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RESULTS OF THE WISCONSIN TEST FACILITY
PHASING ANOMALY INVESTIGATIONS

INTRODU CTION

The U, S, Navy ’s extremely low frequency (ELF) Wisconsin Tes t
Facility (WTF) is located in the Chequamegon National Forest in north-
central Wisconsin , about 8 km south of the village of Clam Lake. The
WTF consists of two 22.5 km quasi-orthogonal antennas (NS, Ew), with
the transmitting station at the midpoints of the antennas. Each antenna
is grounded at both ends. It should be noted that the antenna lines are
not straight; i.e., the general direction is 19°E of N for the NS
antenna and 109°E of N for the EW antenna. The WTF antenna array can
be steered to any particul ar di rection and its radiated powe r is approxi-
mately 1 W.

During August and September of 1971, pattern and steering measure-
ments’’2 were performed on the NS and EW antennas of the WTF . The
pattern measurements were made at 13 different locations 300 km distant
in eastern Minnesota and southern Wisconsin (covering approximately 1200
of arc); the farfield (1.7 Mm) steering measurements were made in Mars
IH ill , Maine , and Swansboro, North Carolina. It was learned from the
I pattern and steering measurements that the EW antenna pattern is
skewed clockwise , and the NS antenna pattern is skewed counterclockwise.
The electrical axis of the WTF EW antenna is 118°E of N at 45 Hz and
1l4°E of N at 75 Hz; the electrical axis of the WTF NS antenna is il°E
of N at 45 Hz and 14°E of N at 75 Hz. 1 ’2

From 1971 until about March 1974 , the WTF performed as predicted
when different phasings were employed . However, after that time , many
phasing anomalies were observed. In this report we will discuss these
anomalies and introduce a new WTF pattern fac tor that quantitatively
explains them. .

1 
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OLD WTF PATTERN FACTOR

From figure 1 we see that the steered pattern factor F(~) for theH component, produced by an unorthogonal array composed of two hori-
z~nta1 electric-transmitting antennas, may be exp ressed as’’2

F(4) = A cos ~ + B cos(~ - 0) exp (j~p) , ( 1 )

where

p is the azimuth angle wi th  respect to the NS antenna ,

(
~ -C) is the azimuth angle with respect to the ~W antenna ,

is the electrical  angle bctween the NS and EW antennas ,

4) is the phasing angle between the antennas (~p is set up at the
transmitting station)

A is the maximum f ield strength produce d by the Nh antenna , and

B is the maximu m f ie ld strength produced by th e EW antenna.

Note that 1 ’2

I
A INSLNS I°eEW \

2
1= 1 L- EW EW \ eNS /

where ce is the effective earth conductivity beneath the transmitting
antenna. Thus , when both an tennas are of equa l len gth and current ,

B

At 75 Hz A/B = 1.20 and 0 = 1000, while at 45 lIz , A/B = 1.30 and
e = 1070.1 ,2,~

The magnitude of F(4) may be written as

F(c~)I = [A2 cos 2 ~ + 2AB cos 4~ 
cos(~ - 0)cos ~

+ B2 cos 2(~ - 0 ) 1 2  . 
(4)

2
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~
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A

41

(41-9) B

RECEIVING
LOCATION

Fi gure 1. Un o rthogonal Array Diagr~in of Two Hori zontal
Electric Transmitting Antennas

If A = B = I and q = 180° - 0, then F(~) = sin 0. For this case ,
F(~ ) is independent of ~ and an omnidirectional pattern with a normal-
ized amplitude of sin u is realized.

If the WTF EW antenna is ..tsed as the reference for defining the WTF
antenna pattern factor , equation (4) becomes

= + 
2 cos $ cos (~ - G)cos i$ ~ cos 2(~ - 0)1½

B B (~ (A/ B) (A/B)2 .i ( )

Re ferring to equation (5) , we see that the maximum field strength
produced at any s ing le location is realized when 

~
p = 0 or 180°.

Furthermore , since cos ~4) = cos (360° - ~
p), the field strengths received

at 60° and 300° phasing should be identical .

When (~ - 8) “.. i~/2 or 3~/2 (i.e., Tromso , Norway , at 75 Hz)

I~ 1 ~~~~cos , (6)

- ~~~~~~~~~~~~~~~~~~~~ - .

~~~~~~~~~

~.
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and, when • ‘~. it/2 or 3n/2 (i.e., New London, Connecticut , at 75 Hz)

“ cos (~ - 8) . (7)

Thus, at 75 Hz the field strengths received in both New London and
Troms~i should be independent of the WTF phasing angle ~P.

NEW 70 TO 80 HZ WTF PATTERN FACTOR

A history of the various I~FF phas ing tests and observed an omal ies
is given in appendix A. The most important anomalies observed to date
are

1. ~p0 phasing does not equal (3600 - ~pO) phasing, contrary to the
normal behav ior of crossed dipol es.

2. The maximum field strength produced at any single receiving
location is not when ~p = 00 or 1800.

3. The H~ field strengths received in New London (which is broad-
side to the WT1~ NS antenna) and in Troms~ (which is broadside to the
WTF EW antenna) are no longer independent of ~4) at 75 Hz.

4. The WTF antenna phasing shift appears to be -20° to -30°
(i.e.6 when the antennas are set up at 600 phasing, the actua l phasing
is 30 to 400).

5. The WTF effective dipole moment does not appear to be constant
wi th phas ing angle 

~4
). At 75 Hz, the NS antenna effective dipole moment

appears to vary as [1 + 0.12 sin(~p - 20°)], whereas the EW antenna
effective dipole moment appears to vary as [1 - 0.12 sin(i4) - 200)].

6. The WTF antenna phasing shift appears to be a function of
receiver location (i.e., az imuth angle) .

Many of the observed phasing anomalies appear to be contradictory .
Howeve r, they can be explained quantitatively by a simple modi fication
to the old WTF pattern factor (equation (5)).

Based on a combination of nearfield and farfield measurements (see
appendixes A and B) , we have determined empiri cally that, in the 70 to
80 Hz band, the new WTF pattern fac tor for the H~ component is of the
form

4



~ -. ---~~--‘—- -~~,--‘ -—-.---- - -

TR 5719

(~p - 200)F(~) “... k1 A cos $ + k2 B cos (~ - O)e , (8)

where

k1 = 1 + 0.12 sin (i4) - 20°),

k2 = 1 - 0.12 sin(ij - 200),

A/B = 1.20, and

8 = 1000.

Note that the new pattern factor at 200 and 200° is identical to the
old pattern factor at 00 and 180°.

The magnitude of F(+) may be written as

IF($)I ~ cos2 ~ + 2ABk 1k2 cos ~ cos(~ - 8) cos(4 - 200)
(9)

+ k~8
2 cos (

~ - 0)] ½

If the ~FF EW antenna is used as the reference for defining the new WTFantenna pattern factor, equation (9) becomes

F(4) A l 2 2 2k 1k2 cos ~ cos(4 - 0) cos(i4) - 200)
~ COS ~ + (A/B)

(10)
2 2k2 cos (~ - 0)11

+ -

(A/B) 2

Referring to equat ion (10) , we see that the max imum field streng th
produced at any single location is not realized when ~4) = 0° or 1800.
Furthermore, the field strengths received at 60° and 300° phas ing wi ll
not be identical.

When (~ 
- 0) ‘~‘ ~t/2 or 3i~/2 (i.e., Tromsö),

~ k1 cos $ 11 + 0.12 sin(qi - 20°)1 ~ cos $ , (11)

and , when $ ‘~v rT/2 or 3ir/2 ~.i.e., New Lond on) ,

~ k2 cos($ — 0) = [1 — 0.12 sin(~p — 20°) ] cos($ - 0) . (12)

5

~~~~~~~~~~~~~~~~~~ 3
~ ~~~~~~~~~~ ~~ % ~~~~~~~~~~~~ - — __________ A
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Thus , in the 70 to 80 Hz band , the field strengths received in both New
London and Tromso are not independent of the WTF phasing angle ~~~ .

It can be shown that, under some conditions , the new WTF pa ttern
factor is approximately equivalent to

F($) “. A cos $ + B cos($ — 0)e~~~ 
- 

~~~~ (13)

where

‘
~~ f~A

2 cos 2 ~ 2AB cos ~ cos (~ - 8) cos (~4) - A)

1 
(14)

+ B2 cos2(~p - 8)11

and A is a function of receive r location (i.e., azimuth angle). Tii~it is ,
the new equivalent WTF pattern factor (equation (13)) is very simi lar
to the old WTF pattern factor (equation (1)), except that (~~i - A)° is
subst i tu ted  for -~~~~ at each receiv ing si te. -

Equating equations (9) and (14) and solving for A results in

-l (k~ - l) (A/B)cos $ (k~ - l)cos($ - 0)
A ~ 1100 - COS 

f~~~2 cos($ 
- 0) 

+ — 
2(A/B)cos $ } . (15)

This equation will ~iot be valid for $ or ($ - 0) between niT/2 - 100

and nir/2 + 10° (n odd).

In fi gure 2 , A is plo tted vers us ~ and ~ - 0, and we see that for
Stuiupneck , Maryland ($ “. 107°), A ~ 35°, while for Casco (~ 

770) ,

~ 
,\, 00.

The new WTF pattern factor (equation (10)) quantitativel y expla ins
mos t of the obse rved phasin g anomalies; that is,

1. it shows that 
~
p° ph asing does not equal (360° - ~0) phas ing;

2. it shows that the maximum field strength produ ced at any sin g le
rece ivin g location is not realized when i4) = 00 or 1800;

3. it shows that the }-1~ field strengths received in New London andTroms~ are no longer independent of ~p ;

4. it accounts for a -20° phase sh i ft ;

5. it accounts for a change in effective dipole moment of both
WTF antenna s ; and

6 
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6. it shows that the phase shift observed can be a function of
receiver location .

COMPARISON OF MEASURE D AND PREDICTE D WTF PATTE RN FACTORS

During August 1976, we performed a farfield veri fication of the new
WTF pattern fa ctor at si tes in New London and Casco . Measurements were
taken at approxim atel y every 3Q0 phas ing , as well as on the individual
WTF antennas .

The Naval Underwater Systems Center (NUSC) results are presented
in tables 1 and 2 and in figures 3 and 4. From these figures, we see
that the new WTF pattern factor is in excellent agreement with the meas-
ured data.

Table 1. August 1976 New London, Connec ticut, 72 Hz Phas ing Results

Phas ing Angle H th
(deg) (dBA/zn) (dB)

O -143.9 +0.4

21 -144.3 0.0

60 -145.0 -0.7

• 90 -145.4 -1.1

110 -145.4 -1.1

120 -145.8 -1.5

180 -145.1 -0.8

207 -144.6 -0.3

240 -143.8 +0.5
a

270 -143.7 +0.6

300 -143.6 +0.7

330 -143.6 +0.7

*Reference H$ = -144.3 dBA/m.

8
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Table 2. August 1976 Casco , Maine , 72 Hz Phasing Resul ts

Phasing Angle H~
(deg) (dBA/m) (dB)

0 -142.8 +1.55

21 -143.0 +1.35

60 -143.7 +0.65

90 -144.7 -0.35

120 -146.1 -1.75

150 -147.6 -3.25

180 -148.4 -4.05

200 -148.0 -3.65

222 —146.9 -2.55

240 -145.7 -1.35

270 -144.5 -0.15

300 -143.4 +0.95

330 -143.1 +1.25

EW -145.0 -0.65

NS -156.0 -11.65

*Reference H
$ 

= -144.35 dBA/m.

The Naval Research Laboratory (NRL) also measured WTF field
strengths during August 1976 in Stumpneck and Troms& Their results4
are presented in figures 5 and 6. The average values of the 1975
Stumpneck measurements also are included. The solid-line curve in each
figure is cal culatea from the old WTF pattern factor (equa tion (5) ) ,
while the dashed-line curve is calculated from the i~e~ WTF patte rn factor
(equation (10)). From these figures , we see that equation (10) also is
an excellent approximation to the pattern factors for Troms~ and
Stumpneck . There is much more scatter in the Troms~ data, but this is
to be expe cted since the sig~a1-to-noise ratio (~NR) i s lower there.

9
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Presented in figures 7 and 8 are the average values of the 1975
Swansboro, North Carolina, and Thule , Greenland, measurements. The
solid-l ine curve in each figure is calculated from equation (5), wh i le
the dashed-line curve is calculated from the new WTF pattern factor
(equation (10)). Here, again, we see that the new WTF pattern factor is
in good agreement with the measured data.

TYPICAL PATTERNS

Various values of the 70 to 80 Hz band F(4)/8 (calculated from
equation (10), with B unity = 0 dB) are plotted in figures 9, 10, and
11 versus the receiving location bearing ~ (with respect to true north).
Note that $, the azimuth angle with respect to the NS antenna, is equal
to ~ - 14°, while ($ - ~) ,  the azimuth angle with respec t to the EW
antenna, is equal to ~ - 1140. C

In figure 9, phasings of 200, 110°, 200°, and 2900 are considered.
The outer envelope of the pattern represents the best predicted steering
possible for a given bearing angle ~ (±0.1 dB). From this figure, we
see that for 32° < < 98°, ip = 20° phasing is the optimum , whereas if
1100 < < 195°, i4) = 2000 phasing produces the maximum field strength .

Presented in figure 10 are plots of the 600 and 3000 WTF pattern
factors. Here we see that 3000 phasing yields an omnidirectional pattern
(i.e., F($)/B = 0.60 ±0.25 dB at all bearings), and that 600 phas ing
does not equal 300° phasing except at the Lx ~~ 0° bearings (40 , g~~0
184°, and 2700). Also , for Thule , Troms~ , and Pis a, Italy, 600 phasing
produces the higher field strengths , while for New London, Stumpneck ,
and Swansboro 3000 phasing produces the higher field strengths .

As a further example that i4)~ phasing does not equal 360 - i4)~ phasing,
conside r the 300 and 3300 WTF pattern factors (figure 11) .  He re we see
that at Charleston , South Carol ina , 330° phas ing yields %1O dB greater
field strengths than does 300 phasing. Again , the only locations where
the 300 and 330° phas ings are equal are at bearings of 4° , 900 , 184°,
and 2700 (i.e., where Lx “-‘ 0).

As previously noted , the new WTF pattern factor at 200 and 2000 is
identical to the old WTF pattern factor at 00 and 1800. Referring to
equation (10) ,  one would assume that the new WTF pattern factor would
produce an omnidirectional pattern at either 1100 or 2900. Uowever ,
this is not the case (see figures 9 and 10).

14
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For the pattern to be omnidirectional ,

F(~) = C 1 cos ~ + C1 sin ~ ~~~~~ , (16)

where n is odd and F(~)~ = C1.

Separating equation (8) into its real and imaginary parts yields

C1 ~~ k1A + k28 cos (i4) - 20°)[cos 0 + sin 0 tan 
~

] , (17)

and

C2 k2B sin(ip - 20°) [sin 0 + cos 0 cot 4] . (18)

By equating equations (17) and (18), we can solve for k 1/k2 as a
function of 4 and t4). By plotting these results and comparing them with
our empirical value of k1 /k2 [i.e., k1 “v 1 + 0.12 sin(i4) - 200) and

‘
~~ 1 - 0.12 sin(ip - 20°)], we can determine the phasing at which the

pattern will be omnidirectional.

For A/B = 1.2, 0 = 100°, and 4 = 45° and 225°,

0.676 sin(ip - 20°) - cos(ip - 20°)I , (19)

while for 4 = 135° and 315°,

0.965 sin(ip - 20°) + cos(4 - 20°) I  - (20)

Equations (19) and (20) are plotted versus ip in figure 12, along
with our empirically determined value of k1/k2. Note that the onl~phasing where all three functions of k 1/k2 are equal is at i4) = 300
Therefore , the pattern must be omnidirectional at this phasing . Refer-
ring to figure 10, we see that this is the case.

20
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NEW 40 TO 50 HZ BAND WTF PATTERN FACTOR

Based ona combination of very limited nearfie1d and farfield
measurements (see appendixes A and B), we have determined empirically
that, in the 40 to 50 Hz band , the new WTF pattern factor for the H4component is of the form

F(4) “~ k1A cos 4 + k2B cos(4 - 0)e~~~ 
- T) 

, (2 1)

where

k1 = 1 + X 1 sin (iji -

k2 = 1 — X2 sin(i4) —

= 20° to 300,

X 1 “-‘ “-‘ 0.10 to 0.15,

A/B = 1.30, and

e = 107°.

Note that the new pattern factor at -r0 and (180 + T)0 is iden tical
to the old pattern factor at 00 and 1800.

The magnitude of F(4) may be written as

I F( 4 ) I ~ [k~A
2 cos 2 4 + 2ABk 1k2 cos 4 cos(4 - 0) cos(i4) - r)

(22)
k~B

2 cos2(4 - O)]½ -

If the WTF EW antenna is used as the reference for defining the new
WTF pattern factor, equation (22) becomes

‘
~~ 
Mk

2 cos 2 + 
2k1k2 cos 4 cos(4 - 0) cos(i4) - r)

B B! 1 (A/B)
(23)

+ 
k~ cos 2~0 - 0)1 ½ 

-

(A/B) 2 J
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Referr ing to equation (23) , we see that the maximum field strength
produced at any single location is not realized when ‘4) 00 or 1800.
Furthermore, the field strengths received at 60° and 3000 phasing w i l l
not be identical.

— 
. When (4 - 0) ‘i~ ir/2 or 3ir/2,

‘-~ cos 4 = [1 + X 1 sin(~ - ~r)](~
) 

cos 
~ ; (24)

and when 4 ‘~~ IT/2 or 3ir/2 ,

‘
~~ k2 cos(4 - 0) = [1 - X2 sin(4 - t)}- cos(~ - 

~i)  . (25)

Thus , in the 40 to 50 lIz ban d, the field strengths received at
azimuth angl es of i12 or 3i’]2 are not indep~~dent of the W’I’F phasing
angle i4).

The 45° and 3150 phasing WTF pattern factors are presented in
figure 13, while a comparison of the Stumpneck and Tromso measured and
predicted WTF pattern factors is presented in figures 14 and 15 . For
all three of these figu res, -r = 30°, k 1 = 1 + 0.15 sin(,p - 30°), and
k 2 = 1 - 0.15 sin(4 - 3Ø0) .

From figure 13, we see that 3150 phasing yields an omnidire ctional
pattern (i.e., F(4)/B = 0.7 ± 0.2 dB at all bearings) and that 450
ph~sing does not e~ua1 315° phasing except at the Lx = 00 bearings (0°,
80 , 180°, and 260 ) .  At Sw ansboro , 315° phasing yields ~ l3 dB greater
field strengths than does 45° phasing, while at Troms~~, 450 phasing
produces 2 dB higher field strengths than 315° phasing.

The measured data presented in figures 14 and 15 were taken by NRL
in 1974 and 1975 during nighttime propagation conditions. 5 Field
strengths we re meas ured at some phasings (00 and 1800) during many
nights; also, field strengths at other phasings (600 and 300°) were
measure d during only 2 to 4 ni ghts. Since ELF nighttime propagation is
much more vari able than daytime propagation ,6 the average measured data
at each phasing presented in figures 14 and 15 should be interpreted
with caution .

The solid-line curve in figures 14 and 15 is calculated from the
old WTF pattern factor (equation (5)), and the dashed-line curve is
calculated from the new WTF pattern factor (equation (23)). From these
figures , we see that equation (23) is a good approximation of the
Stu~npneck and T roms~ measu red pattern factors .

23
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0 MEASURED DATA

— OLD WTF PATTERN FACTOR

NEW WTF PATT ERN FACTOR
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‘~‘ (deg)

Fi gure 14. 42 Hz Comparison of Meas ured N ig1ittime
Data ~ith IITF Pattern Factors for Stumpneck ,

~-lary land (0 dEl = -147.8 dBA/m , Lx ‘
~~ 45°)

0 MEASURED DATA

OLD WTF PATTERN FA CTOR
NEW WTF PATTERN FACTOR

4 .
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Figure 15. 42 Hz Comparison of Measured Ni ghttime
Data Wi th WTF Pattern Factors f~r T rom~o, Non~ay

(0 d~ = -159.5 dBA/m , Lx “~
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DISCUSSION

A prime candidate for the cause of the observed WTF phasing anoma-
lies is WTF antenna mutual coupling effects. For two antennas in an
array ,

= Z1~ + -
~~ Z~ , (26)

and

Z2 = + r Z , (27)

where

Z11 = self-impedance of antenna 1 (NS) ,

= self-impedance of antenna 2 (EW) ,

Z 1 = terminal impedance of antenna 1,

Z2 = terminal impedance of antenna 2 ,

Zm = mutual impedance between the two antennas, and

r = 11/12 = (complex) current in antenna 1 divided by the (complex)
current in antenna 2.

We wi l l  now let

Ii = ;.~. = f1 (9) ~ kie
ja 

, (28)

and

12 = 
~~

-
~~
- = f2(9) ~ k2e~

8 
, (29)

where

k1 “~ 1 + 0.12 sin(9 - 20°),

k2 ~~ 1 - 0.12 sin(9 - 20°), and

V1 and V2, respectively , are the terminal voltages of antennas 1
and 2.

26
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Thus, the WTF pattern factor may be exp ressed as

F(4) “~ k 1 A cos 4 eJa + k2 B cos(4 - 0)e~
0
e~
9 

. (30)

The magnitude of F(4) may be written as

~ I k 1A cOs 0 + k2~ cos( 4 - 0)e~~~ 
- -

(31)

~ [k~~~
2 cos

2 
4 + 2k 1k2AB cos 4 cos(4 - 0) cos(9 - (a - 0) )

+ k~ B
2 

cos ($ - 0 ) J 2

If A - = 400, e~ uation (31) reduces to equation (9). Therefore ,
it appears that the WTF phasing anomalies are caused by mutua l coup ling
effcct~ (due to parasitics or circuit set up). It is interesting to
note th; t rio V.’TF phase anomalies were observe d until about a year after
the WTF NS buried antenna was installed.

CONCLUS IONS

Based upon a combination of nearfield and farfield measurements , a
new empirical WTF pattern factor has been dete rmined that quantitatively
exp lains those WTF phasing anomalies that have been observed since 1974.
Among the anomalies exp lained are

1. 9
0 phasing does not equal (360 - 9) 0 phasing, contrary to the

normal behavior of crossed dipoles;

2. the maximum field strength at any single zeceivirkg location is
not when 9 0 or 180°;

3. the 70 to ElO 1-li 1-14 field strengths rece ived in New London
(which is broadside to the Wit- NS antenna) and Tromso (which is broad-
side to the WTF EW antenna) are no longer independent of the phasing
angle 9;

4. the WTF an tenna phasing snift appears to be -20° to -30°;

5. the W1’F antenna effective dipole moment does not appear to be
independent of 9; and

27 
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6. the WTF antenna phasing shift appears to be a fumction of
receiving location (i.e., azimuth angle) .

It appears that the WTF phasing anomalies are caused by WTF antenna
mutual coup ling effects (due to parasitics or circuit set up).

28
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Appendix A

HISTORY OF WTF PHASING TESTS AND ANOMAL iES

1. August 1971, Naval Underwater Systems Center (NUSC) 300 km
Pattern Test. Wisconsin Test Facility (WTF) NS and EI~ antennas were
exc ited separ ate ly at 45 and 75 Hz.

2. September 3, 1971, NUSC 300 km Phasing Test. 45 and 75 lIz
field strengths were measured at two sites with antenna phasings of 00 ,

90°, 180°, and 270°.

3. September 20 to 24, 1971, NUSC 1.7 Mm Phasing Test. 45 and
75 Hz field strengths were measured at two farfield sites with antenna
phasings of 0° 600

, 80 0
, 120 °, and 1800.

4. October/November 1971, Joint NUSC/MITLL (Massachusetts institute
of Technology, Lincoln Laboratories) Farfield Propagation Tests. Field
strengths were measured at 41 to 49 and 71 to 79 lIz , with a IcTF antenna
phasing of 60°.

5. May 1972, Joint NUSC/MITLL Farfield Propagation Tests. Field
strengths were measured at 41 to 49 and 71 to 79 Hz , with a IVTF antenna
phas ing  of 120°.

6. Augus t 197, NIJSC 50 I~m WTF Effective Conductivity Measurements.
Each WTF antenna was excited separate ly at 45 and 75 Hz. Results for
A/B (ratio of NS to EW antenna effective dipole moment) and pattern of
individual antennas we re identical to the August/September 1971 pattern
and phasing test results.

7. March /Apri l 1973, NUSC 50 km 76 Hz Comparison of Buried and
Elevated WTF NS Antennas. Results were identical to the August 1972
results.

8. July 1973, NUSC 50 km Measurements. Results were also i dentical
to the previous results .

9. 1972 to 1974, NUSC 42 and 76 Hz Measurements in Connecticut at
0° and 18b° phasing . Only one apparent phasing anomaly was observed
(see item 12).

10. Summer and fall 1974) NUSC Conductivity Measurements in the
Wes tern States Using the WTF as the Source (0° Phasing). No phasing
anomalies were observed.
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11. March 13 to 17, 1974, First Phasing Anomaly Observed. The 42
Hz 60° field strengths measured in Maryland (by NRL) were “~8 dO lowe r
than predicted. Simultaneous measurements in Connecticut (NUSC) and
Norway (NRL) indicated little change in field strength . However , it was
later learned that the real-time integrator in Maryland was imp roperly
adjusted and that the observed discrepancy was only about 4 dB.

12. July/August/September 1974, NIJSC 76 Hz 00 Phasing Measurements
in Connecticut. These measurements were “.4 dB higher than at 180°
phasing (the expected difference is 0.1 dB).

13. November 5 to 6, 1974, NRL 60° Phasing Measurements in Maryland.
These measurements were “.4 dB lower than expected , while the 300~ phasing
measurements were “.4 dB higher than expected.

14. December 1974, NRL 300° Phas ing Measurements in Norway . These
measure ments were “.3 dB low er than predicted (as well as pre vious ly
measured) values. Since the Norway site is directly broads ide to the
WTF EW antenna, the received field strength should be independen t of
phasing angle 9 (i.e., on ly the WTF NS antenna is received) .

15. January 1975, NRL 1800 Phasing Measurements in Norw~y. These
measurements were the same as previously observed.

16. February 11 to 13, 1975, NRL 60° Phasing Measurements in
Maryland. These measurements were “.4 5 dB lower than expected , while
the 300° phasing measurements were “.4.5 dB hi gher than expected (i.e.,
these measurements are consistent with the November 5 to 6, 1974
results). In Greenland , the 0° phasing results were about as expected ,
while t;ie 60° and 300~ phasing resul ts  we re lower than expected (by “.3
and 7 dB , respectively) .

17. March_ 1975 , NRL 42 Hz 0° Phasin~g Measurements in Greenlan d,
Norw ay, and ltalj. These measurements were 1 to 3 dB lower than
predi cted.

18. M !~j975~~
Simultaneous 76 Hz NUSC/NRL Measurements in North

Carolina, Ma1~1and, and Greenland.  These measurements indicated that
300° does not equal 60 and l2O~~does not equal 240° phasing. In North
Carolina , the May 1975 60° field strengths were “.3 dB lower than that
measured in September 1971 , while the 120° field strengths were “.1 dB
lower. The May 1975 300° field strengths were approximate ly the same
as the September 1971 80° f i e ld  s t rengths.

19. July/August 1975, NRL 76 Hz 0° Phasing Measurements in Green-
l and, Norway, and Italy. These measurements were approximatel y 2 dB
lowe r than pred icted , while the Connecticut (NUSC) measurements were the
same as previously measured. Also , NRL NS antenna measurements at the
same sites were lower than predi cted.
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20. July/August 1975, NUSC 76 Hz 50 km Measurements. The sing le
antenna measurements (at a few selected sites) were identical (in both
effe ctive dipole moment and pattern) to previous NUSC measurements . At
all the 35 sites measured , 0° phasing was not 0° (i.e . , if the phasing
were really 0°, a null shoul d be observed at some receiving angle;
however, no null was observed at any site). At all the 35 sites , 0°
phas ing looked more like -20° phasing. Also , during this period , 60°
and 300° phasings were measured at 18 sites . The 60° and 300 ° field
strengths were not identical at any of the 18 sites.

21. September 15 to 19, 1975, NUSC 76 Liz Daytime Connecticut
Measurements at 60° and 300° Phasi.~~~~ These measurements were not the
s ame (the 300° field strengths were “.1.6 dB hi gher). Since the L’.TF LW
antenna is the only (±0.1 dB) contributor to the Connecticut field
strength in the Fl4 direction (i.e. , the Connecticut site is practicall y
broadside to the WTF NS antenna), the dipole moment of the LW antenna
must have been increased at 300° phasing and decreased at 60° phasing.
Also , during this time , the 300° phasing field strengths were “.4.5 dB
higher than the 60° phasing field strengths in Maryland and about the
sane in Greenland.

22. September/October/November 1975, the Connecticut Ni ghttime
Field Strengths Measured in September (3000 Phasing) . These measure-
ments were ‘.1 dB hi gher than those measured in Octobe r and November
(0° phasing).

23. October/November 1975, The 0° Field Strengths Measured in
Greenland and Norway . These measurements were “.2 dB lower than pre- •1

di cted, while the measurements in Connecticut , “larv i and , and Ital y were
the same or higher.

24. March/April 1976, The 0° Field Strengths Measured in Greenland,
Norway, and Italy. These measurements were “.2 dB lower than predicted.

25. October 1975, NUSC 42 and 76 Hz Measurements at Three Sites
(“.50 km) at 15 Different Phasings. Four di fferent interpretations of
these measurements resul ted in the sane conclusions : ( 1) the WTF antenna
phasing shift is -20° to -30° (i.e., when the antennas are set up at 60 0

phasing, the actual phasing is 30° to 40°) ; (2) the effect ive ~TF d ipo le
moment is not constant with phasing angle; and (3) the WTL: antenna
phasing shift appears to be a function of azimuth ang le . At one of
these sites , a rela ti ve phase measurement (with respect to a stable
source) was made . It showed that the NS antenna lagged the Lh antenna
by “..25°.

26. .July and October 1975, Measurements at the WiT Transmitting
Station by Illino is Institute of Technology Research In stitute (TITRI)
and NUSC of the Antenna Current Magnitude and Relative ‘hase Between
Antennas. No phasing anomalies were noted.

~~~~~~~~~~~~~~~~~~~~~ 
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27. August 1976, Farfield Verification Test of the New WTF Pattern
Factor. Measurements were taken by NLJ~C in Connecticut and Maine and byNRL in Maryland and Norway at approximately every 30° phasing , as well as
on the individual WTF antennas. The new WTF pattern factor was in
excellent agreement with the measured data.

A- 4
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Appendi x B

SUMMARY OF NEARFIELD MEASURLiMENTS

During Jul y/August 1975 , we made 76 lIz me asurements at about
thirty-five 50 km sites . The single antenna (i.e., NS or LW) measure-
ments (at a few selected sites) were identical (in both effective dipole
moment and pattern) to our previous measurements.  At a l l  35 s i tes
measure d , 0° phasing was not 0°. That is , if the phasing we re reall y
0°, a nul l  should be observed at some receiv in g angle. No nul l was
observed at any s i t e .  The 0° phasing looked more like -20° phasing at all
35 sites. Also , during this period , 60° and 300° phasings were meas-
ured at 18 sites. The 60° and 300° field strengths were not i dentical
at any of the 18 sites .

In October 1975, we made 42 and 76 Hz measurements at three sites for
15 different Wisconsin Test Facility (WTF) phasing angles (see figure
B-l). The sites were Mile 403, at Barnes , and at Ashland and Seeley,
all in Wisconsin. Four different interpretations of these measurements
resulted in the same conclusions :

1. 9° phasing does not equal 360° - 9° phas ing;

2. the WTF antenna phasing shift appears to be -20° to -30°;

3. the effective WTF dipole moment is not constant with phasing
angle; and

4. the WTF phasing shift appears to be a function of azimuth ang le.

At one of the sites (Mile 403), a relative phase measurement (with
respect to a s tab le  source) was made . I t  showe d that the NS an tenna
lagged the EW antenna by approximatel y 25 ° .

For a part i cular receiving site , the total hori zontal magnetic field
— strength produced by each WTF an tenn a (when ener gized separatel y) will

have a maximum value at some angle with respect to true north. Re ferring
to figure B-2 , we see that when the WTF antennas are operated at a part i-
cu la r  phasing, the recei ved field strength (lI e) as a function of the
receiving orientation with respect to true north (e) may he expressed as

H0 = a cos(~ - a) + b cos( 0 - O)e~
9 

= CNS 
+ C[~e

3
~ . (B-i)

B- 1
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N

Figure B-2. Diagram Emp loyed for Calcul ation
of Received Field Strength as a Functi on

of Receiving Antenna Orientation

The magnitude of 11 0 is

1H 01 = [c~5 + c
~w 

+ 2CNSCEW COS 912 (B 2)

and the angle at which the received field strength is maximum (t max ) is

0 = ½ tan~~ 
a2 sin 2ct + b2 sin 28 + 2ab cos 9 sin(cz + ~ (B- 3)max a2 cos 2c& + bz cos 28 + 2ab cos 9 cos (a +

When 0 - 8 = ±n~/2 (n odd )

H0 = a c o s (0~~~C1) , (B-4)

and when 0 - a = ±nr/2 (n odd )

H
0 = b cos(8 - 8) . (B-5)

That is , when 0 - 8 = ±ntt/2 , there will be no contribution from the
WTF EW antenna. Likewise , when 0 - a = ±ni’./2, there will be no contri-
bution from the WTF NS antenna. At these two receiving angles , the
received field strengths will not depend upon the WTF antenna phasing
if the WTF effective dipole moment is constant with phasing ang le.

B-S

____ A



TR 5719

At both frequencies and at all three sites , the II~ field strengths
at the receiving angles of 0 - a and 0 - 8 were not constant at different
WTF antenna phasings. This can be inte rpreted only as a change in the
WTF antenna effective dipole moment with phasing. The NS antenna effec-
tive dipole moment varied as k 1 , and the LW antenna effective dipo le
moment varied as k2.

The 76 Hz (three sites) average measured values of Ici, k,, and k1/k2 are
plotted in figure B -3v ersu s  9. Alsoplotted are the three site average
values of A9 versus 9. The value of 

~9 is the di fference between theWTF antenna phasing set up at the transmitter and the apparent phasing
determined from the individual H0 vers us 0 plots (employ ing equation
(B-2), with 9 replaced by 9 + L~9). From figure B-3 , we see that the
ave rage 

~9 is 
“. - 20°.

Also plotted in figure B— 3 are the 76 Hz values of k1, k2, and
k 1/k2 that were derived empirically from a combination of nearfield and
farf ie ld  me asurements [ i .e . , k 1 “. 1 + 0.12 s in (9  - 20°) an d k 2 ‘v 1 -

0.12 sin(9 - 20°)]. From these curves , we see that the k 2 emp irical 
—

formula is in excellent agreement with the average measured nearfield
values, while the k 1 and k 1/k2 empirical formulas are in fa ir ly  good
agreement with the average measured nearfield values. However , it
should be remembered that the nearfield averages were determined from
data taken at only three sites.

A comparison of the measured and predi cted values of the 76 H:
H component as a function of 9 is presented in figures B-4 and B-S.
Ti~~

”so1id-1ine curve in each figure is calcul ated (from equations (B-2)
and (8-3) under the assumption that k1 = k2 = 1 (i.e., no WTF effective
dipole moment change) . The dotted-line curve is calculated from equa-
tions (B-2) and (8-3) , with “a” replaced by k1a , “b” repl aced by k2b ,
and 9 replaced by 9 - 20°, using the empirically determined values of
k1 and k2.

From these figures , we see that at all three s ites the cal culated
values (employing the empirical l y determined values of k 1 and k2) of
H are in ex cellent agreement with the H measured values .max max

The 42 Hz nearfield measurements were somewhat confusing in that
some interpretations indicated a -20° to -25° WTF phasing shift ; other
interpretations yielded a WTF phasing shift of -25° to -30°. Based
upon the very limited measurements taken to date , it appears that

k 1 ‘v 1 + X 1 sin (9 — -r) ,

k2 ” . l - X 2 si n(9 - T)

r = 2 0 ° to 30° , and
x l “. x2 “. 0.10 to 0,15

B- 4
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