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' THE EDITOR'S PAGE

A Green URSI?

A role for URSI scientists in monitor-
ing global change is indicated in this
issue. The increasingly “wireless” re-
placement of telephone lines, etc, could
be seen as a change for a better, less
polluted (at least visually) world. As
quoted from the IEEE Anfennas and
Propagation Magazine (February,
1993), and the IEEE Spectrum (p. 81,
January, 1993), a team from the socie-
ties in IEEE identified the Seven Grand
Challengesin Electrotechnology which
are expected to become key factors in
driving the development of new tech-
nologies. The seven challenges are:

* Tobeornottobereachableany time,
anywhere (world-wide personal
communication networks, wire- and
fibre-less communications)

* To have instant access to all infor-
mation (data bases, high-speed links,
flat-panel displays and interfaces)

e To be present or absent any time,
anywhere (virtual presence and real-

ity)

¢ Abundant, clean, safe and afford-
able energy

 Intelligent highways and transporta-
tion systems (increased safety, opti-
mum automatic routing to minimise
congestion, personal global naviga-
tion)

¢ The paperless office (flat-panel dis-
plays, pen-based and tablet comput-
ers)

* Thecashless society (electronic purse
and wallet)

All of these involve radio or other tech-
nology within the span of URSL. By
contributing to these Seven Grand Chal-
lenges in Electrotechnology would
URSI appear “green” in the sense of
clean and safe? But without looking
carefully at likely side effects of such
technology URSI might appear green
in the other sense (naive). The British

Government has recently warned that
EM pollution or “electronic smog” from
personal computers, mobile telephones,
radios and other gadgets is putting lives
at risk. The British Minister of Trade
and Technology, Mr Edward Leigh,
sees the rapid increase in use of this
“wireless” technology as behind the
problem.

“In the UK, interference caused a com-
puter-controlled crane to drop its load
prematurely, killing one worker,” he
said. “In Japan, interference caused
robots to go out of control causing two
deaths.” Mr Leigh highlighted the dan-
gers at the launching of a nationwide
awareness campaign to help British
firms beat the threat. In one incident, a
portable radio sent out a signal causing
asemi-submersible oil platform to move
of its own volition. Mobile radios in
police cars caused the vehicles’ locking
systems to operate. “In another case
electric trains caused the malfunction
of computers Skm away.”

It is neither necessary nor appropriate
for URSI to oppose the advance of
radio technology. Butto be green in the
good sense, URSI scientists as indi-
viduals and in collaboration with the
CCIR need to be resolving the EM
pollution problem. Itis aninternational
problem and not necessarily best re-
solved by legislation.

The Future Mag.

You will find two pages of LETTERS
to the Editor in this issue. I have ex-
pressed my personal opinions in these
Editorial pages to arouse some response
from readers on such LETTERS pages.
This seems to have borne fruit, with a
whole page on suggestions for the fu-
ture form (beginning with the March,
1994 issue) of the Radioscientist and
Bulletin magazines, combined or not.

A comment in a personal letter to me,
and sonotincluded on that page was: “I
expect the uncertainties on the status of
the Radioscientist will not help the sub-
scriptions and contributions”. To thisI
hasten to answer that contributions are

still coming along nicely (there are a
few which I cannot fit in this issue and
must hold for later). Subscriptions are
not a problem since all scientific par-
ticipants at Kyoto will become sub-
scribers for the following three years,
1994-97.

The “uncertainties”? Well nothing is
certain, but unless there is a silent ma-
jority out there with acontrary view, the
vibes I get are for a growing status.
Looking back over the issues — I re-
cently made a bound set because for
some issues I found only one or two
copies — I found appreciable change
over the 2'/2 years of the existence of
the Radioscientist. For example, I was
initially against having contributed ar-
ticles refereed but I changed my mind
—-atfirstfor “researchletters” and then
forarticles as well. Since I was learning
the job of editing and publishing, it is
not surprising that I didn’t get every-
thing right at the start. The important
thing is that it did start. 1like to think it
is getting better and I hope that the
March, 1994 issue, whatever its name,
will be better still.

CRC

In recent weeks I received a technical
article of excellent standard from one
source, and a call for papers from an-
other source, both professionally type-
set and sent to me as Camera Ready
Copy (CRC). Both of these items will
appear in the Radioscientist after we
have keyed the texts into our computer,
including equations, and redrawn the
diagrams by computer.

Why not use the CRC as is? I could
point out that such CRC is never in
exactly the right style, font, leading,
column width, page number, etc, for
direct use. But that is beside the point.
The printerrequires the issue completely
in digital form, pictures and all.

So if you want to save us some work,
send your contribution in plain ASCII
by email. A TgX file by email in
addition is useful as a check on equa-
tions and symbols. If you send it on
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] . SCANNING THE ISSUE ,

disk, include a version in MS Word, Word for Windows or
Word Perfect. The “high density” disks (1.44 MB on 3.5
inch diskettes) work on both Macintosh and PC. If you want
to make it really easy for us, use a Macintosh to put the text
inMS Word 5, with equations using Equation Editor, Times
and Symbol fonts, 10 pt, column width of 82 mm, and
graphics in MacDraw (Pro or II).

Editors?

Ididn’t get any volunteers, so I will invite some individually.
This way, I hope to split the job between about five Editors,
each of which will be expected to do all of what I have been
doing, including the Editorials, but on average doing only
about 20% of the work load. This way they get all the
advantages of being Editor without a big workload. But it
may not be too late to volunteer yourself or someone.

Scanning the issue

Do you find this section useful or do you prefer to do your
own scanning or skimming though the issue? My inclina-
tion is to make omit the summary aspect and give only the
“story behind the story” aspect. There is not much of this
this time. I first met “Chris” Christiansen at Pott’s Hill
(see W. N. Christiansen , p. 9) in 1954 during a summer
vacation research assistantship with CSIRO while I was a
student. This was about the same time, or a little before,

Don Mathewson, the author's article, joined the CSIRO
staff to work with Chris. It was there at Pott's Hill that I
met Henry Rishbeth (the author of Global Change, p.7)
who was visiting from UK at the time. The centenary of
the birth of Sir Edward Appleton (pictured at Pott’s Hill
on p. 9) was celebrated last year at the UK URSI meeting
in Bradford, his birth place. Another coincidence, for
what it is worth, is that I was born on the very day —
maybe the hour — of the beginning of the world's oldest
set of daily ionosoundings (from Slough). Maybe this,
rather than my constellation, determined my destiny in
Commissions G-H!

The feature article this issue, Radio Tomography of the
Ionosphere, was previously published in the IEEE Antennas
and Propagation Magazine (October, 1992) by arrangement
with the Editor-in-Chief (and Associate Editor of the Radio-
scientist), Ross Stone. I chose this because, apart from its
excellence, itshould be of particular interest to URSI people
who do not see the IEEE Antennas and Propagation Maga-
zine. In his editorial, Ross pointed out the dilemma he faces
when editing a paper from authors for whom English is not
their native language. 1 try to stress the international nature
of the Radioscientist by encouraging such papers. It is my
policy to edit heavily to produce standard English grammar,
style and spelling as a service to the original authors who
usually ask forit. Sadly, this means that the style and flavour
of the author’s culture is lost. So, apart from some minor
corrections, I have used Ross's version including additions
he made in the text within square brackets.

ERRATA

We apologise for the following errors which appeared in
past issues of the Radioscientist.

Diffraction by Mountains (J. R. Wait), Vol. 3, #1 (March,
1992):

Page 21  (ka/3)/3 should read (ka/2)!/3.

Lateral EM Waves (J. R. Wait), Vol. 3, #3 (September,
1992):

Page 67 (1st para, 11th line): “However they do not

give...” should read: “However they do give...”

Near Field Measurements... (E. Goldbohm), Vol. 3, #4,
(December, 1992)

Page 89 Right column top:  Insert between lower and

antenna: “lower sidelobes, optimum beamwidth
and precision in beam shaping”

Page 91 Left column bottom: insert “... as a first approxi-

mation ...”
Page 92 L column, lastparagraph,4thline: “voltagesrn..”
should read “voltages p1...”
Page 93 L column, end of first paragraph, insert under-
lined part: “alleviate the mutual coupling prob-
lem and reduce cross polarisation and Greenberg
grating lobes inherent in some types of slotted

waveguides.”

Page 95 R column, bottom paragraph, second line, delete:

‘simple and”

Page 96 R column second line from bottom, last para-

graph, delete K in CHLK.
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LETTERS

The future magazine name

magazine started. It contains interesting articles. If, as

Tunderstand, it’s proposed to combine it with the URSI
Bulletin, then I’d urge that the title “The Radioscientist” be
kept. The main reason is that, if the articles are regarded as
“referenceable” (as I think they are), then it’s important to
maintain the continuity of title. If “The Radioscientist” were
to change its title after Vol.4 (say), the continuity would be
lost. Irealise the “URSI Bulletin” is a long-standing publi-
cation; I think the best solution is to call it “The Radioscien-
tist” with sub-title “incorporating URSI Bulletin”, or some-
thing like that.

In my view, you’ve done a first-rate job in getting the

Regarding your bleat about telephone noises: I don’t think
I’d want to have them all the same. I find itrather comforting
when I get the familiar “burr burr.....burr burr.....burr burr” to
know that the British installed the phones. British Telecom
directories have helpful notes (in the section that gives the
international dialling codes) to indicate what are the ringing
and engaged tones for each country. Can’t KiwiTelecom (or
whatever it’s called) do the same?

Henry Rishbeth

am very sensitive to continuity in both periodical names
and volume/issue numbering, perhaps because I worked

in a library for a short time. When the AP-S Newsletter

became the IEEE Antennas and Propagation Magazine, 1
surveyed a number of librarians. There was almost unani-
mous agreement: continue the numbering in sequence and
try to incorporate as much continuity as possible in the name.
Thus, I suggest the Radioscientist and the URSI Bulletin,
presented graphically on the coverin a fashion similar to this:

the Radioscientist
and the URSI Bulletin

I would continue the numbering of the Bulletin, since itis the
older publication. My reasoning is that it is the Radioscien-
tist which is likely to be of primary archival interest to
libraries, so this is the name we should stress. However,
prior to the Radioscientist, it was the Bulletin which con-
tained (at least in the “earlier days”) all of the information
which might otherwise have appeared in the new publica-
tion. Evenif the decision is made to continue the numbering
with the sequence following the current numbering of the
Radioscientist, I would still vote to have the name as shown
above. A box identifying the two predecessor publications
and explaining the numbering systems for all three should be

carried as part of the “masthead page” in each issue.

W Ross Stone

hat an excellent idea to have a new-look URSI
magazine! I would be in favour of a new name.
What about “Radio Communications”? In this

case, the sense is not communications by radio, but commu-
nications for radio scientists and engineers.

Michael J. Rycroft

URSI Bulletin be combined into anew URSI publication

which would cover the two separate fields which so far
have been the domains of these journals. This brings up the
question of the most appropriate title of the new publication.
Itis my opinion that it would not be good to keep either name.
Keeping the name as the Bulletin would suggest that the
Radioscientist died without replacement even when the new
Bulletin would contain some of its sections. Keeping the
Radioscientist as the name would suggest that the Bulletin
died would be just as bad because it has served well for many
years. One therefore should have a new name for the
combined new URSI publication .

It has been been suggested that the Radioscientist and the

There are several possibilities. One suggested by the editor
is “the URSI-Magazine”. The name Magazine suggests that
it would contain information of the kind the Bulletin has
provided, but that it also would contain articles of scientific
content and discussions as the Radioscientist was intended
for. Both former journals would merge into this kind of
journal giving space to a variety of sections but at the same
time not offending anybody and not leaving the impression
that either of the above journals has been deleted because of
political reasons. Some might not be happy with the name
Magazine being too close to the Boulevard jargon. If this
would cause a problem then one should think of an appar-
ently more serious title as for instance The Radio Review —
An URSI Journal for the Advancement of Radio Science.
This would cause high expectations which would be nice but
not easy to satisfy. I myself would be pleased having the
Radioscientist and the Bulletin merged into a more modest
URSI Magazine.

It would also be nice if there could be regular Review papers
invited for at least one of the issues per year. Something like
in Physics Today with or without figures but of reasonable
length and more specialised to the fields which interest the
radio community, not so general as Physics Today but well
understandable for the entire community.

Rudolf A. Treumann
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LETTERS

Tx-Rx Reciprocity
Can non-gyrotropic media be nonreciprocal?
now I felt that the answer was obvious, I now have

the feeling that it may not be. 1 would therefore
appreciate it very much if anyone could answer this question.

The above question was recently raised, and while until

As far as I know, nonreciprocity in passive media is related
to gyrotropy, i.e. to some rotational effect produced by a
magnetic bias. This is observed in ferrites, semiconductors,
optical fibres, etc. The same effect also appears in magnet-
ised plasmas, however the latter would not be considered to
be passive media.

Is there any way to obtain nonreciprocity within passive
linear (or linearised) media that are not gyrotropic? Or is
gyrotropy a basic absolute requirement? Is there some
profound (but if possible understandable) reason why
nonreciprocity should be linked to magnetic bias? If you
know of any passive material that exhibits nonreciprocity in
the absence of a magnetic bias (external or internal), please
let me know.

I am looking forward to receiving many responses.

Fred Gardiol, LEMA-EPFL
ELB-Ecublens

CH-1015 Lausanne Switzerland

e-mail: GARDIOL@LEMAHPI1.EPFL.CH

[Ed — Fred Gardiol is suggesting you contact him direct.
Fine, but please share your views with us in these columns in
the June issue. If you want more bait, please bite on the
Sollowing.

Consider an isothermal universe containing, among any
other passive things including gyrotropic media,
magnetoactive plasma, etc., two antennas each terminated
by a resistor. The Second Law of Thermodynamics says that
the resistor in one antenna cannot warm up at the expense of
the resistor in the other antenna. We dispose of any per-
petual motion machine claim the same way — by appealing
to the First or Second Laws of Thermodynamics, not by
examining the mechanical details of gears and pumps, etc.
So any claim of reciprocity (in this sense) breakdown has to
square it with the Second Law.]

Cosmology

in Cosmology” in the September issue (pp 80 ~ 82). 1
had long wondered how the inflationary hypothesis
could violate Special Relativity; I didn’t realize it did not

I enjoyed Pr Pfleiderer’s article on “New Developments

apply to expansion of space itself.

Close inspection of the Hubble parameter H, — I don’t like
to call it a constant, as it = f(f) — reveals that it actually has
units, or a dimension, of frequency, Hz. Working through
the conversions — easily done on an hp-28Cm which knows
about Mpc and so on — for 50 Km/s/Mpc you get 1.62 E-18
Hzor 1.62 aHz (attoHz). Taking the reciprocal of this to get
the period, one obtains 0.617 Es (Exas, 1. E18 s), or 19 560
M (million) years, 19.56 billion (thousand million) years.
Hgp = 100 gives 9 780 M yr.

These figures correspond to the estimated age of the uni-
verse, of 10 to 20 000 million years! Iwonder if there is any
significance to this.

Roger A C Williams

[The above letterwas referred to the author for the following
reply.]

ou are quite right. The reciprocal present Hubble

i constant or present Hubble parameter H,, is indeed
related to our estimate of the age of the universe. If
Hwereconstantin time (thatis, H(r) = H,), it would precisely
give the time needed for expanding the universe from zero to
the present state. This would be true for all distances . Let
the radial velocity be v = Hyr (Hubble law), then the time ¢
needed for a galaxy to move by the distance r with constant
velocity v is, of course, t = 1/v = 1/H,. The standard model
states a decrease of expansion due to gravitational pull, such
that the time-averaged velocity is larger than the present
value v because v was larger in the past. Correspondingly,
the age T of the universe, or the time since expansion started,
is smaller than 1/Hp; thatis, i/vgyer <i/vpresent if vaver >
Vpresent- Inflation does not change the picture because it is
restricted to a very short time in which total expansion is
small even if the relative expansion is by many powers of ten.

Inflation predicts 2 = 1, that is, the (average) density is
expected to be very close to the critical one which separates
open and closed universes. In this case, T = 2/3H, (or
roughly 13 billion years for H, = 50). In plain words, this
means that H, = 50 is compatible with other observations
only if all objects in the universe turn out to be not older than
about 13 billion years. Withoutinflation, 2may appreciably
deviate from unity. Then the relation between T and 1/H,, is
different, but always T < 1/H,,. Since we are pretty sure that
the oldest observed objects are at least, say, 10 billion years
old (probably older), the standard model, with or without
inflation, is not compatible with observations if H,, turns out
to be around 100.

It should also be stated that the decrease of v with time, true
for all standard models outside the period of inflation,

Continued on page 11

6

The Radioscientist Vol 4 N° 1



~ GLOBAL CHANGE _

GLOBAL CHANGE, THE GREENHOUSE EFFECT,
AND THE IONOSPHERE

With its Committee for the IGBP, URSI is one of the many
scientific bodies that are interested in the question of global
change. For much longer — indeed, throughout most of its
history — URSI has taken a keen interest in the ionosphere.
This article describes recent work that brings together the
two subjects.

Discussion of global change in the atmosphere has focused
on the lower regions — the troposphere and stratosphere.
The idea that higher regions could have any relevance to
“global change” has been treated dismissively in some
quarters. However, in 1989 Dickinson and Roble [1] pub-
lished a theoretical paper describing how increased abun-
dance of carbon dioxide and methane in the middle atmos-
phere would change the thermal structure at higher levels.
They estimated that a doubling of the CO, and CH, concen-
trations at 60 km height — as is expected to occur by the
middle of the 21st century — would cool the mesosphere by
around 10 K, because of the increased infra-red emissivity at
this height. In the thermosphere above 100 km, the drop in
global mean temperature would be greater, amounting to 50
K at heights above 200 km, with accompanying changes in
chemical composition. They suggested that this cooling
would not only lead to greater orbital lifetimes of artificial
satellites, but might also affect the ionosphere.

Using straightforward physical considerations, Rishbeth [2]
showed how the thermal contraction produced by such
cooling would affect the ionosphere. The predicted 50 K
drop of mean thermospheric temperature would lower the
height of the F2 peak (hmF2) by 15-20 km. From the point
of view of long-distance radio propagation, this would cause
a small increase (about 4%) of the M3000 factor, which is
proportional to the maximum useable frequency over a 3000
km path. The E-layer height (hmE) would also drop, but only
by about 2 km, which would be hardly noticeable. Despite
the drop in the height hmF2, the critical frequency foF2 is
hardly affected, because it is insensitive to temperature
changes (There are second order effects on foF2, of order
1%, because the cross-sections that control the rates of
recombination and diffusion are weakly temperature-de-
pendent).

The Boulder “Thermosphere Ionosphere Global Coupled
Model” (TIGCM) [3] has been used for more detailed studies
of how “greenhouse cooling” would affect the F2 layer. In
general, the global maps produced by the TIGCM show that
doubling of mesospheric CO, and CH, reduces hmF2 by 10-
20 km in most places. As before, the changes in NmF2 are
small and hardly significant [4]. The TIGCM results thus
confirm the simpler analysis [2].

What prospects exist for detecting these long-term changes
experimentally? Only two techniques can be seriously

considered for this purpose: ionosondes and incoherent
scatter radar. Rocket data are much too sparse, and satellites
do not give useful measurements of hmF2. Though iono-
sondes are good at measuring the critical frequencies (i.e. the
peak electron concentrations) of ionospheric layers, the
measurement of longterm changes in the F2-layer height
(hmF2) is not straightforward, for several reasons.

First, for any given sounder, the ionosonde circuitry may
introduce a small error in height measurements, which will
change if the sounder is changed or even re-adjusted; the
local conventions for scaling ionograms may also influence
the published data. Second, despite the simplicity of the
“radar principle” that is involved, the determination of hmF2
requires the inversion of the integral equation that gives the
measured two-way time of flight of the radio pulses:

21,
r==[u dh 1)

where c is the speed of light, £'(h,fo) is the group refractive
index of the ionospheric plasma for the sounding frequency
(in this case, the critical frequency fo), and the integration
extends from the ground to the height of reflection. Before
the advent of modern digital sounders, the solution of (1) was
not performed routinely, and the published data on hmF2 are
too sparse to be useful for synoptic studies. Although digital
sounders can be programmed to compute hmF2 routinely,
they have only been in service for a few years. For conven-
tional ionosondes, a more practical approach is to use an
empirical formula [5,6] thatlinks hmF2 to the M3000 factor:

hmF2 = A/(M3000 + AM) -B ... (2)

where A and B are numerical constants (conventionally A =
1490 km, B = 176 ki) and AM is a correction for the effect
of the underlying E and F1 layers. Despite its seemingly
arbitrary form, equation (2) has been verified in a number of
studies, e.g. [7], and it can be widely applied because the
parameter M3000 is included in routinely published data.

In principle, hmF2 can be derived from the “power profiles”
P(h) measured by incoherent scatter radars. A difficulty is
that the scattered power depends not only on the electron
density profile, N(h), but also on the electron/ion tempera-
ture ratio (Te/Ti):
P(h) o< oN(h)/[(1 + Te/Ti)h2] 3)

where ¢ is the Thomson cross-section. Since Te/Timay vary
with height, the height hmF2 cannot be accurately deter-
mined unless Te/Ti is also measured, which cannot always
be done with sufficiently good height resolution. Further-
more, the existing radars (except perhaps the Millstone Hill
radar) do not have long enough datasets for really long-term
studies. One may conclude that, for the foreseeable future,
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ionosondes provide the best method of monitoring long-
term changes in the upper atmosphere. This provides a new
justification for continuing ionospheric monitoring [8].

The length of the “ionospheric record” is now quite respect-
able. Regular soundings at Slough (UK) began on 11 January
1931 [9]

(the 60th anniversary was celebrated at a Royal Astronomi-
cal Society meeting that marked 150 years of geomagnetic
recordings, which fortuitously took place on 11 January
1991 [10]). The daily sequence of Slough soundings began
on 20 September 1932, though it was not until 27 December
1933 that swept-frequency ionograms were routinely re-
corded. A few other stations opened during the 1930s, and
by the late 1940s ionosondes were routinely operating in
several parts of the world. Several decades of well-cali-
brated, quality-controlled ionosonde data are therefore avail-
able in World Data Centre archives.

In looking for long-term changes, careful allowance must
obviously be made for the fact that hmF2 varies systemati-
cally with time of day, season and latitude, and is greatly
affected by solar and geomagnetic activity. These variations
are greater than the effect being sought, but their pattern is
known from decades of observation. Success in detecting a
long-term change has already been claimed. Using 33 years
of data (1957-1990) from Juliusruh (Germany), with careful
allowance for solar and geomagnetic effects, Bremer [11]
has found evidence of a progressive decrease of F2 layer
height. Averaging over all seasons, the decrease amounts to
8 km in 33 years, or 0.25 km/year. If continued, this would
amount to 15 km in 60 years, just about the drop predicted in
[4].

Global changes in the ionosphere are not necessarily re-
stricted to the effects of “greenhouse cooling”. Upper
atmosphere tides are forced (driven) by the heating due to the
atmospheric absorption of solar radiation, the major contri-
bution being ultraviolet absorption in stratospheric ozone. If
the ozone becomes seriously depleted by chemical pollution,
this may change the atmospheric tides in ways that are hard
to predict, but may eventually be detectable through their
ionospheric effects. The equatorial region, where tidal
effects are especially prominent, would be the place to seek
such effects. It has been suggested that temperature changes
in the lower ionosphere might be directly detected through
theireffect onradio-wave absorption [12]. Contamination of
the upper atmosphere, arising from largescale space pro-
grammes, might change upper atmosphere chemistry, per-
haps increasing the occurrence of sporadic E layers. A
different kind of global ionospheric change — though not
man-made — can be anticipated from the progressive changes
in the geomagnetic dipole field, which is currently decreas-
ing by around 6% per century; this may affect ionospheric
characteristic in some regions, notably the South Atlantic,
within a few decades. If the geomagnetic dipole field even-

tually reverses, the ionospheric effects will be profound [13].

To conclude: Reliable evidence of global warming in the
lower atmosphere is notoriously difficult to establish from
meteorological data, because of the many complicating
factors. The accompanying “greenhouse cooling” in the
upper atmosphere may be easier to detect, through long-term
measurements of the height of ionospheric layers. The well-
established network of ionosondes is thus a potential tool for
monitoring the “greenhouse effect” — provided extreme
care is taken in allowing for solar and geomagnetic effects on
hmF2. This gives URSI an added interest in the IGBP, and
anew use forionosondes. A fitting thought for the centenary
of Sir Edward Appleton (1892-1965), the pioneer of iono-
spheric research?
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W. N. CHRISTIANSEN * -

Professor Wilbur Norman Christiansen, a past President of
URSI and a present Honorary Life President, has never been
known by these given names. So despite an editorial policy
to avoid both nick names and formal titles, I must leave him
as "Chris" here, the way we have always known him —Ed.

The photograph of Chris explaining some intricate detail of
his famous 32-element grating interferometer at Potts Hill to
his two visitors is very typical. I can just hear him saying,
“now if we give this quarter-wave matching section a little
tweak like this our SWR will be almost 1 ... don’t you
think?” The only thing out of place is the coat and tie.

The first time I met Chris was at Potts Hill in 1955. I wasa
fresh graduate from Queensland down in Sydney for an
interview for ajob to work as an assistant to Chris for his new
project, the Chris-Cross, a 64 element crossed-grating inter-
ferometer to be built at Fleurs Field Station.
Joe Pawsey, the Head of the Radioastronomy
Group at CSIRO had driven me out to Potts
Hill to meet Chris. We had stopped at
* Ashfield to buy two enormous bags of ba-
nanas and lamingtons for which Joe appar-
ently had a weakness. Laden with these
bags, we were walking down the edge of the
reservoir along which was erected the 32-
element interferometer. Coming towards
us was aman dressed in khaki shirt, bombay
shorts with a battered sunhat pulled low
over his eyes and rolling a cigarette. Much
to my surprise Joe introduced me to my
prospective new boss, Dr, Christiansen. His
first words were, “Don’t eat too many of
those things”, nodding towards the two bags,
“they’re dynamite when eaten together”. A
rather belated warning as I’d already in-
gested considerable amounts in a polite at-
tempt to impress Joe. Chris gestured to-
wards a length of coaxial cable lying on top
of a fibro-hut, “that saved Parthasarthy’s
life. He accidentally fell into the reservoir
whilst working late one night and his Indian
colleague, Govind Swarup, pulled him out
with that. Only managed to see where he
was because Govind had the presence of
mind to tell Parthasarthy to roll his eyes!”
(Govind Swarup FRS is now the dynamic
leader of the construction of India’s Giant
Metre-wave Radio Telescope).

I immediately warmed towards him - his
laconic style and wry sense of humour cap-
tivated me. We went for a walk along the
adjacent bank of the reservoir where there
was a second grating array at right angles to
the main array. Chris explained how for the
past year this N-S array was used together

with the E-W array to strip-scan the Sun during most of the
daylight hours. Over this time, the Earth’s rotation changed
the angle of scan across the Sun’s disk so 1-D brightness
distributions were obtained at many angles. A double
Fourier transformation would then give a 2-D picture of the
Sun. Little did I realize that what was being explained to me
was a revolutionary new technique for obtaining very high
resolution radio maps of the cosmos. A technique which is
known as earth rotational synthesis and which is used by the
major radio telescopes all over the world. The fact that not
a lot of astronomers know that Chris is the father of earth
rotational synthesis is due to the extreme modesty of this
inventive genius.

Then Chris took me across to the opposite bank of the
reservoir and showed me the improvised 21 cm line receiver
which he and Jim Hindman had put together in a matter of

At Potts Hill, Sydney, during the 1952 General Assembly of URSI. From
left: “Chris”, Edward Appleton, Balth van der Pol.
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weeks to confirm H. C. Ewen’s discovery of that radiation
from neutral hydrogen in our Galaxy. Not only did they
confirmitbut the observations provided the best evidence for
the existence of galactic spiral arms.

That evening, back at Radiophysics, Joe told me I had the job
and I still remember my intense excitement at the prospect of
working with Chris. I was never disappointed for Chris
taught me many things, not all of them scientific. For
example, there seemed to be interminable delays to actually
start building the Chris-Cross even though Taffy Bowen, the
then Chief of the Division of Radiophysics, has approved the
project. Whilst alesser man would have patiently waited, not
so Chris. One morning with a worried frown and some
unintelligible mutterings about administrators in general, he
bundled his secretary and me in a battered old truck together
with a load of metal starposts, fencing wire, strainers and
sledge hammers and headed for Fleurs Field Station. All day
we belted in the starposts, strained wires etc, etc and the next
day and the next until the cross-shaped fence was completed.
Then Chris sent Taffy a memo with an estimate of the cost in
salaries for erecting the fence and announced that next week
the same team would commence pouring the concrete foun-
dations for the antennae. Within one week, a team of
workmen had been assembled at Fleurs to start the construc-
tion of the Chris-Cross (much to my relief!).

The Chris-Cross team would have done anything for Chris.
He was a staunch supporter of human rights, a champion of
the underdog, a no-nonsense egalitarian and a superb scien-
tist. He had the deep respect of all of us. This was enhanced
by the fact that his charming wife, Elspeth, is a fantastic cook
and used toregularly give to Chris a big bowl of bouillabaisse
which she had learnt how to prepare when Chris was helping
to design a large radio interferometer at St. Michel in Haute
Province. This was a welcome relief to our rather basic diet.

I was often amazed at Chris’ even temperament. He never
seemed to lose his temper (only with politicians and bureau-
crats!). Not even when inadvertently one morning, I left the
gate open and a stray herd of cows got into the aerial
enclosure and started scratching themselves against our
carefully matched (almost 2 km) of twin transmission lines!
And not even when the groundsmen accidentally cut through
avital coaxial cable with his lawn mower and guiltily tied the
cable together with a beautiful reef knot and placed a heap of
cut grass over it. Eventually, after hours of searching for the
fault, we found it but all Chris said was, “The sneaky old
bastard ... don’t you think?” I agreed!

In 1960 Chris left Radiophysics to become Professor and
Head of the Department of Electrical Engineering of the
University of Sydney where he formed a strong radio-
astronomy group and upgraded the Chris-Cross into a pow-
erful earth rotational synthesis telescope for extra-galactic
studies. Other research groups which he set up in the fields
of energy conversion, power distribution and radio aids for
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airnavigation have achieved considerable international repu-
tations.

For most of his professional career, Chris has been an
important and familiar figure in the astronomical community
all over the world. He has held prestigious appointments in
France, the Netherlands, India and China, whilst helping
them design their grating arrays and earth rotational synthe-
sis arrays. His book Radiotelescopes with Dr. J. A. Hogbom
is regarded as the standard text by radioastronomers. It is
published by Cambridge University Press, 1st edition 1969,
2nd edition 1985 with Russian and Chinese editions. A
paperback version was released in 1987 and the 2nd Russian
edition in 1988.

Chris has given long service to international scientific or-
ganisations; as the President of the radio-astronomy com-
mission of URSI, 1963-66; a Vice-President of URSI, 1972-
78, the President of the Union, 1978-81 and President Sortant,
1981-84. In 1984 at Florence he was elected Honorary
President of URSI for life. Chris was a Vice-President of the
TIAU from 1964-70 and a member of the General Committee
of ICSU from 1978-81.

Nationally, Chris was Chairman of the National Committee
for Radio Science, 1960-72 and President of the Astronomi-
cal Society of Australia, 1975-79. He was a member of the
Australia-China Council of the Department of Foreign Af-
fairs, 1979-82 and Chairman of the Australia-Japan Com-
mittee of the Academy of Science, 1982-85.

In the course of his career, Chris has received numerous
honours from national and international scientific bodies.
Elected to the Australian Academy of Science in 1959, he
was a member of the Council of the Academy for some years
and was their Foreign Secretary from 1981-85.

Chris was awarded the prestigious Medaille de 1’ Adion in
1976 for his contributions to Astronomy and Astrophysics
and for his role in the development of international collabo-
rationin this field. Hereceived the Syme Medal for Research
from the University of Melbourne who also awarded him the
Doctorate of Science for his work in radio astronomy and in
1982 an Honorary Doctorate of Engineering. In 1980 he
received an Honorary Doctorate of Science in Engineering
from the University of Sydney. In 1970, Chris received the
premier award of the Institution-of Engineers of Australia,
the Peter Nicol Russell Medal. Chris has also been made a
Fellow of many physical and engineering societies both in
Australia and the U.K.

Perhaps the following paragraph extracted from the speech
of Professor Shou Guangzhoa, President of the Chinese
Academy of Sciences, at the XXII General Assembly of
ICSU held in Beijing in 1988 allows some insight into Chris’
non-conformist attitude to life, his concern for society and
his caring and unselfish nature :
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“Due to historical reasons, for nearly 30 years from 1949,
communication between the mainland China and the West-
ern world in science and technology was cut off. This
brought untold difficulties to the development of science and
technology in China. However, we can never forget the
courage displayed by some scientists who during this period
of time extended their friendly hands to us. Among them are
Joliot Curie of France, Joseph Needham of the U.K., Wilbur
Norman Christiansen of Australia, Niels Bohr and Aage
Bohr of Denmark, and Shoichi Sakata and Shinichira
Tomonaga of Japan and many overseas Chinese.”

, LETTER & NEWS | l

Continued from page 6

predicts a deviation of the observed Hubble relation from the
linear Hubble law, the reason being that we look back in time
and expect distant galaxies which we see closer than they are
today, to move faster than they would move today. Then H,,
the slope of the v-rrelation, would be a function of distance.
The actual observations are, however, not precise enough to
allow the detection of that non-linearity. Reasons are the
peculiar velocities of individual objects (we measure
v = Hor = vpeculiar) @nd, particularly, large — and possibly
systematic — uncertainties in the distance determinations.

By the way, the standard model, with and without inflation,
starts with infinite expansion velocity — again only appar-
ently in contradiction to Special Relativity because same
does not apply, as you are right to state, to the expansion of
space itself.

Jorg Pfleiderer

Institut fiir Astronomie
Der Universitit Innsbruck
Austria

Hertz Medal to Budden

At its meeting of December 6-7, 1992, the IEEE Board of
Directors selected Dr Kenneth G Budden, as recipient of
the 1993 IEEE Heinrich Hertz Medal, with the citation “For
major original contributions to the theory of electromagnetic
waves in ionised media with applications to terrestrial and
space communications.” The presentation took place [ex-
pected at the time of writing on Feb. 1 — Ed] at the IEEE
Honours Ceremonies to be held at the Sheraton Chicago
Hotel and Towers in Chicago, Illinois on Saturday evening,
February 27, 1993.

Previous Heinrich Hertz Medal Recipients are:

1989 — Nathan Marcuvitz “For fundamental theoretical and

[Ed — It was some time after these reminiscences were
received and planned for this issue that we heard of the
untimely death of Chris's son, Peter, who was a plasma
physicistwell known to the URSI community. We extend our
deepest sympathy to Chris and Elspeth Christiansen. |

Don Matheson

Professor of Astronomy
Australian National University
Canberra, ACT

Australia

experimental contributions to the engineering formulation of
electromagnetic field theory”

1990 — John D Kraus “For pioneering work in radio as-
tronomy and the development of the helical antenna and the
corner reflector antenna”

1991 —Leopold B Felsen “For highly original and significant
developments in the theories of propagation, diffraction and
dispersion of electromagnetic waves”

1992 — James R Wait “For fundamental contributions to
electromagnetic theory, to the study of propagation of Hertzian
waves through the atmosphere, ionosphere and the earth, and
to their applications in communications, navigation and
geophysical exploration”

Max Planck Prize

Congratulations to John Whiteoak (Australia Telescope
National Facility) and Richard Wielebinski (Max Planck
Institute fiir Radioastronomie), who have been awarded the
Max Planck Prize for collaborative research.

Free Subs extension!

The subscriptions to the Radioscientist were originally
planned to end with the June, 1993, issue. This was later
extended to end with the September, 1993, issue and later
still, with the December, 1993, issue, the last issue under the
present scheme. From 1994 onwards, the General Assembly
scientific participants will get a 3-year subscription as part of
the registration deal. Non-participants can take out annual or
3-year subscriptions (probably only for whole volumes) at
rates to be determined.

Meanwhile, all current subscriptions to the Radioscien-
tist (including the Bulletin) due to run out in June or
September, 1993, are hereby extended to December,
1993, at no extra charge.
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RADIO TOMOGRAPHY OF THE IONOSPHERE

Radio Tomography of the Ionosphere

Abstract

This paper provides on overview of tomographic approaches
to ionospheric remote sensing in the radio-wave range. The
ionosphere has a very complicated structure. Thus, it is
reasonable to divide tomographic methods into deterministic
and statistical ones. The deterministic tomography problems
can be subdivided into ray radio tomography and diffraction
radio tomography. The statistical radio tomography ap-
proach is used when it is necessary to reconstruct the statis-
tical structure of a great number of inhomogeneities, on the
basis of measurements of field statistics (instead of one
realization of the reconstruction of an inhomogeneity). The
methods of solving radio-tomography problems, and their
connection with inverse-scattering problems, are consid-
ered. The results of some first experiments are described,
which show the possibilities of the radio tomography ap-
proaches. In conclusion, we discuss perspectives, directions
of the development of radio tomography, and problems
which appear.

1. Introduction

This is an expository article on a new approach to radio-
probing of the ionosphere: radio tomography (RT) of the
ionosphere. It should be stressed that an application of
tomographic methods is an inevitable evolutionary step for
almost all remote-sensing systems. Tomographic recon-
struction of the medium’s spatial structure is only possible
due to a sufficiently-high level of development of remote-
sensing techniques, and of the means for data processing. In
many areas, the tomographic approaches have transformed
diagnostic methods, and have given new results, in principle.
The impressive advances of tomography in medicine and
molecular biology are well known. Tomography permitted
the discovery of new geophysical phenomena. In particular,
the roughness of the boundary between the Earth’s core and
mantle, as well as the specific global variations of seismic-
wave velocity, were found out by seismic tomography.
Acoustic tomography of the ocean lead to the revelation of
the mesoscale velocities. Remote sensing by means of satel-
lites and modern radio-probing techniques allows us to
sound the ionosphere over a wide range of transmitter-
receiver positions, and to use tomographic methods.

The ionosphere has a very complicated structure, which
combines the quasi-layered background, characterized by

* A version of this article appeared in the JEEE Antennas &
Propagation Magazine, October, 1992. The original is
Copyright © 1992 by IEEE Inc. and is used here with
permission. In this version the curly font is replaced by a

Times fontembellished by a concave overbar as in: ﬁ, Z\ ’ R\
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big-scale electron-density variations, and local inhomoge-
neities, with different scales, including turbulent areas. So,
the problems of reconstruction of the inhomogeneous struc-
ture of the ionosphere can be divided into deterministic and
statistical problems. Further, both above-mentioned classes
can be subdivided into problems of diffraction radio
tomography (DRT), and of ray radio tomography (RRT)
wherein the diffraction effects are neglected. Mathemati-
cians very often use designations such as the inverse problem
and the inverse scattering problem, for such problems of
structure reconstruction based on the scattered field. Here,
we use the terms inverse-scattering problem and diffraction
radio tomography as synonyms. The deterministic inverse
problem is connected with the reconstruction of the structure
of localized inhomogeneities (scatterers), or of a group of
inhomogeneities. When a large number of inhomogeneities
occupies some spatial area, it is not reasonable to reconstruct
the structure of the whole region. In this case, one can define
as the task the spatial-structure reconstruction of the statisti-
cal characteristics of the inhomogeneities, such as the corre-
lation function of the electron density, etc.

The term “tomography” has two meanings. The narrow,
original one refers to the investigation of an object’s struc-
ture by the successive reconstruction and registration of
layers [of two-dimensional “cuts” through a three-dimen-
sional object]. The broader meaning implies the recording of
different cross-sections or projections of an object (or of a
particular transformation of it, for example, the Fourier
transformation), and the subsequent reconstruction of the
object’s structure on this basis. The problems of radio-
probing of the ionosphere, by means of satellites, considered
here, include the reconstruction of the spatial structure of the
ionospheric inhomogeneities, or their statistical characteris-
tics, using sets of different data of the tomographic type
(cross-sections, projections, etc.) It is reasonable to name
such an approach to the solution of these problems, including
its experimental realization, “Radio Tomography of the

- Ionosphere.”

2. Physical formulation of tomographic radio probing

The propagation of radio waves in the ionosphere, and their
scattering by plasmairregularities, are described by Maxwell’s
equations, combined with the material equations [1]. In the
general case, even in the absence of a magnetic field, the
plasma permittivity is a tensor, due to the spatial dispersion.
But for ionospheric irregularities (both for natural and arti-
ficially-generated ones), the spatial dispersion may be ne-
glected, as electron thermal velocities are much less than the
speed of light. Thus, the approximation of a “cool” plasma is
valid. By anatogy; thetypicat velocitiesof diffusion, mixing,
and other transport processes, and the velocities of receiving
and transmitting systems, do not exceed 10 km/s (w/c <
3x1079). Thus, the quasi-stationary approximation may be
used, and the “slow” dependence of the medium and the
fields on time may be accounted for as dependence on a
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parameter. In this approximation, phenomena such as the
Doppler frequency shift, and time variations of group delays,
are accounted for up to the relativistic effects.

Below, it is convenient to use equations for the complex
amplitudes E of monochromatic components, instead of the

equations for the radio-wave field, ﬁ (r,)) = E(r,1) exp(-iar).
So, later on, the complex amplitudes, E(r,r), with “slow”
dependence on time, will be called “the field.” Taking into
account the previous remarks, the following equation results
from Maxwell’s equations, within the quasi-stationary,
“cool”-plasma approximation:

2
V2E+—C:TEE—graddivE=O 1)

where € is a complex permittivity tensor, and w/2w =,
where fis the frequency. Investigation of radio-wave propa-
gation, in an inhomogeneous magneto-active plasma with
tensor € (r,1), is a very complicated problem. In the general
case of an arbitrary dependence of € (r,f) on coordinates,
there are no methods for calculating the radio signal, or the
field parameters, E(r,f). Due to this fact, the structure recon-
struction of a general € (r,r) is unlikely to be reasonable. But
at high probing frequencies, the non-diagonal tensor ele-
ments may be neglected, as they are less than

~(fn /f)2 fulf,wheref, is the plasma frequency, fis the
probing frequency, and f}, is the gyrofrequency [1]. For
example, the maximum density in natural conditions is N, ~

106 cm3, For this value, atf> 50 MHz, ~ (fy/f)* fulf <
0.001. By analogy, at high frequencies, the last term of
equation (1) may also be neglected, as its order of magnitude
is determined by the ratio of the source wavelength to the
typical scale of density changes.

Therefore, in the case of a high probing frequency, the vector
equation is reduced to three scalar equations, and it is
sufficient to consider equations only for the component:

VE+k’e(r,0)E=0 )
where
£(r,0) = 1 - eV __
k[1+iv(r)/ o]

and k = 2nfic is the wave number in vacuum, and r, is the
classical electron radius. The expression for € has the above
form in both the ST and the cgs systems of units: only the
value of r, changes. V(r) is the effective electron collision
frequency, and the “ion” contribution to the permittivity may
be omitted [1]. Further, it will be convenient to introduce a
complex function g(r,) = k2(1-€), and to divide it into two

parts: g = qo(z,0)+q(xr,w). One of these corresponds to the
regular, stratified ionosphere, with vertical- coordinate de-
pendence Ny(z), ¥(z), and the other corresponds to the three-
dimensional irregularities N,(r), v(r), in the stratified me-
dium. The introduction of ¢ is justified by the fact that g ~ 1-
¢ is a generalized susceptibility [2], which characterizes the
medium response to the applied field. Besides, the scalar
Helmholtz equation is transformed to the stationary
Schroedinger equation with the complex potential, ¢:

V2E+K’E - qy(z,0)E - q(r,@)E = 8(r—1y) (3)

The delta function on the right-hand side of the equation
describes a point source, which is a good approximation in
most satellite radio-probing experiments, as within the main
lobe of the power pattern, the source wave may be treated as
spherical.

The inverse problem for equation (3) may be formulated in
the following way. The structure of the irregularities is to be
reconstructed based on field measurements over a limited
surface, in a limited frequency range, and in a limited range
of source coordinates. If the complex function ¢(r,®) is
found, both N(r) and v(r) can be reconstructed. We also note
that equation (3) is suitable for describing HF scattering
when polarization effects may be neglected, i.e., when the
polarization correlation is small, the inverse problem for
equation (3) may even be stated for the case of HF probing.
Also, the changes in the polarization components are less
than the components themselves, when the source frequency
is only 1.5-2 times higher than the critical frequency.

Let us now mention the main special features of the problem
of irregularity reconstruction, for the case of ionospheric
measurements. The dimensions of the transmitting and re-
ceiving systems are much less than the distances to the
irregularities to be reconstructed, which are several hundreds
of kilometers: i.e., the aperture angles are small. Since
reconstruction with a large number of receivers is an expen-
sive project, aperture synthesis with respect to one coordi-
nate is obligatory. This may be obtained, for example, when
the transmitter is placed on board a moving satellite. Due to
the small values of aperture angles, it is reasonable to
consider the problem of reconstruction of the irregularities
with aresolution larger than the wavelength. That is why we
shall deal with the problem of the large-scale (with respect to
the wavelength) irregularity reconstruction. However, com-
pared to the Fresnel-zone size, the scales are not always
large, and thus diffraction effects should be taken into
account.

The scheme of the radio tomography experiments is pre-
sented in Figure 1. The satellite, with a transmitter on board,
moves at the altitude z = z; the receiving system is located in
the plane z =z, (on the ground). The receiving system can be
atransverse array of receivers for diffractionradio tomography
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Figure 1. The geometry of radio tomography experiments.
Ray radio tomography (RRT) is used for studies of large-
scale, global ionospheric structure. A small number of
widely-spaced receivers is used, located in the plane of
the satellite’s trajectory (along the x axis). Diffraction
radio tomography (DRT) is used to study localized
inhomogeneities. It uses an array of receivers separated
by distances of about 100 km along a line (the y axis)
transverse to the satellite’s path. Statistical radio
tomography (SRT) uses the same geometry as diffraction
radio tomography, but processes the data to reconstruct
the statistical properties of the medium.

or statistical radio tomography problems (or a collection of
transverse arrays). Receivers situated along the direction of
satellite movement will be used in ray radio tomography
problems, for reconstructing global structures. The scatterer
(a group of irregularities) is located at the altitude z = z_. In
the case of diffraction radio tomography or statistical radio
tomography, the approximate location of a scatterer is as-
sumed to be known. The problem of measuring the scatter-
er’s coordinates will be considered in Section 3. In ray radio
tomography problems, for reconstruction of global struc-
tures, it is possible to reconstruct the two-dimensional cross
section of the ionosphere up to the satellite height, without
any information about the coordinates.

3. Inverse scattering problems

There are no strict [exact] results for the solution of the
inverse problem (3) with a complex potential. But it should
be noted that for propagation of waves of different nature in
real media, the potential, g, is a complex function, in princi-
ple, and it is possible to deduce certain dispersion relations,
which connect its real and imaginary parts [2].

Itis necessary to indicate here the fundamental results which
have been obtained in [3,4] for the three-dimensional inverse
problem, for the Schroedinger equation with a real potential.
But for the case of complex potentials, there are no exact
solutions, even for the one-dimensional inverse problem,
i.e., the generalization of the Gelfand-Leviathan-Marchenko
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algorithm is unknown, let alone for an arbitrary dependence
of the potential on energy (the frequency, @) [S]. The
solutions for the inverse problem of the three-dimensional
reconstruction of g(r,) are also unknown for the case of a
stratified background.

Due to these reasons, approximate approaches to the three-
dimensional inverse scattering problem are, undoubtedly, of
interest. The geometrical-optics approximation is valid for
the description of radio-wave propagation in the regular
ionosphere. The scattering by weak irregularities is de-
scribed by the well-known Born and Rytov approximations
(BA and RA). For strongly-scattering irregularities, more
specialized methods will be developed.

There are many papers connected with approximate ap-
proaches to the inverse scattering problem [6-10]. The scat-
tering by weak irregularities was described within the Born
approximation and the Rytov approximation. The iterative
methods were used for strong-scattering irregularities. But
there are some special features of ionospheric problems: the
size of irregularities is very big (it can exceed the probing
wavelength by 103 to 10*times), and the ionospheric irregu-
larities can be either weak scatterers or strong scatterers. It is
very difficult to directly use iterative methods for large,
strong-scattering irregularities. However, it is sufficient to
use the small-angle approximation, depending on whether
one is dealing with the large-size irregularities or their
details. In what follows, we consider the methods of inverse-
scattering problem solutions only, based on the asymptotic
approximation for small-angle, forward scattering.

It should be noted that it is particularly interesting, for
tomographic methods, to consider such cases of small-angle
scattering when the wavelength of the sounding radiation is
much less than the scales of object-specific details. This is a
necessary condition to reconstruct the complicated internal
structure of the object.

In the beginning, it is useful to consider the inverse scattering
problem in the high-frequency limit, i.e., when the source-
field frequency is essentially higher than the critical fre-
quency of the regular ionosphere. In this case, the refraction
index is close to unity, and the influence of the regular
ionosphere may be neglected. Then, instead of equation (1),
the following equation should be used:

V2E+k*E - q(r,0)E = §(r —1y) )

This differential equation is equivalent to the Lippmann-
Schwinger integral equation,

E(r) = Ey(r)+[Gr-t)E(x')q(v",0)d*r  (5)

where G(r) = —(47r)™" exp(ikr) is the Green’s function for
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a vacuum, and Ep(r’) = G(r-r’g) is the source field. It is
necessary to bear in mind that the potential, ¢, depends on N
and v as follows (the usual condition for ionospheric radio
probing, v << @, is taken into account):

g=4mr,N(x)/[1+iv(r)/ w]

e . (6)

=4nar, N(r)l-iv(r)/ o]
For the case of small-angle scattering, the transmitter, a
scattering object, and the receiver, are situated approxi-
mately along a straight line. Assuming that the direction of
this straight line is close to the direction of the z-axis, one can
obtain an approximate equation, describing the forward
small-angle scattering, instead of (5) [11,12]:

U(r) =1+ [ Fae,r) U g (v, 0) dr o
=1+ FUq

Here, U=E/E.is the normalized field. In the derivation of

equation (7), the Fresnel approximation was used for the .

Green'’s function, G, depending on the sounding-wave field.
After some transformations, we come from equation (5) to
formula (7), where the kernel, F, of equation (7) contains the
coordinates of the transmitter, Z the finite scatterer, z,, and
the receiver, zz:

E(r,x’)= —Z:?é;exp{i—zkz(p’ -s)2:|

S:pR(ZO~ZS)/(ZO_ZR)+pO(Zs_ZR)/(ZO_ZR) (8)

¢ =(20 2 )z —2r)/ (20 — 2&)

In the general case, the formulae for s and { have to include
the integration variable {” instead of z. But if the object scale
is less than the longitudinal Fresnel resolution, the variable
z’ can be changed to the constant z_.

There is another form of equation (7), using the complex
phase @ =InE, @ - @, =InU,

@~ @y = In[1+ Fg exp(@ -~ &y ) ©)

which includes the Rytov approximation (the first iteration
of the non-linear equation (9)):

D- D, = 1n(1 " ﬁq) =Fgor U= exp(ﬁq) (10)

Taking into account equations (7) and 10), and making use
of the Fresnel transformation, we have the algorithm for

reconstruction of a two-dimensional cross-section of the
potential q [11]:

a.(p @)= [ g(r, )z

2 5 (11)
= ki 3L} jV(s)exp[—ik(s—p) /ZC]dZS

The integral projection, g,(p), can be obtained after transfor-
mation of the field data. For the case of the Born approxima-

tion , we have V =-47{(E - Ey)/ E,, and for the case of

the Rytov approximation, V = -4 7{ (db — (DO) [11]. Chang-
ing the direction of the incident sounding wave (“turning”
the z-axis), one can obtain a set of two-dimensional projec-
tions, which make possible the tomographic reconstruction
of the three-dimensional structure.

To reconstruct the two-dimensional structure of ionospheric
inhomogeneities using the transformation (11), we need
information about the approximate coordinates of the scat-
terer. Let us briefly discuss a method for the determination of
the distance to the scatterer, which is essential for irregularity
reconstruction by integral transformations. If only an ap-
proximate value of the distance is known, then there are
errors which appear in s and { and, hence, the reconstructed
function is distorted. Let us consider an example in which a
source is placed on board a satellite, and the corresponding
distortions which arise in this case. The distance between the
satellite and the receivers, (z, - ), is known quite precisely.
However, in determining the distances ‘“‘source-scatterer,”
(zy - 2), and “‘scatterer-receiver,” (z, - zz), @ systematic error,
A, is present: . It may be shown that reconstruction errors are
small for values of A which correspond to the longitudinal
resolution of the measuring system. This conclusion is also
confirmed by numerical simulations [12].

It easy to show that when the error, 4, is less than the
longitudinal resolution, A << A2¢{2/(max s)2, the recon-
structed function is

5 Xy .k
qz(p)zqz[T,l—}«Jexp[r Cu (),2 _x2):l (12)
X iy Xty

where

u,=1-A4 /(ZS—ZR), Uy =1+4 /(Zo“zs)

This equation makes it possible to determine the distance to
the scatterer by performing the reconstruction with different
values of A. At the true location of the scatterer (A = 0), the
“phase front” curvature of the function, ¢, under reconstruc-
tion, changes to the opposite sense with respect to each
coordinate.
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These problems are considered in detail in [12] and partly in
[13]. There, one can find the generalization of the method for
an ionosphere with a layered (stratified) structure, as well as
the method for determination of the parameters of inhomo-
geneities (“mass,” space coordinates, size, and other mo-
ments of the potential, g) by means of a small number of
receivers, and solutions of the inverse problem based on
back-scattered data.

It is possible to consider the more general case, namely, the
strong-scattering case. For this case, in accordance with
equations (7) and (10), we reconstruct the projection, o, of
the product of the potential and the normalized field, Q =qU,
namely,

[qudz=0,(p) (13)

It should be stressed that, in general, the normalized field,
U(g), depends on the potential and on the direction of the
incident sounding wave. So, it is impossible to solve the
problem of the reconstruction of the product gU by means of
the direct transformation of a set of projections such as
equation (13). Itis possible to suggest iteration procedures of
the inverse-scattering- problem solution to equation (13).
However, if the scale of ionospheric inhomogeneities is
more than 103 to 10* times the sounding wavelength, it is
even complicated to solve the direct-scattering problem. So,
for such cases, itis necessary to use asymptotic methods. The
special asymptotic methods for the solution of the inverse
scattering problem for the case of large, strong scatterers
were developed in [12, 14]. For example, the following
asymptotic representation of the normalized field was used:

2k e+
32
U(p,z) = expy+ kzj (@=2)=5~ q(p+2)}
+O(k)

(14)

This formula is correct for an infinitely-smooth potential.
Corresponding additional terms in the sum in equation (14)
will appear when there are discontinuities in the derivatives
of the potential. The formula (14) permits us to construct a
simple iteration procedure for the solution of the inverse
scattering problem, when it is not necessary to numerically
solve either the direct-scattering problem or the inverse-
scattering problem. The first guess given for the potential ¢
(based on a priori information, or on transformation under
the assumption of weak-scattering conditions) defines the
approximation of the normalized field functional U(q,),

16

according to equation (14). Using this approach, itis possible
to solve the usual tomo-graphic problem of the reconstruc-
tion of ¢(r), in equation (13), with known “weight” U due to
Q.(p), with different directions of incidence of the sounding
wave. Later on, the iteration procedure, with the potential
approximations obtained, is repeated.

The representation in equation (14) permits us to formulate
the conditions of applicability for the weak-scattering
approximations. According to this condition, the first term
(of order k7), and all successive terms of expansion (14),
have to be small. The restriction on the first term gives us the
well-known condition for the Born approximation to be
applicable,

2k <<1 (15)

Hl
Here, ¢ is the typical (mean) value of the potential, and r,,, is
the maximum scale of the inhomogeneity. In the case where
the wavelength of the sounding radiation is A = 2 meters, and
the value of the disturbance of the ionospheric electron
density is of the order of , condition (15) leads to the
inequality r,, << 2 km. The fluctuations in the electron
density which scatter the radio waves have to be measured
relative to the quiescent background of the regular layered
(stratified) ionosphere. So, if the quiescent value of the
density is N ~ 101! el/m3 and the disturbances are suffi-
ciently strong (say, 10%), the Born approximation is valid up
to sizes of dozens of kilometers. But for the case of the main
ionospheric density maximum N = 1012 el/m3, the scale
restriction is significant, and it is necessary to take into
consideration the first term of equation (14). The second
term of equation (14) is less (kr,;»>1) than the first one, for
simple scatterers without internal structure. In cases when
there are some internal details inside the scatterer with a scale
a >> A, and for typical values of the potential g’, the second
term can be more than the first. Hence, the other necessary
condition of the Born approximation is that the second term
(with the transverse derivative) be small:

1w ! (4k%a)y<<1 (16)
In many practical cases, it is sufficient to take into account
only the first term of equation (14), but the scatterer is not a
Born scatterer, according to equation (15), and the inequality
(16)is valid. Such conditions allow us to get a simple analytic
formula which connects the function, Q, reconstructed from
the experimental data, and the projection of the scattering
potential, ¢, per equation (14):

Q.(p) =2ik{exp[—ig,(p)/ 2k] -1} (17
This formula is the basis of tomographic reconstruction for

most of the ionospheric applications. Really, inhomogenei-
ties with a scale of about ten or more kilometers, the devia-
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tions of which are about 10% with respect to the norm, are
strong inhomogeneities (the left hand side of relation (15) is
greater than or approximately equal to 6, when A =2 m); but
the inequality (16) is valid for internal details with a scale of
more than hundreds of meters, and with electron-density
disturbances of about 100% compared with the norm.

Also, it is necessary to mention here the holographic ap-
proach to the inverse scattering problem for ionospheric
diagnostics. This approach was suggested in [15], and was
developed in [16-18]. Earlier, we showed [13, 18] that the
holographic approach is equivalent to the solutions to the
inverse scattering problem obtained in the case of small-
angle recording apertures. Three-dimensional reconstruc-
tions of segments of the ionosphere were obtained using this
approach [20].

The uniqueness of solutions of similar inverse scattering
problems was considered many times earlier. For example,
we mention only one review [19]. Some exact results are
known. For the problems in question, the uniqueness of the
transformation Q_(11) and the following reconstruction (13,
17) of projections can be easily proven for a finite-volume
scatterer [11-13].

4. Diffraction radio tomography of ionospheric irregu-
larities

The results described in the previous sections allow us to get
two-dimensional projections of localized ionospheric
inhomogeneities with the help of amoving satellite transmit-
terand atransverse array of earth-based receivers. If there are
arrays of receivers separated by distances of about one
hundred kilometers along the line of the satellite’s path, it is
possible to obtain some two-dimensional projections. Hav-
ing a set of two-dimensional projections, one can also recon-
struct the structure of the three-dimensional inhomoge-
neities. Such an experiment (with arrays of receivers) is
rather complicated, and it has not been realized, yet. Nowa-
days, experiments connected with the reconstruction of two-
dimensional localized inhomogeneities have been carried
out [12, 13]. This is also the tomography problem, because
it is possible to reconstruct the two-dimensional inhomoge-
neity projection, or the two-dimensional cross-section of its
spectrum, after the corresponding transformations, by means
of asetof one-dimensional field records at eachreceiver. The
numerical experiments, which were carried out earlier,
showed the possibility of reconstructing two-dimensional
projections of inhomogeneities on the basis of discrete data,
with a finite limit on resolution [ 12]. Moreover, these recon-
structions are stable with respect to noise. It is reasonable to
evaluate the errors by computing the number 6, which shows
the deviation of the function being reconstructed, , from the
true function, g:

5= ”(1—6}”

 ldl

The norms of the spaces 12 and 1% can be helpfully used.
According to the results of numerical experiments, recon-
struction of discrete-set function values with noise in the
range of 0 to 10% gave errors of the same order.

The experiments connected with the two-dimensional recon-
struction of the structure of the inhomogeneities were carried
out at the Polar Geophysic Institute (Murmansk). The trans-
verse array included 32 receivers separated by 1550 m. The
Soviet and American satellites, such as the “Transit” satellite
[the US Navy Navigational Satellite System satellites], were
used in these experiments. These satellites have circular
orbits, with an approximate height of about 1000 km, and
transmit on two coherent frequencies at about 150 MHz and
400 MHz. The 400 MHz signal is influenced much less by the
inhomogeneities than is the 150 MHz signal. Thus, it was
used as a reference signal. Small distortions which appear in
the reference wave were removed in the receiving system
[12]. Receivers, py, situated along the y axis, record the field
as a function of time, #, while the satellite moves along the x
axis. This makes it possible to realize the synthesis of a
rectangular (on s) aperture. In accordance with the formulae
(8) for s, the change in the satellite position, py(f), can be
recalculated into the equivalent change of the positions of the
receivers, pp, for a constant Po- Thus, movement of the
satellite is equivalent to “movement” of the receiving array
along the x axis, with a corresponding change of scales [this
is analogous to an inverse synthetic aperture along the x
axis].

Some examples of reconstructions of the structure of two-
dimensional localized inhomogeneities, which were made
on November 17, 1984, and on May 5, 1987 [12,18], are
given in Figure 2 and Figure 3, respectively. If units of 100
el/cm? are used [for the vertical axis], the maximum values
of N are equal to 3.02 and 0.91, respectively. The resolution
along the x-axis (the direction of the satellite movement) is
0.25 km, and along the y-axis, it is 1 km. It should be noted
that the inhomogeneity in the former case (Figure 2) is a
strong-scattering one. Thus, formula (17) was used for
reconstruction.

5. Ray radio tomography of the ionosphere

In this paragraph, we consider the solution of the satellite
radio tomography problem for large-scale ionospheric ir-
regularities, when diffraction effects may be neglected. The
diffraction of small-scale irregularities may also be smoothed
by means of corresponding filtration. The ordinary methods
of tomography, using linear integrals, are the theoretical
foundation of ray radio tomography for the large-scale,
global structure. Measuring the linear integrals for a series of
rays crossing some area, it is necessary to reconstruct the
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Figure 2. An example of a reconstruction of the electron
density of a localized inhomogeneity, made on November
17, 1984 [12]. The x and y axes correspond to the
geometry shown in Figure 1 for diffraction radio
tomography. The resolution along the x-axis (the direction
of the satellite movement) is 0.25 km, and it is 1 km along
the y-axis. This is a strongly-scattering inhomogeneity:
Equation (17) was used for reconstruction.
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Figure 3. An example of a reconstruction of the electron
density of a localized inhomogeneity, made on May 5,
1987 [18]. The x and 'y axes correspond to the geometry
shown in Figure 1 for diffraction radio tomography. The
resolution along the X axis (the direction of the satellite
movement) is 0.25 km, and it is 1 km along the y-axis.

structure of this area. There are different variants of iono-
spheric ray radio tomography, based on measurements of the
group delay, the total electron content, or the phase, etc. The
ray radio tomography versions based on measurements of
the total electron content or on the absolute radio signal phase
were suggested earlier [21, 22]. This scheme is identical to
the seismic tomography scheme [23]. However, the direct
application of seismic tomography methods to ionospheric

18
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problems leads to many serious difficulties. The essential
feature of ray radio tomography problems is a small number
of receivers. These receivers should be situated in the plane
of the satellite’s trajectory, and should be separated by
sufficiently-large distances. Therefore, we have the problem
of small-foreshortening tomography with the fan [data-
collection] scheme.

The following equations are the basis for reconstruction of
the distribution of the electron density (N) and the effective
electron collision frequency (Vv):

Ar,[ Ndo = ¢
i (18)
e [ Nydo =
D

where Ais the wavelength, Jdo denotes integration along the
trajectory, y is defined as the logarithm of the ratio of the
amplitude of the measured field to the field of the probing
wave, and ¢ is the corresponding phase difference. Here, as
well as in the case of diffraction radio tomography, it is
reasonable to use the two-frequency satellite for sounding.
The formulae (18) are a consequence of the relations (6) and
(11), in the limiting case of . So ray radio tomography is the
limiting case of diffraction radio tomography. Ordinary
tomography, using linear integrals, is used in the problem of
reconstruction of the product Nv by means of measurements
of y. We have complicated the situation for the reconstruc-
tion of NV. This is connected with the errors in absolute phase
measurements in the irregular-ionosphere case. The absolute
phase is determined within up to 27om radians, where m1 is an
integer. If the complex multi-frequency, multi-positional
systems are not used, itis possible to have a constant error for
the phase curve registered by each receiver. The numerical
simulation [25, 26] shows that a small error, of the order of
one percent, leads to bad results in the radio tomography
reconstruction. The reason for this is that the constant dis-
placement for the phase curves of different receivers can
have different signs. Thus, the experimental data become
uncoordinated, and the tomography reconstruction algo-
rithms give bad results for such uncoordinated and contra-
dictory data. But itis extremely difficult to reach an accuracy
of absolute phase determination less that of the order of a few
percent. Therefore, the method of phase-difference radio
tomography was suggested in [25]. Thus, the problem of
reconstruction of the two-dimensional distribution of the
electron density is the problem of radio tomography using
phase-difference measurements.

The reconstruction of the two-dimensional distribution of
the electron density can be realized in a polar-coordinate
system (r, ), connected with the center of the earth; (r,0,,)
are the satellite coordinates. Here, it is better to use coordi-
nates (h,7), where is the height above the surface of the earth
withradius R, and 7= aR is the distance along the surface of
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the Earth. Then, the linear integral of the electron density
along a ray will look like this:

F(h,T)(R+h)

hy
J 19)
0 (R2 sin? B+2Rh +l12)

75 dh = I(ﬁ, T,-)

where 7, is the coordinate of the ith receiver, / is the height
of the satellite, and S is the angle under which the satellite is
seen by the ith receiver. The reconstruction function, F, will
be proportional to either Nv or to N in equation (18). The
discretization of satellite positions (,B,.j) allows us to get a
series of discrete values of the linear integrals {I,.j}. The
problem of tomographic reconstruction is thus the determi-
nation of the samples {F,, , } by means of the measured series

()

nn

There are many variants of the discretization of equations
(19). If we use the piecewise-constant approximation for the

function F, and introduce the length, L;"", of the (i,j)th ray

in the (m,n)th rectangle, we obtain the following system of
linear equations:

M
where “the renumbering” (i,j)— J, (m,n) — M is carried out,
and summations over repeated indices are assumed. Using

the approximations between the samplings F, of higher

order, we get the other matrices of the operator L:F> 1.1t

should be noted that the true “natural” operator I:o: F—1
has a higher order of approximation, i.e., we smoothly
replicate the phase curve. If we restrict ourselves to the
piecewise-constant (“‘stair-step””) approximation of F, the
phase curve will have discontinuities in the derivative with
respect to the satellite angle. But there are no such gaps in the
experimental data. The solution of the discretized radio
tomo-graphy problem is reduced to the search for the inverse

operator, L-lin equation (20). Itis necessary tobearin mind

that, if the direct operator L is defined “incorrectly,” i.e., if
it departs significantly from the true one, the solution of radio
tomography problems using it will give bad results. The
results of numerical simulations carried out by us show that
to reconstruct smooth functions which describe the distribu-
tion of the ionospheric parameters, it is necessary to use a
piecewise-planar approximation. A detailed description of

the construction of the operator, I by means of higher-order
approximations, takes more space than is available here. An

example of the construction of L, using a piecewise-planar
approximation based on triangular elements (these elements
fit the two-dimensional function’s surface with triangular or
tetrahedral elements) is given in [12].

Using such approximations, it is possible to calculate the

derivative of the operator L, with respect to the satellite
angle, oy, and to thus obtain the system of linear equations for
the phase-difference ray radio tomography:

AVp. =D, 1)

where A} is the derivative, of the matrix L}, with respect
to the satellite angle ¢, , and D, = Al,/Aq, is the phase-
difference data. The finite [difference] derivative D is meas-
ured experimentally with high accuracy. So, we do not need
the additional “determination constant” operation, here.

The solution of the type of systems of linear equations in
equations (20, 21) is a sufficiently complicated numerical
problem. There are a great number of different methods in
the literature for doing this. If we reconstruct an ionospheric
area with scales of hundreds or thousands of kilometers,
using a discretization of tens of kilometers, then for the
matrices of equations (20, 21) we have ranks A ~ 103 -10¢,
and condition numbers vary, but in the limit are ~ 103 -10°
and more. For such systems, it is preferable to use iteration
methods [22, 25, 26]. Numerical modeling carried out by us
showed that it is possible to reach a relative accuracy of
reconstruction, 8, of about 10%, for measurement errors (of
the noise type) of a few percent. To find the most optimal
algorithms of reconstruction, which, certainly, depend on the
geometry of the discretization scheme, it will be necessary to
carry out a great number of numerical experiments.

The solution of the linear equation systems (20, 21) is unique
in the sense of pseudo-reciprocal matrix construction. If the
object of the reconstruction is finite, the solution to the ray
radio tomography problem will be unique. The tomography
problem can be reduced to the radio tomography of a finite
volume by means of the assembling of data with successive
satellite flights. If the ionosphere “on the boundaries” of the
area is stable during the duration of the time between the
flights of two successive satellites, such a version of ray radio
tomography permits us to reduce the problem to the recon-
struction of a finite object. At the same time, it is possible to
use the pure phase methods in this case, because it is not
difficult to reconstruct the absolute phase, beginning from
the edge of the area reconstructed. A scheme such as this
matches radio tomography to artificial formations which
appear underionospheric heating, chemical releases, missile
launches, etc. The situation is significantly worse for the case
of an infinite area of reconstruction and a finite number of
receivers, because there will always be zones through which
an insufficient number of rays (or none) pass. It is clear that
reconstruction of the ionospheric structure is impossible in
these zones. If the initial approximation of an iteration
method strongly distorts the ray integrals in these zones, the
reconstruction results can be made significantly worse. Here,
we do not consider the limitations of radio tomography,
because this question was well discussed in detail in [24].
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Figure 4. A radio tomographic reconstruction of a two-
dimensional cross section of the ionosphere, made using
phase-difference radio tomography. This is a plot of
isolines of electron density in units of 10° el/cw?, in the
coordinates (h,t), based on experimental data recorded on
April 7, 1990. The coordinates of t are Murmansk, 10 km;
Kem, 433 km; and Moscow, 1475 km. The ionospheric
trough structure can be seen well.
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Figure 5. The Doppler frequency for the receiver situated
near Murmansk, corresponding to the two-dimensional
reconstruction of Figure 4. The solid curve is the
measured Doppler frequency; the dashed curve is the
Doppler frequency calculated using the reconstructed
cross-section shown in Figure 4.
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Figure 6. A radio tomographic reconstruction of the two-
dimensional cross section of the night-time ionospheric
trough, made using phase-difference radio tomography.
The data were recorded on March 28, 1990. All other
parameters are the same as for Figure 4.

Here, we consider linear radio tomography problems. We
use the term “linear” in the sense that the ray travels along a
straight line, independent of the electron-density distribu-
tion. In the VHF range, such an approximation is valid up to
adiscretization step of ~20-30 km. For smaller discretization
sizes, it is necessary to take into account the curvature of the
rays, because they can even pass through the other
discretization elements [that is, discretization elements not
along a straight ray path] [12].

It is implied that the ionosphere is for practical purposes
unchanged during the recording time interval (which is of the
order of tens of minutes for areas of thousands of kilometers).
This actually occurs in most cases, as the large-scale struc-
ture is only changed slightly during such time intervals. The
duration of [recording the data for] radio tomography of
artificial formations is of the order of minutes, so these
formations should be stationary during this time interval.

Itis possible to develop other versions of ray radio tomogra-
phy, such as group-delay ray radio tomography, polarization
ray radio tomography, Faraday-rotation ray radio tomography,
etc. However, it now seems that these provide less perspec-
tive for ionospheric diagnostics.

Astheconclusion of this section, letus give some experimental
results [25-27] of the radio tomographic reconstruction of
the two-dimensional ionospheric cross-section, using phase-
difference radio tomography. The experiments were carried
out in 1990-91. The satellite passive navigation system was
also used in the experiments. Receivers were situated near
Murmansk, Kem (Karelia), and Moscow. In most cases, we
observed the regular, smooth cross-section of the iono-
sphere. An example of a reconstruction of the two-dimen-
sional structure of the ionospheric trough is presented in
Figure 4. This is a plot of isolines, in the coordinates (4,7), in
units of 109 el/cm3, based on the experimental data recorded
on April 7, 1990. The coordinates of Tare Murmansk, 10 km;
Kem, 433 km; and Moscow, 1475 km. The ionospheric
trough structure can be seen well. The solid curve in Figure
5 shows the experimental Doppler frequency for the receiver
situated near Murmansk. The dashed curve is the Doppler
frequency calculated using the reconstructed two-dimen-
sional cross-section of the electron density. As usual, the
agreement is excellent (8 ~ 10-3) after 20-30 iterations. The
ionospheric trough was observed at night, and it often had a
complicated structure, with many additional extrema. An
example (recorded March 28, 1990) of the reconstruction of
the night-time jonospheric trough is presented in Figure 6.

6. Statistical radio tomography of the ionosphere

The very complicated structure of the ionosphere should be
taken into account in many practical applications. The ex-
tended spatial areas are often occupied by a great number of
ionospheric irregularities. Thus, it is reasonable to recon-
struct statistical characteristics of the ionosphere, without a
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detailed description of internal elements. It is reasonable to
name such a reconstruction, of the random, statistical prop-
erties of the ionosphere using the measured field statistics,
the statistical inverse problem, or the statistical radio
tomography problem.

There are many different methods for the estimation of
random ionospheric parameters. Most of them are based on
some suggestions about the fluctuation spectra of random
models of the ionospheric models. These modeling ap-
proaches make it possible to define mean scales, the orienta-
tion and the “intensity” of irregularities, the spectral-power
index, and other parameters. All such approaches to the
inverse problem of a randomly-inhomogeneous ionospheric
reconstruction are limited by the freedom in choosing the
model: thus, the inverse problem’s solution is not unique.
This disadvantage, common to all modeling approaches, is
essential when there is a lack of a priori or empirical
arguments for the model choice. Such a situation is typical
for the investigation of ionospheric irregularities. In contrast
to all other approaches, we consider the non-modeling in-
verse problem for the reconstruction of the spectrum of
irregularities.

We consider the reconstruction of the ionospheric electron-
density fluctuation spectrum by means of satellite radio-
probing data. There are analogous problems in other branches
of science. Similar probing can be carried out with seismic,
acoustic, electromagnetic (including microwave), or other
kinds of waves. All of these problems have the same basis,
independent of the type of probing.

For random, inhomogeneous media, the measured statistical
properties of the scattered field are related to the statistical
properties of the media (projections or cross-sections). Inte-
gral equations, which relate the measured field to the medi-
um’s structure, are probably the most convenient and ad-
equate mathematical technique for tomography. In this pa-
per, we shall show how to derive such equations. The theory
of the propagation and scattering of waves in random,
inhomogeneous media is quite well developed. For weak
fluctuations, many results are obtained by means of the well-
known Rytov and Born approximation techniques. Strong
fluctuations were analyzed by the Dyson and Bete-Salpeter
integral equations, the Feynman-diagram technique, the
generalized Huygens-Fresnel principle, and the parabolic-
equation method. It was shown [28, 29] that, under certain
assumptions, these methods give the same results for the
second moments. So, we shall use formulas obtained in the
parabolic- equation approach.

Mathematically, the statistical inverse problem is reduced to
a determination of the statistical properties of g given by the
statistical properties of the measured field, E. For simplicity,
it is reasonable to use two frames of reference. The first,
“laboratory” frame of reference, r=(x,y,z) = (p,z), we con-
ventionally call the “global” one. Its origin is related to the

receiving system as in the previous section: the z axis is
directed vertically upward, perpendicular to the stratified
medium structure, and the plane y = 0 is the transmitter orbit
plane. The origin of the second frame of reference,

{ {60 {
R= (X, Y, Z) = (P, Z), can be reasonably located at one of

the transmitter positions, and with the Z axis directed toward
the center of the receiving system. As the transmitter moves,
it is convenient to use several such “local” frames with
different orientations. Such frames are introduced to make
derivations shorter, because the scattering of the probing
wave in each local frame may be treated as “almost forward”
small-angle scattering.

Let’s consider the spherical probing wave E; which is
scattered by a layer filled with irregularities. The lower
boundary of the layer is z,, the upper boundary is z,, and z,
is the transmitter height, in the global frame, r. After per-
forming the Fresnel expansions of exponents in the Lippman-
Schwinger equation (5) for small-angle scattering, we obtain
the integral equation (7) for U. This equation is written in the
local reference frame:

[=]
I
|
N
S—
=
It
———
N~
|
N~
!

s{z-2

For making formulas shorter, we assume that the transmitter
islocated exactly at the local-frame origin, i.e., at the satellite

{
coordinates R = (PO,ZO) ={0,0,0).

To reduce calculations and to use known results, we trans-
form equation (7) to the parabolic equation in new variables

E=1/Z, 6=P/Z, E=1/Z’. Then

(S 1 D=(c-&P) (&~ ¢)

and U satisfies the differential equation

(—2ik£—+40 - .5—2un(§,0) =0 (22)

95

Equation (22) is derived from equation (7) by differentiating,
and making use of the following relation for the fundamental
solution of the Schroedinger operator. We note that the step

function & Fu g )= 6 "-E) should be presentin the integrand
of equation (7), as may be shown by making accurate
transformations of equation (5). Having derived the para-
bolic equation, we use the methods developed to obtain
equations for the first and the second moments of U [28, 29].
Let us also assume that the random field ¢ is to be Gaussian
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and 8-correlated along Z:

B(P,,P,)= q(Hl,él (M2.2,))

(23)
8(2, - 2,)4,(11, -11,)

In a similar way, from equation (22) and using the variables
(0,8), it is possible to derive equations for the second
moments of the normalized field,

)= 51 ()

giving, respectively, the first coherence function and the
second coherence function of the second order:

Fo(P.2)=(1(P,.2) 1o(2,.2))
Iy (P, é) = <7(P2,2) 7(Pr, Z(»

As the calculations are described in the papers mentioned
above, we present only the final result in the variables P, =

(P,+P,)/2, P = P,-P,, and for a statistically-homogeneous
layer, when the dependence on P, is absent:

(d, P Jd d (\_
[lk( 8 _Ze BP) aPz 4k q (P)}F2 0 (Py le) =0

(25)

Equation (25) was written in the local reference frame, for

the case where there is an oblique layer (between Z\d and

\ . \
Z,). Here, we have used the relation Zcosf@ — z; —z,
where 6 is the angle at the satellite, measured from the
vertical direction in the global reference frame r.

The following formula for I 1 is well known [28, 29]:

| LA
Iy, (P,2) =exp ZFL Aq(p}ejdé' (26)

"

The integral equation, corresponding to equation (25), has
the form
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L [pd A,

D

Iy (P Z(’)ex [i{é(s(—P’)z]
2,01% p 4D

27)

Equation (27) is analogous to equation (7), and follows from
equation (25). Similar to the way that equation (22) was
derived from equation (7), equation (25), in the variables
(0,€), may be obtained after differentiating equation (27).

The resulting integral equation is also valid at Pg # 0, Z\O #
0.

The integral equation (27) is the basis of the statistical radio
tomography reconstruction methods. Experimentally-meas-
ured wave-coherence functions allow us to determine pro-
jections of the complex potential correlation function q.
According to equation (23), A q(P) is the projection of the
correlation function,

| B(p,2)dz = a,(P)

To begin with, let’s assume that irregularities occupy a
sufficiently extensive layer, oblique to the direction of the
probing wave. Using the weak-scatterer approximation, and

{
substituting 1 for I 2,0(P’ Z) in the integrand of equation
(27), we may invert the Fresnel transformation with respect
to P[12]. Inversion is possible if the dependence of D onthe

2’ coordinate may be neglected. This is valid because the
layer thickness is less than the longitudinal Rayleigh resolu-

tion, which is some tens of kilometers for ionospheric experi-
ments.

[A,(P)dZ=A,(P)L

' (28)
- l_%fdzs([rz,o(s() - I]EXPPZI%(S( _ P)z:‘

Here, L is the layer thickness, and D\ contains the fixed layer

; £ & ; ; o
coordinate Z“ = Z . Equation (28) defines the projection of
the correlation function A q(P), provided the function and the
coordinates of the source, the receivers, and the scattering

layer coordinate Z\ , are given. The two-dimensional projec-
tion A q(P) may be found using a transverse linear receiving
array (along the y axis) and aperture synthesis by a moving
satellite along the x axis.

To reconstruct the projection A B it’s necessary to deter-

: . \ ; .
mine the layer coordinate, Z . This may be done by a single
receiver. A special procedure for the determination of the

scattering layer Z\ coordinate was developed [14, 30].
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The regions containing irregularities may have arbitrary
borders. In many situations, randomly-inhomogeneous me-
dia represent statistically quasi-homogeneous fields with
slowly- varying statistical properties, i.e., such fields for
which the correlation radius of the differential argument is
essentially less than the scale of the variance, o. In other
words, the correlation function is represented as a product

\ \ 5 A \ ¥ .\ b \ \
B(R,R,)=c*R)K(ARR), where R = (R, + R,)/2,
AR = ﬁl - ﬁz. A randomly inhomogeneous field with a

constant correlation coefficient (D), but with varying fluc-

. \ o .
tuation variance ¢®(R), may be called an “additive” field,
because the changes in electron density influence only the
intensity of the fluctuations, but the dependence of the

correlation coefficient on the argument R is absent. Assum-
ing the field ¢ to be & correlated, as was done above, it is
possible to obtain similar equations by the same technique.
The projection of the correlation function Aq(P) in the

integrands should be replaced by ¢%( 2 )K(P). Here, K(P) =
( {
J K (AR) d ( AZ ’) is the projection of the correlation function.

Then the formula for I' | and the equation for I g have the
form

(/
FI’I(P,Z()=exp1: ! Ij GZ(Z()K[pZZ(-JdZ(} (29)

4k

F”(P’Z():H 167k D

[k 2(#)xe)
(30)

Foo(®)ess] (8- |

Formulae for projections of correlation functions, like equa-
tion (28), cannot be derived from equations (29, 30), as they

” . \
contain the unknown function 62(R). So, the problem of
reconstruction of the correlation function is divided into two
parts: the problem of reconstruction of the variance in the

A
fluctuations, 5( R), and the problem of the reconstruction of

¥4 ﬁ), given the measured projections, K(P).

Equation (29) allows us to determine integrals along the

direction (the 5 axis) of propagation of the probing wave. If
a set of different integrals is given for a region filled with
irregularities, we arrive at a tomography problem, i.e., at the
problem of reconstruction of a function, given its linear
integrals. Usually, in the experiments there exists a natural
limit to the number of projections and to the angular range of
propagation directions of the probing waves. Hence, the
problem should be solved when data are known for a small
range of angles. A similar problem was solved in the case of
ray radio tomography.

Information about the fluctuation intensity distribution 6%( ﬁ)
is sufficient to reconstruct a set of projections of correlation
functions given by measured coherence functions. Methods
of solution for the statistical radio tomography problem are
similar to those already discussed, with the substitution of

the product, o*( ﬁ)K(P), of the known function ¢*( ﬁ) and
the correlation function projection K(P), instead of A,

A set of projections K(P) allows us to perform tomographic
reconstruction of the correlation coefficient (D) or its
spectrum. As the correlation function is smooth enough,
“simple” and also symmetric, it is reasonable to make an
expansion over a set of certain polynomials. The Fourier
transform of each projection of the correlation coefficient
defines the cross section of the Fourier transform of the
correlation coefficient (the linear Fourier transform). By
means of the given set of projections, the statistical radio
tomography reconstruction problem is easily reduced to the
solution of a set of linear equations with respect to expansion
coefficients in the chosen polynomial expansion series.

An example of the practical reconstruction of the cross
section of the spectrum fluctuations, based on data from a
satellite experiment in the VHF range (using the navigation
satellites), is now given. According to experimental data
from January 27, 1988, there is one extended random-
homogeneous layer in the ionosphere, the height of which is
approximately 280-300 km [30]. The set of experimental
data consisted of 17 projections, for which the satellite
positions differed by approximately 1.7 degrees. After
processing the two-dimensional electron density fluctua-
tions, the spectrum was reconstructed:

~

B(x)= [ B(x",2")exp(ix,x" +ix,z")dx’ dz’

Here, the z” axis is directed along the symmetry axis of the
reconstructed spectrum, which is perpendicular to the direc-
tion of the magnetic field (the x axis). A normalized two-
dimensional spectrum cross-section,

B(x)/ B(x,,0=0)

is presented in Figure 7, as a function of polar coordinates

(x=+x2+x}, @=arctan(y, / x.)) in the range from y,
=0.1 km! to y=2.5km! . Itis seen that the spectrum shape
depends strongly on the angle. Furthermore, local extrema
are present, which points to the complex nature of the
spectrum and to the presence of resolved scales. The simi-
larly-complicated structure of such spectra has been ob-
served quite often.

7. Conclusion

The results described in this review are the first steps in

The Radioscientist Vol 4 N° 1
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Figure 7. A normalized two-dimensional spectrum cross-

section, showing é(x) / IA?(XO, 6= O) as a function of

polar coordinates (X = \U{,% i )sz , 0= arctan()(‘\. /xz)),
in the range from ¢, = 0.1 km'' to ¢ = 2.5 km''. It is seen
that the spectral shape depends strongly on the angle. The
data were recorded on January 27, 1988, when there was
one extended, randomly-inhomogeneous layer in the
ionosphere at a height of approximately 280-300 km [30].
The data used in computing the spectrum consisted of 17
projections for which the satellite positions differed by
approximately 1.7 degrees.

ionospheric radio tomography. The experiments carried out
showed the great possibilities of radio tomographic methods
for sounding, for such applications as determining the two-
dimensional structure of isolated inhomogeneities; cross
sections of the global ionosphere, including the main iono-
spheric trough; and the cross section of the correlation-
function spectrum of electron-density fluctuations, which
was obtained for the first time. Nevertheless, it is clear that
we are at beginning of the path, and further development of
satellite radio tomography will open vast perspectives for its
applications, for diagnostics of the ionosphere and atmos-
phere.

We would like to briefly indicate some areas, applications,
and problems which will arise in the development of the
different directions of radio tomography.

* Diffraction radio tomography. Applications include diag-
nostics of natural and artificial localized ionospheric forma-
tions (chemical releases, rocket launches, active plasma
experiments, ionospheric heating, etc.). It is necessary to
develop methods and algorithms for three-dimensional dif-
fraction radio tomography, which can be realized with the
help of one-dimensional arrays of receivers.

.. RADIO TOMOGRAPHY OF THE IONOSPHERE

* Ray radio tomography. The monitoring of global iono-
spheric structures. This includes three-dimensional ray radio
tomography, done on the basis of a set of two-dimensional
cross-sections and with the use radio-astronomy techniques,
and also with radio stars as sources. Itis necessary to develop
and to optimize the methods of phase-difference ray radio
tomography, phase ray radio tomography with subtraction,
and algorithms with higher-order approximations. It is im-
portant to check and to calibrate the results of ray radio
tomography by comparing them with incoherent-scatter
radar results.

o Statistical radio tomography. Applications include diag-
nostics of ionospheric turbulence, and investigation of the
random ionosphere under different physical conditions. It is
necessary to develop methods and algorithms for the two-
dimensional and three-dimensional reconstruction of corre-
lation functions and electron-density fluctuation spectra, as
well as methods for multi-dimensional spectrum evaluation
of confidence intervals.

The methods of satellite radio tomography make possible the
creation of global and regional systems for the monitoring
and control of space conditions near the earth. Existing
radio-location means, and ionosondes for control and iono-
spheric stations, allow us to carry out only local measure-
ments of medium parameters. The creation of a sufficiently-
dense net of observing stations using traditional means is
extremely complicated and very expensive. A system for
satellite radio tomography is a distributed sounding system,
i.e., the moving satellites and the net of receivers permit us
to realize the continuous probing of the medium in different
directions, and to reconstruct the spatial structure of the
ionosphere. A system for satellite radio tomography based
on a network of autonomous receivers, together with the
traditional means of ionospheric probing, will give us the
possibility of realizing global and regional monitoring and
control of the space near the earth. To inculcate the radio
tomographic methods of sounding, it is necessary to solve
many theoretical and practical problems. However, without
any doubt, creation of different satellite radio tomographic
systems will bring significant progress in practical applica-
tions, as well as new, fundamental knowledge.
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Dielectric Properties of
Heterogeneous Materials

Edited by A.Priou, 398 + xvii pages, ISBN 0-444-01646-X.
Elsevier Science Publishing Corporation, Inc. 1992, New
York, US price $86.

This volume is No 6 in the Series, Progress in Electromag-
netic Research, whose Editor-in-chief is Prof. Jin Au Kong
of MIT Typically, they consist of chapter length articles
written by specialists on selected electromagnetic topics.
The present volume deals mainly with models of inhomoge-
neous dielectrics such as might represent composite materi-
als. The authors (surnames indicated) are listed as follows:
Aussudre, Combes, Ezquerra, Greffe, Grosse, Kremer,
Lindell, Lakhtakia, Lopez, Ma, Maurens, Nelson, Priou,
Sihvola, Tinga, Varadan (V.K. and V.V.), and Wegner.
These investigators deal with the following topics: Introduc-
tion to mixture laws and microwave/material interactions,
static permittivity of emulsions including the comparisons
between theory and experiment, modelling of numerous
idealized configurations such as distributions of particles in
a homogeneous background, radiative transfer theory, ran-
dom media effects, pulverized ahd granular materials, AC
properties of insulator/conductor composites, and micro-
wave sintering, ferrite composites, and chiral composites.

One of the central themes is to devise a procedure to predict
the effective dielectric constant or permittivity of a specified
mixture of two or more “phases” where interactions of the
dispersed ones are properly accounted for. Actually, as
originally shown by Maxwell, an idealized lumpy medium,
consisting of small spheres embedded in a uniform back-
ground, could be treated by potential theory whether we were
dealing with a conductor or a dielectric. Indeed, most of the
contributions in the present volume could be rephrased to
deal explicitly with conductors. In fact, the most general
approach is to designate the various regions as complex
conductors which may have any desired, but physically
acceptable, frequency dependence. Forexample, as pointed
out in the reviewer’s chapter No 1, in Volume 1 (1989),
electrochemical interactions between the constituent metal-
lic particles and the electrolytic host could be accounted for
by a suitably defined interface boundary condition. In such
cases, effective dielectric constants (relative to free space) of
104 to 109, at 100 Hz, are possible. This aspect of the subject
was not described in the present Vol 6 nor were eddy currents
in the dispersed particles treated*.

There is a considerable overlap in the material being covered
in the volume being reviewed but such is not undesirable
because the subject matter benefits from the different view-
points. Some kind of a common understanding is achieved
when it is shown by several authors (e.g. Tringa) that
seemingly diverse mixture laws in the past literature are

26

physically equivalentf. Infact, the general multiple scatter-
ing approach can be specialized to recover many of the
earlier quasi-static models. But, if we wish to single out the
most versatile of the simpler models, the Bruggeman (1933)
law is the most remarkable. In spite of its rather empirical
underpining, it seems to ‘work’ even when the volume
loading of the “dispersed phase” can be more than 50% of the
host volume. But it does fail to properly account for
“percolation” and related critical effects.

I would consider this volume an important benchmark in the
current and past developments on the electromagnetic char-
acterization on inhomogeneous materials. The material
could also be a useful supplement to a graduate course in
applied electromagnetic theory because most of the classical
texts pay little attention to the constitutive properties of the
media. The price of the book is not unreasonable — at least
by today’s standards.

James R. Wait

* For example, see J R Wait, Complex permeability of
spherical metal particles, Proc. Inst. Radio Engrs. Vol 41,
1665, 1953.

f (at least for small volume loading).

RADAR 92

Conference Publication No 365, Institution of Electrical
Engineers, London, ISBN 0 85296 553 2, 544 pages, hard
bound, 1992.

This impressive document consists of the author-produced
papers given at a conference held in Brighton, UK, 1992.
There are 130 individual contributions printed in various
type styles but, for the most part, they are easy to read. The
authors are mostly from Europe but strong representations
are included from other parts of the world particularly from
Australia. The general categories are: Radar simulation and
modelling, Sea and land clutter, Multifunction and monopulse
radar, Propagation and target measurement, Surveillance
and tracking, Detection and clutter suppression, Antennas,
Air traffic control, Signal processing, Remote sensing, Syn-
thetic aperture radar, and Target understanding, imaging and
classification. Taken as a whole, the document gives a good
overall view of the current developments in the topics
mentioned above in so far as the security classifications
would allow. Itis a pity that no review papers appear and no
attempt seems to have been made to unify the notation and
provide a glossary of terms and symbols. Many of the
abbreviations would be unknown to the general reader. Itis
also a pity that discussions following each paper were not
included in one form or another. Also it is unfortunate that
the editor(s) didn’t insert the authors’ mail address so pur-

The Radioscientist Vol 4 N° 1




BOOK REVIEWS “ ,

chasers of these Proceedings could contact the speakers to
seek needed clarifications.

Various other propagation related papers, on the problems of
detecting low level targets, were sprinkled throughout but no
break-throughs here were evi-

This reviewer was most inter-

dent.

ested in the propagation aspects
which permeated many of the
papers. In particular the imple-
mentation of the split step para-
bolic equation method for deal-
ing with laterally varying media
has now been realised by one
group in the UK (Appleton
Rutherford Labs) and also in the
US (San Diego Navy Lab).
There was an important paper
by G D Dockery (US) who

your commitment.

Note from the Review Editor :

If you are interested and willing to review
books for the Radioscientist, send me a com-
plete description of the item and the name (and
address if possible) of the publisher. Publica-
tion dates should be 1992 or 1993. Of course,
you may keep the book after you have fulfilled

Mail reply to: James R. Wait, 2210 East
Waverly, Tucson AZ 85719-3848, USA.

The price of the Proceedings
volume seems rather high
($156.00 in the US). It is avail-
able from PPL Dept., IEEE Serv-
ice Centre, 445 Hoes Lane, PO
Box 1331, Piscataway, NIJ
08855-1331, and elsewhere from
the IEEE, Faraday House,
Stevenage, Herts, SG1 2AY
United Kingdom).

showed clearly that the perform-
ance of focussed wave pulses
may suffer similar diffraction limitations on beam width as
for simple Gaussian pulses with similar frequency content.

James R. Wait

Day on Diffraction

St Petersburg, Russia, June 3-5, 1992

Days on Diffraction are jointly organised by the St Petersburg
Branch of the Mathematical Institute of the Russian Acad-
emy of Sciences and the Physics Institute of the University
of St Petersburg. This year’s meeting, organised by Profes-
sors V M Babich, V S Buldyrev and V S Buslaev consisted
of two days of papers presented at the VA Steklov Math-
ematical Institute in central St Petersburg with the final day
at the campus of the University of St Petersburg in
Petrodvoretz, southwest of the city.

Days on Diffraction began about 20 years ago as annual
seminars of the famous Leningrad diffraction school founded
by V A Fock and V I Smirnov. These seminars attracted
scientists from other parts of the USSR and eventually
became all union. Recently foreigners have also partici-
pated and this year English was the working language. There
were no parallel sessions; each speaker had 30 minutes for
presentation and discussion. In order to accommodate the
foreign papers several local Russians in attendance did not
present their papers. The papers presented were from Russia
(16), Ukraine (8), Finland (2), Sweden, Germany and Canada.
Overhead projectors were available, but interestingly many
of the Russian scientists preferred the blackboard.

Papers were invited on diffraction and propagation of acous-
tic, elastic and electromagnetic waves. Most of the presen-
tations dealt with general problems in electromagnetic wave

scattering, inverse scattering and propagation in isotropic,
bi-isotropic, homogeneous and inhomogeneous media (17
papers). There was also a session of 7 papers on waveguides
and corner regions and 5 papers on nonlinear waves, includ-
ing acoustic and ocean waves. The mathematics and physics
of wave processes provided the common thread. Applied
mathematicians are naturally interested in all areas of sci-
ence amenable to similar mathematical techniques. For
radio scientists papers on waves outside electromagnetics
are educational opportunities which are frequently useful.

Lunches were included in the modest registration fee, and
those at the “Metropole” were sumptuous. The social
program also included an evening of excellent ballet and a
bus tour of St Petersburg, surely to become again one of the
great tourist cities of the world. Several of us also were taken
to visit the splendid gardens (see cover) of the magnificent
palace of Peterhof. At the end of the third day there was a
picnic in the woods near the Petrodvoretz campus, a tradi-
tional finale to “Days on Diffraction”. June is the time of the
“white nights” and this was indeed a beautiful evening. The
many flies which attempted to join the party were soon
dispersed by aroaring fire and the songs of our Russian hosts.

In making “Day on Diffraction” an international seminar the
organisers are providing a valuable link with foreign col-
leagues, for there is much research in their institutes which
we have not been able to follow. For this the organisers have
our thanks, our congratulations for the success of this meet-
ing and our hopes for many more.

E. V. Jull
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