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I SUMMARY 

This report presents results of theoretical and experimental 
study of a new type of VOR~ which has been named "Square Wave" VOR 
(SVOR) because its variable phase waveshape is roughly square. Two 
experimental SVORs have been built and tested. The second one was 
built under FM contrac·t and was extensively ground and flight tested 
at both NAFEC and Ohio University. Results of these tests are reported. 
Tests of a number of receivers for compatibility with SVOR signals 
were made, and the results are presented. A theoretical and experimental 
investigation of VOR and SVOR errors caused by Doppler shift in a 
mu1tipath carrier is included. A feasibility study of a wide aperture 
SVOR designed for a 13 times reduction in mu1tipath is presented. 

* u.s. Patent 3,754,259 
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II GENERAL DESCRIPTION AND PRINCIPLE OF SQUARE WAVE VOR 

A. GENERAL DESCRIPTION. 

The purpose of square wave VOR (SVOR) is to reduce, without bearing 
ambiguities, multipath errors to which both conventional and DVOR are 
subject. The fundamental reason for vulnerability of conventional VOR 
to rnultipath error is insufficient aperture of the variable phase trans
mitting array (four loop, cage, or slot array) (Ref. 1), and it is this 
fundamental deficiency that is corrected by SVOR J with the result that 
all sources of multipath error are reduced at one stroke. SVOR employs 
exactly the same reference signal as conventional VOR. SVOR variable 
phase, however, consists of the conventional rotating figure of eight 
pattern plus an additional multiplexed variable phase signal which rotates 
at 30 hz. in synchronism with the figure of eight. The additional variable 
phase signal consists of one or more odd order harmonics of 30 hz., i.e., 
90 hz., 150 hz., etc. An equivalent statement is that multiplexed pattern 
at a fixed instant of time contains one or more odd order spatial 
harmonics. The zero crossings of the additional harmonics coincide with 
the zero crossings of the conventional figure of eight pattern, and the 
amplitudes of these harmonics are such that the slope of the resultant 
variable phase pattern at zero crossing is greater than the slope of the 
conventional figure of eight at zero crossing. The increase in slope turns 
out to be proportional to the highest order harmonic in the multiplexed 
signal. When an SVOR signal is processed by a receiver employing zero 
crossing phase detection (that is, a receiver which essentially measures 
the difference in phase between the reference and variable signals by 
measuring the time between their zero crossings), the error caused by 
multipath will be equal to the shift in zero crossing time of the variable 
phase, regardless of the nature of the multipath signal. Because of the 
increased slope of the SVOR signal at zero crossing, the shift in zero 
crossing time, and the multipath error, will be reduced. Error reduction 
is proportional to the factor by which zero crossing slope is increased, 
which is proportional to the order of the highest order multiplexed 
harmonic, which in turn is proportional to the aperture (diameter) of the 
ring array that is used to radiate the multiplexed variable phase harmonics 
(Ref. 2 and Section IV of this report). Thus, any degree of error reduction 
is possible in principle, the price for more reduction being a larger 
diameter transmitting array. The siting situation for SVOR would resemble 
that of the ILS localizer in that the size of the array can be made to 
suit the site requirements. This is possible because a zero crossing phase 
detector will correctly process SVOR signals containing any number of 
harmonics (including no additional harmonics, i.e., conventional VOR 
or DVOR signals). 

Receiver tests (Section VI) have shown that conventional receivers 
do not respond significantly to the multiplexed SVOR harmonics, and that 
receivers modified for zero crossing phase detection will respond to. 
conventional signals without deterioration of performance. Thus, the 
possibility of gradual introduction of SVOR without depriving any users 
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of service exists. Those wishing to take advantage of the increased 
accuracy of SVOR can moai.fy their receivers to do so (very simple 
circuits, e.g., Fig. 14, accomplish the modification) and continue to 
receive conventional or DVOR normally. Those using conventional re
ceivers will obtain service from an SVOR equivalent to conventional 
VOR. 

SVOR i.s particularly "'ell suited for digital bearing measurement, 
since if StIch a measurement takes the obvious fornl of counting clock 
pulses between a reference marker and a variable phase zero crossing, 
the receiver automatically becomes a zero crossing detector and all the 
multipath reduction benefits of SVOR will apply without receiver modifi
cation. Digital phase measurement would virtually eliminate receiver 
error, so that its use in conjunction with SVOR should result in a 
flexible system that is greatly superior to contemporary VOR. Digital 
bearing measurement, either with transmitted clock signals or an on 
board clock, is feasible and is probably an inevitable step in modern
izing VOR (Ref. 12). 

Conversion of a conventional station to SVOR would be relatively 
inexpensive, as all parts of the existing station can be used without 
modification (transmitter, goniometer, tone wheel, and antennas). Con
version would consist of adding a ring array concentric with the four 
loop or slot array, and a power divider and modulator to drive the ring 
array. Smaller aperture SVOR (third or fifth order highest multiplexed 
harmonic) could use the existing counterpoise. 

B. PRINCIPLE OF SVOR. 

The principle of an idealized square wave VOR is illustrated by 
Figure 1. If the normal rotating figure eight pattern of a conventional 
VOR was replaced by a rotating square wave pattern, as illustrated, 
then an interfering signal arriving via multipath from a reflector at 
a different bearing than the receiver would not cause any change in the 
zero crossing time of the variable phase signal. Hence, a receiver which 
used zero crossing phase detection would not indicate an erroneous bearing 
as a result of simultaneous reception of direct and multipath signals. 
Coherent 30 hz. signals arising from Doppler shifts in the multipath 
carrier similarly would not cause any error in indicated bearing. 

Figure 2 shows the polar pattern of an ideal square wave VOR. It 
will be noted that the pattern is constant amplitude and has a phase 
transition on a vertical plane that passes through the center of the VOR 
and rotates at 30 hz. The ideal pattern contains an infinite number of 
spatial harmonics, and thus cannot be radiated by a finite sized array, 
since radiation of harmonic order N by a non-supergain ring array can be 
shown to require an array not much smaller than N wavelengths in cir
cumference (Ref. 2 or Section IV). 

Basically, the ideal SVOR is immune to multipath error because 
the slope of the variable phase pattern at zero crossing is infinite. 
By Newton's rule* of elementary calculus, the displacement of the zero 
crossing by a small disturbing signal is inversely proportional to the 

*Thomas, G. B., "Calculus and Anlytic Geometry," pg. 451. 
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slope at zero crossing so that infinite slope means no displacement. A 
practical form of SVOR-having high but not infinite variable phase 
pattern slope at zero crossing thus suggests itself. For exa.mple, 
consider a variable phase pattern P(wt-¢) consisting of the first three 
harmonics of a square wave, as follows 

P(wt-~) = sin (wt-~) + t sin [3(wt-¢)] + i sin [5(wt-¢)] (1) 

¢ = azimuth 

w = 2TI X 30 rad/sec 

It will be noted that the first term in Equation (1) is the variable phase 
pattern of a conventional VOR. The slope of P at zero crossing (that is, 
at wt = ¢) is readily shown to be 3.0, each term contributing one unit 
of slope. Higher slope at zero crossing can be realized by increasing 
the amplitude of the third or fifth harmonics, subject to the limitation 
that no false zero crossings be generated. For a given amplitude increase 
the fifth harmonic produces the greatest increase in slope. The amount 
that the fifth harmonic may be increased can be calculated by noting 
that Equation (1) represents the first three terms in the Fourier expan
sion of a square wave whose amplitude is TI/4 (Ref. 3). If the fifth 
harmonic is increased by an amount E, ripples will be introduced into 
the variable phase waveshape. Maximum and minimum amplitudes will be 
given approximately by 

~~x. AMPLITUDE = n/4 + £ 

MIN. AMPLITUDE = n/4 - € 

Under multipath conditions, the maximum amplitude of the multipath signal 
could coincide with the minimum of the direct signal and produce a worst 
case as regards generation of a false zero crossing. Assuming that the 
worst multipath encountered in practice is less than 20% of the direct 
signal (corresponding to 23° peak to peak scalloping of a conventional 
VOR), E can be calculated from the condition that 20% reflection and 
coincidence of a reflected maximum with a direct minimum just produces 
a false zero crossing. This condition is: 

.20(n/4 + E) = TI/4 - £ (2) 

Solving for E gives E = .52. In the experimental SVOR described later 
in this report, a more conservative value of £, namely, £ = 0.4, was used. 
The variable phase pattern of the experimental SVOR was thus; 

sin (wt-~) + t sin [3(wt-~)] + f sin [5(wt-~)] (3) 
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The slope of Equation (3) at zero crossing is readily shown to be 
5.0, of which the first- two terms contribute one unit each and the last 
term contributes three units. Thus, the SVOR with variable phase pa.ttern 
Equation (3) has five times higher slope at zero crossing than a conven
tional VOR (the conventional VOR signal is the first term in Equation (3)). 
'Therefore, the nomenclature 5X SVOR was adopted. Figures 3 and 4 show 
the variable phase pattern of the 5X SVOR, with the conventional pattern 
plotted for comparison. Figure 5 illustrates how the ring array and the 
four loop patterns combine to produce the SVOR variable phase. It will 
be noted that, for 30% modulation by 30 hz., the total SVOR percentage 
modulation is approximately 37%. 

•	 Clearly, SVORs with still higher slope at zero crossing can be 
realized by taking more terms of the Fourier expansion of a square wave 
and adding approximately 0.5 to the highest harmonic amplitude (since 
the condition, Equation (2), applies regardless of the number of terms 
taken*). If n terms are taken, the slope of the pattern at zero crossing 
has (n-l) contributions of 1 unit each, plus a contribution 

1 + .5 (2 n-l). 

from the lastterrn. Thus, the total slope is 

1
2 n - 

2 

which is approximately the order of the, highest harmonic. Thus, a l3X 
SVOR would employ seven Fourier terms, the highest of which was a 13th 
harmonic. Its variable phase pattern would be 

5 
n~O 2;+1 sin [(2n+1)(wt-~)] 

1 
+ (.5 + 13) sin	 [13(wt-¢)] (4) 

and it would have a slope of approximately 13 at zero crossing. 

*See also Section IV B. 



6 

III	 CONVENTIONAL AND DVOR MULTIPATH ERRORS, REDUCTION OF MULTIPATH 
AND STATION ERRORS BY SVOR 

A. STATIC MULTIPATH ERROR. 

The term "static" multipath error will be used here to refer to 
the error experienced by a stationary receiver when it simultaneously 
receives a direct signal and a signal reflected from a single obstacle. 
Although static error of conventional and DVOR is well understood and is 
treated in many references (e.g., Refs. 4 and 5), the formula for static 
error of conventional VOR will be rederived here from a standard view
point (phase shift of resultant signal) and from the viewpoint of a zero 
crossing shift. The fact that the two viewpoints give identical results 
shows that a zero crossing receiver will perform identically with a 
standard receiver in the presence of static rnultipath. The second 
derivation will also serve to introduce the technique used to analyze 
multipath error of SVOR. 

Let the receiver bearing from the VOR be ¢, the reflector bearing 
be ~, and let the direct variable phase signal PcCt) be normalized to 
tlnit amplitude, i.e., 

P (t)	 = sin (wt-¢) (modulation only)c 

where	 w = 2n x 30 rad/sec. 

If the reflected signal amplitude is 0, and the reflected signal 
is in RF phase with the direct signal (worst case condition) then the 
resultant signal is 

sin (wt-¢) + 0 sin (wt-¢)	 (5) 

By using trigonometric identities and assuming 0 « 1 Equation (5) can 
be reduced to 

sin [(wt-¢) + 0 sin (¢-w)]	 (6) 

The last phase term in Equation (6) represents an error. Therefore, 

Static MUltipath Error = 0 sin (¢-w)	 (7) 

Equation (7) can also be derived by computing the shift in the zero 
crossing due to the multipath signal. The derivative of the direct 
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signal with respect to phase is, in general, 

dP 
____c_ = cos (wt-~). 
d(wt) 

Zero crossing occurs at wt-~ = 0, hence, the derivative at zero 
crossing is simply 1.0~ The shift in zero crossing phase due to multi 
path can be evaluated by dividing the multipath amplitude at zero 
crossing by the slope at zero crossing (Newton's rule of elementary 
calculus). Since zero crossing occurs at wt = ¢, the multipath signal 
at zero crossing is 

and, with unit direct signal slope at zero crossing, 

shift in zero crossing phase = 0 sin (¢-~) (8) 

The fact that the right hand sides of Equation (7) and (8) are 
identical shows that phase detection and zero crossing detection give 
identical results with standard VOR signals contaminated by multipath. 
The implication of this for SVOR is that receivers modified for zero 
crossing detection in order to take advantage of SVOR would receive 
standard VOR without change in performance (they would also receive 
OVOR without change in performance, since there would be no modification 
of the reference channel). 

Static multipath error of SVOR can readily be computed by dividing 
the multipath signal at zero crossing by the slope at zero crossing. If 
the SVOR variable phase pattern is denoted by P , then given the same 
reflector as was used to compute the standard s VOR error (that is, 
o unchanged and W unchanged), the static error of an NX SVOR is given by 

(9)
 

since the zero crossing slope of an NX SVOR is N. 

The improvement over conventional VOR, that is, the factor by 
which course scalloping is reduced, is simply the ratio of Equation (9) 
to the right hand side of Equation (7) or (8). Therefore, 

Reduction factor = (10)of NX SVOR N sin (¢-w) 
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Equation (10) is plotted in Figure 6 for a 5X SVOR and a l3X SVOR, 
using Pc as given by Equation (3) and (4) respectively. 

Two general features of Equation (10) are of considerable practical 
significance. First, there is an angular region around ¢-~ = 0 where 
SVOR gi ve·~ no improvement over conventional VOR. This can be seen from 
the fact that in the neighborhood of ~-~ = 0, 

.., 

(11) 

sin (¢-w) ~ (~-¢) 

. Substitution of Equation (11) into (10) given a reduction factor 
of 1.0; in other words, no improvement. Examination of Figure 6 shows 
that the range of little improvement diminishes roughly in proportion to 
N. Figure 7 shows the scalloping of conventional VOR, 5X SVOR, and 13X 
SVOR on a scale for which the peak scalloping of the conventional VOR 
is 1.0. This figure illustrates a second significant feature of Equation 
(10), namely, that the scalloping reduction factor of an NX SVOR averages 
about liN well outside the no improvement region, as a consequenc.e of 
the fact that P averages about n/4 (see page 3), which is roughly com
parable to sin t¢-~) over a considerable range of ¢-w. 

It should be noted that the property of no scalloping improvement 
in the neighborhood of (~-~) = 0 is shared by DVOR (Ref. 5) and multi lobe 
VOR. 

B. CROSS MODULATION ERROR. 

Cross modulation error is peculiar to the Single Sideband DVOR. 
It occurs when the DVOR, reflector, and receiver are nearly in line, 
and in this condition generates scalloping that is worse than a con
ventional YORe A detailed analysis of cross modulation error is presented 
in Ref. 1. Cross modulation error is eliminated by adding the second 
DVOR sideband or by adding an FM reference signal. 

SVOR is not subject to cross modulation error. 

c. DYNAMIC rvlULTIPATH ERROR. 

There is very strong theoretical evidence, and some experimental 
evidence, that large amplitude VOR or DVOR errors can occur when a 
multipath carrier is Doppler shifted in frequency by about 30 hz. relative 
to the direct signal. VOR and DVOR aberrations observed at low altitudes 
in mountainous terrain or near large cities may well be due to this 
phenomcnom. For brevity, this error source will be referred to here as 
"dynamic" error. 
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If, during reception of a direct signal at carrier frequency w 
rad/sec, a multipath signal whose carrier was Doppler shifted to a c 
frequency we + wD was simultaneously received, the net RF signal Set) 
at ~ = 0 (north) would be; 

jw t jew +WO)t 
S (t) = e e [l+V(wt) + R(t)] + oe c [1+V(wt-W)+R(t)] (10) 

In Equation (10), W is the bearing of the reflector, 0 is the ratio of 
the amplitude of the mUltipath signal to the direct signal, V is the 
variable phase signal (either conventional or square wave), and R is 
the omnidirectional FM reference signal. The scale of Equation (10) 
is such that carrier amplitude is 1.0. 

Equation (10) can be rearranged into the following form, from 
which the response of an envelope detector to Set) can be readily 
deduced; 

jw t jwotcS(t) = e {l+V(wt)+R(t)+oe [1+V(wt-~)+R(t)]} (11) 

The output of an envelope detector supplied with Set) will simply 
be the magnitude of the bracketed term in Equation (11), which, if 
a « 1, is approximately 

1 + V(wt) + R(t) + acos wDt [1+V(wt-W) + R(t)] (12) 

As W approaches zero, Equation (12) approaches the static case. 
~IoweverJ 

oif W is near 30 hz., the detected mul tipath carrier term in 
Equation (12) I 

oa cos WOt, will be amplified in the variable phase channel 
(or the reference phase channel of DVOR) and cause CDr disturbance. To 
analyze this situation, let 

Wo = 2n (30 + Q) (13) 

where n represents a frequency that is small compared to 30 hz. The 
only multipath term in Equation (12) whose frequency is within the 
passband of the variable phase channel is then the carrier term. Thus, 
the variable phase signal is 

V(wt) + 0 cos [2TI(30 + Q)]t (14) 
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For conventiona1.VOR , 

V(wt) = .3 sin (wt) (15) 

If 0 is small, Equation (14) reduces approximately to the following for 
conventional VOR (or DVOR, for which R(t) = .3 sin wt) 

.3 sin (wt + ~ cos 2~nt) (16).3 

The second bracketed term in Equation (16) represents a time varying 
phase error. Therefore 

Dynamic Error;
 
Conventional VOR = ~ cos (2~r.t) (17)
.3 or DVOR 

Equation (17) shows that the peak dynamic error is larger than the max. 
static error that the same rnultipath signal could produce by a factor of 
3.33 (compare Equation (7)). CDl fluctuation will be at a frequency n, 
and thus will be a.ttenuated by COl damping as Q increases. Assuming 
that typical VOR receivers respond from n = 0 to about n = 1 hz., multi 
path Doppler shifts in the range 30 ± 1 hz. can be expected to cause 
large amplitude COl fluctuations. 

To demonstrate how SVOR attenuates dynamic error in comparison to 
conventional or DVOR, the SVOR variable phase pattern, which is 

.3 [sin wt + } sin 3wt + ••••• + (~+ £)sin(Nwt)] (18) 

for an NX SVOR on a scale for which carrier equals 1.0, may be substituted 
in Equation (14) and the shift in zero crossing time calculated. Zero 
crossing time is 

wt ~ p X 2TI, P = 0,1,2,3 --- 

At the above times, the multipath signal in Equation (14) is equal to 

o cos (27Tf~t ) 

The slope of Equation (18) at zero crossing is .3N, hence the 
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multipath error is given by; 

= 0 cos (27fnt)Dynamic Error (SVOR) (17a).3N 

Comparing Equation (17) and (17a) shows that SVOR attenuates dynamic
 
error by a factor of N compared to conventional or DVOR.
 

To show that Doppler shifts in a frequency range around 30 hz. 
can readily occur at normal aircraft speeds, and that they can persist 
for many seconds, consider the situation depicted below, in which an air 
craft is flying a radially outbound track that takes it within a distance 
D (not necessari.ly horizontal) of closest approach to a reflector. It 
will be assumed that the aircraft is equipped with a receiver having 
bandwidth ±B in the variable phase channel, that is, signals applied to 
the variable phase amplifier in the frequency range (30 ± B) hz. will 
produce a COl oscillation whose peak amplitude is within 3 db. of the 
CDr response at 30 hz. 

-----..~ Ground Speed 
S on Radial 

Track 2 
,/'., 1..
Aircraft 

Reflector 

The direct carrier is Doppler shifted down by a frequency f = S/A 
(Ref. 6). The multipath carrier at point I is shifted up in frequency 
hy f.cos 8 . Thus, the Doppler beat between the direct and multipath

1carrIers at point I is 

f + f cos 8
1 

if points 1 and 2 are located so that 

f + f cos 6 = 30 + B
1 

f + f cos 82 = 30 - B 
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Then, between points 1 -and 2, the detected Doppler beat will pass 
through the 30 hz. amplifier and cause a CDr fluctuation at a frequency 
equal to (30 - beat frequency). The duration t of the disturbance is 
given by 

t = DiS (cot 62 

or 
tiD = l/S (cot 82 - cot 81). (19) 

Figure 8 is a graph of tiD versus S. The value of B used in the 
computations from which the graph was plotted was 1.0 hz., which is 
representative of VOR receivers. It is apparent from the graph that 
disturbances of considerable duration can occur at normal aircraft 
speeds and normal distances of closest a.pproach to a reflecting obstacle 
such as a mountain or tall building. 

A special case occurs for an aircraft speed of 80 knots, which 
corresponds to f = 15 hz. At this speed, the direct carrier is shifted 
by 15 hz., and the reflected carrier is continuously shifted by 15 hz. in 
the other direction if D = O. Thus, if the aircraft flies directly over 
the reflecting obstacle at 80 knots ground speed, a long duration beat 
at 30 hz. is to be expected. To test this hypothesis, a radial flight 
between the experimental VOR and a cylindrical water tower was made at 
80 knots with only reference phase being radiated from the YORe The 
absence of 30 hz. variable phase insured that any observed COl current 
was a consequence of 30 hz. components of a beat between direct and reflected 
carriers. Figure 9 shows the flight record. A disturbance lasting about 
one minute was observed, with a peak-to-peak amplitude of 2.5 0 occuring 
just before passage over the water tower. The flight was continued past 
the water tower, and records for this portion showed negligible distur
bance. 

Additional tests simulating the effect of Doppler shifted rnultipath 
carrier were performed by sine wave modulating the RF output of a signal 
generator by means of the circuit shown below; 

200 

audio 
in 

RF in 
(F'~H V(J~ 6/~. ~EN. ) 

---•• modulated RF 
ou t· 

.002 
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Linear modulation up t~ 50% with negligible distortion was achieved by 
the above circuit. Percentage modulation was independent of RF input 
le\'e1. 

Ten percent modulation of a VOR signal generator output was used 
in the tests, which corresponds to 8 = .1 in Equation (18) and should 
thus cause maximum COl error of 19'.1° at a simulated Doppler frequency 
close to 30 hz. (Equation (17)). Test results are shown in Table I. 
Both of the receivers tested showed peak COl errors of 16° near 30 hz., 
which agrees with the predicted value within the accuracy to which 
modulation percentages could be measured. Both receivers showed 
appreciable error near 60 hz., probably as a result of nonlineari~y in 
the second detector, which would cause detection of a 30 hz. beat between 
60 hz. and 30 hz. variable modulation. The Collins receiver showed a 
large, unexplained COl error which peaked at a value of eight degrees, 
at a frequency of six hz. This phenomenom did not occur in the Bendix 
receiver. 

It seems evident from these tests and on theoretical grounds that 
Doppler shift in multipath c.arrier can be a serious source of VOR error 
when the Doppler shift approaches 30 hz., as it may readily do at normal 
aircraft speeds. Detected beats at 30 hz. will affect any VOR receiver, 
and clearly cannot be eliminated if the receiver is to process normal 
30 hz. modulations. Receiver vagaries may result in responses to Doppler 
beats at frequencies other than 30 hz., but these would seem to be con
siderably less significant than the ineradicable response to 30 hz. 

Additional evidence (believed unpublished) as to the existence 
of Doppler shifted carrier error is observed improvement in performance 
of Double Sideband DVOR upon addition of a.n FM reference. Improvement 
of SSB DVOR when an PM reference is added can be attributed to elimin
ation of cross-modulation and counterpoise error, but DSB DVOR is not 
affected by cross TIlodulation error and not significantly by counterpoise 
error. The observations referred to were made in Europe on an Alter
nating Sideband DVOR. 

D. REDUCTION OF CONVENTlONALVOR STATION ERROR BY SVOR. 

Both the SX SVOR that was tested at NAFEC and the l3X SVOR whose 
feasibility is studied in this report consist of a conventional VOR 
which radiates the 30 hz. component of the SVOR variable phase, plus a 
ring array to radi.ate the remaining harmonic components. Assuming a 
perfect ring array radiation pattern, an NX SVOR of this type (ring array 
plus conventional array) will have a lower station error than the conven
tional station alone by a factor of N, if a receiver using zero crossing 
phase detection is used for measurement of the SVOR station error. To 
show this, let the angular error of the conventional station be ~(¢), so 
that the 30 hz. component of the SVOR variable phase signal is 
sin [(wt-¢) + ~(¢)], where ~ is assumed to be a small angle. The signal 
amplitude at nominal zero crossing (wt = ¢) is sin [~(¢)]. By Newton's 
rule, the displacement of the NX SVOR zero crossing time because of the 
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TABLE r 

Receiver Response to Simulated Doppler 
Shifted Multipath Carrier 

(Amplitude 10% of Direct Carrier) 

Doppler Shift (CDr Error (Degrees) 
(hz. ) 51R3 RA21 

5.0 ~ 4. 7 + 0.4 
6.0 + 8.0 + O. 7 
6.5 + 1.3 
7.0 ~ 5.7 ~ 1. 3 
7.5 ~ 5.1 ~ 1.3 
8.0 ~ 4.6 ~ 1.3 
9.0 : 3.3 + 1.3 

10.0 ~ 2.6 ~ O. 7 
12.0 ~ 1. 7 : O. 7 
14.0 ~ 1.3 ~ O. 5 
15.0 ~ 1.0 ~ 1. 0 
16.0 ~ 1.3 ~ O. 3 
17.0 ~ 1.0 ~ 0.4 
20.0 ~ 1.0 -: 0.4 
25.0 ~ 2. 7 ~ 0.4 
27.5 ~ 1.4 ~ O. 7 
29.0 ~ 1.6 ~ 2.4 
30.0 ~ 16. 0 ~ 16.0 
31.0 ~ 3.9 ~ 2.7 
32.0 + 2. 7 ~ 1.0 

45.0 ~ O. 0 
60.0 + 1.9 

90.0 
120 . 0, - - - -  + O. 0 ~ 0.0 
150.0 
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conventional VOR error .signal is 

!ti1L 
N 

Thus, conventional station error is reduced by a factor of N by the 
additional SVOR harmonics and the use of a zero crossing phase detector. 

In practice, the assumption of a perfect ring array will not be 
realized, because of the inherent station error of the ring array itself 
(Section IV) and-because of statistical errors arising from discrepancies 
in construction and drive of the ring array (Section V). For these 
reasons, an N fold reduction of the conventional station error will not 
be achieved. The statistical analysi.s of Section V shows that in the 
case of 5X SVOR, a reduction of station error should be realized for any 
conventional error spread exceeding about .8°. For l3X SVOR, error spread 
reduction should be achieved for any conventional error spread exceeding 
.5° . 

Experimental data taken at NAFEC confirm the expected reduction in 
station error. Figure 10 shows the results of two six mile radius orbital 
flights with radar reference. In one flight the radiated signal was 
generated by a conventional four-loop VOR and reception was with a con
ventional receiver. In the second flight, a 5X SVOR signal was radiated 
whose 30 hz. component was generated by the same four-loop VOR used in the 
first flight, and reception was with a receiver modified for zero crossing 
phase detection. Error spreads were 2.8 0 and 1.40 respectively. 

Further confirmation of the expected reduction in error spread is 
shown in the ground check data (Figure 11) taken at NAFEC with a monitor 
modified for zero crossing detection. One ground check was made with the 
SVOR ring array energized, and the second with the ring array present but 
not energized (four-loop radiation only). Error spreads were .8 0 and 2.0 0 

respectively. 

Statistical analysis (Section V) of 13X SVOR station error shows 
that a four-loop error spread of 2° will be reduced to 0.5° by addition 
of the 13X SVOR harmonics. 
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IV.	 DESIGN OF SVOR RING ARRAY. SVOR STATION ERROR DUE TO FINITE ~UMBER 

OF ANTENNAS 

A. GENERAL THEORY. 

The most difficult theoretical problem in development of SVOR was 
devising a technique for designing a ring array that would radiate all 
of the required SVOR harmonics. Ring arrays used in DVOR or precision 
multi lobe VOR are special cases, the latter radiating only a single 
spatial harmonic from an array the number of whose elements is four 
times the harmonic order, the former being designed to simulate rotation 
of a single antenna. No suitable general theory was found in the lit 
erature, so the theory described in Ref. 1 was developed in order to 
answer the questions; a) what should the ring diameter be?, b) how 
many antennas are necessary?, c) what are the required antenna currents?, 
d) what is the station error? 

The theory of Ref. 1. treats only the radiation pattern in the plane 
of the ring (horizontal plane) and only stationary patterns. A more 
general treatment that accounts for pattern rotation and pattern change 
with elevation follows. The coordinates and the geometry of the ring 
are shown in the drawing below. 

TO DISTANT 
OBSERVATION 

POINT 
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l'he theory is based on sampling of a continuous distribution of 
sources on the ring of "radius R; the sampling process yielding a 
discrete array (Ref. 7). Suppose, then, that a continuous distribution 
of omnidirectional sources exists on the ring, and that this source 
distribution rotates bodily around the ring at frequency w. In terms 
of source coordinate ~' and time t, the rotating distribution I(~',t) 
can be written 

N 
I(cP"',t) =nh an sin [n(wt-cP"')] (20) 

Equation (20) is a truncated Fourier series containing only odd order 
sine terms, as is appropriate for SVOR analysis. N in Equation (20) 
has the same meaning as in previous sections. It is the order of the 
highest harmonic and, approximately, the average scalloping improvement 
factor. The array factor (Ref. 7) of the distribution Equation (20) will 
be designated P(~,8,t) and from the definition of array factor is given 
by 

27fN 
L

L

n=l 

where K = 27f/wavelength. Equation (21) can be integrated using standard 
Bessel function identities (Ref. 8) to give 

N 

n=l 

sin [n(wt-¢"')] ejKRcos8cos(cP-cP"')RdcP'"P(ep,8,t) = f a no 
(21) 

PC¢,8,t) 2nR jna J (KR cos 8) sin 
n 

[n(wt-¢)] (22)=
 
n 

where J is a Bessel function of order n. 
n 

Comparing Equation (20) and (22) shows that each harmonic of the 
source distribution radiates a harmonic in Equation (22) whose nulls 
a.lign with the nulls of the source harmonic. Since Bessel functions have 
the general property that they are small if their argument is appreciably 
less than their order (see Figures 12 and 13) the ring radius should 
satisfy 

KR ~ N (23) 

for efficient radiation of Nth harmonic. Also, Bessel functions are 
oscillatory so that even if Equation (23) is satisfied, one of the lower 
order harmonics may be very inefficiently radiated if KR is close to a 
zero of one of the lower order Bessel functions, so that R must be 
selected to avoid this condition. 
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If an array facto~ in the horizontal plane is specified, Equation 
(22) can be used to work backwards and find the coefficients of the 
distribution that will radiate as specified. Let an array factor 
AF(¢,O,t) be given as 

N 
AF(~,O,t) = n~l bn sin n(wt-¢) (24) 

Then, setting AF = P and equating coefficients of like harmonics gives 

a = ------ (25)
n 

Thus, designing a continuous array that will radiate a prescribed pattern 
in the plane of the ring is a straightforward job, and the synthesis 
gives an exact answer, that is, the continuous array radiates exactly 
the given pattern. 

A practical array must be a finite number of discrete sources on 
the ring R. The radiation from such an array can be investigated by 
multiplying the continuous distribution Equation (20) by a sampling 
function (Ref. 9) consisting of M impulse functions spaced uniformly 
around the ring. The location of the impulse functions will be the 
eventual location of M antennas. The sampling function can be written 
as 

M-l = 2n L: <s(ep' _ 21TE) (26)
M p=O M 

= 27TpIn Equation (26), <s(ep~ - 2~p) is an impulse function located at ep' 
M • The factor 2n/M in Equation (26) gives S the property 

(27) 

The property Equation (27) simplifies later results. To use S in a 
calculation of array factor, it is easier to use its Fourier expansion 
than the form Equation (26). S is an even periodic function of ¢~, 
and has the cosine expansion 

00 

(28) 

A sampled current distribution I (¢~,t) is now defined as the 
product of the original continuous sdistribution (Equation (20)) and 
the samr1ing function SCm"'). After cArrying out the multiplication and 
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applying the trigonorne~ric identity 

,. 1 
Sin (A) cos (B) =2 [sin(A-B) + Sin(A+B)], (29) 

the following result is obtained for Is(¢~,t); 

00 N 
Is(¢~,t) = I(¢~,t) + i~l n~l an{Sin[nwt-¢~(n+iM)+Sin[nwt+¢~(iM-n)]} 

(30) 

The array factor ps(~,e,t) of the sampled current distribution (Equation 
(30) can be found in the same manner as that of the continuous distribution. 
The result is 

00 N 
ps(¢,e,t) = p(¢,e,t) + i~l n~12TIRan{ jiM+nJiM+n(KRCOSe)Sin[nwt-¢(iM+n)] 

~M-n }+ j J~M_n(KRcose) Sin[nwt+¢(~M-n)] (31) 

if the number of sample points M is chosen so as to satisfy 

M > 2N (32) 

then the lowest Bessel function order under the double sum in Equation 
(31), which occurs for ~ = 1, n = N, satisfies 

Lowest Bessel Function Order > N 

From the property that Bessel functions decrease rapidly if their 
argument is less than their order, it may be seen that the terms under 
the double sum can then be suppressed by choosing the ring radius R 
according to Equation (23). Assuming that the design choices Equations 
(32) and (23) are made, P will approximate P. The required antenna 
currents for radiation ofsa specified horizontal plane array factor 
Equation (24) may then be found by: 

a) Computing the coefficients a of the continuous distri
bution from Equation (25), aRd the continuous distribution 
from Equation (20). 
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b) Computing the current I in the antenna at ~~ - 2rrp
from . p - M 

I (t) = 2rrR I( 2TIP J t) (33)
P M M

Equation (33) follows from general properties of impulse functions and 
the fact that 

(34) 

A ring array designed by the foregoing procedure will radiate the 
specified horizontal plane array factor plUS error terms represented by 
the double sum in Equation (31). The dominant error term is the one of 
order M-N, since the Bessel function multipliers of the error terms 
decrease rapidly with order. If only the dominant error term is retained, 
then combining Equation (22), (25), and (31) gives the radiated pattern 
of the discrete array as follows; 

Sin n(wt-¢)} 

.M-2N JM_N(KRcos8) 
+ bN J J (KR) Sin [Nwt+(M-N)~] (35) 

N 

The summation in Equation (35) reduces to the prescribed horizontal 
plane array factor Equation (24) when e = O. Equation (35) is the basic 
equation from which SVOR station error and variation of SVOR radiation 
pattern with elevation can be analyzed. It will be noted that if M is 
an even number, the error term is in phase with the other terms. 

B. SVOR STATION ERROR DUE TO FINITE ~UMBER OF ANTENNAS. 

SVOR station error will arise from two causes. First, from the 
difference between the ideal rotating field and the actual field of the 
discrete ring array, which difference is embodied in the last term of 
Equation (35). Second, as a result of imperfections in construction and 
inaccuracies in drive currents. Only the first cause is treated here, 
the second being covered in Section V. 

For an NX SVOR, station error will be the last term of Equation (35), 
evaluated at 

8 = 0 (horizon) 

wt = ~ (nominal zero crossing) 
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and divided by N (slope at zero crossing) to give the shift in zero 
crossing. Thus 

JM_N(KR)Station Error Due To bN = Sin M¢ (36)Finite Number of Antennas NI IN(KR) 

Equation (36) shows that the station .error is periodic with angular 
period equal to the angular spacing between antennas, as would be expected. 

Equation (36) can be used to decide on a value for M, the number of 
antennas, on the basis of an allowable station error. The station error 
will decrease as M is increased, because the ratio of Bessel functions 
that appears in Equation (36) will decrease rapidly with increasing M if 
KR is in the neighborhood of N (design choice Equation (23)). For 
example, consider a 5X SVOR with KR = 5 (as in the NAFEC SVOR). 

In this case, 

N = 5 

b l = 1.0 

b3 = 1/3 (See Equation (3)) 

b = 3/5S 

If M = 14 (same number of antennas as SVOR tested at NAFEC); 

Station Error Due to Finite Number (3/5) J 9(5)= Sin (14¢)xS7.3of Antennas, in Degrees 5 J (S)
5 

Station Error Due to Finite Number = .14 Sin (14¢)of Antennas, in Degrees 

The irreducible station error spread of the 14 element 5X SVOR that 
was tested at NAFEC was therefore .28°, which was considered acceptable. 
If the number of antenna.s had been reduced to 12, the irreducible station 
error would have increased by a factor of more than 10, which would 
clearly have been unacceptable. 

An approximate formula for the station error of an NX SVOR due to 
the finite number of antennas can be derived from Equation (36) and the 
following approximation for J (x), which holds well for values of x less 

n 
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than n (Ref. 11). 

J ex) (37)n 

Substitution in Equation (36) gives; 

Peak Station Error Due to Finite Number 
(38)of Antennas 

b in Equation (38) is the coefficient of the highest order harmonic in
N 
! the variable phase pattern of the NX SVOR. A general formula for b 

can be obtained by noting that an NX SVOR employs (N+l)/2 harmonics, eRch 
of which contributes one unit of slope at zero crossing except the Nth, 
whose amplitude must be augmented by an amount ~ b in order to increaseNthe slope at zero crossing to N units. Noting that the unaugmented 
amplitude of bN, that is, the amplitude of the Nth Fourier coefficient of 
a square wave, is liN, and that the increase in slope due to augmentation 
of bN is N~bN' there follows 

1
b = - + 6b , (39)

n N N

N~b = N _ (N+l) (40)N 2 

Simultaneous solution of Equation (39) and (40) gives 

b = (N+1) (41)
N 2N 

Substitution of Equation (41) in Equation (38), use of Equation (23), and 
the assumption that N is large lead to 

-M-2N-lPeak Station Error Due to Finite Number ~ N- N! 
(42)

of Antennas 2M 2N- +1 ~1-N) ! 

For very large N, Equation (42) can be furthe~ reduced. In terms of the 
excess number of antennas E, where E = M-2N the station error becomes 

Station Error Due to Finite (43)
Number of Antennas 
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1 
• Equation (43) immediately shows that station error will decrease 
,	 with increasing N and with increasing E. The same conclusions follows 

from the more accurate formula Equation (42), but are less apparent. 

To illustrate reduction in station error as N is increased, Equation 
(36) or (42) can be applied to a 13X SVOR (Section X) consisting of 30
 
antennas on a ring 11.6 electrical radians in radius. Substitution of
 

(11.6) - .0037J 17 

(11.6) = .0955J 13 

into Equation (36) gives 

Peak Station Error = .092 0 

in comparison with the peak error of .14 0 for the 5X SVOR. 
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\' SVOR STATION ERROR DUE TO PRACTICAL TOLERANCES ON ANTENNA CURRENTS 

A. GENERAL 

The design radiation pattern of an SVOR can only be realized within 
a tolerance determined by the accuracy of the antenna currents in amplitude 
and phase. Practical variations in length and impedance of coaxial line, 
in antenna impedance, and in modulator output all contribute to errors in 
antenna current. The resulting departure from the design radiation 
pattern can be analyzed statistically with reasona.ble assumptions as to 
the statistics of individual antenna currents, and the assumption that 
the statistics of the error curve of a given array are the same as the 
error statistics of a large collection of arrays. Each antenna generally 
has an error current in addition to its nominal current. The amplitude 
of the contribution of the error current to the array factor is equal to 
the amplitude of the error current (since array factor computation 
involves only multiplication by a phase factor). The phase of the contri
bution of the error current to the array factor is random; all phases 
being equally probable. Only the contribution that is in phase with the 
nominal array factor will cause an error at the output of an envelope 
detector. It will be assumed that the in-phase error contribution of 
an individual antenna to the array factor has a Gaussian statistical 
distribution whose standard deviation is a constant, 0, times the nominal 
antenna current. The standard deviation (S.D.) of the total error signal 
is then, by a theorem of statistics (Ref. 9) equal to the RMS value of 
the individual standard deviations. Thus, in terms of individual nominal 
antenna currents I , S.D. is given by

n 

(44) 

Equation (44) gives the standard deviation of the error signal at any 
value of bearing or time, hence it applies to the error signal at nominal 
zero crossing. Application of Newton's rule for the displacement of the 
zero crossing gives the standard deviation of the statistical station 
error of an NX SVOR as 

S.D. of Station Error 
(45)(Radians) 

If the SVOR consists of a conventional four-loop or cage array 
surrounded by a ring array, then Equation (45) must be modified to 
account for the error contribution of the conventional array. This can 
be done by assuming that the station error statistics of a large number 
of conventional arrays is Gaussian, with a standard deviation equal to 
a reasonable practical value based on experience, such as 10 (2 0 standard 
deviation of error spread). The modified form of Equation (45) is then 
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the	 following 

S.D.	 of Station Error
 
(Degrees)
 

Addition of an SVOR ring array to a four-loop VOR will have two 
counteracting effects on error spread when a zero crossing receiver is 
used; it will tend to reduce error spread because of the liN multiplier 
in Equation (46), but it contributes its own errors in the form of the 
summation term in Equation (46). If the four-loop error spread is low 
enough, the SVOR ring array could conceivably increase rather than 
reduce error spread. The value of four-loop error spread at which the 
effect of an SVOR changes from an increase in error spread to a decrease 
may be found by treating the assumed 1° S.D. of four-loop error spread in 
Equation (46) as an unknown (x) and solving for the value of x at which 
the SVOR station error equals the four-loop station error, i.e., solving 
the equation 

(46) 

1 
x = N (47)
 

For the 5X SVOR, x = .39 (with a = .07). Thus, if the four-loop 
error spread exceeds approxi.mately .78°, it may be expected that addition 
of a 5X SVOR ring array will reduce the station error. Since practical 
conventional VOR error spreads are in the range 1° - 3°, 5X SVOR should 
reduce station error in almost all cases. 

A solution of Equation (47) for a 13X SVOR (Section X ), gives 
x = .24, so that l3X SVOR should reduce station error in all practical 
cases. 

B.	 STATISTICAL STATION ERROR OF 5X SVOR TESTED AT NAFEC, AND OF 
13X SVOR. 

The ring array of the 5X SVOR tested at NAFEC radiated only third 
and fifth harmonics, so that 

b = 0I 

b3 = 1/3 (See Equation (3)) 

b =	 3/55 

The antenna current In to be substituted in Equation (46) for 
determination of statistical station error can be found from Equation 
(33) and the design procedure described in Section IV. If the antennas 
are numbered clockwise and the #1 antenna is at ~~ = 0, the currents 
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at t = o are 

111 1 = IIsl = 0 

11 = 11 = 11 = 11 = .06612 1 7 1 9 1 14 1 

113 1 = 116 1 = IIld = 1113 1 = .180 

11 = 11 = 11 = .1234 1 5 1 111 = 1112 1 

~. 

Equation (46) requires that a reasonable value for percentage 
error .in antenna current be assumed. Based on experience with Alford 
loops and the SVOR modulator, a realistic figure is cr = .07, which 
corresponds approximately to observed errors in phase and amplitude. 
Substitution into Equation (46) then gives 

S.D.	 of Station Error (Degrees) = .43 (48) 
(5X SVOR) 

The S.D. of the error spread is twice the value given by Equation 
(48), i.e., .86°, which checks· well with error spreads observed at 
NAFEC (Figure 11). 

Substitution of the I values for a 13X SVOR (Section X) in 
Equation (46) gives n 

S.D.	 of Station Error (Degrees) = .25 (49) 
(13X SVOR) 

Comparison of Equation (49) and (48) illustrates a reduction of 
statistical station error with increasing N which can be expected because 
of the liN factor in Equation (46). 

c.	 STATISTICAL STATION ERROR OF SINGLE RING 5X SVOR WHEN USED
 
WITH A CONVENTIONAL RECEIVER.
 

The first SVOR to be built and tested (at Ohio University) was a 
single ring 5X SVOR which radiated 30 hz., 90 hz., and 150 hz., from a 
single ring array comprising 14 antennas on a 14 foot diameter circle. 
A basic difference between this array and the 5X SVOR tested at NAFEC 
was the method of radiation of 30 hZ. J which was radiated separately by 
a conventional four-loop array in the NAFEC SVOR. With the NAFEC SVOR, 
it was thus possible to adjust the four-loop error spread using standard 
VOR adjustment procedures, so that the NAFEC SVOR, when used with a 
conventional receiver, could be expected to have error spreads equal to 
a conventional four-loop VOR. This was not possible with the single 
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ring prototype, as all fourteen antennas contributed to radiation of 
30 hz., and to the 30 hz., error spread. The complex nature of the 
contribution of a single antenna to the 30 hz. error made it 
practically impossible to achieve reduction of 30 hz. error spreads 
independent of the SVOR error spread, in contrast with the four-loop 
VOR, where the effects of a single antenna error (or goniometer errors) 
are relatively simple and can be eliminated or compensated for. 

In flight tests of the prototype large error spreads (up to 4°) 
were observed when a conventional receiver was used, and an impasse was 
reached because no adjustment procedure was available. 

The following statistical analysis of 30 hz. error spread of the 
single ring 5X SVOR shows that,f even if close tolerances are maintained 
on a.ntenna cllrrents, the statistical error spread will be so large as to 
probably disqualify the single ring SVOR from practical application. 

Consider the 30 hz. error signal of a single ring 5X SVOR as 
observed at zero degrees azimuth. The nominal 30 hz. signal has a 30 
hz. phase of zero degrees. The received error signal of an antenna 
located at azimuth ¢ has 30 hz. phase of ~. Only the 30 hz. error 
component in quadratUre with the nominal si~nal, i.e., proportional to 
sin (¢ ) produces a 30 hz. phase error. Suppose the 30 hz. error current 
compon~nts that radiate an error signal in RF phase with the nominal 
signal have a Gauss distribution with magnitude, 

where I 30 represents the peak 30 hz. current component in a given 
antenna~ For the 5X SVOR, I 30 = .218 for a nominal 30 hz. array factor 
of 1.0 peak. The resultant p 30 hz. error signal in 30 hz. quadrature 
with the nominal signal then has a Gaussian distribution with standard 
deviation ~ given by 

2~ = 0 x .218 x I~ sin ~ 
n 

n 

Again, taking 0 = .07, and substituting ~n gives 

~ = .040 radians 

The S.D. of the statistical station error is two times~. Therefore; 

Statistical Station Error Spread 
of Single Ring 5X SVOR With = 4.6 0 

Conventional Receiver 

which checks well with observations and, as previously noted, is probably 
too large for practical use. 
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VI SVOR RECEPTION AND COMPATIBILITY 

A.	 GENERAL CONSIDERATION. 

The SVOR signal includes the conventional reference and variable 
phase signals, but contains additional multiplexed odd-order harmonics 
of 30 hz. that will reduce scalloping if the receiver performs phase 
comparison based on the zero crossing time of the variable phase signal. 
Although proposed digital receivers would measure phase in this way, 
current receivers would require modification to benefit from SVOR, as 
they would to benefit from any contemplated change in VOR signal format 
other than DVOR. 

A receiver modified for reception of SVOR would have to be capable 
of receiving conventional and DVOR without deterioration of performance. 
Also, the multiplexed SVOR signals cannot degrade performance of a 
conventional receiver. If both these conditions are met, conventional 
and SVOR could be used concurrently, with either standard receivers or 
zero crossing receivers. 

B.	 MODIFICATION OF CONVENTIONAL RECEIVER FOR ZERO CROSSING PHASE 
DETECTION. 

Figure 14 shows a simple, compact (1 1/4 inch square) circuit that 
operates from 28 V. DC and will convert a conventional receiver to zero 
crossing phase detection. This circuit, like other zero-crossing detectors, 
has the practical side benefit that course width is independent of per
cent modulation. The circuit is inserted between the second detector and 
the variable phase amplifier of a conventional receiver. It consists of 
a Twin-Tee reference rejection filter, followed by a high gain integrated 
circuit amplifier that serves as a hard limiter. The amplifier saturates 
at an input level of about 10 millivolts. Since the normal variable phase 
level at the second detector is much higher than the saturation level of 
the I.C. amplifier, the amplifier output is essentially a square wave 
whose zero crossings coincide very nearly with the zero crossings of the 
variable phase, regardless of the variable phase waveform. The square 
wave output is amplified and filtered in the conventional variable phase 
amplifier, whose output is applied to the conventional phase detector. 
Thus, the phase detector output depends only on the time of variable phase 
zero crossing, regardless of the deta.ils of the variable phase amplifier 
and phase detector. Figure 14 illustrates how the circuit would operate 
with conventional and SVOR signals having identical zero crossing times. 
The square wave input to the variable phase amplifier would be identical 
in both cases, hence the phase detector null would occur at the same OBS 
setting for any type of amplifier or phase comparator. The SVOR signal 
illustrate~ in Figure 14 is 5X, but an NX signal would be treated identically. 

Use of the modification circuit requires reca1ibration of the 
receiver because of small phase shifts in the reference filter (6° in 
the prototype). Recalibration would use standard VOR signals. 
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Two Collins 5lR3 receivers were modified with the circuit illus
trated in Figure 14 and used in SVOR tests at NAFEC. Two different 
5lR3 receivers were used for SVOR tests at NAFEC. 

C. PERFORMANCE OF MODIFIED RECEIVER WITH CONVENTIONAL SIGNALS. 

There is now abundant experimental evidence, from tests made at 
Ohio University and NAFEC, that a receiver modified for zero crossing 
detection as shown in Figure 14 will perform almost identically to a 
conventional receiver with conventional signals, under flight conditions, 
in laboratory simulation, and in ground checks. 

Figure 15 shows error curves obtained at NAFEC for two different 
SlR3 receivers, one modified, the other unmodified. Both were checked 
with standard signals. Error spreads were .6 and .25 degrees respectively; 
both figures being within normal receiver tolerance. 

Figure 16 shows four-loop VOR station error curves obtained at 
NAFEC in a six NM orbit using modified and unmodified receivers simultan
eously. The curves are identical within tolerances of receivers and 
tracking. 

Figure 17 shows four-loop VOR roughness and scalloping curves 
obtained at NAFEC in a 20 Nrvf orbi t using modified and unmodified receivers 
simultaneously. Again, the curves are identical within measurement 
tolerance. 

Figure 18 shows nearly identical polariscope flight measurements 
made on a four-loop VOR at NAFEC using modified and unmodified receivers 
simultaneously. 

Figures 19 through 29 are simultaneous recordings of COl indication 
of modified and unmodified SlR3 receivers, as obtained in orbital flight 
around a four-loop VOR (part of the experimental SX SVOR) at Albany, Ohio. 
The traces match to within small details of scalloping and roughness. 
Displacement between the traces can be accounted for by differences in 
receiver calibration and by displacement between the two pens. 

D. NOISE PERFOR~MANCE OF ZERO-CROSSING RECEIVER. 

It has been suggested that zero crossing phase measurement, which 
uses only one or two points on the variable phase waveform, may be less 
accurate and more susceptible to noise than conventional analog phase 
measurement, which uses the entire waveform. However, the practical 
VOR signal environment is one of high signal to noise ratio, narrow band 
signals, and narrow detection bandwidth. Under such conditions, a limiter 
type zero crossing detector and an analog phase detector should perform 
identically, and are indeed found to do so in practice (Figures 16-29). 

Data taken at NAFEC shows that flag will appear on the CDr of a 
modified receiver before the signal to noise ratio drops sufficiently to 
cause deterioration of performance. This is illustrated by Figure 30, 
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which shows data on roughness of a 5X SVOR during outbound radial flight 
to maximum usable distance. The modified receiver showed substantial 
reduction in roughness compared to the unmodified receiver out to 62 
miles when it became rougher than the unmodified receiver. However, 
unmodified receiver flag appeared at 58 miles and modified receiver 
flag appeared at 61.6 miles. 

The noise performance of the zero crossing phase detector shown in 
Figure 14 can be analyzed mathematically. Some of the results of the analysis 
can, however, be anticipated without calculation. The limiter circuit 
is insensitive to the input voltage during the interval between zero 
crossings, since it is saturated during that interval. Thus, all noise 
frequency components that behave identically at the zero crossing times 
of the nominal input will cause identical changes in the limiter output. 
Any odd-order harmonic of 30 hz. will therefore have the same effect as 
30 hz. itself, namely a shift in phase of the 30 hz. component of limiter 
output and a consequent COl error. 

Suppose a noise signal N(t) is superimposed on a variable phase 
signal Vet), and V + N is hard limited and supplied to a 30 hz. bandpass 
amplifier. In units of 30 hz. phase, the nominal zero crossings of V 
are at mTI, where m is an integer.' The effect of N is to displace the 
mth zero crossing by an amount 

N(mn) 
(50)

a 

where: 

w = 2if X 30 hz. 

Equation (SO) applies if N is small compared to V. The effect of 
the zero crossing displacement given by Equation (50) is to change the 
limiter output from its nominal square shape with equal positive and 
negative intervals to a square wave with generally unequal positive and 
negative intervals. The "error" in limiter output is a train of narrow 
rectangular pulses of width Equation (SO), which may be expressed approx
imately as a train of impulses modulated by N, as follows 

00 

Error o(wt - fin) (51) 
m=-oo 

Only the Fourier components of Equation (51) which lie within the 
passband of the 30 hz. variable phase amplifier will actually reach the 
phase detector to generate a CDr error. These components may be deter
mined from an examination of the Fourier expansion of Equation (51). 
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If 

Then, using the Fourier expansion of an impulse train, the Fourier 
expansion of Equation (51) is; 

00 

1Error (52)= 27fa. 
m=-oo 

Equation (52) states that the spectrum of N is repeated at intervals of 
60 hz. Letting F = n/2n and f = 30 hz.; the condition for COl error is; 

IF ± 2mff = f ± B, m = 1,2,3 ---- 

where B = bandwidth of 30 hz. amplifier 

If m = 0 

F = 30 ± B 

If m = 1 

30 ± B
 
F =
 

90 ± B
 

If m =	 2 
90 ± B 

150 ± B 

The above shows that only noise components that lie within ±B of 
an odd harmonic of 30 hz. will cause CDI error. Additional noise error, 
over and above 30 hz. errors which would be experienced with the same 
magnitude by an unmodified receiver (assuming reception of a standard 
VOR signal), is due to 90 hz., 150 hz., etc., noise. Because of limita
tions on propeller speed and aircraft speed, the only such noise components 
which are likely to be encountered in practice as a result of either 
propeller modulation or Doppler shift in carrier frequency are 90 and 
150 hz., and for either component the noise frequency must be within ± 
about one hz. of nominal. 

E. PERFORMANCE OF CONVENTIONAL RECEIVERS WITH SVOR SIGNALS. 

One expectation underlying SVOR development was that any reasonably 
well designed VOR receiver would not show significant response to the 
n1ul tiplexed SVOR variab Ie phase harmonics (90 hz., 150 hz., etc.). A 
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general principle in communications is to have no more receiver band
width than is required to handle any anticipated signals, as additional 
bandwidth can only contribute noise. In the VOR case, the variable 
phase amplifier should then have a bandpass of about one or two hz. 
centered around 30 hz. Because of the significance of 30 hz. phase in 
VOR, a somewhat larger bandwidth might be expected, say five hz., for 
phase stability reasons, but even such a wideband amplifier would be 
down by a factor of about 25:1 at the lowest SVOR harmonic frequency. 
Even with the assumption that the phase detector will respond to odd 
harmonics of 30 hz. with the same amplitude that it would to 30 hz., 
the fact that the 90 hz. SVOR amplitude is down relative to 30 hz. by 
a factor of 1/3 should lead to an indicated phase error no worse than 
.7° . 

Extensive simulation tests were done at Ohio University and NAFEC 
to test the effects of 5X SVOR harmonics on conventional receivers. The 
test setup is illustrated in Figure 31. A harmonic synthesizer was 
built to obtain 90 and 150 hz. from the 30 hz. audio output of a VOR 
signal generator. Reference phase plus synthesized variable phase was 
then used to modulate an RF generator which supplied the receiver signal. 
The synthesizer was arranged sc that the additional SVOR harmonics could 
be switched out, leaving only conventional 30 hz. variable phase. The 
test procedure consisted of setting the OBS in increments of 10°, and 
for each setting nulling the CDr by means of the phase control of the 
VOR signal generator. The cor was first nulled with 30 hz. only, and then 
with 30, 90, and 150 hz. The effect of the multiplexed harmonics was then 
taken as the difference between the two readings of the VOR generator's 
phase dial. 

The ·results of simulation tests of eleven conventional receivers 
and one modified 5lR3 receiver are shown in Figure 32. Of the eleven 
conventional receivers tested, seven showed a maximum difference less 
than O.gO, three showed maximum differences between one and two degrees, 
and one showed a maximum difference of 3.65°. In most cases the receiver 
error curves are nearly straight, indicating a fixed difference between 
conventional and SVOR response. 

SVOR compatibility as indicated by Figure 32 appears as good or 
better than the compatibility of a similar selection of receivers with 
SSB DVOR, as shown by the curves of Figures 33 and 34, which are taken 
from Ref. 13. The one receiver that showed poor compatibility with SVOR 
(the DR 560) showed even worse compatibility with SSB OVOR. 

Further evidence of compatibility of SVOR with conventional receivers 
is presented in Figure 35, which shows two station error curves of a 5X 
SVOR, one with the ring array energized, the other with the ring array 
deenergized so that only the conventional four-loop array signal was 
received. The curves were obtained at NAFEC in six NM orbital flight with 
radar reference. The curves are generally parallel but displaced from 
each other by about .8°. The fact that simulation tests showed that SVOR 
signals produced a nearly constant error at all bearings with most receivers 
can account for the displacement between the two station error curves. 
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Another possible cause .is a small 30 hz. component of ring array signal, 
which would be compensated for in practice by course alignment. It 
should be noted that each of the two curves shown is the average of data 
from two orbits, which data showed discrepancies of up to 1° at some 
bearings. 

A somewhat academic question regarding compatibility of SVOR with 
conventional receivers is the effect of the presence of a deenergized 
SVOR ring array on the signals radiated from the concentric four loop 
array that would furnish ~he 30 hz. SVOR component. The question is 
considered academic because in practice, standard adjustment procedures 
for reduction of four loop error spread would be carried out with the 
ring array in place and energized. Nevertheless, a test was carried out 
at NAFEC to determine whether the presence of the deenergized ring had 
any effect on the station error of a four loop VOR. Two sets of station 
error data were taken in six NM orbital flight, with radar reference, one 
set with a 5X SVOR ring array in place but not energized, the second with 
the ring array removed. The first set of data was taken with all ring 
array feeders connected to the SVOR modulator. Expectations were that 
the ring array should have little effect, because of the design of the 
SVOR modulator (Section VII), which rendered the ring array antennas 
antiresonant under the test conditions. It was further expected that 
whatever effect was observed should be the same at all bearings, since 
the modulator rotated in synchronism with the goniometer and any parasitic 
effects should therefore also have been synchronous. Figure 36 shows the 
test results. The two station error curves coincided within measurement 
accuracy for most of the orbit, but an unexplained discrepancy of 3° 
occurred around 100 0 azimuth. 

F. VERTICALLY POLARIZED SIGNALS. 

It 
\ 

was not anticipated that the SVOR ring array of the 5X SVOR 
tested at NAFEC would add appreciably to the vertical polarization error 
of the four loop VOR that radiated the 30 hz. component of the SVOR 
signal. Possible causes of additional V.P. would be parasitic currents 
induced in the ring array loops or pedestals by the four loop field, and 
direct radiation of V.P. by the design currents in the ring loops. Since 
the current distribution on the four sides of the ring lOOps had been 
measured and found to be very nearly uniform, little V.P. was expected 
from the design currents because a loop with uniform current distribution 
radiates only a horizontally polarized signal (Ref. 14). Anticipated 
parasitic currents in the ring array loops were small because the design 
of the ring feed system and modulator renders the loops anti resonant for 
parasitic excitation (see Section VII). Since the ring array loop 
pedestals were located seven feet from the four loop array and were 
themselves antiresonant (half wavelength long with one shorted and one 
nearly open end), little parasitic reradiation from them was expected. 
Polariscope runs made at NAFEC confirmed expectations by showing nearly 
equal V.P. for the four loop array and the complete SVOR. Figure 37 shows 
the data from these runs. Modified and unmodified receivers gave prac
tically identical V.P. indications for the four loop YORe With the 
complete SVOR radiating, however, a modified receiver showed a three to 
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fourfold reduction in v.. P., as could be expected on the basis of the 
theory of Section III. ~Iodified receiver polariscope data is plotted 
on Figure 37 for the complete SVOR configuration. 

Installation of a TACAN antenna will, on theoretical grounds, 
increase the vertically polarized radiation of an SVQR. This may be 
understood by considering the SVOR field at the TACAN antenna and the 
reradiation from resulting induced currents in the TACAN antenna. For 
illustrative purposes, tonsider an SVOR consisting of eight antennas. 
At some irtstant of time, the current distribution among the eight antennas 
will be as in the sketch below 

-I B 

~Antisymmetry 

~ /' Axis, Rotates 
".,.-' at 30 hz. 

-1 -1A A 

...",

Because an SVOR current distribution contains only odd order 
harmonics (Equation (20)) with coincident zero crossings, each antenna 
of a continuous distribution of antennas could be paired with an 
oppositely excited mirror image in the antisyrnrnetry axis ((1,4), (2,3), 
etc.) The pairing is approximately true for the discrete array (it is 
exact only when the antisymmetry axis passes through an antenna or passes 
halfway between antennas). The E field generated by each member of the 
mirror image pair (1,4) at the center of the array is shown in the sketch. 
The resultant field of this pair lies along the antis}~etry axis, as does 
the resultant field of every other pair. Clearly, then, the SVOR field 
nt the center of the array lies on the antisymmetry axis. Therefore, 
if a TACAN antenna is installed, it will be immersed in a rotating 
horizontal E field of amplitude E. The component of this field tangential

o 
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to the TACAN antenna, in terms of an angular coordinate ¢~ is 

E = E Sin (wt - ¢~) (53)tang. 0 

Since the TACAN antenna is a conductor, E must be canceled by the 
field of currents induced in the ring. tang It can be shown (Ref. IS) 
that the induced currents in a cylinder of radius a immersed in a uniform 
E field are 

E H (2) (Ka) 
o 1 

(54)I¢ = If HI (2» (Ka) Sin (wt - ¢) 

In other words, the induced currents are horizontal, sinusoidally distri
buted around the cylinder, and rotate in synchronism with the SVOR field. 
The terms preceding sin (wt-¢) in Equation (54) are simply a constant 
multiplier. The current distribution is illustrated by the following 
sketch 

~ Antisymmetry Axis 

---.~ /* TACAN Antenna

/--

It can further be shown (Ref. 16) that the induced currents will 
reradiate a horizontally polarized field with azimuth distribution 
sin (wt-¢), and a vertically polarized field with azimuth distribution 
cos (wt-¢). The horizontally polarized field is in audio phase with the 
30 hz. VOR signal, but the vertically polarized field is in audio quad
rature and thus can cause a bearing error. 

NAFEC test results confirm increase in V.P. upon installation of 
a TA.CAN antenna. Figure 38 shows polariscope runs, made with a conventional 
receiver, on a SX SVOR before and after insta.llation of a TACAN antenna. 
Observed V.P. approximately doubled. 
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Increased V.P. as a result of induced currents in a TACAN antenna 
should not be as severe for SVORs larger than SX, since the SVOR 
antennas will be farther from the TACAN antennas. 
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VII SVOR DRUM MODULATOR 

A. GENERAL. 

The SVOR modulator must supply each antenna of the ring array 
with the required current, namely the continuous distribution (Equation 
(20)) evaluated at the· angular position of the antenna. The principle 
llnderlying the two SVOR drum modulators that have been designed and 
built was selected from imong other possibilities because it made 
feasible almost complete suppression of parasitics in the Alford loops 
that comprise the SVOR ring array. The spacing of these antennas is 
low enough* so that the measured mutual impedance of two adjacent 
antennas is almost 45% of the self impedance, so that some means had 
to be devised to suppress parasitics if there was to be any hope of 
achieving precise radiation patterns. 

B. PRINCIPLE. 

The principle of the SVOR drum modulator is based on a property 
of quarter wavelength transmissi.on lines having characteristic admittance 
(reciprocal of characteristic impedance) Y. If the voltage a.t one end 
of the line· is V, then the quarter wavelenith line has the remarkable 
property that, regardless of the impedance at the other end of the line, 
the current in that impedance is -jVY. This property is readily proved 
from the fundamental transmission ling equations for voltage and current 
(Ref. 3), which are 

+jKzv(z) + C...,e (55) 
'

jKz
I (z) = Y (c e (56)

o 1 

where z is a coordinate along the line. If the input end of the line, 
where the voltage V exists, is taken as z = 0, then, from Equation (55), 

C + C = V (57)
1 2 

Evaluating I at z = ~/4 gives 

(58) 

from which the stated property follows. Although the current at 'A./4 

-"'From Equations (23) and (32), it may readily be deduced that, for any 
size SVOR, spacing between adjacent antennas < A/2. 
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from the input end is independent of V, the input impedance is not. From 
the well known transformation property of quarter wave sections (or 
directly from Equation (55) and (56)). the normali.zed input impedance is 
equal to the normalized terminating admittance. 

Figure 39 illustrates the 5X SVOR drum modulator. It consists of 
a rotating cylindrical metal drum, A/4 long and of variable radius, 
surrounded by 14 stationary axial metal rods, equispaced on a circular 
cylindrical surface concentric with the axis of drum rotation. Each 
rod and the surface of the drum form a quarter wave section of trans
mission line, the characteristic impedance of which varies as the drum 
rotates. The drum is shaped so that the characteristic admittance Y 
of the line formed by the drum and a rod at angular coordinate y is 0 

Y (Y,t) = y(I + 1 E A Sin n (wt-y) (59)o 2 n 

where 
A = S a r; = const. (60)

n n 

The a in Equation (60) are the Fourier coefficients of the required 
continuous ~urrent distribution Equation (20), as computed from Equation 
(25), and r; is a normalizing constant chosen so that the peak value of 
the summation in Equation (59) is 1.0. y is a constant with dimensions 
of admittance, that is selected to give a practical ratio of maximum to 
minimum drum radius, and a practical modulator input impedance. 

Therefore, if the rod at y is st~plied with a constant voltage V 
at one end, the current at its other end will be; 

I(y,t) = -jVy (1 + t E An Sin n (wt - y) (61) 

Equation (61) contains a carrier term plus 50% modulation having a 
waveshape that is a correct sampling of the required continuous distribution 
for an antenna at ¢ = y. The 50% figure for modulation percentage was 
chosen to give a practical ratio of maximum to minimum drum radius . 

. By taking advantage of the facts that Equation (61) contains only 
odd order harmonics and 

Sin n (wt-y-1800) = - Sin n (wt-y), n odd 

the undesired carrier term in Equation (61) can be eliminated by exciting 
the rod at (y+1800) with voltage -V, and adding the current output of 
that rod to the current output of the rod at y by connecting the two 
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outputs through A/2 transmission lines. Thus; 

Combined Current Output 
of Rod at y and Rod = -jVys L an Sin(wt-y) (62) 

at (y+1800) 

From the foregoing, it is apparent that a drum modulator with M 
rods has only M/2 outputs. However, as a consequence of the fact that 
the required current distribution contains only odd harmonics, the 
members of a diametrically opposite pair of antennas are always excited 
with equal amplitude and opposite phase, so that for an M element ring, 
only M/2 independent modulator outputs are necessary, each output 
feeding both members of a diametrically opposite pair, with the current 
in one member being shifted 180 0 relative to the other by means of an 
extra 180 0 of feeder line or by a reversal in antenna polarization (the 
latter alternative was used in the experimental arrays). Figure 40 
shows the connection scheme, embodying the above principles, that was 
used in the NAFEC SVOR. 

Design of the modulator drum shape is stra.ightforward if coupling 
between the rods is neglected, and if, for design purposes, the separation 
between rod and drum is calculated as if the drum surface was planar 
instead of irregularly cylindrical. The second approximation is good 
if the rod-drum spacing and the rod diameter are small compared to the 
local radius of drum curvature. The first is good if the rod to rod 
spacing is large compared to the rod-drum spacing. If the approximations 
are made, then the required separation between rod and drum can be cal
culated from the following standard formula for characteristic impedance 
of a circular rod above a ground plane (Ref. 17) 

-1 D 2 = 60 cosh if R = rod radius (63)
0 D distance from center of rod 

to ground plane (63) 

Combining Equation (63) and (59), and setting t = 0 gives 

D = R cosh [ l] (64) 
60YCl+t ~ AnSinny) 

Equation (64) determines the drum shape. 

The drum shape determined by Equation (64) will contain inaccuracies 
because of the approximations involved. Further inaccuracies will re
sult from fabrication tolerances. It is essential that these inaccuracies 
not have a serious effect on SVOR performance. Two factors allow consid
erable latitude in drum shape without serious SVOR deterioration; 

a) the harmonic coefficients of the array factor, b 
n 
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(Equation (24)) need be maintained only within a fairly 
wide tolerance. For example, nominal b for a 5X SVOR 
are 1.0, 1/3, and 3/5, but performance ~ould be vir
tually unaffected if they were 1.0, .37, and .55. A 
limit on tolerance is imposed only by generation of 
false zero crossings or by serious reduction in zero 
crossing slope. 

b)	 the method of modulator connection, which adds currents 
from diametrlcally opposite rods, eliminates any even 
order harmonics from the modulator output. 

c.	 SUPPRESSION OF PARASITICS. ~. 

The drum modulator has the important property that it makes possible 
almost complete suppression of parasitics. The explanation of parasitic 
suppression requires little mathematics, but is fairly subtle. It depends 
on the fact that an Alford Loop is anti resonant when it is short circuited 
at its balanced drive terminals. "hen antiresonant, little current will 
flow in the antenna even if it is placed in a strong external field. 
The theoretical basis for demonstration of parasitic suppression is the 
superposition theorem (Refs. 3, 15). In general electromagnetic t.heory 
ternls, the SVOR array and its feeders ha,re M input "ports", which are 
the input ends of the feeders. If only one of these ports was driven with 
a current, while the others were open circuited, there would, in general, 
be currents in all of the M Alford loops; a driven current in the loop 
connected to the driven feeder, and parasitics in the other loops. Let 
the current in the nth antenna when the qth input port is driven with unit 
current and all other ports are open circuited be C . The superposition 
theorem states that I , the current in the nth anteRHa in general, is 

·	 b nglven y 

I = Lei	 (65)
n nq q 

where i = current in qth input port.
q 

For n 1 q, C represents a parasitic current in the nth antenna 
under conditions nq where the input port to the nth antenna is open 
circuited. With proper feeder length, the open input port can reflect 
back to the drive terminals of the Alford Loop as a short circuit, thus 
rendering the loop antiresonant, so that the induced current, and con
sequently C , n # q, becomes very small. With the antiresonant feeder 
length nq 

I = C i	 (66)n nn n 

In Equation (66), C is the current in the nth antenna when the 
nth port is driven with nn unit current, all other ports being open 
circuited. Because of the symmetry of the SVOR array, C is the same nn 
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for all n, and thus can be denoted simply as C. Equation (66) then 
becomes 

I = C i (67)n n 

Equation (67) asserts simply that the current in the nth antenna 
depends only on the current in the nth input port. As previously described, 
the drum modulator provides correct i for any terminating impedance, so 

nthat, with correct feeder line length, I is determined solely by the 
nshape of the modulator drum. 

Experimentally, feeders were cut by placing two loops side by 
side with about an 18 inch separation, exciting one at the operating 
frequency, and measuring the parasitic current induced in the other 
while it was terminated in a variable length open circuited feeder 
whose length could be trimnled to minimize the induced current. 

It was found that the coupling between Alford loops spaced as they 
would be in an SVOR (or DVOR) array is very high. With a feeder cut to 
maximize parasitics, an induced current 45 percent of the dri.ven current 
was observed in the experimental arrangement. Clearly suppression of 
parasitics is absolutely essential for achievement of controlled radiation 
patterns. 

D. DRUM MODULATOR FOR SINGLE RING 5X SVOR. 

The prototype single ring SX SVOR built at Ohio University in 1969
70 radiated 30 hz., 90 hz., and 150 hz. from a single ring. KR was taken 
as 5.0 for a ring diameter of 14 feet at 110.5 mhz. Application of 
Equation (25) to the Fourier coefficients of the array factor, 

b = 1.0l 

b = 1/33 

b = 3/5s 

gives a = -j (.487)
1 

a = -j (.146) (68)3 

j (.366)as = 

Hence, the unnormalized continuous current distribution at t = 0,
 
the irrelevant phase factors in Equation (68), is
 

.487 Sin y + .146 Sin(3y) - .366 Sin(sy) (69) 

The factor ~ that normalizes Equation (69) to unit peak amplitude is 
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1.23, and the normalized distribution is 

.598 Sin y + .179 Sin 3y - .450 Sin 5y (70) 

(70) was used in Equation (64) to design the drum shape. 
Mean drum diameter was about 12". The quarter wave rods were placed on 
n cylindrical surface 14" ,in diameter, so that rod spacing was just over 
3". Rod diameter was 3/8" and minimum rod to drum spacing was .100n • 

A standard VOR tone wheel was driven by the drum shaft to provide 
reference modulation. The modulator was powered by a Ij3 HP synchronous 
motor. 

The completed modulator was tested working into dummy loads. Figure 
41 is a photograph of the modulator undergoing bench tests. Figure 42 
shows measured output of one pair of rods, with the design amplitude 
Equation (69) plotted for comparison. Figure 43 shows meastlred and 
design phase. 

E. DRUM MODULATOR FOR SX SVOR TESTED AT NAFEC. 

The design procedure for this modulator was exactly the same as for 
the prototype single ring SVOR, except that b I = O. The normalized 
current distribution in this case was 

.28 Sin (3y) + .72 Sin (Sy) (71) 

Figure 44 and 4S show measured and design amplitude and phase. 
Figure.46 is a photograph of the modulator viewed from the drive motor 
end. A standard goniometer-tone wheel assembly is just visible at the 
other end for provision of 30 hz. and reference. Figure 47 is an 
oscilloscope photograph of the RF output of one pair of rods. 

F. DRUM MODULATOR FOR 13X SVOR. 

Section X describes a 13X SVOR design that consists of a 30 element 
ring array concentric with a four-loop array. A drum modulator for this 
design would require 30 rods, so that if the same spacing between rods 
as was used in the 5X SVOR, which had 14 rods, was retained, over twice 
the drum diameter would be necessary. The weight, volume, and require
ment for a large, heavy motor in order to reach synchronous rotation 
speed probably make such a large drum impractical. The largest practical 
size for a drum modulator is probably about that of the SX SVOR unit. 

If the spacing between rods were reduced by a factor of 14/30 in 
order to fit 30 rods into the space formerly occupied by 14, coupling 
between the rods could not be neglected as it was in the 5X modulator 
design. Equation (63), which gives the characteristic impedance of a 
transmission line formed by a single isolated rod and a ground plane, 
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would become very inac~urate, and if used in design would lead to serious 
errors in the modulator output waveshape. 

A drum modulator with closely spaced rods must be analyzed by 
general multiconductor transmission line theory (Ref. 18). Thirty rods 
and the drum plane form a multiconductor transmission line that can be 
characterized by 30 independent TEtvl "modes". For the nth mode, the 
electric and magnetic fields are determined by a solution of Laplace's 
equation in two dimensions, with the pth rod at a voltage V above 
the ground plane. The 30 sets of 30 voltages must be np linearly 
independent so that any arbitrary set of voltages can be expressed as 
a linear combination of them. Associated with each set of mode voltages 
is a set of mode currents I The most general distribution of voltages 
and currents can be writtennp as 

30 
[ -jKZ b +jKZ]V = L a e + e V p n n npn=l 

(72) 

30 
[ -jKZ b +jKZ]I = L a e - e I 

p n n npn=l 

Equation (72) represents a sum of 30 waves towards + z, and 30 
waves towards -z, with general amplitude coefficients for the nth mode 
of a and b respectively.

n n 

The mode voltages v can always be chosen to be orthogonal, that 
is, to satisfy np 

v V = 0, n ~ q (73)np qp 

Also, without losing generality, the n = 1 mode can be chosen so that 

V1p = 1, all p (74) 

Assuming Equations (73) and (74) to be satisfied, a drum modulator with 
a common input voltage V at z = 0 can be readily analyzed*. Substi
tuting z = 0 into the fi~st of equations (72) and using the orthogonality 
condition Equation (73) leads to 

(75) 

a + b = 0, n ~ 1 
n n 

*The 180 6 phase difference between the outputs of opposite halves of 
such a modulator would be obtained by half wavelength lines at the output 
end of the modulator. 
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Substituting z =. A/4 and Equation (75) into the second of 
Equations (72) gives the output currents 

(76)
 

For the n = 1 mode, I can be expressed in terms of a characteristic 
impedance as follows lp 

I.' = (77)lp 

So that Equation (76) becomes 

V 
I = _j a (78)p z.1p 

The quantities II or 2 are determined from a potential ¢ that is1 a solution of Laplace'sPequatlBn 

(79) 

with the boundary condition ~ d - ~d = 1.0. The exact solution 
of Equation (79) depends on ro Sthe rumshape of the entire drum. 
However, ~ in the vicinity of a particular rod is determined almost 
entirely by the spacing between that rod and the drum, and by the 
coupling to the two adjacent rods. Therefore, Equation (79) was solved 
for the configuration shown below 
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The rod separation shown in the sketch corresponds to the contem
plated separation in a 13X drum modulator having the same diameter as 
the 5X modulator. Assuming the pattern of rods shown in the sketch to 
c ntinue indefinitely, the additional boundary condition 

o at x = 2.32 R 

can be imposed by symmetry and a solution of Equation (79) sought only 
between x = ±2.32R. Clearly, ~ is an even function of S. For the 
problem at hand, then, a suitable solution of Equation (79) in polar 
coordinates is (Ref. 3). 

00 

n¢ = C lnr + L C (rn - r- ) cos nS (80)
o n 

Equation (80) was solved by machine computation, subject to the 
boundary conditions, for values of D ranging from R to 3R. The 
characteristic impedance z,was found for each D from 

l207f 60
Z.lD) = --- = (81)

C (h)f Ti-V4d.Q, o 
rod 

Equation (81) is plotted in Figure 48. For comparison the charac
teristic impedance of an uncoupled rod, which is given by 60 cosh- l (~) 
is plotted. It is clear from the figure that the shielding effect R 
of adjacent rods, which tends to reduce the rod-ground capacitance and 
increase Z, cannot be neglected in drum design. 

For design purposes, an equation giving D(Z ) is more convenient 
than Z (D), since Z as a function of drum angle rs known from Equation 
(59), ~nd D is requ~red to determine the drum shape. Therefore, the 
results of Equation (81) were least squares fitted to the following form, 
which is the inversion of Z (D) for an isolated rod, plus a correction 
series, o 

Z 3 
o Z nD/R = cosh (60) + L C (82)

o1 n 

C in Equation (82), for (SIR) = 4.64, were found to be 
n 

Cl = -.981 x 10- 3 

C2 = .497 x 10-4 (83) 

C = -.131 x 10- 5 
3 
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Using Equation (82) and (83), a l3X drum modulator, no larger 
than the SX modulator,· can be readily designed. 

G. DRUM MODULATOR INPUT POWER. 

The multiplexed SVOR variable phase harmonics represent radiated 
energy that must be supplied to the drum modulator. The additional 
variable phase power, as a fraction of the 30 hz. variable phase power, 
can be computed from the variable phase arra.y factor (Equation (24)). 
If the first term (30 hz.) of Equation (24) is deleted, and the re
mainder of the array factor squared and integrated from ¢ = 0 to ¢ = 2n, 
the result, when divided by 2TI, is the average additional variable phase 
power. Since the average power in the 30 hz. component of Equation (24) 
is 1/2 (since b l = 1), there follows 

NDrum Power L: b 2 (83)= 30 hz. Goniometer Power n=2 n 

For N = 5 and N = 13, the ratios of drum to goniometer power are 
.472 and .481 respectively. The nearly identical values of the latter 
numbers sllggest that they represent the drum to goniometer power generally. 
To show that this is indeed true, the fact that the SVOR signal is nearly 
a square wave of amplitude TI/4 with a superimposed ripple ~bN Sin N(wt-~) 

(see Equations (39), (40), (41)) may be used. The average drum power 
is then approximately, in terms of a unit square wave S(8) 

Drum Power (84) 

SUbs~itut~ng ~bN = (N-l)/2N in Equation (84) and performing the inte
gratlon glves 

Drum Power 
Goniometer Power 

2 
= i 2 

+ t (N~l) + (N-I) 

N2 
_ 1 (85) 

The limit of Equation (85) for large N is 

Drum Power (86)-G-on-l-·o-m-e-t-e-r-P-o-w-e-r = · 49 

From Equation (83) or (86), it may be seen that the drum modulator 
must be supplied by the modulation eliminator with approximately 50% of 
the power required by the 30 hz. goniometer. In both experimental SVORs, 
the additional power has been within the capability of a standard modu
lation eliminator. 
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VIII TESTS OF SINGLE RING 5X SVOR 

A. GENERAL COMMENTS. 

The first SVOR to be built and tested was a single ring 5X SVOR, 
which was constructed at Ohio University during 1969-70. Figure 49 
is a photograph of the prototype SVOR array. A central Alford loop 
radiated reference modulated carrier, and a 14 foot D. (KR = 5), 14 
element ring array radiated' 30 hz., 90 hz., and 150 hz. simultaneously. 

The prototype array achieved the predicted reduction in course 
scalloping, but proved to have several properties that would be disad
vantageous in practice. These were 

1)	 Low cone of confusion. From Equations (3) and (35), 
the pattern of the single ring 5X SVOR (neglecting the 
station error term in Equation (35) is 

J 1(KRcos8). 1 J 3 (KRcos8)
 
P C8,¢,t) = ---~~--- Sln(wt-¢)+- Sin[3(wt-¢)]
s J l (KR)	 3 J 3(KR) 

3 J 5 (KRcos8) 
+ - Sin[5(wt-¢)] (87)

5	 J 5 (KR) 

The ratios of Bessel functions appearing in Equation (87) 
range in value from 1.0 at the horizon to zero at the 
zenith, so that the Fourier coefficients of P vary with 
elevation. Figure 50, which is a graph of P sfor several 
elevation angles, illustrates the changing sshape of P 
with elevation. It will be noted that a false zero s 
crossing of P occurs between 30° and 40° elevation. 
Since a zero ~rossing phase detector gives erroneous 
readings if a false zero crossing occurs, the cone of 
confusion for the single ring 5X SVOR has an elevation 
angle of only 35°. 

2)	 High Error spread when used with a conventional receiver. 
This point is covered in Section V-C. 

3)	 Inflexibility, in that the rela.tive amplitudes of all 
three harmonics, and their zero crossing times, are built 
into the drum. 

All three of the above defects were corrected in the second 5X SVOR 
to be built. Prototype tests will therefore not be presented at great 
length. 
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B. GROUND TESTS. 

After building the drum modulator according to the principles of 
Section VII-B and cutting feeders according to VII-C, currents in the 
ring array were measured and compared with design values. Results of 
these measurements are shown in Figure 51. Agreement was considered 
good except at the low values of current, where two large current vectors 
from opposite halves of the modulator nearly cancel, so that a large 
percentage inaccuracy is to be expected. The observed good agreement 
also confirmed that parasi,tic suppression was being achieved. 

A variable phase radiation pattern was measured using a fixed 
receiving Yagi stationed 300 feet from the VOR. '[he output vol tage of 
the Yagi was measured by a "Vector Vol tmeter". Design pattern ampli tude 
and measured amplitudes for every 10° of drum rotation are shown in 
Figure 52. Agreement was within a tolerance that correlated with observed 
antenna current tolerances. 

A station error curve (Figure 53) was determined by moving a pickup 
Yagi successively to each of 36 surveyed positions on a 150 foot D circle 
and observing the drum rotation angle that produced a pattern null at 
each position. For each position, two nulls nominally 180 degrees 
apart are observed. If El and E2 were the observed deviations in bearing 
of the two nulls associated with a given pickup antenna position, then 
the station error for that bearing was taken as 

El+EZStation Error = ( 2 ) (88) 

Equation (88) is based on the assumption that the SVOR receiver 
has a zero crossing phase detector of the type described in Section VI-B, 
which processes the variable phase signal by hard limiting it and supplying 
the resulting limited waveform to a conventional amplifier and phase 
detector. The nominal limiter output has equal positive and negative 
duration. If its nominal amplitude is 1.0, the amplitude of its 30 hz. 
Fourier component is 4/n (Ref. 3). The effect of E1 and E is the2generation of unequal positive and negative duration of limiter out
put, or, in other words, the generation of error pulses, 2.0 units in 
amplitude (since the zero crossing displacement errors reverse the sign 
of the limiter output from its nominal value), of duration El and E2, and 
located at the nominal zero crossings. By standard Fourier analysis, it 
is readily shown that these error pulses, if narrow in duration, produce 
a 30 hz. Fourier component, in quadrature with the nominal 30 hz. com
ponent, and of amplitude 

The resulting phase shift in the 30 hz. Fourier component is 
given by Equation (88). 
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Observed station error spread was 1.2°, which agrees well with 
statistical analysis by the methods of Section V. 

c. FLIGHT TESTS. 

350

CDI recordings were made in orbital flight at approximately 10 
miles radius, using a conventional 5lR3 receiver and a SlR3 modified as 
described in Section VI-B. The main source of scalloping was a grove 
of trees located 300 feet from the VOR at bearings between 270 0 and 

0 
• 'rypical orbi tal records are shown in Figures 54, 55, and 56. 

Figllres 54 and 55 were taken in sectors nearly at right angles to tIle 
scalloping source, and the modified receiver therefore showed a large 
reduction in scalloping compared to the unmodified receiver (see Figure 
6). Figure 56 was taken in a sector nearly in line with the scalloping 
source, and little reduction in scalloping was observed. 

Figure 55 shows a difference of nearly 4° in the courses indicated 
by the modified and unmodified receivers. This condition is to be ex
pected because the 30 hz. signal and the complete SVOR signal are built 
into the same drum, and thus will in general give different courses if 
the drum construction is imperfect. This is a major and probably dis
qualifying disadvantage of the Single Ring SVOR, since there is no 
practical way of separately adjusting the conventional and SVOR courses. 

Figure 57 is a polar plot of scalloping observed with conventional 
and modified receivers. 
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IX TESTS OF 5X SVOR WITH NO CONE OF CONFUSION 

A. GENERAL COMMENTS. 

The reason for the low elevation angle of the cone of confusion 
associated with the single ring 5X SVOR is revealed by examination of 
Equation (87) and Figure 12. For the VOR, KR was equal to 5.0. Study 
of the curve of J (x) between x = 0 and x = 5.0 shows that the Bessel 
function ration t~at multiplies the 30 hz. term in Equation (87) be
comes zero at an elevation angle of 40° and reverses sign at higher 
elevations. Thus 40° would mark the onset of the cone of confusion for 
a conventional receiver. Because of the severe amplitude change of the 
30 hz. component with increasing elevation, the complete SVOR signal 
becomes distorted and generates a false zero crossing between 30° and 
40° (Figure 50). 

Separate generation of the 30 hz. signal by a conventional four
loop array would eliminate the phenomena described in the preceding 
paragraph, and also have the important operational advantage of permitting 
separate a.djustment of the courses as seen by conventional and modified 
receivers. With separate 30 hz. generation, the 30 hz. component in 
Equation (87) must be replaced by 

cos e sin (wt-¢) (89) 

which is the azimuth and elevation pattern of the rotating 30 hz. field 
of a perfect four-loop VOR in free space. (Image patterns have been 
neglected here as they are assumed to be the same for all components of 
the array, so that they contribute only an irrelevant factor of 2j sin 
(Kh sine), where h is the common height of all loops in the SVOR). The 
modified form of Equation (87) is plotted in Figure 58, which indicates 
no false zero crossings at any elevation, hence no theoretical cone of 
confusion. 

Since separate radiation of the 30 hz. signal by a four-loop array 
appeared to eliminate the undesirable features of the single ring array, 
an SVOR was designed according to the principles of preceding sections 
to incorporate this feature. A photograph of the array is shown in 
Figure 59. The four loop array was concentric with a 14 element ring 
array having KR = S.O. The difference in height of the four loop and 
ring arrays that is visible in the photograph was a matter of practical 
convenience in the Albany, Ohio, tests and was not used for the NAFEC 
tests. Also visible in the photograph are the modulator, goniometer, and 
drive motor, which were normally housed in a pit under the four loop 
array. Figures 40 and 60 show the array layout and schematic diagrams 
of the modulator connections and layout. Figure 60 shows division of 
modulation eliminator power between the goniometer and the drum modulator. 
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B~ GROUND TESTS (OHIO UNIVERSITY). 

Bench tests of the drum modulator were condllcted first. 'fhese 
have previously been covered in Section VII-E, and in Figures 44, 45, 
46, and 47. 

After aligning the four loop course with the SVOR course by setting 
the angular position of the goniometer relative to the drum modulator 
until zero crossings of the 30 hz. and of the composite 90 and 150 hz. 
signals coincided at a particular azimuth, the radiation patterns shown 
in Figure 61 were observed. The figure shows oscilloscope photographs 
of the RF picked up by a Yagi 300 feet from the VOR, with reference 
modulation turned off. The figure also clearly shows the process of 
multiplexing the ring array signal with the four loop signal to generate 
the resultant SVOR signal. 

After aligning the SVOR course with North by setting the reference 
tone wheel position relative to the goniometer-drum modulator assembly, 
station error curves were taken under each of the following four conditions: 

a) Four loop array only, conventional VOR receiver (RA-2l). 

b) Four loop array only, VOR receiver modified for 
crossing phase measurement (Collins 5lR3). 

zero 

c) Complete array, conventional receiver. 

d) Complete array, zero crossing receiver. 

A substitution technique as follows was used to eliminate receiver 
OBS error. A receiving Yagi was moved successively to each of 18 
surveyed angles. For each position, the COl was nulled, and a signal 
from a VOR test generator was substituted for the radiated signal. The 
COl was again nulled and the reading of the angle dial of the test gen
erator recorded. 

From the considerations of Section VI, it was expected that the 
station error curves taken under conditions a), b), and c) would be 
nearly identical, while the error spread under condition d) should be 
less than that of the other three cases. This was in fact the case, as 
is shown in Figure 62. Error spread under conditions a), b), c) averaged 
4.2°, while error spread under condition d) was 1.8°. The curves for 
a), b), and c) were clearly similar in appearance although local differ
ences of up to 2° between the curves existed. These may have been due to 
the fact that one of the receivers was an RA-21, which showed COl response 
to the 90 and 150 hz. tones of 1°_1.5° (Figure 32). 

c. GROUND TESTS (NAFEC). 

Three station error curves taken at NAFEC under various conditions 
are illustrated in Figures 11, 63, and 64. As noted in Section 111-0, 
Figure 11 illustrates the reduction in station error indicated by a 
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modified receiver when SVOR harmonics are added to the normal 30 hz. 
signal. Figure 63 shows similar four loop VOR ground check curves with 
a modified and an unmodified receiver. Figure 64 illustrates reduction 
in SVOR station error of a modified receiver in comparison with conven
tional receiver. 

D.	 FLIGIIT TESTS (OHIO UNIVERSITY). 

Figures 65-75 show simultaneous eight mile orbital flight recordings 
of the COl indications of,ffiodified and unmodified 5lR3 receivers, with the 
complete 5X SVOR transmitting. The records show scalloping reduction 
factors ranging from a low of approximately two in the vicinity of 320°, 
which was nearly in line with the grove of trees that provided the main 
source of reflections, to high values of eight or more around 50° and 
280°. Displacements between the average values of the two simultaneous 
recordings can be accounted for by the different error curves of the 
four loop VOR and the complete SVOR (Figure 62). 

Comparison of the unmodified receiver records of Figures 19-29 
(four loop only) with the unmodified receiver records of Figures 65-75 
(complete SVOR) shows nearly identical roughness at each OBS setting, 
as would be expected on the basis of the results of Section VI, which 
show that the unmodified receiver does not respond significantly to 
the additional SVOR harmonics. It should be noted that the two sets 
of records (complete SVOR and four loop array only) were made on the 
same day, so that the reflecting environment did not change between 
runs. 

Figures 76 and 77 show recordings of a modified receiver's COl 
current made during radial flight outbound from the VOR. For each 
radial, two records are shown, one with the complete SVOR transmitting, 
one with the four loop array alone transmitting. The improvement in 
flyability effected by the SVOR is evident from the figures. 

E.	 FLIGHT TESTS (NAFEC). 

The same 5X SVOR that was flight tested at Ohio University was 
shipped to NAFEC and extensively flight tested there. One possibly 
significant difference between the NAFEC and Ohio University installations 
was ground mounting of the entire array at Ohio University as compared 
to mounting on a standard VOR counterpoise at NAFEC. 

Some of the extensive NAFEC flight test data will be presented 
here according to the following breakdown based on general conclusions 
that can be drawn from the data. 

1.	 Effect of SVOR on Four Loop Station Error. This ha.s 
already been commented on in Section III-D. Figure 10, 
which is taken from the NAFEC data, shows a reduction in 
station error spread from 2.8° to 1.4° when SVOR harmonics 
were added to the four loop signal and a modified receiver 
was used. 
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2.	 Effect of Receiver Modification on Performance with 
Conventional Signals. This point has been covered in 
Section VI-C. Figures 15-18, from NAFEC data, show 
convincingly that receiver modification has no effect 
on receiver performance with standard signals. 

3.	 Effect of SVOR Signals on Conventional Receiver. This 
point has been discussed in Section VI-E. Theory, 
simulation tests, and Ohio University flight test data 
(compare unmpdified receiver data of Figures 19-29 with 
unmodified receiver data of Figures 65-75) all indicate 
that addition of SVOR signals should have little effect 
(.2 or .3° at most) on an unmodified 5lR3 receiver. 
Initial data from NAFEC indicated otherwise. Figures 
78 and 79 show NAFEC station error data for the four 
loop VOR and the 5X SVOR. Examination of the error curves 
for the unmodified receiver shows 1.6° error spread for 
the four loop and 3.7° for the SVOR, with dissimilar 
error curve shapes. Two months elapsed between the two 
tests. The tests were later repeated, both on the same 
day, to resolve the apparently anomalous initial results 
which might have been due to a change in the reflecting 
environment or a change in the four loop VOR during the 
two month interval between the first tests. Figures 35 
and 36 show the results. With the complete SVOR radiating 
error spread was 4.05° (average of two runs). With the 
ring array present but not radiating, error spread was 
3.7°. With the ring array removed, error spread was 3.1°. 
Error curve shapes in the first two cases were the same 
within experimental error. Shapes of the second and third 
case error curves were generally the same except for one 
unexplained discrepancy near 100° bearing. These results 
clearly contradict the initial results and agree with 
simulation, Ohio University flight test, and theory in 
confirming that SVOR signals have little effect on station 
error seen by a conventional receiver. 

Initial NAFEC test results, shown in Figures 80 and 81, 
seemed to show that addition of SVOR to four loop signal 
caused the roughness seen by a conventional receiver to 
increase, in contradiction to theory, simulation, and Ohio 
University flight tests. Comparison of Figures 80 and 81 
shows that the unmodified receiver roughness increased by 
a factor of about two upon addition of the SVOR signal. 
Again, two months had elapsed between the two tests. Upon 
repetition of the tests, both taking place on the same day, 
the	 recordings disclosed no change in roughness upon addi
tion of SVOR to four loop-Signal. Figures 82 and 83 show 
two of the later orbital records taken at NAFEC with a con
ventional receiver. The detailed agreement between the two 
traces (which were made on two different orbits) clearly 
indicates no measurable effect of SVOR on roughness seen 
by a conventional receiver. 

--------_._---_. .. _---_ .._._~---------------
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4.	 Scalloping Reduction by SVOR. Figure 81 (NAFEC data) shows 
SVOR roughness and scalloping in 20 NM orbit, as seen by 
modified and unmodified receivers. Assuming the unmodified 
receiver roughness to be that of the four loop VOR alone 
(see 3, above), the curves show the reduction in scalloping 
effected by SVOR. Figure 84 is a graph of the numerical 
reduction factor. The main source of scalloping was a 
tower at 220°, so that the low improvement factor observed 
near 220°, and 40° agrees with Equation (10) and Figure 6. 
However, the scalloping improvement factors shown in Figure 
84 and in other NAFEC data are not as high as were observed 
at Ohio University (Figures 65-75), nor as high as theory 
would predict. This was almost certainly caused by incorrect 
phasing and amplitude of the ring array signal in the far 
field, as a consequence of the ring array being mounted on 
a standard counterpoise and adjustments being performed 
using a near field signal (500 feet). Counterpoise effect 
in the near field would tend to make the ring array signal 
larger relative to the four loop signal than it would be 
in the far field near the horizon. This problem did not 
arise at Ohio University because the entire array was ground 
mounted. 

5.	 SVOR Effects on Vertical Polarization. V.P. effects are 
discussed at length in Section VI-F. The following con
clusions follow from the NAFEC data shown in Figures 36, 
37, and 38: a) addition of SVOR to a four loop array causes 
little additional V.P., provided no TACAN antenna is present. 
Installing of a TACAN antenna causes a twofold increase in 
V.P., b) a modified receiver in conjunction with SVOR will 
reduce V.P. by an observed factor of three to four. 
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X DESIGN AND FEASIBILITY STUDY OF l3X SVOR 

A. DESIGN OF RING ARRAY. 

A l3X SVOR variable phase will contain 30 hz. plus its 3rd, 5th, 
7th, 9th, 11th, and 13th harmonics. The Fourier coefficients of a 
square wave will be the relative amplitudes of all but the 13th harmonic, 
which will be augmented by an amount £ to increase slope at zero crossing 
(see Section II-B). If £ is taken as 6/13, slope at zero crossing is 
exactly 13 and falze zero crossings will not occur unless multipath 
exceeds 26% of the direct signal (Section II-B). Therefore, a suitable 
13X SVOR variable phase radiation pattern P is s 

7 5 1 
Ps = 13 Sin [13(wt-¢)] + n:l (2n+l) Sin [(2n+l)(.Llt-¢)] (90) 

The radius of the ring array can be determined from Equation (25) 
and the requirement that Bessel function in the denominator of that 
equation be reasonably large for all n to avoid excessively large currents 
in the ring array. Examination of the Bessel function curves of Figures 
12 and 13 shows that a good value of KR is 11.6, for which 
the values of the Bessel functions in Equation (25) will be 

J (11.6) = -.232, .234, -.153, -.104, .274, .246, .096. 
1,3,5,7,9,11,13 

With KR = 11.6, ring diameter at 110 mhz is 33 feet. 

The number of antennas required can be decided by calculation of 
the station error due to the finite number of antennas from Equation (36). 
For a first trial, let the number of antennas be 28, which is one more 
than the theoretical absolute minimum. Then, Equation (36) predicts 

Station Error Due to x 57.3 deg.= Finite Number of Antennas 

= .561° peak 

Since .561° peak is unacceptably high, more antennas are required. 
An even number is necessary so that the antennas can be fed in pairs, 
so the next highest candidate is M = 30. Equation (36) then gives 

Station Error Due to = .092° peak (30 antennas)Finite Number of Antennas 
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.092° is well below the .25° standard deviation statistical station 
error (Equation (49)), and is thus acceptable. 

A suitable l3X SVOR ring array therefore comprises 30 antennas on 
a circle 11.6 wavelengths in circumference (33 feet diameter at 110 mhz.). 

B.	 FEASIBILITY OF DRUM MODULATOR. 

The difficulty with a l3X drum modulator is keeping its dimensions 
no larger than these of the 5X modulator, which are probably as large as 
is practical. This problem has been discussed at length in Section VII-F. 
The conclusion reached there was that a l3X modulator no larger than the 
5X modulator could be designed and built with the aid of theoretical 
formulas that account for coupling between the modulator rods. 

c.	 REDUCING CONE OF CONFUSION. 

It can be seen without extensive calculation that a single ring 
l3X SVOR will have an impractically large cone of confusion. Equation (35) 
is the general formula for SVOR variable phase radiation pattern. Omitting 
the small station error term from Equation (35), it is apparent from the 
remaining summation that the amplitude of the nth harmonic changes with 
elevation in proportion to the factor 

J (KR case)
n (91)J (KR)

n 

Examination of Bessel function tables shows that zeros of the 
fundamental (30 hz.) and 3rd harmonic occur at 10.2 and 9.8 respectively. 
Therefore, if KR = 11.6, the numerator of the factor (91) 
disappears at approximately e = 30° for both n = 1 and n = 3. Thirty 
degrees elevation would then be the boundary of the cone of confusion 
with a conventional receiver, since 30 hz. would reverse phase at that 
elevation. A false zero crossing would occur well below 30° elevation 
because of decreased amplitude of the two harmonics that have largest 
magnitude on the horizon. 

A single ring l3X SVOR is thus impractical because of its large 
cone of confusion. The following means of reducing the cone of confusion 
were therefore devised, and calculations made to test their feasibility. 

1.	 Radiation of 30 hz. from a concentric four loop array, with 
ring and four loop elements at the same height. 

This is the same scheme used successfully with the 5X SVOR. 
Its chances for success in this case are reduced, however, 
because of the larger array diameter. The variable phase 
radiation pattern will be Equation (35) with the 30 hz. 
term deleted from the sum.mation and replaced by Equation 
(89) (see Section IX-A). 
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Computed variable phase patterns of this confi.guration 
are presented in Figure 85 for severa.l elevation angles. 
A false zero crossing occurs at e = 40°, but none appears 
at e = 20°. The elevation angle of the cone of confusion 
for this configuration, with a modified receiver, is 
between 20° and 40°, which might be marginally acceptable 
in practice. 

2.	 Two Ring.13X SVOR; inner ring radiating 30 and 90 hz., 
outer ring radiating remaining harmonics. All antennas 
at the same height. 

The most severe changes in the factor Equation (91) as 
regards generation of a false zero crossing with increasing 
elevation angle are those for n = ] and n = 3. Since a 
large diameter ring array is not necessary to radiate these 
low order spatial harmonics efficiently (Section IV-A), 
and since the change in Equation (91) with elevation is 
less rapid if KR is small, it appears that false zero 
crossings may be avoided if 30 and 90 hz. are radiated 
separately by a smaller ring array concentric with the ring 
array that radiates the remaining harmonics. If the radii 
of the small and large rings are designated U and S respec
tively, then a straightforward extension of Equation (35) 
gives the following for the variable phase radiation pattern 
P of this configuration 

1 1 J 2n+l (KUcos8) 7 J1 3 (KScos8) 
P = L ---- Sin[(2n+l)(wt-¢)] + --13

n=O	 2n+l J 2n+ l (KU) J 13 (KS) 

(92) 

5 1 J 2n+ I (KScos8)
 
Sin[13(wt-~)] + L ---~------~~--- Sin[(2n+l) (wt-¢)]


n=2	 (2n+l) J 2n+l (KS) 

Results of computation of P from Equation (92) for three 
combinations of U and S are shown in Figures 86-88. In 
each case no false zero crossings occur at any elevation 
angle, hence the two ring configuration is theoretically 
capable of eliminating the l3X SVOR cone of confusion. 
This configuration has the practical disadvantage, however, 
of requiring two separate drum modulators, plus more antennas 
and feeders than configuration 1, (four loop ring array). 
The feasibility of the following third configuration, which 
is a variation of configuration 1, was therefore tested by 
computation. 
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3.	 Radiation of 30 hz. from a concentric four loop array.
 
Ring array antennas at a greater height than four loop
 
array antennas.
 

If the ring array elements are placed above an ideal ground 
plane at a height h that exceeds 1/2 wavelength, then their 
elevation pattern, which has the form sin(Kh sine) from 
image theory, will reach a null at some elevation angle. 
At and near this angle the ring array pattern wi 11 bee,orne 
attenuated relative to the four loop pattern, particularly 
if the four loop antenna heights are reduced somewhat from 
their normal value of 1/2 wavelength. Since the factor 
Equation (91) diminishes at high elevation angles for all 
harmonic orders, it might be expected that a judicious 
increase in ring array antenna height would result in a 
ring array pattern that maintains design amplitudes near 
the horizon but diminishes rapidly at the higher elevations, 
thus avoiding false zero crossings while still maintaining 
the four loop bearing information. 

If the ring antenna heights are designated h and the four2loop antennas heights hI' then the variable phase pattern, 
which is Equation (35) modified to account for the four 
loop array by use of the term Equation (89), and further 
modified to include the different ring and four loop ele
vation patterns, is 

. hI sin(KhZsin8) 7 JI 3 (KRcos8) 
P = case s1n(wt-¢) + h sin(Kh1sine) {T3 J (KR) sin[13(wt-¢)]

2	 13 

5 1 J 2n+ l (KRcos8) 
+	 1.: 2n+l J (KR) sin[ (2n+l)(wt-¢)]} (93) 

n=l 2n+l 

Graphs of Equation (93) are presented as Figures 89-91. In 
all three figures, hI = (3A/8) while h 2 increases succes
sively from 3A/4 to 9A/8 in the three figures. Figure 89 
shows a false zero crossing at 80° elevation, while the 
other figures show no false zero crossings, hence no 
theoretical cone of confusion. 

Equation (93) is based on perfect imaging in the ground 
plane, so that the favorable results shown in Figures 89
91 will be most closely approximated if the entire array 
is ground mounted. If the array is mounted on an elevated 
counterpoise, nearly ideal imaging in the counterpoi.se may 
still be expected at the higher elevations (Ref. 19), and 
can be exploited to attenuate the ring pattern relative to 
the four loop pattern, in order to avoid false zero crossings. 
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XI FEASIBILITY OF VERY LARGE APERTURE SVOR 

The	 obvious advantages of a very large aperture SVOR are: 

a)	 Reduction in course scalloping in proportion to the 
aperture·(Section II). 

b)	 Reduction in statistical station error (Section V) 
roughly in proportion to aperture. 

c)	 Smaller angular region in which little scalloping reduc
tion is realized (Section II). 

One operational disadvantage could be encroachment of the multi 
plexed SVOR harmonics on the band used for voice transmissions. The 
highest harmonic of a SOX SVOR would be 1500 hz., which is well into the 
voice band. Possible solutions of this difficulty are: 

a)	 Turning off the SVOR harmonics during voice transmission, 
leaving only 30 hz. to provide guidance equivalent to a 
conventional YORe 

b)	 Transmission of variable phase on an AM subcarrier. If 
the variable phase was transmitted on a c.arrier frequencY' 
displaced from the reference carrier by approximately 
7 khz, transmissions of a SOX SVOR would be single side
band AM, and would not encroach on either voice or refer
ence channels. The disadvantage of this solution is in
creased complexity of the receiver modification for SVOR. 

A large aperture SVOR must comprise at least 2N + 1 antennas, where N 
is the average scalloping reduction factor. Thus, the multiplicity of 
the antenna and feeder system will increase in proportion to aperture. 

A drum modulator of practically reasonable size is probably not 
feasible for N>20 because of close spacing between the quarter wave rods 
around the drum periphery. However an electronic modulator is technically 
feasible (see Section XII). 

Simultaneous radiation of all the required harmonics from a single 
ring would become increasingly difficult as N is increased, since a ring 
radius would have to be found which was sufficiently removed from the 
zeros of J (KR), n = 1, -- N, so that all harmonics would be radiated 
without ex~essively large antenna currents. For this reason, it is 
probable that a very large aperture SVOR would consist of a four loop 
array and two concentric ring arrays, the smaller of which would probably 
be about the diameter of a 5X SVOR (14 feet, 14 antennas). 

The techniques described in Section X for eliminating the cone of
 
confusion of a l3X SVOR appear equally applicable to a very large aperttlre
 
SVOR.
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XII FEASIBILITY OF ELECTRONIC SVOR MODULATOR 

The drum modulator has the great advantage that all antennas are 
driven from a single source through lossless passive elements, thus 
locking the phase of the antenna currents to the phase of the source 
and conserving the limited power output of the modulation eliminator. 
There appears to be no suitable electronic technique for achieving loss
less, linear modulation of a number of outputs from a single high level 
source. A feasible alternative is use of a multiplicity of modulated 
power amplifiers, each equipped with a phase locked loop to clamp the 
output phase to the reference carrier phase. The component amplifiers 
and phase detectors of a phase locked loop are available today as inte
grated circuit packages, and the power requirements of each output are 
low (order of one watt), so that even a large number of such circuits 
would not require excessive space or power. One difficulty would be 
the provision of a multiplicity of modulation waveforms, all identical 
except for a progressive phase lag. However, by building up the modu
lation waveform in a large number of steps, with a built in program for 
selection and time progression of the steps, modern computer type cir
cuitry should provide a means for realizing such phase stepped waveforms 
in a straightforward manner. 
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XIII ALTERNATIVE PROCESSING OF SVOR SIGNALS 

The SVOR signal is clearly redundant from an information theory 
standpoint, since an N fold reduction in scalloping could be obtained 
by using only the Nth harmonic to obtain an ambiguous fine bearing. 
The ambigui ty would be· resolved by the conventional VOR signal in the 
manner of precision multilobe VOR. However, the redundancy of the SVOR 
sign/al serves a purpose in permitting very simple and unalTlbiguous 
signal processing, namely zero crossing phase detection. Conventional 
phase detectors can readily be converted to zero crossing phase detection 
(Section VI-B), and digital phase detectors, which are probably techni
cally inevitable, would automatically be zero crossing detectors if they 
took the form of counters which were started and stopped at zero crossings 
of the reference and variable waveforms. The possibility of processing 
SVOR 'signals in the same way as PVOR (multi lobe) nevertheless exists 
and could be done at the option of the user. A precision reference phase 
could be generated within the receiver by harmonic multiplication of the 
normal reference. 
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XIV GENERAL CONCLUSIONS 

1.	 Square Wave VOR is a means of reducing course scalloping and 
station error in a flexible, inexpensive manner that is par
ticularly suited to digital phase measurement because no 
receiver modification would be required to benefit from SVOR 
if the digital receiver consisted of a reference pulse counter 
that was turned on and off at zero crossings of reference and 
variable phase signals. The combination of SVOR and digital 
receiver would reduce multipath and virtually eliminate receiver 
error. 

2.	 Conventional receivers can be easily changed to zero crossing 
phase detectors. Theory and experimental results show that the 
modification has no measurable effect on receiver performance 
with conventional signals. The modification has the side 
benefit of making course width independent of percent modulation. 

3.	 Simulation tests of 11 conventional receivers showed that the 
multiplexed SVOR harmonics caused a bias error whose standard 
deviation for ten receivers was 0.8°. The 11th receiver (DR 
560), which showed a bias error of 3.5°, also had poor compat
ibility with SSB DVOR. Flight tests showed no increase in 
roughness or station error indicated by a conventional receiver 
when SVOR signals were added to the conventional VOR signal. 

4.	 A l3X SVOR (thirteenfold scalloping reduction) comprising a 30 
loop, 33 foot diameter ring arra.y has been designed and appears 
entirely feasible. , 

5.	 Very large aperture SVOR appears teasible. The multiplicity of 
antennas and feeders will increasXin proportion to aperture. 
Scalloping reduction will be in p portion to aperture. A 
receiver equipped with a zero cro ing phase detector can 
correctly process and benefit from signals from an SVOR of any 
aperture. 
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Figure 5. Radiation Patterns 5X Square Wave VOR 
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FIG. 7. STATIC MULTIPATH ERROR OF 5X SVOR, 13X SVOR, AND CO~~ENTIONAL VOR 
FOR THE SAME REFLECTOR. 

- - - _ _.__ -.. · --·-r· .. ----_~ .._ __·_II __,__..~._. .~.~1.
 

N
 

.8 

VOR 

~ .6 
H 

.. Q., 
o 
~ 

« ~ 

u 
U) 

Q 
~ 
N 
t-f 

j 
o z RECEIVER
 

o 30 60 90 120 150 180 

<P - tIJ (DEGREES) 



Figure 8. 
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FIG. 9.	 CDI DISTURBANCE DURING RADIAL FLIGHT BETWEEN A VOR AND A WATER 
TOWER, WITH ONLY REFERENCE PHASE BEING TRANSMITTED. 
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FIG. 10. STATION ERROR REDUCTION BY SX SVOR. 
6 MI. ORBITAL DATA (NAFEC, 8/10/72). 
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FIG. 11. STATION ERROR REDUCTION BY 5X SVOR.GROUND CHECK AT 
COUNTERPOISE EDGE (NAFEC, 2/10/72). 
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FIGURE 14 
COI"-J'/ERSIO I~ OF CONVE ~~TfOt~AL RECE l\fER T() ZERO CROSSI NG DETECTION 
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FIG·lIS. ERROR rURVES - MOD~FIED AND U~ODIFIED 
51R3 R CEIVERS WITH CONVENTIONAL SIGNALS 

,- ~ .(NAFEC 1/4/72). 
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FIG. 16.	 STATION ERROR - MODIFIED AND UNMODIFIED 51R3 RECEIVERS 
6 N~f ORBIT. 4 LOOP VOR (NAFEC, 1/24/72) 
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FIG. 17.	 ROUGHNESS AND SCALLOPING 4 LOOP VOR - 20 NM 
ORBIT MODIFIED AND UNMODIFIED 51R3 RECEIVERS 
(NAFEC, 1/21/72). 
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FIG. 18.	 POLARISCOPE RUN - 90° RADIAL 4 LOOP VOR 
MODIFIED AND UNMODIFIED 51R3 RECEIVERS 
(NAFEC 1/17/72). 
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Figure 19. Eight Mile Orbit. Four Loop VOR Only (SVOR Ring Array Not Energizedj (Ohio U. 10/71) 
---------- Conventional 51R3 

51R3 Modified for Zero Crossing Detection 

Scale: 10° Chart Width 
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Figure 20. Eight Mile Orbit. Four Loop VOR Only (SVOR Ring Array Not Energized)(Ohio U. 10/71) 
-------- Conventional SlR3 

SlR3 Modified for Zero Crossing Detection 

Scale: 10° Chart Width 
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Figure 21. Eight ~'1ile Orbit. Four Loop VOR Only (SVOR Ring Array !'~ot linergized)(Ohio U. 10/71) 
-------- Conventional SlR3 
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Scale: 10° Chart Width 
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Figure 22. Eight >lilc OrLit. raur Loop VO;{ Only (SVOR Ring Arr~~y Not Lnergizcd)(Ohio U. 10/11) 
-------- Conventional SlR3 

51R3 Modified for Zero Crossing Detection 

Scale: 10° Chart Width 
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Figure 23. Eight Mile Orbit. Four Loop VOR Only (SVOR Ring Array 
------- Conventional SlR3 

Scale: 

51R3 Modified for Zero Crossing Detection 

10° Chart Width 
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Pigure 24. Eight 01ile Orbit. Four Loop 
------- Convention~l SlR3 

VOl( Only (SVOR l~ing Array ~ot Lncrgized)(Ohio U. 10/71) 
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Figure 25.	 Eight Mile Orbit. Four Loop VOi{ Only (SVOR Hing Array Not Lnergized) (Ohio U. 10/71) 
-------- Conventional SlR3 

SlR3 Modified for Zero Crossing Detection
 

Scale: 10° Chart Width
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Figure 26. Eight Mile Orbit. Four Loop 
-------  Conventional SlR3 

VOR Only (SVOR Ring Array :~ot Lnergized) (Ohio U. 10/71) 

Scale: 

5 1R 3 ~1 0 d i fie d for 

10 0 Chart Width 

Ze roe r 0 S 5 i n g De tee t ion 

(j . 
,;,r·i..i.:,·;:'.L1.. ::~.k'<·;l. 

'0'" $ b· o 
,~c ,up·2~?_. 

r" .( 

, I 
r 

~,

C co .0. '···J~·:·).', , r ~ 't'\J t'\J ~. 
! 'f, J .. ~. 

1 
'0

.! I : , 
~ , 'l! 

, 

: 

l 

.'. ,. ,- t ' 
t , . ~ : 

'0 . ~. ' '~.1 
~f I 

'tt:; , , ' ~ 

t' 

·f
\I~~ ( ,
t ....

<.) (:.;-",~r 

~.;; q:"; ., 0:; 

~ J 12D
,~r110" 

~ 

I :'4 

, 
lID f} . 

1 , 
I 

(, l.J""'~ 
J (; I.' (;..,<.> 

I
I 

r::~ c ~'t t: ~ c
 
Otr? .. ~ c ~ ('I ~ .


\
 



Figure 27. Light Mile Orbit. Four Loop 
------- Conventional SlR3 

VO:~ Only (SVOR I\ing Array :Jot Lnergized) (Ohio U. 10/71) 

Scale: 
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10 0 Chart Width 
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Figure 28. Eight Mile Orbit. Four Loop VOl~ Only (SVOR Ring Array Not LncrgizedJ(IO/71) 
-------- Conventional 51R3 
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Figure 29. Eight Mile Orbit. Four Loop VO~ Only (SVOR Ring Array Xot Energized)~hio U. lO/7n 
-------- Conventional SlR3 

51R3 Modified for Zero Crossing Detection 

Scale: 100 Chart Width 
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FIGURE 31.. 

Instrumentation for Testing Conventional VOR Receivers With 
Square Wave VOR Signals 
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Test Procedure: 
J. Set 035 

snitchse ecfs 30 hz. or square wave 2. With switch in position for 30 hz. var., 
re erence 

rotate 47953 phase dial for CDI null and 
record reading 

3. With switch in position for square wave 
variable, rotate 47953 phase dial for CDr 
null and record reading. 
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Figure 33.	 COMPOSITE INDICATED STATION ERROR FROM SSDVOR 
STATIC TESTS (TAKEN FROM REF. 13) 
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Figure 34.	 COMPOSITE INDICATED STATION ERROR FROM CONVENTIONAL 
VOR STATIC TESTS (TAKEN FROM REF. 13) 



FIG. 35.	 STATION ERROR. 5X SVOR WITH AND WITHOUT RING 
ARRAY SIGNAL. 6 NM ORBIT. CONVENTIONAL RECEIVER 
(NAFEC 8/10/72). 
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FIG. 36.	 STATION ERROR. 4 LOOP VOR WITH AND WITHOUT 
DEENERGIZED 5X SVOR RING ARRAY. 6NM ORBITS. 
CONVENTIONAL RECEIVER (NAFEC 8/10/72). 
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FIG. 37.	 POLARISCOPE RUNS.4 LOOP VOR AND SVOR.MODIFIED AND 
UNMODIFIED RECEIVERS. 214 0 RADIAL (NAFEC 1/17/72, 
3/29/72) TACAN ANTENNA NOT INSTALLED. 
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FIG. 38. POLARISCOPE RUNS. 5X SVOR~90o RADIAL, WITH AND WITHOUT 
TACAN ANTENNA, CONVENTIONAL RECEIVERS (NAFEC 3/29/72, 
4/14/72) . 
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Fi~re 39. SVOR DRUM MODULATOR. 
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Fi,gure 40.
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FIG. 41. SINGLE RING SVOR MUDULATOR BEING BENCH TESTED. MODULATED RF 
'-- O!-!TPULWAVEFOro{ I~ y:'I§lBLE..ON_THE OSCJLWSCQELSCREEN._ ' 
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FIG. 42. SINGLE RING 5' SVOR DRL~ MODUL'TOR - OUTPUT OF ONE P'IR OF RODS VS.
 

DRUM ROTATION.
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Figure 44. Measured and Design Current Amplitude Generated by 
Dru~ Modulator for Piv0 Times Square Wave VOR with ~o 

Cone of Confusion (NAFEC SX SVOR)co . I 
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FIG. 47. OSCILLOSCOPE PHOTO-MODULATED RF OUTPUT OF DRUM 
MODULATOR FOR NAFEC ·5X SVOR. 
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FIG. 50. CALCULATED AZIMUTH PATTERNS OF 
ELEVATIONS. 
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FIG. 51.	 MEASURED AND DESIGN CURRENTS IN LOOPS 
OF SINGLE RING 5X SVOR. 
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FIG. 52. SINGLE RING 5X SVOR RADIATION PATTERN. 
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FIG. 57.	 SINGLE RING 5X SVOR. MEASURED SCALLOPING 
WITH CONVENTIONAL AND MODIFIED RECEIVERS 
(ALBANY, OHIO, 6/70). 
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'FIG.' 61.'	 RADIATION PATTERNS: . 5X SVOR 
WITH NO CONE OF CONFUSION 
(COMPARE FIG. 5). 

30 HZ FROM	 4 LOOP ARRAY ALONE 

90 AND 150 HZ FROM RING ARRAY ALONE 

LOOP PLUS RING ARRAY SIGNALS' 
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FIG. 62. STATION ERROR - FIVE TIMES SQUARE WAVE VOR WITH 
NO CONE OF CONFUSION (OHIO U. 9/72). 
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Figure 65. 
Eight Mile Orbit. Five Times Square Wave VOR. (OHIO U. 1OIil). 

ConventioEul 51R3 Receiver 

SlR3 Receiver Modified for Zero Crossing Detection 
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Figure E7. Eight Mile	 Orbit. Five Times Squa::."c \\lave VOR. (OHIO U. 10/71). 

Conventional 511~3 Receiver 

SlR3 Receiver Modified for Zero Crossing Detection 
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Figure 68-. Eight Mile Orbit. Five Times Square Wave VOR. (OHIO U. 10/71). 

Conventional SlR3 Receiver 

51R3 Receiver Modified for Zero Crossing 0etcction 

Scale: 10 0 Chart Width 
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Figure 69. Eight Mile	 Orbit. Five Times Square Wave VOR. (OHIO U. 10/71). 

Conventional SlR3 Receiver 

51R3 ·Receiver Modified for Zero Crossing Detection 

Scale: 1 0 0 ell art Wid t h 
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17 i guru 70 •. Eight Mile	 Orbit. rive T.i.mc~; S({uarc Wave VUR. (OHIO U. 10/71).
 

Convcntio:1al 5 ll( 3 Receiver
 

51R3 Receiver Modified for Zero Crossing Detection
 

Scale: 10 0 Chart Width 
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Figure 71.. Eight Mile	 Orbit. Five Times Square Wave VOR. (OHIO U. 10/71). 

Conventional 51R3 Receiver 

SlR3 Receiver Modified for Zero Crossing Detection 

Scale: 10 0 Chart Width 
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Figure 72 .. Eight Nile	 Orbit. Five Times Square Wave VOR. (OHIO U. 10/71). 

Conventional 51R3 Receiver 

51R3 ,Receiver Modified for Zero Crossing Detection 

Scale: 10° Chart Width 
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Figure 73.. Eight ~lile Orbit. Five Times Square Wave VGi~. (OHIO U. 10/71). 

Conventional SlR3 Receivel" 

Scale: 

51R3 Receiver Modified for Zero C~ossing Detection 

10° Chart Width 

~ . 

() (~ :·t) 
f\l(..l J(!O·?~~O 

(.). 
.~' 

b 
• 

C':;':\,··!""iIC l:Ul\i! ~O .. S .~iJ~"'ORA I .0,," 
. ...•••.•. _. "','.'. ',' ".''1' .•..~' ..... 

o 
N 

~( 
¥~ 

-j' .. 
I t 

\ 

\, 
\ 

,~~ : 
te; 

C cr, 

'-~ 

c' 

, , 
I 

, II~ 
I

,I ~ . 

/60 

n't:"~·--:r ' ,... 

C';
crJ 

, .. 
(:.: 

U1 
m 

~.t..~ f"": j. ", II ....... 

<..... -:.( 



Fig u r e 74 • E i g h t ~1 i 1 e	 0 r bit .. F i veT i me s S qua r c Wa v e V0 R . (OHIO U.. 10/71).
 

Conventional Sli{3 Receiver
 

51R3 Receiver Modified for Zero Crossing Detection
 

Scale: 10° Chart Width 
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Eight Mile Orbit. Five Times Square Wave VOR. (OHIO U. 10/71). 

Scale: 

Conventional SlR3 Receiver 

51R3 Receiver Modified for Zero Crossing Detection 

10 0 Chart Width 
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Figure 76.	 CDr Current-Radial Flight Outbound on 090 0 (Ohio University 10/72) 
Altitude: 1500' above terrain 
Scale: Chart Width = 10°, Chart Length,S S.M. 
Receiver: 5lR3 Modified for Zero Crossing Detection 

Note: The two records shown were not made simUltaneously. They were 
traced on to this figure to contrast flyability of four loop and Square 
Wave VOR's. 
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Figure 77.- CDr Current - Radial Flight Outbound on 225° (Ohio University 10/72) 
Altitude: 1500' above Terrain 
Scale: Chart Width = 10°, Chart Length = 5 S.M. 
Receiver: 5lR3 Modified for Zero Crossing Detection 
Note: The two records shown were not made simultaneously. They were 
traced on to "this figure to contrast flyability of the four loop and 
Square Wave VOR's 
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FIG. 82.	 6 NM ORBITS. CONVENTIONAL RECEIVER. ONE ORBIT 
WITH FULL 5X SVOR. ONE ORBIT WITH 4 LOOP ARRAY 
ONLY. (NAFEC, Aug. 10, 1972). 
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FIG. 83.	 6 NM ORBITS. UNMODIFIED RECEIVER. ONE ORBIT 
WITH FULL 5X SVOR. ONE ORBIT WITH 4 LOOP ARRAY 
ONLY. (NAFEC, Aug. 10, 1972). 
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Figure 85. 13X SVOR - VARIABLE PHASE PATTERN VS. AZIMUTH AT SEVERAL 
ELEVATIONS. (ARRAY CONSISTS OF A 4 LOOP VOR CONCENTRIC 
WITH A RING ARRAY). ' 

RJNG DIAMETER = 3.70~ (33.2 FT. RT 110.5 MHZ) 
~ L~~P ANTENNA HEIGHT = 1/2~ 

\ RING ANTENNA HEIGHT~ = 1/2~ 
('J 
I.'J ... /'/ 

f y 
x: 

~ 
~ 

000 
2Qo 

:~ 
Q 

-4 

". 
(t' 

(!'to 

~, 4
i 

,\ \ 

\ \ \

\ '\ I 

I~/ 

~t, '" l! O~ 
+ '" 60 u 

<!) '~ 80 0 

t 
ELEVATION 

ANGLES 

Z 'ta:: 
w 
t-f.''' 
t- to".

:1
"'1 ...., I 

\ 
\J\ 

i 

,/~ 
i' 

I 

~~t 
..::I r 

~I 
o I
Z~, 

;~ I 

~r 
I 

::=:::eSe dC 

~ "\\ : 

'> \
' \ ......... 

\ 
~ 

! 
I 
I 

Nj
"JI 

••j~ 

J; 
! 

\, 

\ 
~ , 
\ '+JI ''-. 'I .....,,~ 

Q i , 
~ .f--....-.----,- ·~-i-----~~~-T_-,· ---~t~~·_---_T_· ; i--+ I I i 
'gO 150 165 . 180105 ., 120' ~l ~MUiH IN DEGREE'j 



FIG. 86. TWO RING 13X SVOR - VARIABLE PHASE PATTERN VS. AZIMUTH FOR SEVERAL ELEVATIONS.
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FIG. 87. TWO RING l3X SVOR - VARIABLE PHASE PATTERN VS. AZIMUTH FOR SEVERAL ELEVATIONS. 
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FIG. 88. TWO RING 13X SVOR - VARIABLE PHASE PATTERN VS. AZIMUTH FOR SEVERAL ELEVATIONS. 
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FIG. 89.	 4 LOOP PLUS RING 13X SVOR - VARIABLE PHASE PATTERN VS. AZIMUTH FOR 
SEVERAL ELEVATIONS. 
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FIG. 91. 4 LOOP PLUS RING 13X SVOR - VARIABLE PHASE PAITERN VS. AZIMU'tH FOR 
SEVERAL ELEVATIONS. 
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