COS 0 

sin Se = Jn• (ifu + m), where m is any inte
ger including zero. 

1. Equisignal considerations follow from the same equation as for the three-antenna 
case. The equisignals at 9 = + 900 (in the case where n' A is an integral number 
of half wavelenrths) are not useful and in this case the number of useful equisig
nals will be 8n - 2. 

2 ,3 The same considerations apply as in the three-antenna case. 
4. Since at the equisignals the magnitude of the field is unaffected by the choice of 

+B or - B, equisignals only occur at positions such that the received A and B 
signals are in phase quadrature. 

5. ~~ in the region of an equisignai is given by 

2kAp 
1 

7Tn' cose units per radian or O.l l k.Ap 
1 

n' case units per degree azimuth 
v1 +p'2 v'1+p'2 

where k is constant for any one position of the observer. 
6. Analysis shows that, for any given value of n' and cos 0 ,a 1 will have its maxi

mum value when p1 
= 1, that is, when the amplitudes of the two antenna currents 

are equal. Further, if p' = 1, and n' = 3, and cos 9 = 1, a ' = 2. 9 db per degree 
azimuth. Comparing this with the result for the 3-antenna Sonne quoted on 
page 17 .12, it is seen that the two- and three-antenna Sonnen give very closely 
corresponding pattern features. 
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Theoretical Accuracy of the System 
Assuming no errors in phasing at the antennas and no errors due to propaga

tion conditions, the accuracy of a Sonne bearing depends upon the following: 
(1) The rate at which signal strength changes with azimuth in the region of the equi

signal. This has been discussed above. 
(2) The effect of the counting technique used, which is to reduce (we hope) any errors 

due to a slow rate of change in <1> above. 
(3) The number of characters transmitted per minute. This is assumed to be 60. 

It is doubtful whether this number could be increased without danger of errors 
in the actual count. The cycle might be lengthened to <say> 90 characters trans
mitted in ll minutes, but this would involve either increasing the interval be-

tween possible readings, or decreasing the length of the steady transmission 
available for D /F observations. 

Three points may be noted with regard to the sizes of the errors due to 
these causes: 
<a> Since the count cannot in any case be made to within less than one character, 

we are limited to an accuracy determined by the angle through which the 
equisignal sweeps in 1 second. For the central sectors in the example given 
in Figure 17-05, this is approximately 1 /6 degree azimuth. In the same ex
ample, the error due to a one-decibel limit of dot- dash discrimination,+ 
1/ 3 degree azimuth, when modified by the results of the counting technique, 
probably amounts to less than this figure so that factor <3> above is likely 
to be the limiting one. These figures would of course be modified if the con
stants p and Ii had been given different values. 

(b) Errors due to factor <1> above increase as 9 increases, being inversely pro
portional to cos 0. However, the increase will not be large until 0 approaches 
75 - 80°, in which zone the utility of the system is not considered great. 

(c) Errors due to factor <3> above also increase as 9 increases·, since the angu
lar separation of equisignals is larger at the sides of the pattern, causing 
the angular speed of movement of the equisignals to increase also at larger 
values of 0. The constants of the German system appear to have been well-
chosen since the errors due to both <i) and (3) are of about the same magni
tude, and since a given Sonne beacon has a reasonable coverage arc over 
which the maximum theoretical error will not exceed twice the value at 0= 
oo. 

German Transmitting and Phasing Equipment 
Details have recently become available concerning the standard German phas

ing equipment. A simplified circuit diagram is shown in Figure 17-10. The RF pow
er from the transmitter (1.5 kw) is divided between the center antenna, which re
ceives 8 /9 of the total power .<if B = 4A>, and the end antennas. Switch S and the di
vided primary of T 1 allow reversal at 5 /6 and 1 /6 second intervals. The loop fed 
from the secondary of T 1 is tuned to resonance, as is the next loop including the 
primary of T2. P is a phase shifter ·which is preset and controls the exact phasing 
of the end antenna currents with respect to the current in the center antenna. The 
loop fed by the secondary of T 2 is also tuned to resonance and includes the rotor 
coil (1) of the goniometer G. The two stator coils <2,3) are mutually at right angles. 
The voltages induced in them have the same phase, but are of magnitudes proportional 
respectively to the sine and cosine of the angle through which the rotor has turned. 
Thus when coil 1 is parallel to coil 2, E2 will be a maximum and Ea zero. As the 
rotor turns, E2 decreases and Ea increases, these voltages remaining in phase. The 
primary of Ta being tuned to resonance, the voltage E4 induced in its secondary is 
in quadrature with E3. · 
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The voltages E 2 and E4, which are therefore in quadrature, are applied at ab 
and cd respectively to the condenser netv1ork Q which functions as a mixer. All 
eight condensers are of equal capacitance (about 1030fjif). Outputs are taken at ef 
(E 5) and gh (E 6). E 5 is therefore proportional to the vector sum of E 2 and E 4, and 
E6 to their vector difference. These two output voltages, developed in loops which 
are tuned to resonance, are applied to the 600- ohm open-wire transmission lines 
which feed the two end antennas. 

The phase-relationships at various times in the phase-shifting cycle are 
represented in Figure 17-11. At t = 0, E2 = 0 and E4 has its maximum value, de
noted by E. E5 and E6 are therefore equal to E in magnitude and are opposite in 
phase. At t = 15 sec, coil 1 has rotated through 45°, E 2 and E4 are equal in magni-
tude and are 0.707 E. E5 and E6 have therefore remained equal to E in magnitude, 
but have shifted their phases by 45° in opposite directions. At t = 30 sec, E 2 = E 
and E4 = 0, so that E5 and E6 are now in phase. At t = 45 sec, E2= 0.707E and E4 
has changed sign. It will be seen that the two output voltages are always of equal 
magnitude and that their phase shifts due to the rotation of the goniometer are equal 
and opposite. 

The effect of the keying at S is to reverse all phases, including that of the two 
output voltages. During the second 180° of rotation of coil 1, no power is supplied 
to the phase-shifting system ( 56 sec. omni-directional signal from center antenna 
alone), and at the end of the two minute cycle the phases are again in their original 
relationships. 

. 
Circuits of monitoring and protective equipment are not given here. 

Two-antenna Sonne 
Figure 17-12 shows a block diagram of a scheme proposed by Commander 

E .N. Dingley, Jr., U .S.N .R. for the phase-shifting and keying of a two-antenna Sonne. 

The crystal oscillator (1) of frequency ft drives a phase-shifter of the three
phase capacitor-goniometer type (2). The output from the phase-shifter is continu
ously variable in phase and is applied to a mixer ( 6) by way of a buff er amplifier ( 3). 
The other input to the mixer is from a second crystal oscillator (4) of frequency f2, 

using a buff er amplifier ( 5). A band-pass filter (7) selects the output component at 
the sum frequency (ft+ f2). A relay (8) and adjustable attenuator (9) are inserted 
between this output and the transmission line to one of the two antennas. At the 
antenna mast, the frequency is divided by two (10) and the resulting signals drive 
a power amplifier (not shown) and thence the antenna (11). 

The second antenna is fed in the same way, except that the input to the buff er 
amplifier (16) is taken direct from the crystal oscillator (1) and not from the out
put of the phase shifter. 

f1 + f2 
The outputs from the two antennas are therefore of frequency 2 , and 

the signals passed over the transmission lines are of twice this frequency. By this 
means it is expected that the effect of radiation from the transmission lines upon the 
main radiation pattern will be reduced. Furthermore, the phasing of antenna no. 1 
with respect to antenna no. 2 is 9/ 2, if 0 is the phase-shift introduced by the phase 
shifter (2). This makes it possible to use one complete rqtation of the phase shifter 
(0 = 3600) to produce a phase shift of 180° as required in the transmission from 
antenna no. 1. 

Keying and phase-shifting are accomplished by a synchronous motor which 
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Fig. 1 7-11 Vector diagram illustrating German method of phasing 



~ f1 

f 1 ~ 
CD -= P -=-

CRYSTAL 
OSCILLATOR ~ 

--
I 

j 
l 

® 

............ 
J_ 

(/' -
• • 

'It. 

- BUFFER 
AMPLIFIER 

® 

t--

\If 

PHASE SHIFTER e [ > j 

CRYSTAL 
OSCILLATOR 

f 2 

@ 

---
f 1 

.__ 

BUFFER 
AMPLIFIER 

® 

BUFFER 
AMPLIFIER 

@ 

BUFFER 
AMPLIFIER 

..._ 

~ 

f 2 

t--

f2 \II 

..._ 

~ L_ _______ f', 

@ 

fp e 
_JI' 

--.. 

f1>e 
_ f 1+f2,e 

FILTER I I H ADJUSTABLE 
MIXER I> I f1 +f2 T > RELAY ATTENUATOR 1-- - - -

® 

M1 XE R J.-:=_ 

@ 

0 
f1+ f 2, 

e 

f + f \It 

I 2' 
e 

f1 +f2 "' 

® 

MIXER~ 

@ 

® 

LP. I 9 
FILTER~ 

@ 

RECORDER 
(COS 9) 

@) 

FILTER 11 > I RELAY H ADJUSTABLE 1-- - - -

f1+f2 ATTENUATOR 
L--- f1+f2 

@ @ @ 
f1+f2 

Fig. 1 7-12 Block diagram, two-antenna Sonne 

ANTENNA #I 

@' I r 

FREQUENCY 
DIVIDER 

f1+f2 .....:..__, 

@) 

TRANMISSION 

LINES 

2 
e 
2 

ANTENNA #2 

@.I, 

FREQUENCY 
DIVIDER 

@ 

Ul 
0 z z 
txj 

~ 

-l . 
~ 

co 



17 .20 SONNE 

is made to operate the phase shifter (2) through reduction and differential gearing, 
and also operates relays (8) and (19). The following cycle is proposed: 

· 0-60 sec. both relays closed 
60-64 sec. both relays open 
64-116 sec. relay ( 8) open, (19) closed 

116-120 sec. both relays open 
120-180 sec. both relays closed 
180-184 sec. both relays open 
184-236 sec. relay ( 8) closed, (19) open 
236- 240 sec. both relays open 

repeat cycle 

At all times the phase-shifter (2) rotates at a uniform angular speed of 360° 
per minute. It is assumed that the phase-shifter is so constructed that 1 ° of rotation 
produces 1° of phase shift at all angles. Further, there is a phase-reversing relay 
(which reverses the polarity of the leads) connected between the output of the frequency
divider and the input to the transmitter at antenna no. 2. This relay is operated 
(5/6 sec. in one position and 1/ 6 sec. in the other) over a control line from a contact 
controlled by the same synchronous motor. 

It will be noted that the omnidirectional signal radiated during the 52 second 
period is transmitted alternately by the two antennas. This permits the current 
amplitudes to be checked, by means of a monitoring receiver fitted with a calibrated 
output meter and located exactly mid-way between the two antennas. This also allows 
the monitoring operator to check the time-position in the cycle of the equisignal. If 
this is not correct, or if it is to be altered, the setting of the rotor of the phase-
shifter (2) relative to the driving shaft is changed by means of the differential gears. 

The uniformity of the change of phase with angle of rotation is checked by the record
er (15) operated by the mixer (13) and low-pass filter (14). This is arranged to give 
a record (on a moving tape) of the cosine of the phase angle 0. This record is com
pared with a standard cosine curve. 

Another advantage claimed for this arrangement is that the crystal oscillator 
(1) and phase shifter (2) are standard equipment for all Sonne stations, the oscillator 
being of standard frequency and the phase shifter of standard design. Sonnen of 
different frequencies are accomodated by choosing different values for f 2, the fre
quency of the oscillator ( 4). 

Transmitter errors and tolerances 
Errors in the magnitudes or phasing of the antenna currents will distort the 

Sonne radiation pattern. The results of this may be classified under three headings: 
(1) Actual shift in the angular positions of the equisignals at the start of the phase

shifting cycle. The navigator determines his apparent line of position by refer
ence to a key or table on which the azimuth positions of equisignal lines at the 
start of the cycle are shown. If the equisignals do not lie in the marked posi
tions, there will be a corresponding error in the line of position obtained. This 
error will be of the constant type, predictable if the nature and extent of its 
causes are known. 

(2) Loss of discrimination. If the change in signal strength per degree azimuth 
angular shift from an equisignal becomes smaller for any reason, the theoreti
cal precision of a reading decreases. Such errors will be of the random type, 
averaging out among a very large number of readings. 

(3) Loss of uniformity in the speed at which equisignals sweep in azimuth during 
the phase-shifting cycle. To obtain a line of position, the navigator refers to 
the table or key which shows the relation between the number of dots (or dashes) 
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preceding the equisignal and the corresponding bearing on the Sonne transmitter 
within the sector on the chart identified by D/F or dead reckoning. This table or 
key is based on the fact that sin ( 1fu t - 21Tn sin 0) = 0 at equisignals. The relation 
between t (time in seconds from start of phase-shifting period} and 6 (azimuth of 
equisignal at any instant) is therefore sinusoidal. Any errors in phasing which 
result in a departure from this sinusoidal relationship amount to errors in posi
tion-line interpolation in time within the sector used, even though the initial and 
final values of 0 which determine the sector may themselves be correct. 

The most serious error is that identified in (1) above. In general, most effects 
which produce appreciable errors of the second and third types will also produce 
much more serious errors of the first type. A number of possible departures from 
ideal conditions at the transmitter will now be mentioned for both two- and three
antennaSonnen, together with their effect (if any) on the angular positions of the equi
signals at the start of the phase-shifting period. Errors due to propagation conditions 
are not peculiar to the Sonne system and are separately discussed elsewhere (see 
Section 1) 0 It is to be noted that each possible cause of error is considered separately. 
The simultaneous consideration of two or mo:re sources of error cannot be general
ized, and the number of possibilities is the ref ore too large for inclusion here. A 
factor which by itself does not produce any equisignal shift may operate to increase 
or decrease errors due to some other factor. Two factors which separately produce no 
appreciable error may give rise to considerable errors when combined simultaneously. 

(a) Three-antenna Sonne 
1. Currents in the outer antennas are not equal in magnitude. This condition is repre

sented, 20 seconds after the start of the keying cycle, in Figure 1 7-13 (a), which 
shows the current vectors at the transmitter. Figure 17-13 (b) shows the compon
ents of the received field at a point whose azimuth angle corresponds to the first 
equisignal, at this particular instant. The effect of placing the receiver at some 
azimuth other than zero is that the distances from the receiver to the three anten
nas are not equal. This is illustrated in Figure 17-13 (d). Considering the B 
component of the received field (Figure 1 7-13 (b)) as phase reference it will be 
seen that the A component is made to lag by an amount proportional to Ap and the 
C component to lead by the same amount since the antenna spacings are equal. 
If g is such that the lag and lead thereby introduced in the received field components 
exactly compensates for the lead and lag introduced by phase shifting at the trans
mitter, the field components at the receiver will be as shown in Figure 17-13 (b) 
for a dash, and in Figure 17-13 (c) for a dot. It is seen that the resultant field R 
is equal in magnitude for the dot and dash fields, although the dot and dash phases 
are not the same. 

The equality in magnitude of the dot and dash fields is not affected by in-
equalities of the A and C antenna currents. Therefore equisignals are observed 
at the same positions and times no matter whether the A and C currents are equal 
or not, and no errors result. If the A and C currents had been equal, the phases 
of the received fields would also have been identical. The relative magnitudes of 
the current vectors in Figure 17-13 are purposely not drawn to scale. 

2. The phase-shifts of the currents in the outer antennas are not equal. This is illus
trated in Figure 17-14 (a), in which the phase-shifts are cf>l and c/>2 for the A and C 
currents respectively. To obtain an equisignal, the observer must shift to an azi
muth such that the lag and lead thereby introduced into the A and C field compo-
nents is cpl +</>2 . This is illustrated in Figure 17-14 (b) (dash) and Figure 17-14 
(c) (dot). srnce the A and C fields cancel, an equisignal is obtained. This equi
signal would have occupied a slightly different position if c/>1 had been equal to c/>2. 
The difference is small if <1>1 and ¢ 2 are not too unequal. A difference of 1 o0 between 
cp

1 
and cp

2 
shifts the position of the central equisignal by only 16' , if n = 3 (see 

Figure 17-05). 
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3. Change in frequency or in antenna spacing. These are equivalent as far as the 
radiated pattern is concerned, since the pattern geometry depends on llA. A change 
in fre.quency '\\rill of course have profound effects if the antenna tuning circuits 
(and any other tuned circuits) have not been realigned, but it is presumed that this 
has been done and that the frequency change was made for some definite reason-
e .g. to avoid jamming. Small errors in siting the transmitting antennas are also 
covered under this heading. 

Analysis shows that the center equisignal will not be shifted at all by such 
a change or error, and the others slightly. The shift increases as 0 increases, 
being proportional to tan 9. Taking n = 3 and the leaft favorable case (fifth equi~ 
signal at 9 = 56~ 0 ), this equisignal is shifted by only T2 ° or by 5' for a 0 .1 °lo fre-
quency change or a 0 .1 °lo error in antenna spacing. 

4. The phases of the A and C antenna currents are correct, but that of the B antenna 
current is incorrect. This is equivalent to inequality of phase shift of the .outer 
antenna currents, discussed under (2) above. The central equisignal will be shifted 
by 16' if the phasing of the B antenna current is incorrect by 1 o0 • Other equi-

signals are shifted by proportional amounts, the shift being proportional to 
1 e. cos 

5. The magnitude of the B antenna current, or of the A and C antenna currents, de
parts from its assigned value. This amounts to a change in the value of p = i, 
and it will be noted from Table 1 7-01 that the number and disposition of the equi
signals is not affected. 

6. The phase-shift applied to the outer antenna currents is not linear with time. The 
effect of this error is that the actual phasing of tbe transmitted signals at some 
instant t seconds after the start of the phasing cycle is that which should have 
existed at a different instant t' seconds after the start of the phasing cycle. This 
is the same effect as would be produced by an error in the counting of dots and 
dashes. The error in azimuth angle thereby introduced is a minimum for the 
central equisignal at 0 = 0°, for which a phase departure of 1 oo from the proper 
value corresponds to an error of 3 characters in the count, which in turn produces 
an error of 29' in the line of position obtained. For other equisignals the error 
is larger, being proportional to _!_. 

cos9 
(b) Two-antenna Sonne 
1. The magnitudes of the currents in the two antennas depart from their assigned 

values. This is a change in the value of p = B/ A. From Table 17-02, it is seen 
that although such an error will affect the sharpness of discrirnination, the num~· 
ber and position of the equisignals will not be affected. 

2. The phase of the B antenna current during a dot (or dash) period departs from 
its assigned value. This results in a shift of the equisignals. If th(> phase is in 
error by A</> degrees, the equisignals are shifted by an amount L\0 (degree~ = 

Ac/> 
9

. For the central equisignal and an antenna spacing of three wavelengths 
27Til C.0S _ I . b 
a 1 oo phasing error produces an equisignal shift of 32 . Other equisignals will e 

shifted further the shift being p.:.-oportional to 1 e. 
' . cos 

3. Change infrequency or antenna spacing. Assuming the phasing of all currents to 
remain correct, and considering only the change in nA. as it affects the radiated 
pattern, the effect of this change is precisely the same as in the three-antenna 
case. That is, a 0.11., change in frequency or in spacing shifts the fifth equi
signal by 5' for n = 3, the central equisignal not at all. 
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4. The initial phase of the A antenna current departs from its assigned value. That 
is, </> ~ 0 at t = O. The effect of such an error with the 2-antenna Sonne is the 
same·as an inaccuracy in the phasing ·of the dot or dash B-antenna current, dis
cussed under ( 2) above. 

5. The shift in phase during the cycle is not linear with time. The same remarks 
apply here as in the three-antenna case. (See (a), 6 above.) 

Comparison of two- and three-antenna Sonnen 
1. Siting. The site of a Sonne station should be free from directional non-uniformities 

over a considerable area, and .should also be flat. Other conditions being equal, 
a two-antenna Sonne should be easier to site than a three-antenna Sonne. 

2. Cost. In any low-frequency system, the outlay on antenna-towers and on the 
ground system represents a sizeable part of the capital cost. This consideration 
therefore favors a two-antenna design. 

3. Power rating of transmitters. Using the numerical values for spacing and 
current ratio already taken as typical (n = 3, p = 4 for three-antenna Sonne and 
n' = 3, p' = 1 for two-antenna Sonne) the equisignal field strength at the same 
distance in the two cases is proportional to B for the three-antenna station and 
to V2B' for the two-antenna station. If these equisignal field strengths are to be 
equal B' should equal 0. 707 B. The total power radiated is proportional to 
B2 + 2A 2 = t B 2 for the three-antenna case and to 2B' 2 = B2 for the two-anten
~a case. Therefore, if the two-antenna and three-antenna designs are to produce 
equal equisignal field strengths at equal distances, the three-antenna Sonne 
must radiate 12 ~ % more po~er than the two-antenna Sonne. 

4. Power-Handling capacity of phase shifter andkeyer. With the two-antenna designj 
one-half of the total power must be keyed (for dot and dash patterns> and phase
shifted (for pattern rotation>, if the antenna currents are equal and if the phase
shifting and keying is done at high power-level. Under the same conditions, only 
one-ninth of the power must be keyed and phase-shifted with the three-antenna 
design. If high-level keying and phase-shifting are used, this point appears to be 
a conclusive argument in favor of three antennas_ as opposed to two j and probably 
represents the main answer to the question of why the Germans used the three
antenna design. 

5. Key clicks. With the three-antenna phasing and keying arrangement used by the 
Germans, there is no change of RF phase at equisignals between the dot and 
dash fields, since the equisignal field is due to the steady current in the center 
antenna alone. With the two-antenna designy the RF field changes phase by 900 
at the equisignal if the antenna currents are of equal magnitude. Using a receiver 
containing high-Q RF circuits, key clicks would probably be more severe with 
two-antenna transmission for this reason. 

6. Sharpness of equisignal discrimination. Using equal currents in the two-antenna 
Sonne, a current ratio p = 4 with the three-antenna Sonne and equal antenna spac= 
ings of three wavelengths, it has been already noted that equal discrimination is 
obtained in the two cases. 

7. Susceptibility to errors in the phasing and keying circuits. From the considera
tions of transmitter tolerances and errors already given j it may be seen that the 
two-antenna system is slightly more susceptible to equisignal shifts than is the 
three-antenna system. Exact comparison under this heading will of course de
pend on the circuits used to realize the required resultso 
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