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Abstract

• This report describes the outcome of a preliminary study of

• non-linearities in the ri-region ionosphere by heating the region with

high power HF radio waves. Ultimate objective of the study was in

determining the impact of the non-linear ef f e c t s  on radio conxnunications,
especially under highly disturbed ionospheric conditions. Experimental

work of N Initial Phase” investigation dealt with the measurement of
S 

combination frequencies generated by the high power heating wave and a

low power probing wave. Preliminary results of the measurement are

presented. In addition to the experimental work, a theoretical feasibility

study of the so-called wireless radiation system was made to determine its

applicability to ELF and ULF radio co,mnunjcationg. This radiation system
S 

is brought about by modulat~ing the ionospheric current system using high-

power HF heater. Numerical results of predicted radiated powers are also

presented in this report.
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1. INTRODUCTION

This report describes the outcome of an experimental study made,

on the effects of non-linearit.ies in the ri-region ionosphere, for the

Office of Naval Research under Contract Number N000l4-77-C-004l. The

main objective of this research effort was to better understand non-linear

effects in the normal and abnormal ionosphere, especially under anomalous

ionospheric conditions due ei ther to natural phenomena or man-made

disturbances, so that the .thowledge could aid in developing more reliable

radio oonanunication systems appropriate for highly disturbed ionosphere.

In view of the fact that the non-linear phenomena are weak second-order

ef f ec t s ,  experimental measurements had to rely on extremely sensitive

detecting device developed f or the radio cross-modulation experiment

at the Ionosphere Research Laboratory (IRL) , The Pennsylvania State

S - University. As for the high-power transmitting system needed to create

non-linear ities in the ionosphere, two transmitters were available for this

exp eriment. One is a pulsed transmitter normally used f or  the

• cross—modulation experiment at IRL, which is capable of radiating

15 Megawatts peak power, and the other is a CW transmitter , with 10
S 

Megawatts  ERP , availabl e at the National Astronomy and Ionosphere Center

(NAIC) , Arecibo, Puerto Rico.

In spite of the f act tha t such non-linear phenomena are difficult

to observe, this research endeavor was encouraged by th. f avorable reports

of experimental measurements made in Russia , It a ly and France, which are

described later in this report , on one hand and the availability of

extremely sensitive sophisticated dig.italized detector of cross-modulation

on the other.

The experimental work reported here deals with the outcome of

I 

_ _ _ _ _ ______-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
~~~~~~~~~~ SS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



S - S  S S~~~ S 5—5_--- S - -_  -- S.,

2

“Ini tial Pha se” of the research program in which an emphasis was pl aced

on observing the combination f requencies resulting f rom the non-linear S
eff ects in the ri-region ionosphere; mainly relying on existing radi o S

cross-modulation facilities at .TRL and the high-power CW transmitter at

S NAIC, without major investments in developing new f acilit ies f or  the

experiment.

In parallel to this experimental measurements of combination f requencies, S

a theoretica l f easibility study of wireless radiating system was also

carried out. The concept of such a radiating system is based on the idea

~f modulating the natural ionospheric current system through controlled

heating of the electrons in the D-region ionosphere using a high-power 
S

HF p ulsed radio waves. This concept is very suitable f or  extremely

long-wavelength cortmvnications at ELF or ULF . Furthermore , it is very

closely related with the non-linear phenomena in the ionosphere as it is

discussed in connection with the work of Russian scientists, in Section 3
S 

of this report .

Since the objective of our research work is in studying non—linear

ef f e c t s  in the ionosphere f or the purpose of contributing to the

S 
develop eent of workable conmxunication systems through highl y disturbed

ionosphere, the theoretical investigation of the wireless radiating system S

seemed importan t and relevant to be incl uded in this report along with

the f indings of the experimental work of combination frequency measurements.

S 
2. BASIS FOR EXPERIMENTAL WORK

The non—linear ef f ec ts  are basically caused by two f actors : f irst,

the mean free path of the electrons in the ionosphere is quite considerable,

and theref ore the electrons army acquir. f r o m  the radio waves a larg. energy;

T _ _ _ _ _  
~~~~~~~~ T~~~~1 S  S 1L~~
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S 

secondly, the energy transf er f rom the electrons to the atoms,

molecules , and ions is made d if f i cult by the small ratio of the electron

mass to the mass of these heavy pa rticles. As a resul t the electrons

in an electric f ield become heated and the complex dielectric per mittivity
of the medium begins to depend on the f i.ld intensi ty , and thus acquir e

a non-linear character . The signif icanc. of non-linear eff ects in the

ionosphere can be approximatel~, evaluated by comparing the f ield intensity
of the radio wave S with the so-called “characteristic plasma f ield ” E

p
given by Ginsburg and Gurevlch (1960) f or  a simpl e isotropi c ionosphere.

The effects become signif icant f o r

E
~~~
E _ V 3 k T  

2 G (w
2 #v 2

) (v/rn]

S where e, m and k are electron charge and mass and Boltzp iann ’s constant,

T is the temperature in the absence of the applied electric f ield, C

is the average relative f raction of energy transf erred upon collision

of an electron with a heavy p article, w is angular f requency of the

f ield and v is the eff ect ive collision frequency between the electron

and the heavy particles in the absence of a f ie ld .

Estimates show tha t the quantity E~ is not unreas onabl y large .

For example, f o r  a wave frequency of 5 Mlix, typically E~ ~ 1 v/rn in

the ri-region; with the value of E~, getting even smaller at higher heights

and/or lower f requenc ies. This implies tha t the non-linear effects could

be created without too much diff i culty with a reasonably powerf u l

transmitting system. Nevertheless the observations of non-linear eff ects

S 
made In the past have been a qualif ied or a limited success largely due

f~j~~ to lick of sophisticated d t.cting techniques. S

The most importan t ionospheric non-linear effects investigated up
5 ’
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to f low can be suravaarized as follows:

a) Self -interaction: As mentioned earlier, a strong wave S

propagating through the ionospheri c medium could al ter

the complex dielectric permittivity through thermally

dependent collisional process.

The strong wave, which created such non-linearity, itself

is not immune f rom the non—linear eff ects . This results

in the self—interaction wherein the f requency spectrum

of the strong wave (appearance of harmonics of the principal

frequency), its absorption and its phase all change. The

effect on absorption will be discussed brief ly below to

illustrate the genera l f eature of non-linearity. S

For simplicity, assume a wave to be normally incident

on a horizontally stratified isotropic ionosphere at z = 0

with the electric field given by: 
~lO (z) cos w1t — (0)

S cos w
1
t. Under the assumption tha t 

~ 
5 ,  the

characteristic plasm a f ie ld  def ined earlier , and w > > C v,

which is usually satisfied, the amplitude of the wave at a

given height z within the ionosphere is given by:

E
10
(z) — E

10
’O) ~~~~~ p [E10~o °~Z K(z)t

S 

where k(s)  — Ic0 ,~~~ 
(a ’) dx’

— ~l with c velocity of light

x — imaginary part of the ref ractive index in
0 the absence of the wave

p — self-interaction factor

- - _ _ _  _ _ _  
S S S  — -
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Since the amplitude depends on the factor p

• and p  in turn depends on thø~. initial magnitude of

S the wave (0), the absorption of the wave in the

ionospheric medium becomes non-linear . Deep in the

ionosphere where K (s)  > >1, the factor p S

can be given by:

¾ 2

p = 2 exp 

{
~1

2
+V

2 (t
0~~~~

where

(1 ’ ~~lo
(’0)] ‘~~

t = t  (0)= (~ T

~ ~~~~~ 
~‘

r = t ( z ) = ç  T 5

T = Temper.zture of electrons in the absence
of the wave

T — Temperature of electrons which is
S e dependent on S f ie ld

As can be seen from the expression the f actor p is

explicitly as well as implicitly dependent on the

S 
initial f i e ld  intensity E10

(0) and through temperature

related term t .  re is interesting to note that for

high-f requency strong waves such that ~ 
2 

> > v 21 o o
and t > > 1, the f actor p becomes independent of and

E10 (z)  — 2 E

which is independent of (0). On the other hand if

w and -c > > l ,
1 o o o

_ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _  _ _ _ _ _
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1 2 3/2 5lo~
0
~
1

E10
(z)  = 2 E exp r ~~~~2÷~~~) li

p 
•~ 

j
- exp (-K(z) ]

which increases exponentially as 5
10

(0) increases.

Thus for the very low frequency , deep into the plasma ,

the absorption of the wave is very much reduced f or a

strong wave as the result of self -interaction non-linear

ef f ec t .

In general the factor p approaches unity when the wave

field is weak. The above discussion is for electron-molecule

collision dominant case which is a reasonabl e assumption

f or D- and lower E-reg ion of the ionosphere . 
-

5 In addi tion to the non-linear self -interaction ef f e c t

described above , there is a secondary time-varying perturbation

in the electron temperature inf licted by the strong wave. This

perturbation appears in the f requencies that are multiples

of w 1 . This behavior is related to the f requency mixing to be

described in (d) .

Up to this point the strong wave was assumed to be

unmodulated continuous waves. However, if  it is amplitude-modulated

S at a low f requency ~~, the self -interaction eff ect in the ionosphere

S may change substantially the modulation of the wave.

For (~ < < Gv~~. the propagation of the amplitude-modulated

wave can be treated essentially in the same way as that of an

r 
unmodulated wave was, by simpl y replacing E

io
(0) 

~~
(l + N cos Qt). In such a case, because of the non-linear effects,

not onl y the modulation index N is changed but also harmonics

S —

S ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —“ — ~~ --‘ - S ~~~~ S~~ - 55 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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-

with f requencies 2 ~2 , 3 ~2, etc., are introduced with the

alteration in the shape of amplitude—modulated envelope .

( b) Cross-modulation (Luxembourg Ef f e c t ) :

As evidenced in section (a), pa ssage of a strong wave

through the ionospheric medium per turbs the complex

dielectric constant of the medium resulting in non-linearity

affecting the strong wave itself. Obviously, if other waves

prop agate through the perturbed region , at the same time, they

will also be aff ected . If the strong wave is amplitude-modulated
.

with a low f requency 1~, the medium will be perturbed likewise.

S When a second wave propagates through this perturbed medium,

it will also he modulated. This effect can be viewed as a

transferral of the modulation from one amplitude—modulated

high-power radio signal to another while they are transversing

the same region. This is cor,raonly known as the “L.ixembourg

Ef f e ct.” As discussed earlier in section (a) , cross-modulation

takes place at princip al modulation f requency as well as at

2 12, 3 12, etc. The effect of cross-modulation has been widely

used as a diagnostic tool .

S c) Gyro-interaction : The eff ect is essentially a modified version

of the cross-modulation described in (b) in the sense that

while the basic concept is the same as in (b) , here the carrier

f requenôy of the amplitude—modulated high—power radio signal

was chosen near the gyro—frequency in order to greatly magnify

S the non-linear effect in transferring the modulation to the

second radio signal. This effect was initially studied by
S

. Bailey (1937).

-~~~~~~~~~~~~~~ — 
~~~~~~~~~~--

-
~~~~~~~~~~~~~~~~j~~~~~~~~~~~~~~~~~~~ -~~~~5 5 S SSS - —~~~~~~~~~~~~~~~
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d) Fr equency Mixing: The eff ect of f requency mixing, or sometimes

called combination frequencies, can be discussed in two different

S categories. One is due to thermally dependent collisional

5 
process as all the non-linear effects were discussed up to now

and the other is due to the perturbation in electron density

S 

rather than that in electron temperature.

The former has its origin in the time-varying electron

temperature perturbation pointed out in (a). Since this

perturbation, created by an unmoduJ.atéd strong wave of angular

S frequency w1, is time-varying with angular frequency 2

or higher, if a second wave with angular frequency w
2 
propagates

through the same ionospheric region which is being perturbed , it

S has been shown that they interact to p roduce the waves with

combination f requenci es w2 + 2w1. Furthermore , it is found that

the mixing ef f ec t  has a resonance condition when w2 — 2w1. Also,

among other things , this ef f ec t  is directly proportional to

electron density.

These behaviors are obvious from the expression f or  the

ratio of the amplitude of the combination wave E21 to that of the

second wave E2 with angular frequency w2 given below:

4 2

~2l 
e Z ~1 NV0

—1 2 3  
- 

22 ~ ~~ 
kT(ia~i2 2w1)

The second cawbination-f r.qu.ncies eff ect , which is due

to the electron density perturbation resulting f r om tim p assage

of strong wave, is charact.riat’ically different f r o m  the f irst

eff ect in that the combination fr.qu.ncima produced are

I ~~~~~~~~~~~~ 

—5——
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+ w2 instead of w2 + 2w1 This is due to the f act that

while the first effect is dependent on the quantity E1
2, the

second ef f e c t  is linearl y dependent on E2 . S

e) Ionospheric Detection: This is considered to be an

ionospheric non-linear eff ect whereby the modulating signal

with an angular f requency w is detected or demodulated

f rom the amplitude-modulated wave with a carrier angular

S f requency w .  Physical details of this ef f e c t  is presented in

the f ollowing section ~Re1evant Previous Experimental Work .”

3. RELE VANT PREVIOUS EXPERIMENTAL WORK

As the scien t if ic interest in the subject of ionospheric

non-linear.ities is as old as the discovery of Luxembourg Effect there have

S been considerable amount of research work done in the general area of

non-lxnearities in the past. Only several relatively recent and relevant

S 
experimental work will be described here since they are considered to be

5 more in line with the interest and objectives of this work.

The f i r st is the concept of the ionospheric detection eff ect  by

Cutolo (1964) . This work is extremely interesting from the applications

point of view. This effect as reported by Cutolo is characteristically

S different from standard cross-modulation. In his experiments, a high

S power VHF wave modulated with the gyro-frequency, instead of a gyro-

frequency carrier in classical gyro-intera ction, is beamed towards

the ionosphere coincident with an H.F. unmodulated wanted signal: both

• waves intersect at around 90 km. It is found that considerable ~u4u1ation

is transf erred to the second wave only if the VHF modulation frequency
5
5

is near the local gyro-f requency . It was concluded that the gyro-

S modulation was demodulated and acted as a gyro-wave disturbing signal

S S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ :~~~i ~~~~~~TSS~~~1I ~S 5 S S S S2S S T . TT . S S 1 T . T T S~~T~~~S
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just  as in an ordi nary cross-modulation experimen t using a gyro—f requency

disturbing signal . S

The second related work on the subject is that of French scientists S

Lavergnat et a l . ,  (1977) . This experimental work successf ully observed 
S

a combination f r equency f 1 
- Af generated near f

2 peak region of the

ionosphere as the result of two powerf ul UHF radio waves transmitted at

f requencies f
1 and f

2 where tt f — f
2 

- f
1. 

f
1 — 934 .25 MH z and Af —2MHz in one

case and t~f 5.1 MHz in another. Each radio wave had 75 DI f ed into an antenna

with 50 db gain.

Although this experimental work dealt with much higher regi on of

the ionosphere at UHF f requencies , the report of its successf ul measure-

meats was an encouragement to our ef f o r t  which was aiming to do a similar

experiment at D-region altitude at HF f requencies.

The third work is by Russian scientists Getmantsev et al., (1974).

This work also deals with ionospheric detection ef f e c t .  They observed

the radio wave at the modulation f requency of 1.2 ‘P’. 7 iCEIz on the

ground at a distance of 180 Km away from the high-power transmitter .

The transmitter delivered an average power of 130 Kw at 5.75 MHz,

amplitude—modulated at 95~ , into an antenna with a gain of 150 . The

Russians used an elaborate coherent detection system and were able to

S measure a f i e ld  intensity of 0.02p vim at the modulation frequency

during the daytime. The ionospheric detection effect was found to

maximize at the modulation f requency of 2.5 IClis and at noon when the

electron density is at its peak and the effect was absent during the

night. Furthermore, the measurements of the signal made under the

magnetically disturbed conditions, while they varied over a larger range,
5 

quite often greatly exceeded the intensity observed during the qui.t days.

— _.~___,______ •_~w — —~~ — — — —5—--——— — — — — — - — .5-— . - — - — — 
— —5——

-5 ~~~~~ 
55 - 5 S 5 ~ S S 555 5 -5 - 5 .  ~~ •5 5~~~~ 5 5 5 5 S 5 S ~~~~~~~~



S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 _ _ 5 5S S 5 5 5_ 5 _ ~~~~

12

S It is interesting and important to note that some of the co-authors

of this work concluded, in their later work (M.j tyakoi, et al. - 1976),

in retrospect, that their observations presented here are most likely

associated with the modulation of ionospheric current system under

S artif i cial heating of the ionosphere.

Such a phenomenon is also directly related to the so-called

wireless radiating system suitabl e f or  ELF or ULF conmtunication sustem.

Authors of this report have had strong interest recently on the subject

of wireless radiati ng system; especially on the f easibility of

modulating D-regi on and lower E-region of the ionosphere, using high-power

HF heating, f or  the purpose of ELF and ULF corranunications. Considerable

amount of initial theoretical investigation of the subject matter has

been carried out in parallel with the experimental work perf ormed on the

measurements of combination frequencies resulting from ionospheric

non—linearities. In view of thei r relevancy, in terzrm of our ef f o r t  in

searching for possible means for future radio conwiunications, the

theoretical work on the ionospheric modulation using high-power HF

heating is included in Section 5 following the experimental results of

combination f r equency measurements presented in Section 4.

4. EXPERIMENTAL RESULTS OF COMBINATION-FREQUENCY MEASUREMENTS

Although there are numerous combination frequencIes possible, such

as w2±W1, w
2 

+ 2w1, etc., as discussed in Section 2, the experimental 
S

S measurements made in this “Initial Phase” of our research effort was

limited to observing w2 
- 2w1. This observation relies only on the

temperature perturbation rather than the electron density perturbation

S which requires considerably higher heating power than tha t Is presently.

available. Furthermore, the difference f requency was tried instead of

sum f requency, again in view of the availability of the faciliti.s in

H

555 S S S S S S _ S S S __5- 5_ 5 55 S~~ 5~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 _ ~~~ 5-55S _ ~~~ — S _~ _ S s S - 555 -5 — -5 5 5 ~~ s 5 5 5 5  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S S 5 -S •~~-5 S 5 S~ 5-5-55~_~_ _ S~S 5 5 5 • S • S S S S S55
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order to avoid additional budget which would have been needed for new S

equipments. However, I t  should be noted that the new ?JAIC high-power

f acilities which are being built and to be operational by August , 1979,

will have 200 MW ERP , which is approximately twenty times more powerf ul

than the present high-power f acilities. With the increased power, not

onl y the temperature p erturbation ef f ec t  will be more readily observed ,

but also the electron density p erturbation ef f ec t  should be observable.

4.1 EXPERIMENTAL DATA

The general scheme of experimental observations of combination

f requencies is shown in Fig ure 1 • The high-power heating wave and the S

second wave, of angular f requencies w
1 
and w2 respectively, are sent up

together . The f ormer is much wider in pu lsewidth than the latter and

is initiated ahead in time compared to the latter . Any combination

f requency generated due to non-linear ef f e c t s  in the ionosphere will

return to and be observed on the ground . Time gating is used to

determine the height where the non-linear ef f e c t  is taking place, and

the pu .Zsewidth of the second wave is made short in order to enhance the

height resolution . By varying the time delay between the two waves,

any varia tion in the eff ect of non-lineerities as a f unction of

S height and heating time can be observed .

In view of the f act that the detection of combination frequencies

relied on sophisticat ed sensitive detecting device already availabl e f or

• cross-modulation experiments conducted at IRL the general scheme described

above had to adapt to the operationa l procedures of cross—modulation

experiment. In the cross-modulation experiment, the disturbing pulse

is transmitted at one—half the pulsing rate of the probing pulse such

A — —  
• .• 
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SECOND WAVE DISTURBING WAVE(cv2 ) (C4i1
)

— — — 4.. ~~‘ — ~~ — — — — — —

0- REGLON

— — .~~~ — ~~ *~ ~SI — . — — — — — — — — — ii

COMBINATION FREQUENCY
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~
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FIGURE 1: Description of Combination Freq uency Measurement.
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that the cross-modulation ef f e c t  is taking p lace on every other p robing

pulse . This makes the determination of cross-modulation ef f e c t  possible

by detecting the diff erence between the two probing pulses with and without

the ef f e c t .  The slight diff erence is detected and digitally recorded on
S 

magnetic tape covering 28 D-region heights simultaneously every 300

S iiiilliseconds.

In the case of combination frequency measurements not only the wide

disturbing pulse was transmitted at one—half the pulsing rate of the

second wave, but also an additional feature was added to the recording

procedures to record ambient noise level for two minutes out of every

fifteen-minute duration of combination frequency measurements. This was done

5 
to critically evaluate the validity of the signal strength of the

combination f requency components measured

The high-power disturbing wave was operated at f
1 4.905 MHz with

S 

approximatel y 10 MW EP .P and a pulsewidth of 335 microseconds. The

second wave was operated at f
2 — 2 • 4 14Hz with approximately 5 ItW ERP

and a pu lsewidth of 67 microseconds, which was one-f if th  of that of the

disturbing wave. It should be noted tha t the low-power second wave was

another handi cap in this experiment, compared to the work of French

scientists described in Section 3 where they used equally high-power for S

S both waves. The time delay between the two waves, V
D? was adjusted to

S have the second-wave pulse coincide with the trailing end of the disturb-
S ing wave. Time gate shown in Figure 1 was adjusted to monitor combination

I frequencies originating from D-region heights ranging f rom 54 to 90 1Cm.

Block diagram for the combination frequency measurement syst is

shown in Figure 2 • The converter block receives difference frequency of

- 
_ _ _ _ _ _ _ _ _ _  ___  

-
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7.41 MHz, resulted f rom 2f
1 and f

2, and 5.01 NH z from local oscillator

to produce 2.4 14Hz signal. This is necessary in order for the • 
S
.

cross-mod ulation detector system to process the signal, since it is

designed to function at 2.4 14Hz f or normal cross-modulation experiment.

The injector block provides adjustable constan t signal at 2.4 MHz

to the cross-modulation receiver in order to stabilize the automatic

ga in control circui try which is an inherent feature of the original

cross-modulation detector . Although the converter block outputs signals

at 2.4 14Hz, since the signal strength depends on tha t of the combination

frequency, it is too weak to stabilize the gain of the cross-modulation

receiver . Thua the signals going into the receiver consist of constant

2 • 4 MHz signal f rom the injector and the 2.4 14Hz signal which is converted

S from the 7.41 MHz combination frequency and is to be measured . The

cross-modulation detector is designed to sort out the signal component S

originating from the converter block and record it.

The cross-modulation detector block is basically tha t used in the

crosa-aodulation experiment with the exception of added square-law

detector . This detector was inserted for the purpose of better retrieving

combination f requency signal out of noise signal ~~ adj usting time

S constant appropriately.

Prior to actual measurements, the system described above was

carefully calibrated under simulated condition with proper adjustments

of the attenua tor in the injector block and th. tim. constant in the

qu detector.

4.2 RESULTS OF MEASUREMENTS

Measurements were all made using NAIC facilities at Arecibo,

Puerto Rico, in view of their CV capability and choice of f requencies

5 S-~ 5 5 5 5 
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in radiati ng high-power disturbing waves. Whenever possible an effort

was made to make measurements throughout varying time of the day in 
5

order to observe the dependency of the ef f e c t s  of non-linearit ies on

electron density among other parameters . This was done because while

the ef f ec t  being observed was related to
• the perturbation of temperature,

according to theory , it linearly depended upon electron densities.

A typical illustration of the combination f requency signal observed

f rom 0930 in the morning through noontime .45T on J une 21 , 1977, are

presented in Figures 3 through 12. On each figure the observed signal

strength is plotted as a f unction of height in solid line whereas the

ambient noise level is given in dashed line f or  comparison. Time interva l

represented by each f igure is also given. One unit of signal strength

in the f igure represents io 8 volts at the input of the detecting system. S

- The signal strengths are shown f or the heights ranging from 54 km to

90 km. 
5

S 
In comparison to the ambient noise level, the combination f requency

signal strength does seem marginal . I t is believed to be due to limited

power in both the disturbing and the second waves. The results presented

here will f urther be discussed in Section 6.
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5

5. WIR2LSSS RADIATING SYSTEM

Recent interest in ELF and ULF for a conm,unication channel results

f r om the extremel y low ionospheric propa ga tion loss tha t is possible;

f urthermore the depth of penetra tion into a conducting medium like sea

water is large . on the other hand construction of a sui table antenna 
S

is diff icul t in view of the long wavelengths involved. It is the

purpose of this work to explore the concep t of using natura l ionospheri c

currents as the radiating element. These currents which are very

slowly time varying can be thought of as direct currents (d . c . ).  They

f low as a resul t of existing quasi-static electric f ields acting upon

the ionospheric plasma which has a reasonabl e value of conducti v i t y .

As will be discussed , the conductivity is dependent upon the electron S

S temperature of the plasm a which can be easily modified externally by a

high power ground-based pulse transmitter operating in the H.P. band.

By pulsing at a low ra te , say 1 KHZ , the conductivity will also vary
S 

at this same rate and consequently the ionospheri c currents within the

beam of the H.F. antenna will now have an A.C. component at 1 KHZ and

S its corre sponding ha rmonics. Thus a 1 KHZ radiating system fills the

S beam of the H.  F. antenna . Hy changing the pul sing ra te the radiator

can operate at VLF , ELF or ULF with no impedance matching probl ems as

would exist with a wire structure over that bandwidth. The upper
S 

• f requency range is limited by the time constants f or heating and

cooling of the electrons.

5 5.1 TIlE CURRENT SYSTEM

The natural .ionoiph.ric current system is in part attributed to

the classical “dynamo theory. This theory was first suggested by

Balfour St.~~rt in 1892 to account for the daily variations of the

~~~~~~~~~~~~~ 

S

- _ __5_5- — -- --~~~~~ff ~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 5 5 5 5 5 5 5 5 ~~~~S 5 -w r  

-S



- 5-5- 

~~~~~~~~~~

29

geomagnetic field. The f ollowing suiraa arized p oints about the dynamo

theory are important:

1. The sun and moon produce tidal forces in the a tmosphere,

the periods being fractions of the solar day (24 hrs.)

and lunar day (24.8 hrs.).

2. Thesu forces set up standing waves in the a tmosphere

which results in primarily horizontal air motions . The

atmosphere responds differently to forces of different

periods .

3. The motion of the air across the geomagnetic f i e l d  induces

S electromotive forces , which drive currents at levels where

the electrical conductivity is appreciable (principal ly

the E-region), thus causing the solar quiet-day and

lunar magnetic variations.

4. Because of the vertical and horizontal variations of

S conductivity, currents cannot flow freely in all directions;

polarization charges are thereby set up, modifying the

flow of current.

5 . Some order of magnitudes of quantities in the dynamo

theory :

1) induced electric field , io 3vi~
ii) current density,

iii) layer current density b A  1CM 1

Recent USSR measurements of the vertical electric field

sumearized by Hale ~1977~ indicate a fieLd of the order of .1 VN 1 in the

it  5-- - - - 
_

_ _ _ _ _ _  —-5- -—----—5-- * - 
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stra tosphere wi th some intensification in the mesosphoro. If  these

electric field measurements are correct, then a vertical current system

S needs to be included into the ionospheric-antenna theory. This brings

S about cxci ting possibilities for creating an ionospheric antenna having

S both vertically and horizontally polarized far fields due to the

vertical electric field and the horizontal “dynam o” induced electic field.

5.2 IONOSPHERIC CONDUCTIVITIgS

The conductivity of the ionosphere is in f act  def ined by three

S conductivity terms:

i the bongitudional conductivity a
11

ii the Pedersen conductivity o
p

iii the Hall conductivity a,!

The bongitudional quantity a
11 relates the current density J 11 to the

S 

electric f i e ld  
~~~ 

by

J ~~a E11 11 .11

when the electric field and the current density J
11 

are along the Earth ’s

magnetic field. The Pedersen value o~ gives

J = 0  Ep p . l~.

where E~ is the electric field perpendicular to the Earths ’ magnetic

field lines and is in the same direction as E~ . For the Hall conducti-

- 
vity, a curren t density J0 flows perpendicular to the applied field

and p erp endicular to th. magnetic field lines;

5 
S~

y r  
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S Fi gure 13 shows the di rection conventions f or the three currents. The 
5

expressions f or the conductivities in terma of ionospheric paramete rs

S as given by Ratcliffe~
’972

~ are

S 2ne 111 my

2
nev

0 2 1~~~m( v # w H ) 
-

ne W
1

= 
m(v2 

+ W,~
2)

where n is the electron density

v is the number of collisions per second of electrons S

with neutral particles

e is the electron charge
S 

W,, is the electron angular gyrofrequency in the presence

of the Earth ’s magnetic field.

Variation of these conductivity terms occur because of changes in

electron temperature through the following relationships given by Banks

(1973)and Kocharts

VN ( T )  = 2.33 x 10~~~ 1’2N2 
(1-1.2 x ~~~~ T )  T

V0 ( T)  1.8 x 10 10 no2 
(1+3.6 x 10 2T 1”2 ) T 112 (5)

where

V
N 
, are the collisional rates of electrons with species N2 , °2 S

2 2

nN # n0 are the densities of th. species N2 and

I ~~ IJLfflJ 

Te is the electron tempera ture in degrees Kelvin

•
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Thus if  one can externall y change the electron temperature with time,

t~T ( t) ,  then there results a change in ionospheric curren t with time,

t J ( t) , since

a0AJ ( t)  = -
~~~~ -- t~T ( t )  (6)

If  £~T (t)  is periodic, the periodic M (t )  will radiate electroma gnetic S

waves with those f requencies contained in the spectrum of t
~Te(t)

~ 
If

electron temperature changes are large enough , then not only will the

collision frequency be modif ied but so can the electron density

change due to variations in the chemistry which is temperature

dependent. Then it is necessary to rewrite (6) as

AJ(t) = (
~ ~t 

+ .

~~~

. 

~~~~

— ) t~T ( t)  5 (7)

5.3 IONOSPHERIC HEATINQ

The d if f erent ia l  expression relating electron temperature to R.F .

heating is simpl y

du
f n K ~~j~

L l’e + (8)

S where Te 
= electron temperature

n — electron density S

K
B 

— Boltzmann ’s constant

— rate of electron therma l energy productio n transf erred

to the electrons by R.F. heating.

-. ~~e — rate of electron thermal energy loss due to the ~
th S

dt i
type of electron-neutra l collisional process.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S 5• S 5~~~~~ ~~~~~~~~~~~~~~~~~~ 5 5 5 

~~~~~~ TT  ~ T T T 1T~~~~



-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-5-~~~~~~~~~ S
5 5-~~ -~~~~~~~~~~~~ Iuu,—, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5_S~_~•S55-_ — ~~~~~ - S

34

The types of electron energy loss processes responsibl e f or  cooling of

electrons are elastic and inelastic collisions and the latter are more

eff ect ive in cooling el ectrons. The various kinds of inelastic cooling

rates are due to excited rotational states of N
2 and °2 and excited

vibrational states of N2.

Now to find the expression for 
~e one needs to find the local 

S

power density, S, at height h within the cone illuminated by an R.F.
S source radiating at f requenc y f .  This is gi ven by the usual attenuation

equation for a spherical wave f ront, S

5 (h)  = S ~ exp C-2k X ( h 1)dh 1 } ( 9)

where S = P TG is the power density at some ref erence heigh t h

4-irh 2 below the base of the ionosphere

= R.F. transmitter power

G = gain of the antenna over isotropic source

S k = f ree spa ce propagation constant

X ( h)  = ionospheric absorption index at height h

now S

~S ( h)  
= - 

2 S ( h)  
- 2 k x (h) S (h )  (10)

h h 0

The first term on the right accounts f o r  the decrease in power density

because of the increasing surf ace area of ‘the expanding spherical wave

while the second term represents the energy dissipa tion per unit vol ume S

in the ionosphere as a result of absorption by electrons. One, therefore,

writes

P
e
(h) = - 

~~ due to absorption — 2 k0 x(h) 5(h) (11)
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Equation (11) must be substituted into ti ne&~~
’ balance equation (8) .

Since x (h), the absorption index, is function of col4,4sio~ frequency,

it is expected that it will vary with T~ and so will 5(h)... Thus to find

a complete time history of 1’ , one needs to solve equation- (8) simulta-

neousl y with equation (10). These equations are rewritten to show the

coupling because of electron temperature changes.

~S(h ,T ~ 2
= - S(h , 2 ’)  - 2 k0 x(h , 2 ’ )  S(h , Te~ 

(12)

~T (h) dU (h,T )  1
a t  3K n (h) 2 k X~~ i Te) S(h , Te

) + ~ 
e

B j

S 
(13)

Equation s (12) and (13) have been sol ved f o r  an electroma gnetic

pulsed value of S0 and the resulting time histor y of T used to

calculate the chan ges in the conductivities given by ( 1 ) ,  (2 ) , and (3 ) .

Consequently, one can evaluate t~J ~ (t) ~ t~J ~ (t )  and t~J11(t). This is

done in the next section and radiated powers are f o ur i i .

5.4 NUMERICAL RESULTS OF PREDICTED R4DIATE D POWERS BELOW 10KHZ

This section presents calculation s of the radiated po wers of the

S longitudional , Hall and Pedersen current systems for a typical mid-

day D- ’region (Lee and Ferra ro - 1969) with ambient collision f requencies

calculated from the neutral densities and ambient neutral temperatures
S 

f rom the CIRA (1972) Mean Ref erence Atmosphere. A value of 100 megawatts

of ef f ec t ive  radiated power is used with extAaordinary mode heating at

5.0 MHZ. A hal f -power  beamwidth of 20° is assumed. A pulse ra te of

10 KHZ and 1 KHZ with 50~ duty cycle and ideal rectanguf mr ’ shap e is

-
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used; thus with these parameters, equations (12) and (13) were sol ved S

numerically to give Te (h
~t) •  Tabl e I ta bulates these results f or  the

altitude rang e of 60 to 90 km. Ci i ly  the temperature at the end of the

heating cycle is given here (50 ~s for 10 KR Z and 0.5 *5 for 1 KHZ) as S

thi s will speci f y  the maximum change in curren t at each altitude . As

seen greeter temperatures are attained with the 1 KHZ pulse rate since

equilibri um is mo;~ easil y reached because of the longer heating peri od

of 0.5 me. Fro m these temperature results , the collision f requencies of

equations (4)  and (5) allow the computation of the conductivities given

by (1 ),  (2) , and (3). Figures 14, 15, and 16 show the altitude dpendence

of O
ll~ 

a , and 0
H 

respectively f or  ambient condi tions, 10 KHZ and 1 KHZ

pulsed conditions. Thus s ignif icant changes in the conductivity of the

ionosphere can be made below 80 km. Although the conductivities are

grea ter above 90 km and the dynamo current will be large there, larger

changes in curren t can occur only in the D-regi on due to heating. Again ,

it is the change in current that is responsible for the radiation .

Actually, it is necessary to Fourier analyze the peri odic &7(t) in order

to f ind the A .C. components and the radiated power at each frequency

component. In the work which follows we simply use 1/2 of 
~~MAX 

as the

amplitude of the 10 lUtZ or 1 J CHZ component.

S

r Table II tabulates the changes in conductivity versus altitude f or

1 KHZ and 10 KHZ ; the units are in micro-mhos per meter. At 1 HZ , one

simply uses the 1 KHZ values as the conductivity has reached essentially

maximum change at most heights for the 0.5 MS heating time . To estimate

a numerical value for the radiated power certain approx imations are used

in this preliminary work. The “heater ” antenna beam is idealized as

5
——

- -  
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TABLE 1 Electron Temperature vs. Altitude
f or  1 lutZ and 10 KHZ

(ambi ent) (0.5 ms) (50 ~is)h T~ T0(KM) ( °K) (°K) (°K)

60 249.3 407.9 406.1
61 246.0 429.3 425.5
62 242.7 454.5 447.0
63 239.4 483.9 470.1
64 236.1 518.0 494.1
65 232.7 557 .0 517 .8
66 229.0 600.0 

- 

539.2
67 225.5 648.5 558.1
68 222.2 702.8 572. 6
69 219.1 760.6 579.5
70 216.2 817.5 574.2
71 213. 7 869. 5 554.0
72 211.3 912.8 - 519 .9
73 209.1 943.6 476.7
74 207 .0 959.4 430.1
75 205.0 956.1 385.6
76 203.0 926.1 347.3
77 201.0 862.7 316.5
78 198.9 771.2 291.0
79 196.9 661.6 267.7
80 194.9 549.5 251.2
81 192.9 458.7 236.1
82 190.9 391.9 225.3
83 188.8 344.3 215.3
84 186.9 307.8 208 .3
85 184.9 280.3 201.3
86 184.6 259.5 197.7

. 

87 184.2 242.5 194.1
88 183.9 230.2 191.3

- 89 183.6 219.2 189 .4
90 183.4 210.8 YB?.?
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4.1

TABLE lI Changes in Conductivity Versus
Altitude for 1 KHZ and 10 KHZ Pul se
Rates at 50 Percent Duty Cycle

4 —— 1 KIIZ .+ ~I- 10 lUtz —i-
Jan 8a11 Ac11 Ao 11

- 60 8.58—3 1.08—2 1.68—2 8.58—3 1.08—2 1.58—2
65 4.58—2 4.58—2 4.28—2 3.98—2 4.58—2 3.78—2
70 4.978—1 6.78—1 1.78—1 4.08—1 7.08—1 7.08—2
75 1.458—0 5.48—0 —1 .78—1 8.0E—L 3.48—0 —3.58—1
80 4.08—1 1.48E#1 —4.58—1 0 8.08—0 —1.68—1
85 0 1.38+ 1 —2.58—1 0 1.08+1 —5.08-2

TABLE I I I  Parameters Used in Approximate Calculationof Radiated P owers f or  Geometry Shown in
Figure 17

- 10 KHZ 1 KHZ

P. 2 6 k m 26 km 26 km
AX 26 km 26 km 26 km

5 k m  5 km  5 k m
8xl0~~ u 14110/14 1.45 x 100 1.45 x 10°
3.5 x i0~~ u MEO/M 4.5 x 1O~

1 4.5 x iO~~S Ac11 1.0 x 101 p MHO/M 1.48 x 101 1.48 x .101
Zm ~ ~80 km :75 km Z 75 Ja.~8 25 mv-N~~ 25 mv-M~~ 25 mv-IC-1Dynamo .1

S 8Vertical 0.1 VZ C  0.1 V-M ~~ 0.1 V M
S R * 121 c~ 5.93 ~) 5.93 x io 6c~R~~ ** 3.2 ~ 0.2 fl .2 x 10 6 ç~204 v 3 3 w  33 pw

W 3 8 w  3 w  . 3 p w
454 kw 50 kw 5 m w

* See Appendix A

** See Appendix B
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shown in Figure 17 and the Earth’s field is taken as vertical (actually

S it is 190 from the vertical at University Park). The maximum change in

conductivity occurs near 75 or 85 km~ it is assumed that thi s maximum

change occurs in a slab of vertical thickness of 5 km and the changes

outside thi s region are ignored . This geometry is shown in Figure 17

for both the horizontal and vertical current system. The parameters

S for this geometry are tabulated under Table I I I .  For 1 KH Z and 1 HZ

the radiation is considered to be a short dipole (horizontal or vertical)

with uniform current distribution, this is greatly in error at 10 KHZ

for dimension “9.” is close to one wavelength. Where the short dipole
S approxi mation is used, the standard radiation resistance formula can be

S 5 applied: S

R = 80ir 2 (h) 2 
— -

~~~~ 
. (14)

S where h — 9. for horizontal current or h = liz f o r  vertical currents. At

10 KHZ , Appendices 1 and 2 derive the necessary radiation resistances

unique to the specific geometries. These values are given in Table III.

Final computed radiated powers W
11
, W , and W11 for Hall , Pedersen, and

p arallel curren t systems respectively are the last three items in the

table. The large val ues for P!
11 reflect the postulated large vertical

electric f i e ld  compared to the horizontal “dynamo ” electric f i e l d .

Actually AJ is a f unction of all three space coordinate s, i.e.

li.7 (X ,Y,Z)  due to the spat ial variat ion of “heater ” power density which

was ignored in this anal ysis. Furthermore AJ(Z) has associated with it

a phase shift since there is a time delay of about 150 us for propagation

S of the heater signal to reach 90 km from a reference height of 4QS km.

It is thus expected that the 10 kJIZ radiated power would not be as large

as g iven in Table III . These preliminary results do warrant further S

— 

experimental and theoretical research programs .

5---- 

a

— -- - -S  - 5 5 5  

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



43

BE B E

ZMAX \J~~// 
ZMAX 

\ 200//

HORIZON1~L CURRENT VERTICAL CURRENT
S SYSTEM SYSTEM

I-1C;URE 17: Idealized Geometry of Radiating 1i~lc~mentsfor h orizontal and Vertical Currcnts
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6. DISCUSSIONS 
- 

S 
S

The results of combination f requency measurement shown in Figures 3

through 12, in Section 4, seem marginal in the light of their signal

strength relative to the ambient noise level at the time of the measure-

ments. However there are f ew occasions where the measurements appear to

be meaningful. Since the combination f requency generation is a second

order weak phenomenon It is difficul t to expect it to be present all the

time. Fur thermore, compared to other earl ier successful observations, S

our p ower was relatively limited , especially that of the second wave.

In view of all these factors, it was difficult to ascertain detail features
S of non-linear ef f ec ts  such as height dependency or diurnal variations.

Nevertheless, the results are not altogether disappointing. 
S

With the operation of new NAIC 200 megawatt high-power heating

S facilities, which was described earlier in this report, most of the

difficulties we encountered in this work could be eliminated , thus

bringing reliable observations of combination frequencies and other . S

non—linear effects to within our reach.

Theoretical analysis of the wireless radiating system pre sented

in Section 5 explored the feasibility of using the modulated ionospheric

S current system to alleviate the difficulty of constructing extremely long

antenna system in ELF or UL? coimnunications. Initial numerical results

S 
on the powers radiating from the system certainly support the f easibility

of this concept. It will undoubtedl y be a worthwhile endeavor to test 
S

this concept experimentally using the new NAIC high-power facilities at

Arecibo in the future.

If.
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- Appendix A. Calculation of R and R and radiated p owers for 10 XXz
for Hori zontal C~rrent ~~nsity 

-

Fi gure A. 1 reproduces the geometry of the curren t carrying region

idealized in Figure 17; or 
~~H 

is parallel to the •y axis. The

surface of this square slab of dimension £ is divided into a large

number of smell isotropic radiators of dimensions Ax and liy. The radia-

tion pattern of a square arra y of isotropic radiators can be shown to

have the following form by using the classi cal pattern mul tiplication S

theorem:

~2 Sin(!~ Sin 0 Cos $) Sin(~~ Sin 0 Sin $
pattern = A A 

n 
£ (A l)

S ~~ ~ ~~~~
- Sin 0 Cos $ ~~~

- Sin 0 Sin $

This then is multiplied by the electric f ield equation for a short

dipole since each elementary aperat ure lixtiy shown in Figure A.l can be
- 

considered a short dipole of length l iy and cross-section lixliz. The

current in thi s dipole is AJ~lixAz or AJ5AxAz . The standard equation

f or  f ie ld strength of this short dipole becomes in free space

E 6Oirliy (AJOxliz)  Sin $ 
5 

- A-2
- 0 AR ~

wi~ere

S Sin 4, = [I — sin
2
o Sin2

$] 
1/2 (A— 3)

S From (A-l) , (A-2) and (A-3) , the f ree space Poynting vector can be f ound

S and integrated over a sphere to f ind the tota l radiated p ower and con-

sequently the radiation resistance. The f inal result can be expressed 
S

as:

2 2 900 900 2 2
— 

l2OwL I j  j  f
2 ( O $ ) Sin v Sin v dOd$

o 0 (A—4)

where I — (lsJLAz)
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FIGURE A. 1: The current carrying region of the
geometry shown in Figure 17.
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f1
2 (O,$) = Sin 0 (1 — Sin 2 OSin2 

4)

• 
v = i ~~ S i n O C o s $

• v ” ~~~ Sin 0 Sin $

At 10 KHz , -
~~~ ~ 1. Equation (A-4) was integrated numerically using 36

p oints over one octant of the sphere . The f inal resul t is

W = 60.55 z2 
(A S)

Since .1 is def ined as the peak A. C. current , the radiation resistance

becomes S

R = R  = l2l~~p if
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Appendi x B. Calculation of R and Radiated Power from a Disk at 10 KHz
Carrying a Unifo~m Vertical Curren t Density

In Figure B .1, the ‘heater0 beam is represented as a cone rather

than an inverted pyramid as in Figure 17 to facilitate the integration.

The disk represent the dominant current carrying region.

Each axial current radiates as a smell dipole; if Az/A is small S

according to the usual smell dipole field

(AJ 11) (Az)R
1
d$~dR

1jwpe~~
E
0 

= 4,rR Sin 0 - (B—l)

subject to the far field approximation

R = R - R
1
Sin 0 Cos(4~-$

1) (B-2)

the resultant far electric field becomes

E 
(AJ

1)~~ 
(Az)j~~ Sin Oe ~ftR O 

r í e~
k
~~ 

Sin 0 Cos($_$1)RldRld,l4wR 1—0 1=0o $ R
S (B—3)

Integrating over $
1 
first, the magnitude of E becomes

— 

(AJ 11) (Az) wI A Sin 0 2n 7 J (kR 1 Sin 0) R1 dR1 (B-4) S

4irR
0 0

S 

Equa tion (B-4) was arrived at by using the Bessel f unction representation

S ~ 2wJ (q) f 
~i
q Cos $

1 
d+

L (B-5)

Now employing the identity

f X J (x)dX = XJ1
(x) (3-6)

5 one can obtain for free space

S /3/ — 

~~ 
(f-) J1 (ka Sin 0) (0-7)

where I — (&l.u ) (wa2)

S 
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S FI GURE B .1: A current carrying disk which replaces

the current carrying region of Figure 17..
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Integrating numerically the Poynting vector corresponding to (3-7) , the

radiating power becomes 
S

900 2
W = 601

2 1 (
~~) Sin 0 [J

1 
(-vrSin0) 

2
] (3—8)

where a = was used in the argument of the Bessel f unction. This is

integrated numerically with Az and a being values given in Table I so

that (B-8) becomes

= i2 1.617 (3—9)

Since I is defined as peak A.C. current, the radiation resistance

becomes 3.2 ~~. This value was used at 10 KHz to find the P!
11 

for the

vertical current system.
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