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* - For communications that will survive the ionospheric

disturbances caused by nuclear explosions and natural
phenomena such as Polar Cap Absorption events (PCA's), the
Air Force is developing systems us.ng Low Frequencies (LF)
and Very Low Frequencies (VLF) because those waves propagate
better than most fr-quencies under disturbed ionospheres.

Long Range propagation of radio waves Figure 1 takes -
place by what amounts to a series of reflections in a wave-
guide formed y the ear Lh and the ionosphere. Some energy
is lost on each reflection, particularly in Arctic regions
and when the ionosphere has been disturbed. To minimize
these losses and obtain better propagation efficiency, AFCRL
has been investigatin. the use of the Transverse Electric
(TE) polarization instead of the Transverse Magnetic (TM)
polarization conventionally used in LF/VLF communications
systems.

The TM waves shown on the left in Figure 2 are radiated
from vertical ground based antennas. These waves are
strongest near the surface of the earth but become weakf r
with altitude. TE waves are radiated from horizontal arttennas
and these waves are strongest at high nltitudes, but much
weaker near the ground.

Very little work has been done with TE waves, even though
calculations show that these waves propagate with less attenua-
tion, especially in Arctic regions where it was found that over
Greenland ice, he reflectivity of TE waves is 700 percent better
than TM waves, and for a normal daytime ionosphere, it is forty
percent better. Under severely disturbed ionosphere conditions,
the reflectivity can be twice as good for TE.

Background noise at LF and VLF comes primarily from
lightning strokes occurring nearby and from distances of manyI
thousands of miles. Since lightning may be a discharge between
a cloud and the ground (TM) or from a cloud to another cloud (TE),
then the total noise ]r:ls of each, if compared, might not
necessarily be the same.

Electrcmagnetic boundary conditions on the ground make TE
waves difficult to excite and difficul.t to receive unless both
terminals are airborne. However, the Air Force has cXperiicnral
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aircraft equipped with ARC-96
transmitters using extremely long trailing wire antennas.
Even though these horizontal antennas droop down about ten
percent, theoretical investigations at AFCRL indicate that
this type of antenna should excite TE modes in a more
efficient manner.

Since TE waves are weak at ground level and are expected
to be stronger above the ground, we needed an airborne re-
ceiving platform which would be capable of reaching very high
altitudes. Aircraft were considered, but a few simple tests
around the fuselage of a KC-135 were enough to indicate that
VLF waves are so severely distorted, there was considerable
doubt that meaningful measurements could ever be made. Also,
operating an aircraft is quite expensive and although rockets
would be suitable for airborne measurements, they too are
very costly.

The technique we conceived and developed is illustrated
in Figure 3. In this system, a weather balloon carries a
specially instrumented package to 100,000 feet. On the
ground, a GMD tracking receiver, ordinarily usel for tracking
standard balloon-borne weather radiosondes, follows the special
instrument in flight.

The balloon package has a large five foot diameter loop
antenna, mounted horizontal to the ground for the reception of
TE signals. The loop is connected to a wide band LF/VLF re-
ceiver which modulates the modified radiosonde transmitter.
The LF/VLF receiver, was designed and built at AFCRL and weighs
only a few ounces. The receiver package is taped to the side
of the radiosonde box, Figure 4, The radiosonde box contains
a battery, an aneroid barometer and the radiosonde transmitter.
The entire package, including the loop antenna weighs only a
few pounds and is easily carried aloft by a standard 1200 gram
weather balloon. Several of these packages were flown at AFCRL
to altitudes of 100,000 feet or more.

This particular configuration was not without problems,
however, especially with the stability of the loop antenna,
which tended to swing continuously like a pendulum below the
balloon. However, this problem can be turned into an advantage.

Figure 5 illustrates the swinging loop picking up a signal
from a ground based VLF transmitter. Ground transmitters use
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vertical antennas which radiate in the TM mode. TM waves have I
a magnetic field horizontal to the earth. If the loop antenna
in the illustration is horizontal, no voltage should be induced

.0 by the magnetic field. Howev,.r, if the loop swings to the right
or to the left, it will begin to pick up this magnetic field

In Figure 6, the magnetic field is from a TE wave. This 7
field is vertical and thereby induces a large voltage in the
loop. If the loop should swing to the right or to the left,
the change in induced voltage will be very slight.

In the spring of 1971 during one of our balloon flights
at AFCRL, we monitored transmissions from two trailing wire
aircraft. One of these planes equipped with an ARC-96 was
trailing a long horizontal wire, and the second aircraft was
flying in a circular orbit which forced the trailing wire into
a vertical spiral. Signals from these aircraft along with
signals from other ground based stations were picked up by the
swinging loop and were telemetered through the radiosonde
transmitter to the Gil tracking system on the ground. In
Figure 7, the display of NAA illustrates how a TM wave should
behave. As the loop swings, the amplitude of the signal rises M
and. falls, occasionally going into a low amplitude or zvill.
The signal from the horizontal wire radiating a TE wave is shown
at the top. Here, as the loop swings back and forth, the am-
plitude of the TE wave remains reasonably constant, except for
the slow increase in amplitude over a period of several minutes.
The signal from the spiralling antenna seems to be a cobination
of the other two. The nulls are not quite as deep, and the
amplitude varies less than the NAM signal, suggesting the wave i
from it is a mixture of TE and TM. Data in this illurtration
represents the first evidence ever presented that radiations
from a horizontal trailing wire antenna are predominantly TE.
During this seven minutes, the balloon package was rising from
about 38,000 to 45,000 feet. The illustration suggests that the
amplitude of a TS wave also rises with altitude.

At this point, it was evident that much more TE data was
needed to show the advantages of using TE mode for air-to-air
communications. Vertical profiles showing TE amplitude variations
across the earth-ionosphere waveguide were needed for the altitudes
normally used by military aircraft in flight. Both TE and TM

wave transmissions from trailing wire aircraft should be measured



and compared either simultaneously or se-uentially. Our air-
borne platform should therefore be stable enough to insure that
comparisons of TE and TM would be more meaningful. A stable
platform would also enable us to compare TE and TM background
noise.

Figure 8 is a sketch of the package we conceived. The
package is shaped like a dart, is made from a cardboard mailing
tube having metal fins mounted on one end and a plastic ogive
at the other. The tube is 5 inches in diameter and has a
total length of 43 inches. Two loop antennas are mounted in
the package, one oriented for TE wave reception and the other

oriented for TM. A switching circuit alternately switches the
TE and the TM loops to the input of the VLF receiver which
modulates the radiosonde transmitter. The entire package weighs
only three and one half pounds and is carried aloft with a
balloon as before, followed in the usual way by the GMD tracking
receiver. When the package reaches 70,000 feet a pressure
switch closes and fires a squib. This releases tht. balloon and
allows the dart package to fall free toward the earth. Within
seconds after the drop begins, the dart is stabilized to better
than one degree of verticality. 'Me GM) tracks the falling
dart for the three minutes of droptime. At impact the package
is destroyed and is not recoverable.

Figure 9 illustrates the dart instrumentation which con-
sists two loop ante,.nas switched alternately to the VLF receiver
and the radiosonde transmitter. The switching period is about
one second, as the switcher alternately connects the antennas to
the input of the VLF receiver. Since we are comparing the
difference between the loop voltages, even if the receiver gain
should shift slightly, the relationship of the two loop voltages
is not affected. The entire wideband VLF composite is telemetered
to the GM).

At the ground station, Figure 10, a 30 Megahertz FM receiver
is connected to the output of the RF mixer of the GMD. This
connection has no effect on the operation of the GMD which tracks
the dart package in azimuth and elevation for the entire flight.
The output of the FM receiver contains the same infumation as
the original VLF composite of the airborne package. This
'original' RF is recorded on magnetic tape aund is also passed
into a tuneable narrow band filter so that signals of discrete



frequencies can be observed. After the flight is over, the
tape recorder can be operated in the reproduce mode for
additional information.

Before each dart package is launched, both loops are
calibrated in a magnetic field, Figure 11. With the dart
package operating, a known current is passed through a
loop of wire. By knowing the current in the wire and the
diameter of the single turn, we can calculate the magnetic
field inducing a voltage into the loop antenna of the dart
package. This information is telemetered to the FM receiver
and recorded on magnetic tape. The TE loop is calibrated
with the loop horizontal to the ground (package vertical) as
shown in the illustration, and the TM loop antenna is calibrated
with the dart package lying on its side. Our present
calibration source consists of ten oscillator signals mixed
together to form a VLF composite. The frequencies of these
oscillators have been adjusted with 5 Jaz separation in the
LF/VLF spectrum between 15 and 60 Kz. All the oscillator
amplitudes are adjusted to equal amplitudes. Two minutes of
continuous signals from this calibrator are alladed for the
calibration of eacn loop. After the calibration procedure
has been completed, the package is made ready for flight by
simply attaching a balloon.

After early tests at Wallops Island in July of 1971, we
have dropped our darts at Swan Island, West Indies, the
Churchill Research Range, Canada, and Canton Island in the
Pacific.

There are no radar facilities at most of these remote
sites, except for Churchill, where rockets and balloons are
launched daily. However, it was necessary to know the
altitude of the dart packages while they were dropping. The
AFCRL computer furnished data from which we could construct
some altitude - time curves. Figure 12 compares a radar plot
of one of our falling darts with the curve drawn from the
computer data. The match is very good.

In Auaust of 1972 while at Churchill, we monitored signals
from an aircraft operating over Lake Superior.

TThe aircraft was in a racetrack orbit, see Figure 13, flying



-north and south on 60 mile legs and turning at each end on a
ten miie radius. Churchill is located 800 statute miles north
of Lake Superior.

-with the trailing wire aircraft radiating a signal of
constant power, we calibrated and launched a dart package and
tracked it in the usual way. The trailing wire signal was
monitored continuously through the telemetry link as the dart
package ascended to 70,000 feet. At ground level the ground
conductivity was poor and the signal was weak, but readable.
In Figure 14, the dotted curve shows the field strength of the
signal increasing with altitude. It will be noted from this
curve, when the package reached 70,000 feet, the trailing wire
TE signal was considerably stronger than it was near the ground.
During the drop and with the loop antennas still switching,
Figure 15, the TE wave amplitude was very much stronger than the
TM wave amplitude, again indicating that radiation from theI
horizontal wire is predominantly TE mode. It can also be
observed in the figure how ccnstant the TE signal was, indicating
how well the TE loop remained in its horizontal posi6on due to
the aerodynamic stability of the falling dart.

Figure 16 illustrates the TE signal amplitude measured during
the dart drop, strong at high altitudes and weaker near the ground.

Returning to Fiare 14, the TM component of the trailing wire

signal is shown as a solid line on the left. It is quite a bit
weaker and behaves as expected, strongest near the ground and
weaker at higher altitudes.

The antp-ha wire on the aircraft is essentially
an end fed half wave dipole. Because of the very low frequencies
used, the total length of this resonant antenna is several thousand
feet. A 30 KQz antenna, for exanle, would be about 16,U00 feet
long. The radiation pattern of this antenna should be similar to
that of a half wave dipole, with maximum signal radiated broad-
side to the wire and minimuum signal radiated off the ends of the
wire. Figure 17 compares the thaoretical figure eight pattern
of a half wave dipole with some data points taken from measure-
ments during the flight of the balloon-borne dart package. The
package was ascending from about 60,000 to 65,000 feet while the
trailing wire aircraft was turning at one end of the racetrack
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orbit. The experimental data and the theoretical points are
in very close agreement.

This effort at Churchill also provided us with our first
comparison of TE and TM background noise. LF/VLF noise omes
primarily from lightning strokes discharging from cloud-to-
ground (TM Wave) and from cloud-to-cloud (TE Wave). In Figure
18 a measurement of TE and TM noise at 42 K1]z shows TM noise
to be stronger than TE.

Summarizing the results of these measurements with noise
and with the trailing wire aircraft Figure 19, the TE wave
radiated from the horizontal antenna was 14 db stronger than
the TM wave radiated from the same wire at 30,000 feet. When
the lower level TE noise is included, the signal to noise
improvement TE to TM is 20 db at 30,000 feet. At 70,000 feet,
the TE wave radiated from the horizontal antenna has increased
to 19 db improvement over TM, and the TE/TM signal to noise
improvement has risen to 25 db.

At Canton Island, we monitored trailing wire aircraft
signals coming from ranges of 1000 miles, 1500 miles and 2000
miles. Although the TE signals from the trailing wire were
noticeably weaker than at Curchill due to the greater distances
involved, TE waves from the horizontal wires were observed by
our dart packages on Canton from all of these ranges, while the
TM waves from the same antennas were too weak to be observed
except for only a few isolated cases.

It has been shown from these tests that air-to-air
communications can be improved at LF and VLF by using the
propagating TE wave rather than the TM wave radiated from a
horizontal trailing wire antenna. In cases of poor ground
conductivity, such as at Churchill, it is also possible to
receive a TE signal on the ground.

So far, much has been learned, but many more TE and TM
wave measurements are needed at high altitudes and on the ground.
More tests should be made with trailing wire aircraft flying at
different altitudes, different distances, over various kinds of
terrains, in the daytime and at night, and during periods of
severely disturbed ionospheres.

%C



LIST OF ILLUSTRATIONS

FIGURE 1. LONG RANGE PROPAGATION

FIGURE 2 . CHARACTERISTICS OF TM AND TE MODES

FIGURE 3. ORIGINAL BALLOON-PROBFZ CONCEPT

FIGURE 4. MODIFIED RADIOSONDE

FIGURE 5 . TM POLARIZATION

FIGURE 6. TE POLARIZATION

FIGURE 7. HIGH GAIN RECEIVER OUTPUTS

FIGURE 8. MAGNETIC FIELD PROBE FOR TE AND TM WAVES

- FIGURE 9. DART INSTRUMENTATION

FIGURE 10. RECEIVING/RECORDING INSTRUMENTATION

FIGURE 11. PRE-FLIGHT CALIBRATION

'FIGURE 12. ALTITUDE-TIME CURVES

FIGURE 13. TWA ORBIT AT 31 KFT

FIGURE 14. ARC-96 FIELD PROFILES

FIGURE 15. SAMPLE OF CHURCHILL DATA

FIGURE 16. APPROXIMATE TE PROFILE

FIGURE 17. APPROXIMATE TE RADIATION PATTERN OF ARC-96

FIGURE 18. TE & TM NOISE

FIGURE 19. SUMMARY CHURCHILL PKG #3



K* lie

~ 0

spo ' *

0(6)

to.. <II a0m
I~ijfiCL



11 -, -,4 - 3-.5Rq

CHARACTERISTICS OF TM AND TE MODES

IONOSPHERE

E . *

H 3337 **~--3 ~ . ~
WAV E. S -

WAVE HTM E T

SA. WAVE POLARIZATIONS

T.M. MODES EXCITED T.E. MODES EXCITED BY
BY VERTICAL CURRENTS HORIZONTAL CURRENTS

B. FAMILES OF PROPAGATION MODES

Qum



ce'I

cai

0 ~

~~14

zO
0J'~k,



* -IAA

2~~~~ it s?)

2- I v,'~ I~'. q~

41 44kJ
1 t~4$ ..Yj,I, ~t~ ,

AA
4A I ri.' " A' r "

Vl

t$. '1_7

II

As'~)''~F

1M~'.ell,

t-A ~At~Ati' !50

_ft '-4 1
r F", .r-yA



co.

~0 M

060..

445

I t
lb

'A



;7 777, .

co -

.~. D

I--

-r 0

A * 0 4- - N

zw 0

40 -O C
N 0 I-

0to
4r

-J _____A



z

I

OLi

0 N

4 N

CO w

I I 4

a > M ~

zi
L -J a.a

w :E .- W'-



.4.c

r4 y

*~'4 V. -,

if- __ _*j

.. 4r



-. 4L

KIC

ww
z
0
o) 0

_ 60

I-

0c m

IL0

w -

LL. W c U

~Jo 4ILV G zIL
Sw w

0w CL



1w~

cr co

(I)r

>z r 0 -3U

00I.,

4zz

(D 0

z
ilL

CD Z'-S =

0

> 4c

Ixz

0 40

PONN



rv --

S....

I- w flip -

ar-

Im1

CCL

2 3Ew

zL z 0

I-- F9
44



- Ij

ILI

II-

o Ho

F-_ I I I I.

0 0 0 0 0

0

1,0 - -1.



Ct: 

Yl_-

-- ,rV--~x9,-- 
~' ,--

- -

-)

;-~ ~'*~44

, 

,.

*1" ~ M

'(p -O
F-D

I- 
IL

b 2

as w0

rq~ -
i



- - - - - - 11- -w

0 0 )c

W2*J- ow c
a.. -- a<JN

o CI) <0 c 1

o-i .. c N -

i 139 cr 1

CL 

0

IV

0 -oC-) x

tj4
w~

-JO a-
ILD 0

I-- I -

0 02 0 0 0 0 0 0 0
CD(0 In IT Nn -

1 M 30aniIV NOOT1VS



w1

w U)

1%C

0) w

')

U ~I ~U-



-N :

KV f

0 4
-- IL

w

rt1 I A

0oii

I IV's



,7 77

z w

(0z -Iw

< W

c. I-. w r

Q 00

0O w

CL)

ILE

a.~
w -

w -

CC U -J

NN

Z /
x cr 0



70 -

60 T E *TM

Ii.

4.'0

20-

20

100" 0

0.1 0.2 0.3 0.4 0.5

A/rn

PACKAGE 3- CHURCHILL 14 AUG 72

TE 8 TM NOISE -MEASURED AT 42KHz

3 DURING DART DROP BANDWIDTH;: 120Hz
T.C. 0.04 SEC AVG. TIME, 2SEC.

, ," P:.TGUtlE 18.,



Lnr

CN --- -'

ZC E-qi

U)J I~ C

U E-4


