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Evaluation of Night Errors in Aircraft Direction Finding, 
150 -1500 l(ilocycles * 

By H. BUSIGNIES 
Director, Federal Telecommunication Laboratories, Inc. ,  New York, New York 

Summary 

HIS paper describes a method enabling 
pilots to determine the accuracy of 
night bearings obtained by radio com

pass in the frequency range of 150-1500 kilo
cycles per second (200-2000 meters) and the 
effects when the plane passes through the com
bination of fields resulting from reflections from 
the E layer or a mountainside. Elementary dis
cussion is presented on the case of the night 
error on the ground and in altitude, considering 
the simultaneous presence of (a) the direct wave, 
(b) the sky wave, and (c) the sky wave reflected 
from the ground. The night error is smaller at an 
altitude than on the ground ; also there are cer
tain altitudes at which the night error is reduced . 

The dynamic aspect of the night error is then 
studied for a plane moving through the above
mentioned system of waves. How the radio
compass indication changes regularly about a 
mean value, whether correct or not, is next dis
cussed. All cases of polarization are examined in 
an elementary manner in an effort to classify the 
numerous effects with which an experimenter 
may be confronted. 

In conclusion, a number of rules are formu
lated relative to night direction finding on board 
airplanes above land or sea, supplemented by 
maps showing areas where direction finding is 
safe, unsafe, or dangerous. The maps show that 
the practical range of night direction finding is 
increased substantially by the correct interpreta
tion of the radio-compass indications. 
1 .  Introduction 

No aircraft direction finder now available is 
free from night error, and the danger of false 
bearings is well-recognized particularly in night 
flying. Knowledge of the degree of accuracy of 

* Pr�sented at the Summer Convention of the Institute 
of Rad10 Engineers, De.trait, Michigan, June 23, 1941 ,  and 
at the Ne� Y<;>rk meetmg of the I,nstitute on February 4,  
1942. Pubhcat10n delaved bv warb.me restrictions. 
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night bearings obviously will permit their greater 
use and thus will enhance safety. 

During experimental flights made with the 
co-operation of the airlines in the United States 
in 1937, direction finding in mountainous regions 
was studied. The Rocky Mountains were crossed 
several times in the laboratory airplane of the 
United Air Lines, the "Flight Research Plane," 
equipped with all necessary instruments.1 This 
region, from the viewpoint of flying, radio com
munications, and direction finding, presents sub
stantially the worst conditions that can be en
countered simultaneously anywhere. 

Observations included several important and 
dangerous effects, resulting from the simulta
neous reception of two or more waves originating 
from the same transmitter, one directly and the 
other reflected by the mountain surfaces. The 
plane, consequently, passed rapidly through a 
system of stationary waves resulting in rapid 
variations of indication of direction given by the 
radio compass. This aspect of the study will be 
reverted to later. 

During these experiments, a definite parallel 
was established between the case of the mountain 
error and that of the night error : the first is due 
to the reflection of waves at the mountain sur
faces ; the second, to the reflection of waves at 
the ionosphere. Regular variations of the indica
tion of direction due to the night effect have been 
ascertained, as follows :1 

Night flight from Salt Lake City to Cheyenne 
This fligh� confirms the V'.friations noted on the way to 

Salt Lake City. After the difficult passage good bearings 
are obtained on Ro�k Spril)gs, Cheyenne: Walcoot, and 
on several broadcastmg stat10ns where the night effect is 
shown by variation> of ±5 degrees . . . .  

The basic differences between the mountain 
effect and the night effect lie in the direction of 

1 H. Busignies, "Mountain Effects and the Use of Radio 
Compasses and Radio Beacons for Piloting Aircraft " 
Elec'.rical Cornrnu?Zication;, v 19, n 3, pp 44-70 ; present�d 
Institute of Radio Engmeers Pacific Coast Convention 
San Francisco, California, June 27 ,  1939. 

' 
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propagation of the reflected waves and in the 
fact that the sky waves are reflected by the 
ground. 

In this paper, only medium waves 150-1500 
kilocycles per second (200-2000 meters) are con
sidered. The radio compass used was of the 
spinning-loop type. No sense antenna was in 
use during the automatic operation which re
sulted in an ambiguity of 180 degrees, and also 
in an indication related only to the plane wave 
and the stationary magnetic fields exclusive of 
the stationary electric fields. The conclusions 
reached apply also to the case of radio compasses 
involving in their normal operation the use of a 
sense antenna, as long as the standing-wave 
ratio in space is smaller than about 1 .5 .  Above 
this value the proper operation of the radio 
compass involving a sense antenna begins to be 
affected by the relative amplitude and phase 
changes between the electric and magnetic stand
ing waves. These errors, due to operational con
ditions, are larger and do not follow the laws 
indicated hereinafter. 

The study of these errors is simple, but in
volves the particular design of the radio compass. 
This is not part of the present paper which is 
limited to the loop used alone. 

2. Night Errors in Loop Direction Finding, 
Observed on the Grou.nd and in Altitude 
-Static Aspect of the Error 

2 . 1  PHYSICAL ASPECT AND ORIGIN OF THE 
NIGHT ERROR 

The night error in a loop direction finder is 
characterized by a more or less gradual variation 
of the zero indication, and/or by a transition 
from the usual sharp zero indication to a blurred 
mm1mum. 

From experimental data, it seems reasonable to 
conclude that the night error for medium waves 
is due to a considerable decrease in the ionic 
density of the ionospheric layer, the reflections 
causing several waves to reach the direction 
finder simultaneously. During the day, the E 
layer has high ionic density and absorbs these 
waves while at night, when the ionic density of 
the layer is lower, much less absorption and 
more reflection occurs. The case of simultaneous 
reception of the direct and the reflected wave will 
be examined. The reception of two reflected 

waves seems improbable at the distances gener
ally considered in this study. It occurs frequently 
at greater distances. 

The sky waves reach the direction finder at 
variable elevation angles, probably between 10 
and 75 degrees in the cases that we consider, 
depending on the height of the ionosphere and 
the distance. 

Night error appears about an hour before 
sunset and disappears an hour before sunrise. 

The transmitting antenna constitutes a most 
important factor as it can facilitate either zenith 
radiation toward the ionosphere or horizontal 
radiation. With an ordinary transmitting an
tenna, not especially designed to improve the 
error-free range, the error appears on the earth 
at distances varying from 45 to 250 kilometers 
(28 to 155 miles) ; with antennas minimizing 
zenith radiation (vertical or antifading type) , 
it is possible to increase these distances appre
ciably. 

Over water, because of horizontal surfaces and 
higher conductivity, the direct wave is attenu
ated much less rapidly. The error-free range is 
thus much greater than over land and reaches 
400 kilometers (249 miles) for the longer waves 
under consideration. 

The direct wave, which is the only one present 
during the day, is polarized vertically on soil 
of normal conductivity (arable land, for in
stance) , and on the sea, as indicated in Fig. 1 .  

p 

Fig. 1-Vertically polarized direct wave such as is received 
during the day over soil of normal conductivity and over sea. 
P = direction of propagation, E = electric field, and H = mag
netic field. The magnetic field is parallel to the plane of the 
loop and, therefore, does not induce any electromotive force 
in it (null point). 

Values commonly adopted for conductivity 
follow : 

TABLE I 

Medium 

Sea water 
Land (medium conductivity) 
Land (low conductivity) 

Conductivity in 
cgs Units 

1 to 4 X  10-11 

10-13 
10-lli 
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44 E L E C T R I C A L  C O M M U N I C A T I O N  

At night, the reflected waves appear ; their 
trajectory P is inclined to the horizontal at an 
angle �, ; their polarization is variable, elliptical, 
and often horizontal (Fig. 2). The inclined mag
netic field H of the reflected wave possesses a 
parasitic horizontal component which crosses the 
loop when, under the conditions of Fig. 2 ,  the 
loop is at zero position for the direct wave. 

Fig . .2-Reflected wave such as is received at night. P, H, 
and E are mutually perpendicular. The magnetic field H 
,induces a parasitic electromotive force in the loop. The null 
point is not at a = 90 degrees and error results. 

This horizontal component, inducing a parasitic 
electromotive force, causes the error. In other 
words, the electric field E, entirely horizontal, 
results in parasitic reception in the loop. If the 
polarization becomes progressively vertical, the 
error produced decreases and becomes zero for 
vertical polarization. This would be sufficient to 
explain the night error, provided the earth be 
neglected. For simplification, the case where the 
electric vector and direction of propagation are 
contained in the same vertical plane is called 
vertical polarization except when the direction 
of propagation is vertical. 

On the basis of this phenomenon, most authors 
explain the night error by the presence of the 
horizontal component of the electric field, or the 
vertical component of the magnetic field. 

2 .2 POLARIZATION MEASUREMENTS 

The existence of an important electric hori
zontal component near ground of medium con
ductivity, as well as that of a vertical component 
of the magnetic field seemed very doubtful. In 
the belief that these phenomena should be 
studied more thoroughly, a receiver was de
veloped some years ago for polarization measure
ment. I t  utilizes a loop (magnetic field) or a 

dipole (electric field) and covers the range of 
150-1000 kilocycles ( 300-2000 meters) . 

During the day, the vertical polarization of the 
direct waves is proved by the complete extinction 
of the signal when the dipole or the loop is placed 
horizontally. At night, the experiments confirmed 
the expectations. The results are exactly the 
same as during the day, even in the presence of 
errors reaching 20 to 40 degrees while the loop 
is vertical ; a drastic reduction of the received 
signal is observed (40 to 60 decibels) when the 
loop or the antenna is placed horizontally. 

Thus the conclusion 'was reached that on 
ground of medium conductivity, neither an 
appreciable horizontal component of the electric 
field, nor an appreciable vertical component of 
the magnetic field exists in the case of waves 
following a path inclined to the horizontal, re
gardless of polarization. 

2.3 POLARIZATION OF SKY WAVES 

As in the case of reflections from bodies 
having semiconducting properties without defi
nite boundaries, the wave reflected by the 
ionosphere has not the same polarization as 
before reflection. Generally the sky wave is 
polarized elliptically, but frequently has a large 
horizontal electric component which renders the 
polarization almost horizontal. In spite of the 
extensive literature concerning the theory of 
ionospheric reflections, there seems to have been 
no systematic measurements of the polarization 
of sky waves on the wavelengths under considera
tion. An attempt will be made to estimate what 
occurs in the general case of elliptical polariza
tion. In connection with this, it will be pointed 
out that a wave elliptically polarized can be 
resolved into two waves of the same direction of 
propagation, one vertically and the other hori
zontally polarized, with a given difference of 
phase between the vectors of the two waves 
(one wave delayed with respect to the other) . 

2 .4 INCIDENCE OF SKY WAVES 

As the E layer is located between 80 and 1 10 
kilometers above the ground, the following ap
proximate angles of elevation occur for the in
coming waves. 
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Distance in 
Kilometers 

50 
100 
200 
300 
400 
500 
600 
700 

TABLE I I  

'Y in Degrees 

75 
63 
45 
33 
25 
19 
15 
10 

2 .5  REFLECTION OF WAVES ON A SEMICONDUCT
ING SURFACE 

The absence of vertical magnetic and hori
zontal electric components cannot be fully ex
plained by the presence of the reflected plane 
wave alone. Fig. 3 represents the values of re
flection coefficients on the sea for vertical and 
horizontal polarization.2 For the angles of eleva
tion that we generally consider for the sky waves, 
there must be a difference of 10 to 30 percent 
between the incident and reflected energy, and 
therefore very noticeable horizontal electric or 
vertical magnetic components should appear. 
Experiments prove the contrary. It is not the 
purpose of this paper to discuss this in detail .  
However, to avoid errors of interpretation in the 
following, the very complex phenomenon of wave 
reflection from a semiconducting medium should 
be pointed out roughly. 

A plane wave coming down from air to an 
unlimited surface of such a medium will give 
rise at the surface of this medium to currents 
which in turn create : 

a. a reflected plane wave, 
b. a plane wave transmitted into the medium 

which results in conduction currents inside 
the medium, 

c. conduction currents can create observable 
induction fields under certain conditions. 

Therefore, close to the boundary, the reflected 
wave mixed with the induction field has not the 
aspect of a plane wave. Inside the medium, the 
transmitted wave is not plane, as it is attenu
ated at the same time as the conduction currents. 

The reflected energy is that of the incident 
wave less the energy dissipated by the trans
mitted wave in the medium. The amplitude and 

2 J. A. Stratton, "Electromagnetic Theory," McGraw
Hill Book Company, 194 1 .  

phase of all these waves and fields vary with the 
incidence and the polarization, which give to 
this phenomenon its maximum of mathematical 
complexity. 

The amplitude and phase of all these com
ponents are such that the horizontal electric or 
vertical magnetic field vanish at the surface of 
the medium, provided that the conductivity 
attains a sufficient value for a given frequency. 

Some experiments showing the existence of 
these components seem opposed to this conclu
sion. It is possible that these components were 
present because the medium (the earth) was not 
homogeneous but increasingly conductive in 
depth, a further complication. Roughly, the 
results observed are the same as if the experi
ments were made at a certain level above the 
earth. 

In altitude the field observed is very complex 
in the presence of : 

a. the direct wave, 
b. the sky wave (elliptically polarized) ,  
c. the sky wave reflected by the ground 

(differently elliptically polarized) ,  

I n  spite of a desire to be complete, the simplest 
cases will be considered with the assumption of 
an infinite conductivity of the earth, but it will 
be indicated to what extent the physical effect 
differs from the cases described. An attempt will 
be made to show what kind of physical effects 
occur in the most complex cases. 

100 
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Fig. 3-Reflection coefficient plotted against the angle of 
incidence of the wave on the surf ace of the sea. Curves h and v 
are for horizontal and vertical polarization, respectively. 
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E r  

A 

B 

c 
Fig. 4-E.ffects on the electric field of reflections from ground 

of good conductivity. A is for horizontal polarization: The 
reflected wave Eh is opposed to E and they cancel. B is for 
intermediate polar,ization in which the reflected horizontal 
component Eh' is opposed to the horizontal component Eh 
and they cancel. The vertical component is doubled. In C, 
vertical polarization, the reflected horizontal component Eh' 
is opposed to the horizontal component Eh and they cancel. 
The vertical component is doubled. 

2 .6 ELECTRIC FIELD NEAR THE GROUND 

The explanation is indicated in Fig. 4 for the 
electric field. Ground of good conductivity re
flects the incident wave ; near the ground, the 
reflected horizontal component, 1 80 degrees out 
of phase, cancels the incoming horizontal com
ponent. The figure depicts the three elementary 
cases involved in polarization. In  horizontal 
polarization, no vertical electric component ap
pears. For intermediate or vertical polarization, 
a vertical electric component is present. 

If the polarization is elliptical, the electric 
vector rotates in a plane perpendicular to the 
direction of propagation. The vertical component 
of this vector appears alone as for intermediate 

polarization. This is very close to the physical 
case on moist soil or on the sea. 

2. 7 MAGNETJC FIELD NEAR THE GROUND 
Fig. 5 illustrates the phenomena pertaining to 

the magnetic field. The reflected vertical com
ponent and the incoming vertical component are 
in opposition. 

If the polarization is elliptical, the magnetic 
vector rotates in a plane perpendicular to the 
direction of propagation. The horizontal com
ponent of this vector appears alone as for inter
mediate polarization, but it rotates elliptically 
in the horizontal plane (see Fig. 6) . This is very 
close to the physical case on moist soil or on 
the sea. 

For all polarizations, there exists a horizontal 
component of the magnetic field which creates 
the error inasmuch as this component is : 

a. perpendicular to the magnetic field of the 
direct wave in the case of horizontal polar
ization, 

b. neither perpendicular nor parallel to the 
magnetic field of the direct wave in case 
of intermediate polarization, 

c. rotating in the horizontal plane in case of 
elliptical polarization, 

d. in the same direction as the magnetic field 
of the direct wave in vertical polarization. 
No error could result in this case. 

2 .8 THE NIGHT ERROR IN A RECEIVING Loop 
NEAR THE GROUND 

In the simplified case of a largely horizontally 
polarized sky wave (Fig. 2) in phase with a direct 
wave, the night error in a loop located near the 
ground will occur as follows : 

Let A = amplitude of the direct field, 
a = amplitude of the indirect field, 
-y = elevation, 
a =  angle made by the plane of the loop 

with the line joining it to the trans
mitter. 

The electromotive force induced in the loop 
will be : 

E = A  cos a · · ·  (direct wave) (1 )  
E = a  sin a sin -y·  · · (indirect wave) (2) 
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For E = 0 (extinction of signal at the false 
position) 

and the error is : 

A tan a = --. -, 
a sm I' 

E = 90° - a. 
Taking as an example : 

A -= 2, and '}' = 30 degrees, 
a 

it follows that:  

a =  - 76 degrees and E = 14 degrees. 

(3) 

(4) 

If, as is generally the case, the sky wave is not 
in phase with the direct wave, a sharp minimum 

A 

B 

c 

Fig. 5-Effect on the magnetic field of reflections from 
ground of good conductivity. A is for horizontal (electric field) 
polarization in which the vertical magnetic components cancel 
and the horizontal components add. The resulting magnetic 
field Hhr+Hh is in the direction of the transmitter and 90 de
grees from the normal position. B is for intermediate polariza
tion in which the vertical components cancel and the horizontal 
components add giving an erroneous resnlting magnetic field 
Hhr+Hh. In C, vertical polarization, the magnetic fields H 
and Hr add. 

N I G H T  E R R O R S 47 

Fig. 6-General case of the reflection of a horizontally 
polarized sky wave on a conducting surface. H is the magnetic 
vector of an elliptically Polarized sky wave in which the vertical 
components Hv and Hvr cancel. The horizontal components Hh and Hhr add and rotate in the horizontal plane. 

is no longer obtained, but rather a blurred 
minimum because of the presence of a rotating 
field. This case was studied in connection with 
the mountain effect and will be discussed herein
after. If the sky wave is elliptically polarized, 
a blurred minimum will evidently also be ob
served. 

2 .9 ASPECT O F  THE FIELDS IN ALTITUDE 

Turning from ground phenomena to considera
tion of those encountered at greater elevation, 
the pertinent components of the incident and 
ground-reflected waves are no longer in phase 
opposition. It is evident, therefore, that the 
horizontal electric and vertical magnetic com
ponents must appear. Their presence was noted 
by elevating the receiver 13 meters above the 
ground for polarization measurements ; this, for a 
wave of 800 meters, represents a phase difference 
of the order of 5 degrees at an incidence of 30 
degrees. In this case, the amplitude of horizontal 
electric and vertical magnetic components is 
equal to about 8 percent of the amplitude of the 
electric and magnetic vectors of the sky wave. 

At a certain altitude and for a given wave
length, these two components pass through a 
maximum corresponding to a horizontal plane 
S1 on which the fields are in phase ; higher up, as 
on the ground, they pass through a minimum 
value, corresponding to a horizontal plane C on 
which the said components are in phase opposi
tion, and so on. Between these horizontal planes, 
there are rotating fields. 

In the following analysis, the earth is first 
considered as a perfect conductor. Some cases 
which approximate this analysis closely will be 
pointed out. 
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2 . 10 ALTITUDES OF THE PLANES S1, S2, ETC. ,  and C in wavelength as a function of the angle 
AND C, C1, ETC. of elevation. 

First, the height of the first horizontal plane S1 
will be determined. Here the phenomena are the 
same as on the ground (classic interference 
fringes) . 

S t  

s c 

Fig. 7-Development of height of first horizontal plane 51• 

I t  is apparent from Fig. 7 that, for an eleva
tion /', a wave front AB, and ground S, the 
difference in path traversed by the direct and 
the reflected waves equals OB - OA .  Taking into 
account the 180-degree change of phase occurring 
on reflection, there is a horizontal plane S1 on 
which the horizontal electric and vertical mag
netic components cancel when OB - OA = X or nX. 
Thus 

and 

whence 

and 

OB cos {3 = X  

{3 =  2"}' 

OB = __ 
X 

__ 1 -cos 2'Y 

OC= 
X sin 'Y • 

1 -cos 2'Y 

(5) 

(6) 

(7) 

(8) 

OC is the altitude of the first plane S1 ; the other 
planes S2, Sa, etc. ,  are at altitudes 2, 3, and n 
times greater. 

The planes C, Ci, C2, etc. ,  on which com
ponents under consideration are in phase, are 
obtained by substituting A/2 for X. 

The table below indicates the altitude of S1 

Elevation in 
Degrees 

10 
20 
30 
40 
45 
50 
60 
70 
80 
90 

TABLE III 

Altitude of 
S1 in }. 

2.9 
1 .46 
1 
0.78 
0.707 
0.655 
0.578 
0.533 
0.508 
0.5 

Altitude of 
C in }.  

1 .45 
0.73 
0.5 
0.39 
0.35 
0.33 
0.29 
0.266 
0.254 
0.25 

2 . 1 1  LOOP DIRECTION-FINDING ERRORS ON THE 
PLANES S1, S2, Sa, ETC. 

The direction-finding errors on the ground and 
on the planes S1, S2, Sa, etc. ,  are the same as 
disclosed in Section 2. 7. An elliptically polarized 
sky wave results in a false blurred minimum. 

2 . 12  LOOP DIRECTION-FINDING ERRORS ON THE 
PLANES C, C1, C2, ETC. 

A horizontal component of the magnetic field 
is no longer present. This is shown in Fig. 8, 
which illustrates the general case of polarization. 
Only one vertical component of the magnetic 
field exists ; it does not induce any electromotive 
force in a truly vertical loop. Thus little or no 
error occurs. No vertical component of the 
electric field is present. There is a horizontal 
electric component but it has no effect on the 
loop. The same effect occurs with an elliptically 
polarized sky wave. The resultant rotating mag
netic vectors of the sky wave and the sky wave 

p 

Fig. 8-In the planes C, , C2, C3 for all cases of polariza
tion, the horizontal magnetic components cancel and the 
vertical magnetic components add. For vertical polarization 
the magnetic field is zero. ' 
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reflected on the ground rotate in opposite direc
tions, add on the vertical and vanish on the 
horizontal. 

2 . 13 Loop DIRECTION-FINDING ERRORS BE
TWEEN THE PLANES S, Si, S2, ETC., AND 
C, C1, C2, ETC. 

Let us examine the effect of the rotating field 
which occurs between the planes S and C, the 
direct wave being initially neglected. 

The vectors of the sky and reflected fields are 
unchanged in direction, but are no longer in 
phase. In the case of horizontal or intermediate 
polarization, the resultant rotates in the plane 
which contains the two vectors and this plane 
is vertical as shown in Fig. 9. 

If the polarization is vertical, the resultant 
Hh+Hh' remains horizontal without rotation in 
the no-error position. 

A rotating vertical loop will always show a 
position of signal extinction, because : 

a. In intermediate or in horizontal polariza
tion, electromotive force is ,no longer in
duced when the vertkal plane of the loop 
is parallel to the vertical plane of rotation 
of the magnetic vector (see Fig. 9) . Error 
will occur. 

b. In vertical polarization, electromotive force 
is no longer induced when the plane of the 
loop is parallel to the horizontal resultant. 
No error will occur. 

Therefore, the combination of the field just 
considered with the direct field will cause an 
error for intermediate or horizontal polarization 
of the sky wave. A definite zero will appear if 
the electromotive force induced by the rotating 
field is in phase with the direct field. If not, only 
a minimum will be observed. Good zero and no 
error will appear if the sky wave is vertically 
polarized. 

If the sky wave is elliptically polarized, the 
following reasoning can clear up the case. This 
wave will be resolved into two waves, one delayed 
with respect to the other ; one vertically, the 
other horizontally polarized. 

The vertically polarized wave will result in a 
fixed horizontal magnetic vector as seen before, 
which alone cannot give rise to error. 

The horizontally polarized wave will result in a 
rotating magnetic vector contained in the same 
vertical plane which contains the direction of 
propagation. 

Fig. 9-Between S and C for any polarization, H and Hr 
are not in phase and the resulting vector rotates in the i•ertical 
plane p which contains H and H,. 

The combination of those two vectors will 
result in a vector rotating in a plane forming 
with the vertical an angle determined by their 
respective amplitudes, and positioned by their 
respective phases. 

No zero can be observed in a vertical loop. 
The blurred minimum will be in a false position. 

The combination of this effect with the direct 
wave will result in erroneous bearings whether 
blurred or clear. 

2 . 14 PRELIMINARY CONCLUSIONS FOR HIGH
CONDUCTIVITY GROUND 

To draw conclusions from the foregoing with 
reference to the night error in a loop on the 
ground and in altitude (Fig. 1 0) ,  the following 
can be stated : 

a. On the ground and on planes S1, S2, etc . ,  the 
error appears in all cases of polarization of 
the sky wave except in the vertical (zero 
error) . In horizontal polarization, the error 
possesses the peculiarity of being symmetri
cal with respect to the position of the zero 
error as a function of the relative changes 
of phase between the direct wave and the 
sky wave. This effect also occurs with 
elliptical polarization of vertical or hori
zontal axis. 

b. On planes C, C1, C2, etc., the error is zero or 
minute in all cases of polarization if the loop 
is actually vertical even with elliptically 
polarized waves. 
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c. Between the planes defined above, the 
errors except for their amplitude are similar 
to those indicated above in a. 

d. Since the polarization is rarely purely verti
cal, the error almost always occurs except 
on the horizontal planes C, C1, .C2, etc. ,  on 
which, theoretically, the error is always nil. 

These preliminary conclusions are roughly 
valid above sea water and moist soil. The physi
cal effect, of course, is less definite as the ampli
tudes of the sky wave and reflected sky waves 
differ by an appreciable amount as well as in 
their respective phases. 

Fig. JO-Example of distriburion in altitude of the planes 
S and C for an incoming wave of 1200 meters at an elevation 
angle of 40 degrees. 

Considering Fig. 3, which indicates the value of 
reflection coefficients at the surface of the sea, it 
can be pointed out : 

From 90 to 40 degrees, the coefficients do 
not differ greatly in vertical and horizontal 
polarization and the above conclusions can be 
considered as roughly valid (up to 250 kilo
meters (155 miles) from the transmitter) . 

From 40 to 0 degrees, the coefficients differ 
greatly in vertical and horizontal polariza
tions (250 to 600 kilometers (155 to 373 miles) 
from the transmitter) , but horizontal polariza
tion would be observed more frequently. If so, 
the above conclusions are still roughly valid ; 
if not, or if the wave is elliptically polarized, 
a selective effect on the polarization takes 
place which will modify all the resulting inter
ference. Rotating fields will appear in most of 
the space. The effects are much too compli
cated to be treated for all the cases which can 

be encountered, but we are now acquainted 
with the physical aspect of these effects. 

2 . 15  COMPLEMENTARY CONCLUSIONS FOR THE 
GENERAL CASE OF SOIL OF POOR CON
DUCTIVITY 

The effects attain a very complicated state in 
some cases. 

The differences of amplitude and phase be
tween the sky wave and the sky wave reflected 
by the ground increase greatly the selective 
effect on polarization, and the effect on the reflec
tion of an elliptically polarized wave, in the case 
of an incident wave of intermediate polariza
tion, will be very marked. The induction field 
caused by the earth surface currents will be 
noticeable. 

Therefore, rotating fields will be observed in 
the greater part of the space. However, some 
simplified cases will be pointed out. 

a. The sky wave is vertically polarized. No 
error will occur anywhere in the space. 

b. The sky wave is horizontally polarized. The 
reflected sky wave will also be horizontally 
polarized, but planes S and C will not be 
well defined, because the amplitude of both 
waves is different and their phases changed 
with respect to the ideal case. The error 
caused by the combination of these waves 
with the direct wave will be symmetrical 
with respect to the exact bearing as a 
function of any change of phase of 180 
degrees either in the sky wave or the direct 
wave. 

c. The sky wave is elliptically polarized around 
a principal vertical or horizontal polariza
tion. The reflected sky wave will also be 
polarized elliptically around a principal 
vertical or horizontal polarization. 

The total resultant will remain polarized 
around an axis contained in, or perpen
dicular to, the plane of incidence. The error 
caused by the combination of these waves 
with the direct wave will be symmetrical 
with respect to the exact bearing, as a 
function of any change of phase of 180 
degrees either in the sky wave or the direct 
wave. 
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Final conclusions for direction finding at night 
will be drawn in Section 4 after consideration of 
the dynamic aspect of the night error. 

Part of the night error may be caused by 
deviation of the sky wave from the vertical 
plane joining the direction finder and the trans
mitter. Errors due to this cause actually have 
been verified (especially on land, almost never 
on the sea) . On medium waves, the proportion 
of such errors is small and their amplitude is 
negligible compared with errors caused by the 
combination of elevation and polarization effects. 

3. Dynamic Aspect on Airplanes of Moun
tain and Night Errors 

3.1  GENERAL-FIRST DEMONSTRATION OF THE 
DYNAMIC ASPECT OF THE ERROR 

The dynamic aspect of night and mountain 
errors was clearly demonstrated by means of an 
RCS automatic radio compass3 installed on 
board the "Flight Research Plane" of United 
Air Lines. 

The receiving loop of this radio compass 
rotates at five revolutions per second. On its 
shaft, it carries a 2-phase 10-cycle generator, 
giving a fixed phase reference. The current at 
the output of the receiver, as a result of the 
rotation of the loop, contains an important com
ponent of 10-cycle alternating current, the phase 
of which varies with the direction of the station. 
A magnetic indicating apparatus measures the 
phase of this current in relation to that of the 
2-phase generator. Indications are obtained with 
an ambiguity of 180 degrees. The inertia of the 
indicator is low and its damping adequate, so 
that variations of course or of wave pa th are 
noted on the indicator almost instantaneously, 
while the amplitude of the variations do not 
exceed 10 or 20 degrees. 

With these characteristics, the automatic radio 
compass constitutes a device for noting, much 
more readily than with the ordinary direction
finding loop, variations which may affect the 
bearings. Prior to 1937, the American air trans-

s H. Busignies, "The Automatic Radio Compass and 
its Applications to Aerial Navigation," Jf.lec�ricifl Com
munication v 15,  n 2, October, 1935; and Prmc1ple a�d 
Theory of � New Realization of Aircraft Automatic Rad10 
Compass," L'onde Electrique, v 16, n 18,  January, 1937. 
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portation companies used ordinary direction 
finders exclusively. Thus pilots never had the 
opportunity of observing the peculiar variations 
in readings prevalent in mountainous regions. 

LL 0 
w 0 ::> I
:; 
u. ;;;. .., 

DURATION OF ONE OSCILLATION OF INOICA TION 

TIME 
Fig. Ji-Relative positions of bearing, amplitude, and 

direction-finding-minimum variations. 

In the first experiments, the observed station 
was the radio beacon of the landing field toward 
which the airplane was flying. When reflections 
from mountains occur, bearing indications vary 
regularly several degrees about an average posi
tion. The true bearing was thus 0 degrees for the 
correct position of the plane. The actual varia
tions noted , which reached ± 20 degrees at 
intervals, occurred around a position of average 
error, generally of the order of a half or a third 
of the amplitude of variation. The variations of 
bearings were accompanied by synchronous vari
ations of amplitude. Alternatively, moreover , 
definite zeros or blurred minima were noted 
during the rotation of the loop. 

The above observations were made in 1937 
between Cheyenne and Salt Lake City. Similar 
observations were made in Switzerland, in 1938 
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Fig. 12-Successive direction and amplitude of magnetic 
vector in the direction of flight for two vertically polarized 
waves. 

FA =wave front in direction A ,  
FB =wave front in direction B,  
A = amplitude of wave A ,  
B = amplitude of wave B,  

flying over the ] ura on the bearings of the 
Beromunster transmitter. Many similar observa
tions were made since that time under conditions 
of night effect. 

Fig. 1 1  shows the relation between the varia
tions of bearing, the amplitude of the signal, and 
the quality of the minimum. 

3.2 SUCCESSIVE DIRECTIONS AND AMPLITUDES 
OF THE RESULTING MAGNETIC FIELD IN 
SPACE 

In general , wherever two or more waves origi
nating from a single source and following different 
paths are present in space, the envelope of 
vector amplitudes represents a stationary wave 
in space. Its amplitude is limited to that of the 
lowest-amplitude wave, and its form depends 
essentially on the wave directions and their 
polarizations. 

By way of example, Fig. 1 2  shows the suc
cessive direction and amplitude of the magnetic 
vector on a given fixed direction, that of flight, 
in the case of two vertically polarized wave 
propagations forming angles of 40, 90, and 180 
degrees, respectively. 

All the configurations corresponding to any 
particular polarization can readily be traced by 
compounding independently, at each chosen 
point in space, the magnetic and electric vectors 
of the constituent waves. If the amplitude of a 
given wave is clearly greater than the amplitude 
of another wave or waves, the dephasing of the 
resulting vectors and their variations in ampli
tude will obviously be greatly decreased. It is 
likewise easy to trace the configurations corre
sponding to the presence of several waves of 
different polarizations at a fixed point. 

The novelty of the case under examination 
arises from the fact that the airplane cuts 
through the zone of interference rapidly and the 
indication of direction obtained with a loop 
receiver, for example, varies constantly since the 
resulting magnetic field changes direction regu
larly (Fig. 13) . The variations noted will be slow 

MA = magnetic vector of A ,  
MB = ·magnetic vector of B ,  and 

C,, C2, Cs=length of oscillation cycle of bearing indication. 
In A ,  A/B = 2  and the difference in propagation angles = 40 
degrees. In B, A = B  and the angle = 90 degrees. C, A =  B 
but is opposing (angl?= 180 degrees). 
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or rapid according to the direction in which the 
airplane flies in relation to the system of inter
ference. 

3.3 LENGTH OF ONE COMPLETE CYCLE OF 
CHANGE IN INDICATION 

In the case of greatest interest here, the air
plane flies toward the transmitter or toward the 
radio beacon, and it then cuts through an inter
ference pattern which produces a regular swing 
in the indication, accompanied by a fixed devia
tion from the mean value. 

In Fig. 12, more specifically referring to 
mountain effect, if the distance is studied in 
wavelengths calculated in the direction A ,  for 
which the vectors of the two waves are en
countered with identical phase, corresponding to 
a complete cycle of the bearing oscillation, a 
number n may be found as follows : 

n 1 
--- +1 .  1 -- - 1 cos 'Y 

For Fig. 12A, n = 4.23. 

(9) 

If the airplane speed is 240 kilometers (149 
miles) per hour, the following durations will be 
obtained for a single cycle : 

TABLE IV 

Frequency in Wavelength L�ngth of Duration of 
(>-) in Cycle in Space Cycle in Kilocycles Meters (Meters) Seconds 

150 2 ,000 8,460 127 
300 1 ,000 4,230 63.5  

3,000 100 423 6.3 
30,000 10 42.3 0.6 

300,000 1 4.2 0.06 

In Fig. 12B, where the propagation directions 
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In Fig. 1 2C, where the propagation directions 
are opposed and the speed is the same, n = 0.5, no 
further oscillations in the bearings are to be 
noted. Considerable variations, however, occur 

..... 
c ....... 

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

A 

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

form an angle of 90 degrees, n =  1, and accord- B ingly there is obtained for the same plane speed : 

Frequency in 
Kilocycles 

150 
300 

3,000 
30,000 

300,000 

Fig. 13-Cycle of oscillation of bearing indications. A 
TABLE V gives the wave patterns in which PA and PB are the directions 

of wave propagation, and MA and 1vfa, the magnetic vectors 
of the waves A and B, respectively. 0, is the plane of the loop. 
A /B =2 and S=40 degrees. For the same values of A ,  B, 
and S, and for an amplitude of oscillation of bearing indica
tions of 180 degrees (variation from 0 to 180 degrees), the 
limiting resultants, R1 and R2, of the magnetic vectors are 
shown. The reception diagrams D1 and D2, corresponding to 
vectors R1 and R2, respectively, have good null points. Da is 
for a mean position and has a very bad direction-finding 
minimum because of the presence of a component in phase 
quadrature. 

Wavelength Length of Duration of 
(>-) in Cycle in Space Cycle in 

Meters (Meters) Seconds 

2,000 2,000 30 
1 ,000 1 ,000 15 

100 100 1 .5 
10 10 0 . 1 5  

1 1 0.015 
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in signal strength at the rate indicated m the 
following table : 

TABLE VI 

Frequency in \Vavelength Length of Duration of 
(X) in Cycle in Space Cycle in Kilocycles Meters (Meters) Seconds 

150 2 ,000 - -

300 1 ,000 500 7.5 
3,000 100 50 0.75 

30,000 10 5 O.o75 
300,000 1 0.5 0.0075* 

* Equivalent to 135.5 cycles per second. 

In the case of mountain effect caused by 
irregular reflections, the amplitude and duration 
of oscillation, as a rule, change as a function of 
displacement of the airplane. In the night effect, 
the changes due to displacement are generally 
faster than the changes due to the variations in 
the layer properties. 

In other words, the direct distance to the 
transmitter and the distance. traversed by the 
reflected waves do not vary equally in terms of 
the displacement of the airplane. The reflected 
wave is, therefore, periodically reversed in phase 
with respect to the direct wave and a variation 
in bearing indications results. 

3.4 DETAILED STUDY OF THE PHENOMENON 
PERTAINING TO A CYCLE OF OSCILLATING 
INDICATION 

Between the extreme positions corresponding 
to the points where the magnetic field of the 
reflected wave is in phase or in phase opposition 
with the magnetic field of the direct wave, there 
is interposed the case where the two vectors are 
90 degrees out of phase, a condition which, in 
the loop receiver, represents a very poor mini
mum for signal direction finding (Fig. 13) . 
A radio compass, working under these conditions 
in the case of mountain or night errors, there
fore, indicates deviations around a mean posi
tion, the passage to the mean position being 
accompanied by a very blurred minimum, while 
this minimum is transformed into a perfect zero 
for the two extreme points of deviation. 

If several reflected waves are present, the 
phenomenon may be investigated by the same 
method but is then more complicated. For the 
distances and wavelengths considered, one pre-

dominant reflected wave seems to be most often 
encountered. 

It would appear useful to examine the general 
case of reception on a direction-finding loop of 
two waves which are out of phase and of differing 
direction and amplitude. 

If A and B are the amplitudes of these two 
fields (vertical polarization) ,  IP their difference 
in phase, 2-: and (2-: + ll) the angles made by the 
directions of propagation of the waves A and B ,  
respectively, with respect to the loop, the m
duced electromotive force E is: 

E=A cos wt cos 2-: 
+B cos (wt+1P) cos (2-: + ll) .  (10) 

In order to find the maxima and minima of 
this function with respect to 2-:,  it is necessary to 
differentiate with respect to wt, eliminate wt, 
differentiate with respect to 2-:, and then find the 
values of 2-: for which the resulting expression 
becomes zero. 

From the final expression d(E)2/dt, one obtains 

tan 22-: B2 sin 2 o+2AB cos IP sin ll 
A2+B2 cos 2 il+2AB cos IP cos ll ( 1 1 )  

The tangents of an angle and of the same angle 
plus 7r being identical, two values of 2-: are found 
which satisfy the equation, namely, 2-: and 
(2-:+7r/2) . The first corresponds to maximum re
ception, and the second to minimum reception. 
There are thus obviously two maxima and two 
minima, respectively, at 180 degrees from one 
another. 

The value of 2-: in the above equation gives 
directly the angle of error due to the presence 
of the field B, the field A being considered as 
the field of exact bearing. 

In equation ( 1 1) and in Fig. 13 ,  PA and PB 
are the directions of propagation of the fields 
A and B ;  MA and MB occupy the relationship 
shown in the figure. 

If <p = 7r, the vector to be considered with PB 
is MB'· 

For <p±€, the equation yields the same value 
and the same sign since it does not show the 
alternating sinusoidal variation of the magnitude 
of the vector on its direction. 

Va!Ues of +2-: are calculated clockwise as 
from c ;  values of -2-:  are calculated counter
clockwise as from c. 
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The direction-finding error in the usual sense 
is � with a changed sign. This is the error which 
is found in the accompanying tables. 

Table VII  shows some values of the error for 
fields in phase and in opposition (Fig. 13 ) ,  
corresponding to the extreme points of the 
radioccompass variation due to mountain or 
night effect. 

TABLE VII 

o in Degrees 

10 
10+ 180 (change of phase) 
40 
40+ 180 (change of phase) 

Error � 

3° 20' 
- 9° 30' 

13° 5' 
- 27° 28' 

A /B = 2 ;  2: and il are calculated in the usual direction
finding sense. 

Table VIII  gives the successive values of the 
error for a complete cycle of phase change for 
the last example in Table VI.  These figures 
correspond to the values of errors noted between 
the extreme points of variation of the indication. 

TABLE VIII 

'fJ i n  Degrees 

0 
10 and 350 
45 and 315 
90 and 270 

100 and 260 
1 12° 30' and 257° 30' 
135 and 225 
1 70 and 190 
180 

Error :l: 
13° 5' 
13° 2'  
11° 40' 
6° 58' 
4° 15'  
oo 

1 1 °  1 5' 
26° 37' 
21° 281 

A/ B "'.' 2, il = 40 degrees, 2: and il are calculated in the usual 
direction-finding sense. 

To obtain the value of cp corresponding to the 
zero error, � = 0, it will suffice to make : 

that is, 
B2 sin 2B = 2AB cos cp sin o = O ;  ( 12) 

B2 sin 2 o  B cos <p - 2AB sin 0 = -A cos o. (13) 

A particular case must be noted for which 
<p = 90 degrees, o = 90 degrees, and A = B. A per
fect rotating field free from maxima or minima 
is then obtained. 

Another particular case occurs when 'P = 0 
degree ; it corresponds to the two limits of 
variation of bearing in the dynamic aspect of 
the error. Here the equation yields a result 
identical with that obtained by another more 
easily established equation. If, then, the fields 
are in phase, or in phase opposition, when 

extinction is obtained by turning the loop, the 
following relation obtains : 

A cos � ±B cos (�+ o) = O, ( 14) 
which gives 

A tan �B----;--+cot o. ( 15) 
Slll o 

If there is no error, � should be found equal to 
90 degrees, for extinction must occur when the 
plane of the loop makes an angle of 90 degrees 
with the direction of propagation. 

The error will, therefore, be given directly 
with the sign usual in direction finding, by : 

A cot e--.-+cot o. B sm B (16) 

The amplitude and character of the oscilla
tions noted under mountain effects are clear 
from these quantities which correspond to recog
nized physical cases. The oscillations are accom
panied by synchronous signal-strength varia
tions; these are not, however, observed if the 
receiver is equipped with automatic volume 
control. 

3.5 WAVES PRODUCING AN ELLIPTICALLY OR 
CrncuLARL Y PoLARIZED FIELD TO BE CoM -
POUNDED WITH THE DIRECT FIELD 

The previous study points out the effect 
occurring when the direct field must be com
pounded with another field, the latter being 
assumed to be linearly polarized. It has been 
shown in Section 2 how complicated the second
ary field can be. Its greatest complication results 
in an elliptical polarization occurring in any 
plane whatever. In this intricate effect it is 
encouraging to find that the dynamic aspect of 
the error is the same as if the secondary field 
were linearly polarized. 

This is the most important statement con
cerning the dynamic aspect of the night error. 
Physically this can be explained as follows : On 
any horizontal plane above the ground (homo
geneous) , the nature of the fields is the same, 
except for the phase change occurring between 
the direct field and the secondary complex field, 
as a function of the displacement of the airplane. 

Thereforei there is an electromotive force of a 
given amplitude induced in the loop by the 
direct field and another electromotive force of a 

www.americanradiohistory.com

www.americanradiohistory.com


56 E L E C T R I C A L  C O M M U N I C A T I O N  

given amplitude induced by the secondary com
plex field. 

When the plane moves, the amplitudes remain 
constant, but the relative phases change and as 
a function of the displacement there are points 
where they are in phase (clear false zero in the 
loop) , in phase opposition (clear false zero in the 
loop) , or out of phase. 

The amplitude of oscillation is governed by 
the relative amplitudes of the two induced 
electromotive forces. The duration of the oscilla
tion and its aspect are exactly what has been 
set forth in detail in the preceding section. 

3.6 DYNAMIC ASPECT OF THE NIGHT ERROR 
TAKING THE NATURE OF THE SKY WAVE 
INTO ACCOUNT 

The above calculation, established for the 
mountain effect, takes into account the follow
ing : The airplane flies toward the transmitter 
and is 

a. in a direct magnetic field MA, 
b. in the magnetic field MB of the sky wave 

which lies in a direction different from that 
of MA.' 

The conditions under which the night effect 
appears are similar to those of the mountain 
effect. The complex field made up of the sky 
wave and of the sky wave reflected from the 
ground possesses a horizontal component which 
is considered as the parasitic vector MB. 

As has been shown in Section 2 ,  this parasitic 
vector may have a very complex origin and 
shape, and the dynamic appearance it gives to 

the night error will now be examined in two 
general cases of navigation : 

a. The airplane flies toward the station. 
b. The course of the airplane forms any angle 

whatsoever with the direction of the sta
tion. 

Consideration will now be given to the dy
namic apIJearance of the night error in the two 
following general cases. 

3.6.1 Airplane Flies Toward the Station (within 
the limits of accuracy inherent in the method 
itself) 

3.6.1 .1  Duration of the Cycle of Change in Indi
cation 

The position and the relative size of vectors 
MA and MB do not affect the duration. They 
only affect the form and amplitude of the error. 

The duration of the cycle is determined by the 
elevation angle, the wavelength, and the speed 
of the airplane. 

The preceding formulas and tables of calcula
tion are valid . It suffices to consider the angle 
made by the two directions of propagation as the 
elevation angle of the sky wave. However, a 
more complete table (IX) is given below. 

The relation between the angle and the dis
tance is very approximate. These figures are 
valid in a "homing" flight to the transmitter. 
If the bearing of the station is cp, the above 
figures must be multiplied by 1/cos cp. The dura
tion of the cycle will be calculated from the 
speed of the airplane. 

TABLE IX 
DYNAMIC ASPECT OF THE NIGHT ERROR 

LENGTH IN SPACE OF THE CYCLE OF CHANGE IN INDICATION IN KILOMETERS 

Elevation Angle 'Y in Degrees 
\Vavelength in Meters 

10 15 19 25 33 45 63 75 

200 10.2 5 .2 3.52 2 . 1 1  1.25 0.684 0.367 0.269 
400 20.4 10.4 7.04 4.22 2 .50 1 .368 0.734 0.538 
600 30.6 15.6 10.56 6.33 3.75 1 .99 1 . 10 0.807 
800 40.8 20.8 14.08 8.44 5 2.73 1 .46 1 .07 

1 ,000 5 1  26 1 7.6 10.5 6.27 3.42 1 .83 1.34 
1 ,400 7 1 .5 36.4 24.6 14.7 8.75 4.78 2.56 1.87 
1 ,800 92 46.8 3 1 .6 18.9 1 1 .3 6 .15  3.3 2.42 
2,000 102 52 35.2 2 1 . 1  12.5 6.84 3.67 2.69 

-----

Distance in Kilometers 
from the Transmitter 700 600 500 400 300 200 100 50 
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3.6.1.2 Relative Amplitudes of Direct and Sky 
Waves 

Let us consider now the two principal cases of 
relative amplitude of the direct and sky waves : 

a. The sky-wave complex field is definitely 
weaker than the direct-wave field. Under 
this condition, reliable bearings can be 
obtained by observing the variations of 
indication. 

b. The sky-wave complex field equals or ex
ceeds the amplitude of the direct-wave 
field. Under this condition, bearings are 
not reliable and must not be used. 

Both the above cases will be examined for 
various field conditions which may occur as 
shown in Section 2. 

a. The sky wave is definitely weaker than the 
direct wave : 

1 .  The sky wave is polarized vertically : No 
fluctuation of indication, no error. 

2. The sky wave is polarized horizontally : The 
horizontal ,  parasitic, magnetic component 
MB is perpendicular to the direct magnetic 
vector MA and introduces a symmetrical 
error on each side of the exact reading in 
the course of the flight. In this case, evi
dently, the average readings give the exact 
bearing, but the pilot, not aware of this 
fact, must consider it as the general case 
which follows. This case corresponds to 
Fig. 14A. 

3. The sky wave is of intermediate polariza
tion : The error is no longer symmetrical 
with respect to the true bearing. This case 
is precisely the one which has been fully 
analyzed above. The pilot, choosing the 
average of the extreme readings, will assume 
an accuracy ±a/4 if the oscillations cover 
an angle a. If, for example, the extreme 
indications are 350 degrees to 10 degrees, 
the pilot will estimate the possible error at 
± 5  degrees. In fact, in flying at the mean 
indication, the only practical method, he 
will risk an error of 5 degrees, which is not 
serious in the case of a homing flight. This 
case corresponds to Fig. 1 5A. Furthermore, 
this case will result in an elliptical polariza
tion most of the time, equivalent to that 
treated below. 
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OSCILLATION 

A 

B 

c 
Fig. 14-Reception diagrams for direct waves and hori

zontally polarized sky waves. A-the amplitude of the sky 
wave is smaller than that of the direct wave; the oscillation is 
symmetrical with respect to the exact bearing. B-the ampli
tude of the sky wave equals that of the direct wave; the indica
tion is indeterminant. C-the amplitude of the sky wave is 
greater than that of the direct wave; the oscillation is sym
metrical with respect to a bearing 90 degrees incorrect. 
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4. The sky wave is elliptically polarized : If the 
axis of the ellipse is in any direction, an 
asymmetrical error will appear with the 
same aspect as shown in the example of 
(c) above (Fig. 15A) .  
I f  the axis of the ellipse is contained in, or 
is normal to the plane of incidence, the error 
will appear as in (2) above (Fig. 14A) . 

b. The sky wave equals or exceeds the ampli
tude of the direct wave : 

1 .  The sky wave is polarized vertically : No 
fluctuation of indication, no error. 

2 .  The sky wave is polarized horizontally : 
Then the parasitic vector MB is perpen
dicular to MA. 
When both vectors are equal, the indica
tions of the radio compass are indetermi
nate. This effect is shown in Fig. 14B. 
When the sky wave is greater than the 
direct wave (MB greater than MA) ,  the 
oscillation of indication is symmetrical with 
respect to a bearing 90 degrees incorrect 
since the oscillation takes place around the 
vector of greatest amplitude. This effect 
is shown in Fig. 14C. 

3. The sky wave is of intermediate polariza
tion : Then the parasitic vector MB is not 
perpendicular to MA. 
When both vectors are equal, the indica
tions of the radio compass are not com
pletely indeterminate but almost worthless. 
This effect is shown in Fig. 15B. 
When the sky wave is greater than the 
direct wave (MB greater than MA) ,  the 
oscillation of indication occurs around a 
false bearing. This case corresponds to 
Fig. 1 SC. The true bearing, therefore, is no 
longer to be derived from the limits of the 
compass indications. The mean of extreme 
indications is valueless. Furthermore, most 
of the time, this case will result in an 
elliptical polarization equivalent to that 
treated below. 

Fig. JS-Reception diagrams for direct waves and for 
sky waves of intermediate or of elliptical polarization. A
the amplitude of the sky wave is greater than that of the direct 
wave. This is the case previously examined. B-the amplitude 
of the sky wave equals that of the direct wave; the bearing is not 
entirely indeterminate but is almost worthless. C-the ampli
tude of the sky wave 'is greater than that of the direct wave; 
the oscillation of bearing indication occurs around a false 
bearing. 
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4. The sky wave is elliptically polarized : The 
bearings are not reliable, as the oscillation 
takes place around the axis of polarization 
of the stronger wave. 

Bearings which correspond to case b obviously 
should not be utilized. The following section 
dealing with aerial navigation by night, shows 
how they may be discarded. 

3.6.2 Course of Airplane Forms Any Angle 
Whatsoever with the Direction of the Station 

3.6.2. 1 Duration of the Cycle of Change in Indi
cation 

Let us return to the static aspect of the error : 
an observer in a given, fixed position, will notice 
a definite error which remains constant and is 
not affected by physically rotating the radio 
compass itself. Hence the error is the same for 
all courses of the plane at a given point. 

Now, on board an airplane, let us consider an 
error E and a bearing angle 'P (taken clockwise 
from the axis of the plane to the direction of the 
station) .  For all values of <p, rp+e will be ob
served. 

If the airplane flies toward the station, the 
length of a cycle of indication has already been 
defined. This length, calculated in ;\ will be n;\ : 

1 
n = --- + 1  

1 
-- - 1  cos 'Y 

(9) 

where 'Y is the elevation angle of the sky wave. 
If the airplane flies on an exact bearing (see 

Fig. 16) , only the length of the oscillating cycle 
of indication is increased, the phenomenon re
maining identical otherwise (see Section 3.6. 1 
above for polarization and relative amplitude ·  
effects) . 

The length of the cycle becomes : 
n;\ 

( 1 7) cos 'P 

where 'P is the exact bearing of the transmitter. 
Fig. 16  shows this in simple form. 

The length l1 of the cycle for a flight toward a 
station becomes I2 for a bearing 'P and infinity 
for a bearing of 90 or 270 degrees. 

The station is assumed to be at infinity. This 
is practically justified because night effect is not 

noted for short distances at which the proximity 
of the station would require the introduction of a 
corrective term. 

If a station is on a bearing of about 90 or 270 
degrees, the oscillations are too slow to be ob
served, but the error can be present. 

It is always assumed that the airplane is flying 
at a constant altitude. The effects described are 
evidently slightly changed when the airplane is 
going up or down. 

0 

v 

MtlMe 
R2 8 

Fig. 16-Duration of the cycle of oscillation of ind1:cation 
for an airplane flying on an exact bearing .of the transmitter. 

D = direction of an infinitely distant transmitter, 
V =flight direction, 
l1 = length of oscillation in homing flight to the trans

mitter, 
l2 = length of oscillation cycle for bearing of the trans

mitter = li/ cos "" 
R1 and R2 = extreme positions of resultant magnetic vectors, 

and 
q; = exact bearing. 

3. 7 DYNAMIC ASPECT OF MOUNTAIN AND NIGHT 
ERRoRs IN DEvicEs vVHERE A Loor AN
TENNA COMBINATION IS PERMANENTLY UTI
LIZED 

In the foregoing, consideration was given to 
the aspect of the magnetic field which is solely 
utilized in the RCS radio compass or in an 
ordinary loop, without resolution of the 180-
degree ambiguity. 
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Certain devices permanently employ a di
rective combination loop antenna (homing radio 
compasses) . They will be more affected than the 
RCS radio compass, because the amplitudes of 
the resulting electric field (acting on the antenna) 
and the resulting magnetic field (acting on the 
loop) never remain in the desired phase and 
amplitude relation for good operation. 

These relations vary constantly in the sta
tionary wave, and the more serious difficulty 
occurs in the change of relative phase of the two 
vectors. \Vith combination loop antennas, in 
addition to the effect on the indicating oscillation 
as explained above, periodic disappearances of 
indication may be noted, acc0mpanied by in
ternal errors peculiar in the apparatus itself and 
reversing in the 180-degree indication. 
3.8 SIMILAR EFFECTS OBSERVED IN GROUND 

DIRECTION FINDERS 
The effects described occur in a similar manner 

at fixed direction-finder stations when taking 
bearings on transmitters moving rapidly. Such 
effects can be perfectly demonstrated by taking 
bearings on short-wave airplane transmitters 
with cathode-ray-oscillograph direction finders 
on the ground, when the direction finder receives 
the ground and sky waves, or two sky waves. 
4. Practical Conclusions for Night Flying 

Over Land and Sea 

4. 1 RULES CONCERNING NIGHT DIRECTION 
FINDING 

Phenomena manifested as night errors, and 
also with their dynamic aspects, have been ex
amined in the three preceding sections. Based on 
the concepts discussed, the following "rules" are 
formulated relative to night direction finding on 
medium waves. 

On board the airplane, and on a steady course, 
the error is revealed by a periodic variation of 
the direction indication, of given amplitude and 
duration. In the conditions outlined below, a 
bearing will be considered as reliable if no oscilla
tion of indication occurs, or reliable within 
certain limits if a regular oscillation of a moderate 
amplitude appears. 

Consideration will be given to the propagation 
conditions which result in the presence of direct 
and sky waves, either over land or sea, as func
tions of the distance, the wavelength, and the 

power of the transmitter. This will determine a 
first classification of the cases to be expected. 

The result will be coordinated with the prin
cipal cases of navigation without visibility that 
the pilot may encounter : 

a. The airplane makes a regular scheduled 
flight on a known route. 

b. The airplane makes its first trip on a route 
not yet established. 

c. The airplane is completely lost and the 
pilot can use only a certain number of 
identifiable waves in order to resume a 
normal route. 

The three maps of Fig. 1 7  represent areas 
within which direction finding is entirely safe S, 
those safe within certain limits I, and those 
unsafe U, with respect to the distance and the 
wavelength, according to known conditions of 
propagation. 

The shorter the wave, the more restricted is 
the area of safety. 

I t  is advisable to avoid taking bearings on a 
station in the intermediate area when bearings 
are close to 90 degrees or 270 degrees within 
±30 degrees. Under these conditions, if a bearing 
is absolutely necessary, it is advisable to turn 
the plane in order to take the bearing when 
flying towards or away from the station. The 
pilot can be certain of flying towards the station 
when several regular oscillations of indication 
occur around the angle 0 degree. He then can 
take a different exact course with respect to the 
bearing of the station. 

Above all, it is necessary to avoid taking 
bearings in unsafe areas where only the sky wave 
is present, or where its value is greater than that 
of the direct wave. 

On waves between 150 and 300 kilocycles 
(1000 and 2000 meters) , the oscillation of indica
tion can be slow, especially on distances greater 
than 500 kilometers (3 1 1  miles) (see Table IX) . 
The complete cycle will take about 3 minutes in 
homing flight at 360 kilometers (224 miles) per 
hour. On the other hand, these waves are the 
most reliable for direction finding. 

Let us assume that the pilot in turn is con
fronted with the three situations indicated 
above : 

a. The airplane makes a regular schedule flight 
on a known route : 
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In this case, the only purpose of the bearings is 
to permit correction of the course. The pilot can 
use prepared maps where the safe and unsafe 
areas are represented, as indicated in Fig. 1 7, 
directly on the flight map. Furthermore, he can 
take advantage of night flights made during 
clear weather to evaluate readings obtained and 
mark on the map the amplitudes of the regular 
variations in bearings and their duration, to 
control his course still more effectively under 
conditions of poor visibility. Therefore, he will 
be able to use waves 01, 02, or Oa. 

b. The airplane makes its first trip on a route 
not yet established : 

Advance preparation of a radio map is im
perative. It should indicate the safe and unsafe 
areas and take account of the power of the 
transmitters. The hours of transmission, the call 
letters, and the signal peculiarities should also 
be noted. 

Transmissions from stations using Oa waves 
should not be used except within a radius of 30 
kilometers (19 miles) from the desired station. 

The power of the broadcasting stations is an 

. . . . . . 
" 

. : . . ' . . · . ' . 

U 1·,:.;/':':':-,:i UNSAFE AREA 

important factor of insecurity in waves between 
545 and 1500 kilocycles (200 and 550 meters) . 
Such stations may create strong fields in an 
unsafe area. 

c. The airplane is completely lost and the 
pilot can use only a certain number of identifiable 
waves in order to resume a normal route : 

As the areas of Fig. 1 7  show, the pilot for all 
practical purposes can use 01 waves at all dis
tances. Furthermore, he can use 02 waves up to 
250 kilometers (155 miles) . It is probable that 
his reckoning of position will be less than this 
distance. In these two cases, he may note varia
tions of indication reaching 10 or 20 degrees. 
Except in a desperate case, he should avoid 
using 03 waves. If only the latter are available, 
he should try to direct the plane by "homing" 
towards the nearest station ; he will then gener
ally be flying towards the station despite the 
errors which may occur in an unsafe zone. At 
the end of this homing flight, he will be able to 
check the passing above the known station with 
the usual accuracy and then will be able to use 
this accurate "fix" to continue the flight. 

. .  · ·  
. • '  . . · . . . · . .  

. ' .  • . 

. . · ·  . . ·� . .. .  

Fig. 17-Regions of safe and unsafe direction finding with respect to terrain and wavelength. 

www.americanradiohistory.com

www.americanradiohistory.com


62 E L E C T R I C A L  C O M M U N I C A T I O N  

4.2 EFFECT OF THE ALTITUDE OF THE FLIGHT 
ON THE ABOVE STATEMENTS 

In Section 2 ,  it has been shown that above flat 
ground of normal conductivity, or above the 
sea, there exists a number of horizontal planes 
where the errors are reduced. While the oppor
tunity of flying under suitable conditions for 
verifying these results has not occurred it has 
been noted that in the air, the errors are always 
smaller (sometimes much smaller) than on the 
ground at the same distance from the trans
mitter. 

Actually, on the average, the night error in 
the atmosphere is lower than the error observed 
on the ground. This follows from the analysis 
of Section 2 .  

The mean values of errors in  altitude are 
probably half those observed on a ground direc
tion finder at the same distance from the trans
mitter. Especially on the sea, the errors would 
be found to be small on planes C, Cr, etc. 

In the preparation of Fig. 1 7 ,  this factor was 
not taken into account inasmuch as it is possible 
to fly under conditions where the errors are the 
same as on the ground. Hence, pilots will some
times report better results than those indicated 
in Fig. 1 7 ;  such reports, in fact, have already 
been received. 

4.3 INFLUENCE OF THE NATURE OF THE EARTH 
SURFACE 

Distances mentioned herein are valid above 
ground of normal conductivity. Thus, desert and 
mountains must be excluded. Regarding deserts, 
information as to the attenuation of the direct 
field is lacking. Experiments would be necessary 
in this case to establish a more precise "rule." 

Above mountains, sky waves reflected by them 
can create more serious errors than those dis
cussed. 

4.4 COMMON-WAVELENGTH AND SYNCHRONOUS 
STATIONS 

When the airplane is flying in an area where 
two synchronized waves are present, variations 

of indication will occur as in the night effect 
around the direction of the stronger wave. This 
evidently may occur by day as well as by night. 

When the wavelengths are common but not 
synchronized, the oscillation of indication occurs 
even at a fixed station at the beating rate. In case 
of an airplane, the two effects interfere. 

Except in well-recognized cases, such waves 
must be avoided day and night. 

Bibliography 

J. A. STRATTON, "Electromagnetic Theory," McGraw-Hill 
Book Company, 194 1 .  

CHARLES R .  BURROWS AND MARION C. GRAY, "The 
Effect of the Earth Curvature on Ground Wave 
Propagation," Proceedings of the I.R.E., v 29, n 1 ,  
January, 194 1 .  

H. BusrGNIES, " Mountain Effects and the Use of Radio 
Compasses and Radio Beacons for Piloting Aircraft," 
Electrical Communication, v 19, n 3, 1941 ; Institute 
of Radio Engineers Annual Convention, San Fran
cisco, June 27 ,  1939. 

H. BusrGNIES, "Reduction of Night Error in Radio Direc
tion Finding Equipment for Aerodromes," Electrical 
Communication, v 16, n 3, January, 1938. 

Documents du Comite Consultatif International des Radio
communications, Bucharest, 1937, Quatrieme Reunion, 
Bureau de !'Union Internationale du Telecommunica-
tion, Berne. 

. 

CHARLES R. MINGINS, "Electromagnetic Wave Fields 
N ear the Earth's Surface," Proceedings of the I.R.E. , 
v 25,  p 1419, November, 1937. 

K. A. NORTON, "The Propagation of Radio Waves Over 
the Surface of the Earth and in the Upper Atmos
phere," Proceedings of the I.R.E., v 24, p 1367, Oc
tober, 1936, and v 25,  p 1203, September, 1937. 

CHARLES R. BURROWS, "The Surface \Vave in Radio 
Propagation Over Plane Earth," Proceedings of the 
I.R.E., v 25, p 2 19, February, 1937. 

H. BusrGNIES, "The Automatic Radio Compass and Its 
Applications to Aerial Navigation," Electrical Com
munication, v 15 ,  p 157,  October, 1936. 

F. R. STANSEL, "A Study of Electromagnetic Field in the 
Vicinity of a Radiator," Proceedings of the I.R.E., 
v 24, p 802, May, 1936. 

CHARLES R. BURROWS, "Radio Propagation Over Spherical 
Earth," Proceedings of the I.R.E., v 23, p 470, May, 
1935. 

Documents du Comite Consultatif International des Radio
communications, Lisbon, 1934, Bureau de !'Union 
Internationale du:Telecommunication, Berne. 

www.americanradiohistory.com

www.americanradiohistory.com

