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FOREWORD

This Final Report describes work performed by AVCO Corporation,
Systems Division, Wilmington, Massachusetts, under contract F30602-
70-C-0083, Job Order Number 673A0112, for Rome Air Development Cen~

ter, Griffiss Air Force Base, New York. Mr. Frank Antonik, OCSL,
was the KADC Project Engineer.

This report has been reviewed by the RADC Information Office (0I)
and is releasable to the National Technical Information Service (NTIS).

This technical report has been reviewed and is approved.
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Approved: FRANK ANTONIK
Project Engineer

2.£%
Approved: %@W POi’E

Assistant Chief
Surveillance and
Control Division

FOR THE COMMANDER: a .
FRED I. DIAMOND
Chief, Plans Office
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This report presents the results of several experiments related to the azi-
ruthel ané diurnal dependence cf HF backscatter and terrestrial radio noise end the '
nature of earth backscatter from regions near the skip zone end from sea water.

The first experiment consisted of stepped ezimuth paroramic backscatter soundings
over a diurnel cycle. The rounding waveforrm wes linear FM/C¥W with an average trans-
ritted powaer of 5 kW. 7Tre second experiment explored the deteils of the sunrise and
sunset transition pericds along & fixed azinuth, elso instrumented with an oblique- :
incidence forward-scatter ™/CW ionosonde and & co-located broadband repeater. The
third experiment collec:ed an azimuthal semple of terrestrial racic noise in the
fuard frequency dené of WwV during the silent period. The fourth experiment con-
sidered some characterictics of the leading edge of the backscatter region from the
point of view of illumiration control and frequency mansrement.
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ABSTRACT

>l

This report presents the results of several experiments related to
the azimuthal and diurnal dependence of HF backscatter and terrestrial

radio noise and the nature of earth backscatter from regions near the skip

<one and from sea water. The first experiment consisted of stepped

azimuth panoramic backscatter soundings over a diurnal cycle. The

sounding waveiorm was linear FM/CW with an average transmitted power
of 5 kW, The second experiment explored the details of the sunrise and

sunset transition periods along a fixed azimuth, also instrumented with an

e

oblig: e-incidence forward-scatter FM/CW iofosonde and a co-located
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broadband repeater. The third experiment collected an azimuthal sample

of terrestrial radio noise in the guard frequency band of WWYV during the

cilent period. The fourth experiment considered some characteristics of

LA

»_ the leading edge of the backscatter region irom the point of view of illumi-

nation control and frequency management. The fifth experiment concerned

the nature of sea clutier and its relationship and effect on an FM/CW

" "
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OTH-B radar.
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EVALUATION

This report describes the second phase of the
work performed by the AVCO Corporation to investigate
methods of determining and to provide useful data for
those parameters peculiar to an HF backscatter system.
These efforts are under the overall 673%Z program
which is tasked with providing a technological base
necessary for the design of OTHL systems needed to

satisfy a variety of Air Force operational reguire-
ments.

These studies have provided insight to the
problems of backscatter propagation as a function of
azimuthal, diurnai and seasonal variatioans. Further,
they indicate the value of displaying vertical inci-
derice traces on an oblique incidence ionogram that is
used to select the correct operating frequency.

has been borne out by the experimental Ava/Dexter
backscatter system.

This

The problem of ionospheric tilts was addressed
in the context of tilts along the propagation path. A
further effort has been initiated that will investigate
a technigue that will determine and provide corrections
for ionospheric tilts in the transverse direction
that produce lateral deviations of the ray path.

ééba«/é Ciﬁvéibé
FRANK ANTONIK
Project Engineer
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1.0 INTRODUCTION AND SUMMARY

This report presents the results of five experiments which

relate to the properties of backscatter data. . particular, most back-

scatter ionsgram data have been obtained previously with antennas which are

i
%
3
E

fixed in azimuth, and while defining the characteristics of backscatter
propagation in that azimuth, give little in the way of insight into the

azimuthal properties of propagation effects. It is not unusual to explain

anomalies in the backscatter as resulting from antenna sidelobe effects.

The availability of receiving antennas which could be steered in

i
'§f
=3
&
F
%
5

azimuth, at the RADC Stockbridge field site, and a Wullenweber receiving

7 antenna at the University of Illinois prompted the experimental program

il

reportec herein.

ik ‘l“l ‘,’J‘w

The sounding instrumentation was of the linear FM/CW

type, permitting high resolution backscatter soundings with high signal-to-

THPRRETIT

3 noise ratios to be obtained. Additional instrumentation of a broadband

repeater, and an oblique incidence FM/CW transmitter at the University

of Illinois was utilized for a detailed study of sunrise and sunset effects on

= tackscatter returns. In this instance, the receiver site was the RADC

Dexter site, to which all receiving operations were transferred during the

Fall of 1970. All backscatter sounding transmissicns were from the RADC

Ava test site.

el api Mt

The first experiment reported in Chapter 2, consisted of a series

of stepped azimuth backscatter soundings covering a total of 24 hours in the

. T
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late summer of 1970. A circularly dispcsed antenna array (CDAA) or a
rotatable log~-periodic array was utilized for reception, and a rotatable
Jog-periodic array for transmissicen. Indexing of the antenna beam positions
was accomplished manually on a pre-arranged schedule such that, at least,
one backscatter sounding was obtained on each receiving antenna to a

cardinal compass direction during each hour. Although the interpretation

of this data is somewhat mitigated by a malfunction in the receiver pre-

selection filters, the results are still rather interesting. The stepped-

azimuth data exhibited clearly defired azimuthal variations depending
primarily on the diurnal phase associated with each azimuth. Specific
auroral related phenomena were observed to the North, and sometimes to

the West, but not in the other cardinali directions. The antenna sidelobes

were not found to have a noticeable effect on the results obtained.

Due tc the observation of rather rapid changes in the pattern of
backscatter during the transition from day to night and particularly from
night to day, a specific experimenial procedure was devised to permit more
frequent cbservations and correlation with ancillary data such as a repeater,

oblique incidence forward scatter transmissions, and vertical incidence

ionograms. This necessitated observing on only one azimuth, that from

the Dexter field site to the University of Illincis. A diurnal cycle was

observed and the experiment and detailed data analysis and interpretation

presented in Chapter 3, Comparisons were made between the backscatter

ionograms predicted irom various vertical incidence ionograms, the

-2-
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oblique incidence forward-scatter ionograms, and the repeater ionogram.

The best correlation was obtained for ionospheric data which was relevsat

to the point of reflection for propagation to a given renge. Changes in thas
slope of the backscatter ionogram as a function of frequency could be
interpretec as resulting from changes in the ionospheric oreperties as a
function of range along the propagation path.

%

The third experiment was a passive nmeasurement of the szimuthal
properties of terrestrial radio noise as a function of azimuth. The
¥ullenweberreceiving arrey at the University of Illincis was configured
to autozztically step in azimuth during the WWV silent period ané the radio
noise amplitude observed in the internationally protected guard Sands. The
experimental results clearly exhibit an azimuthal dependence, which changes
as & function of time. Certain rather anomalous resulits have been cxplained
as a direct cozsequence of the receiving frequency being above the MUF
(4000) to the principal thunderstorm areas which are thought to be the
source of terrestrial radio ncise. Although only a rather limited data
sample was obtained, the results suggest that the azimuthal properties of
terrestrial radioc noise should not be ignored in system citing criteria, and
also that the construction of a model for the azimuthal and temporal
dependence of the ncise pcwer should be feasible, based on ionospheric

propagation factors, and the location and source strengths of mejor thunder-
storm regions.

et .ummmmmwmmmwwmm A e g AN

%

The fourth experiment reperted in Chapter 5 combined a study of
the variation of group patn and ground range to the leading edge of the
backscatter with varistion in the height of the isnospheric layer maximum
with studies of the ieading edge of the backscatter region from wideband
tackscatter ionograms, variation of the MUF on a fixed and point forward
oblique path, and compariscn of HF repeater echoes wvith ground back-
scetter variations during icnospheric changes. The general result of the

effort is that focusing effects, in confirmation of theory, do occur near
the leading edge of the backscatter but that propagation is too complicated

and variable to be effectively predicted by ionospheric models or to be
routinely utilized by OTH-B surveillance radars.
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2.0 AZIMUTHAL VARIATION OF BACKSCATTER

2.1 INTRODUCTION

During the latter part of August and early September, 1970, an
experiment was conducted to survey the variation of wideband ground back-

scatter returns (backscatter ionograms) with azimuth, particularly during

the sunrise and sunset periods. The experiment was planned in the context

of the antenna systems available at the RADC Ava (transruitting) and

Stockbridge (receiving) test sites. At both sites, rotatable log-periodic

beam arrays, covering the frequency range 6-30 MHz, were available;

and, in addition, a CDAA (circularly disposed antenna array) was available

at Stocxbridge. The nominal azimuthal beamwidth of the log-periodic

antennas is 60° and that of the CDAA 30°, In view of the relatively wide

azimuthal beamwidth of the antennas which could be scanned over 360°,

and the lack of an automatic means of synchronized scann:ng of the antennas,
soundings were conducted only in the four cardinal directions, such that at
least two backscatter ionograms were obtained in each direction every hour.

The sounding transmissions wereof the linear FM/CW type with

a positive sense sweep rate of 250 kHz/sec over the frequency range 6. 5-

28 MHz. An average power of 5 kW was achieved, and or:e sounding trans-

mission periormed every 5 minutes.

The transmitting antenna was indexed in accordance with a typical
hourly schedule given in Table II-1, and the receiving antennas in accordance

with a typical schedule given in Table II-2. It was the intention of the

-4-




TABLE II-]

Schedule of Antenna Position (Transmitting)

Time

1200
1205
1210
1215
1220
1225
1230
1235
1240
1245
1250
1255
1300

TABLE 1I-2

Azimuth

0°
0
270
270
180
180
90
S0
0

0
0
0
0

Schedule of Antenna Positions (Receiving)

Time

1200
1205

LPA Azimuth

CDDA Azimuth

-

Qe

(6-12 MHz)

00

270

-——— -

180

90
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experiment to provide a comparison between the ionograms obtained with

two different receiving antennas, however, equipment malfunction, described
later, rendereca such comparisons impossible and only the data obtained on
the receiving CDAA are presented.

Figure 2-1 shows the geomagnetic indices for the time period
during which this experiment was conducted, viz. 2100-0300 UT on 31
August-1 September 1970 and 0400 to 14060 UT on 2 September 1970. The
daily App (Fredricksburg) and 3-hour Kpp reveal that the time period
during which the data were taken experienced magnetic activity at the
highest levels that had obtained in the several preceding months. Conse-
quently, the data presented cannot be considered as typical of the period,
but it is not possible to compare the data with other days and so only some
subjective comments can be made. It is likely that the extensive occurrence
o: sporadic E returns, the low values of foF2 experienced at night, and the
relatively strong manifestations of auroral activity observed to the north
are associated with the enhanced magnetic activity.

Unfortunately, a malfunction in the electronic circuitry associated
with the actuation of the receiver preselection filters occurred, causing
signal drop-out, and receiver sensitivity changes, but was not recognized
until near the end of the second data run. This has resualted in relatively
poor quality data, but the data which is presented in Figures 2-2 through
2-18 is extremely significant since clearly defined differences in propaga-

tion conditions as a function of azimuth, as well as time of day, are observed.

-6-
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One immediate result of the data sequence was a comparison of the auroral

i et

At by v
TPt W

(north) region records with the records from the three mode nearly normal

mid-latitude records. It is seen that the differences in nropagation condi-

A LR

tions observed in the cardinal directions is a result of the ionospheric

Ll

characteristics within the antenna beamwidth and not a consequence of

antenna sidelobe returns.

g 4yt i ;k‘.u 1

2.2 DISCUSSION OF THE DATA

0

The figures 2-2 through 2-18 each contain a set of ionograms

it o

ool

taken in the four cardinal directions, with a displayed range interval of

20 msec and a range resolution of 40 psec. Particularly interesting results

T TRrTwr

are evident when data taken 12 hours apart are made (East-West set of data)

m

e.g., 2210 and 2230 with 1010 and 1030. The data exhibit substantially

L

different MUF, with the higher MUF corresponding to propagation into the

Telred

T

daylight regime.

W'

It is clear that the backscatter soundings exhibit sufficiently

i

different characteristics in the cardinal directions during any hour to

exclude the serious possibility that the subtle features of the individual

- ionograms are the result of antenna sidelobe effects. Some of the ionograms

i W

Wiy

may, however, exhibit the effects of gradients in the electron density in

il

azimuth within the antenna 3 dB points. In addition, the sporadic- E effect

m
UL

may not always fill the beam, although there are cases where it ciearly

|
!

appears to do so.

T oy

A brief description of the sounding data for each hour follows:
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2100-2130 UT

Beginning at 21 UT, we see the closest approximation to the normal
quiet time concentric ionosphere, at approximately 4 p. m. local solar
zenith time at the receiver site. The vertical incidence foF2 is approximate-~
ly 8. 25 MHz. Due to the lower frequency limit of the sounding foF1 is not

observed, but its manifestation appears in the backscatter ionogram,

particularly to the West at 2110 UT as a trailing edge focusing effect in

the F-region backscatter. This feature is commonly observed from the

spring througl early fall on mid-latitude daytime ionograms and is a con-
sequence of the gradient in electron density between the F1 and F2 layers.
A fragment of the combination mcde 1F/2F is observed at the lower fre-
quencies {arising from the 3rd vertical incidence F-region return). The
soundings to the East, South, and West are very similar in form, although
details of the actual backscatter returns are determined by the distribution

of surface scattering features and also the small scale structure of the

ionosphere in each sector. Some traveling wave type effects can be seen

at the longer ranges to the East. The backscatter to the North is generally

T T o A

weaker, and appears to be limited to a maxmum time delay of 13 msec.

2200-223¢ UT

il AR

0w

hid

The ionograms onserved to the East, West, and South are funda-

TOvTTE

A AN R T B AR

mentally similar to those of the previous hour, except that the slant range

to the skip focusing region at anv {reguency has increased, as a consequence

s Rt

of the decrease in the F-region maximum electren density. A strong

-8-
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sporadic E return to the North is seen to be blanketing up to about 13 MHz,
and partially reflecting up to about 18 MHz. 3ince the receiver is AGC
controlled, this strong return is likely to have reduced the gain of the
receiver, suppressing the ground backscatter return at the lower frequencies.

2300-2330 UT

A sharp reduction in the F-region clectron density to the East is
manifest by the convex nature of the groundscatter leading edge in the iono-
gram at 2330 UT, although the characteristics at close ranges are similar
to those to the South and the West. This result is expected, as the longer
ranges to the East are well into the sunset region, and should thus expcrience
lower MUF values. The sporadic E to the North is no longer blanketing
and appears to extend to 23 MHz. The West and South are still reflecting
from a daylight ionosphere. Table II-3 shows that by 2300 and 2330 UT
sunset effects have begun to affect propagation to the North and East.

2355-0030 UT

During this hour, the sunset effect has sharply curtailed the fre-
quency extent of the leading edge of the backscatter to the East, and the
slope of the leading edge has become quite large (~2 msec/MHz). Exten-
sive sporadic E effects are now observed to the North, West, and South.
The ionogram to the West still retains the character of a daytime ionosphere,
and exhibits a2 number of enhanced returns due, probably, to sporadic E
illumination of ground features. To the North, only sporadic E is clearly

observed, and an extension of the 1F vertical incidence return, termed
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slant F begins to be observed. The vertical incidence critical frequency,

foF2, is now reduced to about 7 MHz. The comparison between the East

and West ionograms illustrates the sunset effect rather dramatically.

0110-0140 UT

The terminator has now crossed the transmitter and receiver

sites. All ‘onograms exhibit slant-F effects, although they are strongest

to the West and North. Sporadic E effects are most prominent to the East
and the West, with the West also exhibiting ground feature enhancements.
The West is still characteristic of daylight propagation, but there is no

evidence of effects due to the F1 layer. To the North, at the longer ranges,

auroral-type returns begin to appear. The vertical incidence foFZ is now

less than 6 MHz; only the fxF2 is observed.

0300-0330 UT

During this hour, sporadic E effects to the East have disappeared
but are still evident to the North, South, and West, which are

all nighttime ionospheres. Auroral effects as well as strong slani~-F are

observed to the North. The vertical incidence foF2 is now well below the
ionogram lower starting {requency and the interpretation of records become

more difficult after this time, particulariy the differentiaticon between slant

F and ground backscatter. In experiments where azimuthal scans can be

restricted, the rhombic transmitting antenna can be employ2d, permitting
soundings to start as low as 2.5 MHz, which is particularly useful for

identification ¢f modes in the auroral ionosphere.
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0400-0430 UT

Sporadic E effects have essentially disappeared and all ionograms

are nighttime in character. All exhibit what is probably a slant-F return

at close ranges. The West ionogram appears to have multiple leading

edges for the F backscatter, suggesting a substantial inhoinogeneity in the

ionosphere.

0500-0530 UT

Meteor echoes are apparent at close ranges in the West and Scuth

ionograms, and ail but the North exhibit simple F-region backscatter. The

West shows evidence of sporadic-E returns not apparent to the North,

which is comprised entirely of F-region auroral effects.

0600-0630 UT

The data during this hour are essentiall 7 identical to the pre-~

ceding hour.

0700-0730 UT

The data for the East and South are typical nighttime F layer
propagated groundscatter, but the sporadic E to the West dominates the
ionogram, with a number of range-discrete enhancements. Auroral

returns still dominate to the North.

0800-0830 UT

Except for an increase in the intensity of the backscatter to the

East, the data for this hour are essentially similar to the preceding hour.

~12-
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0900-0930 UT

Sunrise effects begin to be observed to the East as a lesser slope
of th.e ground backscatter range with frequency at the longer ranges. The
auroral activity to the North has weakened and there are almost no mani-
festations except for slant F, but an auroral ¥ return is observed to the

West, but no groundscatter.

1000-1030 UT

Sunrise eifects become more noticeable to the East, as vrell as
the receiver sensitivity changes due to preselector filter malfunction. No

backscatter returns are observed to the West and the South. Some slant

F and F-region -~uroral returns are observed to the North.

1100-1130 UT

The backscatter return to the East has become typical of simple
F-region groundscatter under daylight conditions, while the South is
beginning to experience sunrise-related changes. Both the North and the

West still remain in the nighttime regine.

1200-1230 UY

By this time, propagation conditions have returned to that typical
of full daytime conditions, and multi-layer propagation is evident to the
East, South, and West, although the F-layer maximum density for the

latter two cases is still considerably below that of the East. The lack of

returns at low frequencies to the North is probably a result of the receiver

malfunction.
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1300-1330 UT

The East ionogram is typical of summer daytime conditions with
regular E, F1, and F2 groundscatter, as well as weak sporadic E. At the
lower frequencies, the E, F1, and F2 returns correspond to the ground-
scatter leading edges in crder of increasing range at any frequency. The
West ionogram exhibits only clearly defined E and F2 returns. Equipment
difficulties obscure the true nature of the backscatter to the lMNorth and the

South.

o M o

1400-1430 UT

The equipment malfunction became evident te site personnel,
particularly for the ionograms at 1420 and 1430 UT, and the experiment
was terminated. The ionogram for the West, however, is a good example
of regular E layer supported illumination of a ground echo at about 6. 8
msec (probably Chicago). This echo was also observed during the night-

time by the sporadic E propagation mode.

il ot

2.3 CONCLUSIONS 3

i

4

As a result of this experiment, it was concluded that the sunrise
and sunset effects should be studied in greater detail utilizing a more
fully instrumented test bed, including a repeater and an oblique ionosonde.
This led to the design of the experiment discussed in the next chapter.

The removal of the FM/CW receiving equipment to the new field site at

an @ il 4110

)

Dexter, NY precluded repeating the experiment described in this chapter,

",

and antennas in use at Dexter did not permit a similar experiment to be
performed. '

e ) [, it B9 Jm
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3.0 SUNRISE/SUNSET TESTS

3 3.1 INTRODUCTION
3.1.1 Objective

3 The sunset and sunrise periods are expected tc be times when the
operation of an OTH backscatter radar system will experience difficulties.
The control of illumination at a specific range demands changes in the

operating frequency either to be close to the leading edge ~f backscatter

(focusing effect) or far away from it to increase the signal-to-clutter (S/C)

mmmwmmmmmmmmmnm&mwumw.xmmmmmwmm. i

ratio, depending on the objcctives of the radar system. Therefore, the

position of the leading edge in a frequency-time delay coordinate system

S 1 e A AN s

has to be predicted or monitored. The ionosphere is far from homogeneous,

as we have seen in the previous chapter, layer tilts occur; both effects have
to be taken into account.
Because of the expected difficulties of propagation through a day-

night transition, tests have often been avoided during such tirne periods.

In order to assess the problem in greater detail, the RADC FM/CW back-

scatter system (Ava-Dexter) was operated during one sunset and one¢ suarise

period looking west. The test period was successful; yielding data suitable

for detailed study.

In this chapter, we analyze the data, interpret the

results, and discuss operational procedures.

i m-mmﬂmmum.umuuwmmmux.wummmmmuwm" i




vt

bR it

b i

b

L

3.1.2 Summary and Conclusions

Wideband FM/CW backscatter ionograms have been taken for one

sunrise and one sunset test perind. The ionograrns cover the frequency

range 6. 5-30 MHz with a sweep rate of 250 kiz/ sec and an average povier of
5 kW. Transmitting facilities at Ava and receiviag facilities at Dexter, N. Y.

were employed. The antennas looked west {5iYT}. A transponder was

located at the University of Illinois and additionai vertical incidence and

oblique forward propagation data were taken so that good and reliable

A B i 2

ionospheric information for the path are available for analysis. Backscatter

ionograms were taken at a rate of three per 10 min.

The iorncsphere along the path is approximately homogeneous
dering daylight and night hours; however, the ionospheric parameters

3 such as foF2 and MUF (1120)F2 undergo variations of about + 5 % oa a

time scale of tens of minutes. During sunset, the maximum frequency

L D

range decreases from above 30 MHz to below 10 MHz and the close-in

PR

ranges up to 1200 ki cannot be illurninated by the equipment because the

WISAL &

lowest frequency of the equipment was 6. 5 MHz.

i

In order to illuminate

14

close ranges at night, say within 500 km o/ the transmitter, the lowest

operational frequency of the equipment should be 2. 5 MHz.

Gradients of the leading edge have been investigated. It is found

that average gradients over several msec time delay can be used to infer

FTTTR T D g o v &

th.e ionospheric gross structure along the path. The gradient of the leading

edge permits us to estimate the critical frequency at the midpoints to the

3 ~34-

A
‘*.
{l
V
]
}
i
1
P\
1]
J
.
|
E:
s
|i’~
e 10 ) HuddiBi ol et el




E nearest integer value. Small irregularities should be disregarded. Two or
. three linear segments are sufficient to describe the gradient of the leading
edge over the whole range of time delays. This method should be tested on
a larger sample of backscatter ionograms during daytime and nighttime.
Sunset and sunrise make the evaluation of ionospheric parameters along the
path niore difficult than daytime conditions, because large horizontal
gradients of 2 MHz/1000 kin or more cause appreciable changes of the
gradient.

While ionospheric conditions change slowly during sunset, the
conditions change rapidly during sunrise. For a distance of 1100 km, the
frequency of the leading edge rose from 6.5 to 16 MHz in about one hour.
Hence, frequency selection and frequency switching becomes very important
for a time period of one to one and half hours. During sunrise {looking

west) the S/N ratio is low, as seen on the transponder signals. This is

E most probably due to defocusing effects in the skip zone, because iono-
spheric tilts of several degrees occur. The backscatter ionograms become,
3 at times, quite complicated.

True height electron density profiles from another time period

are used to show the ionospheric tilts during sunrise.

™
T o

Predictions for the leading edge of backscatter records are made

T

using the various ionospheric measurements along the patk and comparing

the results with the actual backscatter records. For each measurement,

a backscatter ionogram is constructed and since the ionospheric parameters

.35-
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are different say at Ava and the University of Illinois, two different leading

edges result. Four independent measurements along the path gave, in

general, four different leading edges. The actual backsczatter record
E agreed best with the synthetic leading edge for the same part of the path.
For example, close to the transmitter the zctual backscatter agreed best with
the predicted leading edge based on vertical incidence data from Ava; for
long time delays (ground range 2000 to 3000 km) the actual backscatter
E record agreed best with the predicted leading edge based on vertical
= incidence data from University of Illinois. During sunset, the NOAA
% predictions did not agree with the actual backscatter ionogram. However,
% late at night the NOAA predictions were useful.
If some ionospheric measurements at the iransmitter site or
3 along the path are available, predictions of backscatter ionograms can be
made in a simple graphical way without involving special computers.
3 The evaluation of this special test leads to useful results. It shows the
change in the backscatter ionogram can be explained and proven by the

actual change of ionospheric parameters along the path. It further shows

(R A

that simple predictions of the leading edge in backscatter ionograms can

= be made if some vertical incidence ionograms are available.

T T
n
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3.2 BACKGROUND INFORMATION

3.2.1 Leading Edge for Selected Critical Frequencies and Reflection

Heights

A simple computation was made to obtain the leading edge for the

1F mode and to distinguish between the influence of f; and h'. * Figure

3-1 shows operating frequency from 3 to 30 MHz as abscissa and group path

time-delay as ordinate in the form recorded during this test. The iono-

sphere is assumed uniform and concentric with a maximum electron density

corresponding to f; = 3, 5, and 10 MHz and height of reflection h' = 200,

250, and 3G0 k. The gradients of the leading edge of the backscatter

trace are quite different for the choices of £; , the influence of reflection

height h' is less important. The corresponding éistances of the ground

range target are indicated. For f; = 10 MHz, the leading edge is a fairly

straight line and operating frequencies of over 30 MHz are needed to obtain

a leading edge beyond 2000 km. The curvature of the leading edge increases

with decreasing frequency. This graphical represecntatior has been used as

an overlay of the hard-copy output frcm the spectrum anaivzer.
What is alsc obvicus from this zraph is the range limitation for

low f; . If{, =3 MHz and the wideband soundings start at 6.5 MHz. no

backscatter from the first 1000 km is received, because it falls below

5.5 MHz.

In this chapter, the frequencies obtained for vertical propagation arc¢
indicated by {; , those for oblique propagation by i,

., and the virtual
ionospheric reflection height by h'.
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Selected Plasma Frequencies £4 (3, 5, and 10 MHz) and Selected
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3.2.2 Mode Identification for the Leading Edge of Backscatter Traces

On wideband backscatter ionograms, several traces can be seen

at times and mode identifications of regular and unusual modes have been

made (see, for example, Coffey, et al., 1970, Katz, 1970, 1971). If the

vertical incidence ionogram appears on the backscatter ionogram, the mode

i identification is straightforward, because leading edge of each mode can be

traced back to the second vertical incidence reflection of the corresponding

layer.

ke

However, most wideband backscatter soundings start at 5 or 6.5

i

“.: i

MHz or even 10 MHz and then no vertical incidence ionogram is recorded

or only a small part of it. Without a vertical incidence ionogram, it is

sometimes difficult to identify the basic backscatter modes.

During daytime the leading edge of the E, F1 (when present) and

“u‘""" L‘ Cih b ‘K

F2 modes should appear, as well as mixed or combination modes. Due to

skip zone focusing, they may, at times, merge into one wide band. During

" T
AL AP TP

the night basically only the F2 mode appears,unless asporadic-E (Es) mode

is also present.

ARWAR

During daytime, especially in summer and at mid-latitudes,

3 Es occurs very often: thus, an Es mode has to be considered. If sporadic

= E is strong (blanketing Es) its leading edge can become the predominant

k. backscatter mode.

L nene S ho o biinddin Sk sl

Based on some actual daytime vertical incidence ioncgrams from

Tk

the Boston area {Billerica), we have computed (assuming a uniform

3 ionosphere} the leading edge for each mode (E. F1, F2) using f; , h* and

our tables for group-path time-delay.

LRI U b A bl kAR R
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Figure 3-3

FREQUENCY fa , MHz

Computsed Leading Edges in an Oblique Backscatter Ionogram
Based on a Real Vertical Incidence Ionogram for a Summer
Day {noon, July, 1970, Boston).

E, Fl, and F2 Layers are Present. Leading Edges are for
Curved Earth. Two Mixed Modes are also Shown.
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A winter day {noon, November 1970) is selected with an E layer

at 100 km, an F1 and an F2 layer. The critical frequency foF2 is very

high compared to foF1l, while h'F1 and h'F2 differ by only 40-50 km. In

winter, the main leading edge with the shortest time delay is due to the

F2 mode; those due to the E and F1 mode are well separated from the F2

mode (Figure 2-2).

A summer day {noon, July, 1970) shows a distinctively different
predicted ionogram. The critical frequencies of E, F1, and F2 are clos:

together and the height h' of F'1 and F2 are 130 km apart. Consequeatly,

the order ¢f modes for the leading edge changes. The E mode has the

shortest time delay, followzd by Fl, and the F2 is last. All three leading

edges are close together. We alsn include a mixed mode 1E-1F2 which is

close in time delay to the ©2 mode. The 2F2 mnde and the mixed mode

1F2-2F2 are also shown. {(Figure 3-3)
For the winter case, Figure 3-2, we have added the leading

edges assuming a flat earth-flat ionosphere, solely for illustrative

purposes. The curves are straight lines and indicate the error in time

delay for large distances if such a simplified assumption is made.

3.2.3 Test Configuration

The data for this study were obtained during November/December
1979. Sunset conditions were observed by operation between 30 Ncvember
17 UT (12 EST) and 1 December 3 UT (22 EST), while sunrise conditions

were observed by operation on 2 December from 10 UT (5 EST) to 15 UT
(10 EST).
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Backscatter ionograms were obtained over the frequency range

6.5-30 MHz with transmissions at a sweep rate (positive sense) of 250

kHz/sec and an average power of 5 kW; a rhombic antenna was utilized for

transmission. The receiving site at Dexter, NY, employed a phased array
g p:oy P Y

receiving antenna comprised of Beverage antenna elements and stecrec to
o

251 T, which is within the half power beamwidth of the transmitting

antenna at the range of operation and the bearing of the University of

Ilinois.

the backscatter return, with signal processing which has been dzescribed in
detail in previcus reports.

At the University of Illinois were locat.d a wideband {ransponder
and a receiver for obligue inciderce FM/CW ionograrms. The transponder
imposed a douvle~-sideband suppressed carrier modulation of 500 Hz on the
re-transmitted signal, equivalent to a range shift of + 2 msec at the sweep
rate employed. The purpose of the offset is to permit sevaration ot the
transponder echo from the ground clutter, permitting more accurate
scaling of data from the transponder echo.

Ionograms were obtained commencing at 1, 4, and 7 minutes of

each ten minute interval, but the transponder was activated for on{y one oi

the three soundings. The received data was recorded on analog magnetic

tape and processed to yield ionogram displays at the DRC of RADPC. The
procesced data was inspected and scaled at least every ten minutes; the

ionogram containing the transponder information was always scaled.

~43-

An FM/CW generator at the receiving site was utilized 1o de-ramp

by
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Vertical incidence ionograms were obtained by a Granger ionosonde
at the University of Illinois; the vertical incidence data from the Granger

sounder at RADC was lost due to improper operation.
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3.3 SUNSET TEST

3.3.1 Ionospheric Variations During Test Period

The ionosphere changes its structure (electron density 2nd layer
height) drastically during sunrise and sunset periods (Penndorf and Katz,
1969). But, it also undergoes continuously some small scale irregular
changes during day and night. One can say that foF2, during a quiet day-
time, varies at least + 5% around its average hourly value if it is monitored
continuously.

In Figure 3-4 we show the scaled foF2 data for Ava and University
of Iilinois {11.1.) as a function of time (ore data point every 10 min), which
indicate such small scale irregular variations. For clarity reasons, we
omit the fxF2 traces, aithough thev have been scaled too. Some slight
variatiors in the difference {fxF2-foF?2) appear in the datz, indicating small
ionospheric irregularities, During daytime, foF2 differs between Ava and
U. 1., implying horizontal gradients up to 1. 5 MHz exist over this distance
scale. Such differences become, of course, most pronounced during sunset
and here they reach up to 2 MHz. The normal sunset decrease starts at
Ava at cosY =+ 0.1 (solar zenith distance =X ), which is acrmal. At
U, I it starts later, at coslk 0. The critical frequency decrs=ases below
6.5 MEz" at Ava whe2{ & 110% at U. L it reaches a minimum of 3.5 MHz

at the end of the test at 3 UT (21 LST}. ThLe hourly foF2 values for

The equipment was limited to 6.5 MHz, thus no smailer frequencies can
be measured.
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Maynard, Mass., are also indicated. The conditions at the path midpoint
are obtained from the transponder data and from the oblique forward
propagation, both of which agree most of the time, as expected. While

the forward propagation is from Ava to U. 1., the transponder path is from

Ava to U.I. and back from U.L to Dexter. Thus, the ionosphere over the

two paths Ava-U.I. and Dexter-U.IlL may nct always be identical, although

the paths are very close together. The observed differences in the MUF

are a few tenths of a MHz, with the single path MUF being larger, except
at a few times after 0000 UT. The diagram gives the transponder data

because they are more complete. The MUF for this path also varies by

about + 5% durisg daytime around an hourly average value. The decrease

in MUF starts at cosxx + 0.1 reachir about 10 MHz at 0040 UT; then the
signal strength of the transponder becomes weak and disappears at about

8 MHz at 0130 UT. Figure 3.4 also shows the zenith anglez for midpoint

and the two stations as function of UT time. ESSA foF2 predictions at 20,

22, and 24 UT are computed for ionospheric conditions obiserved at U. L
They agree roughly with the measured values. but deviations from about

-0. 8 to +0. 4 MHz occur during this time period.

Further discussion of the

consequences of such differences are discussed in Sections 3.5.1 and 3.5.2.
Using foF2 data from Ava and U.I. and comparing them with the

MUF leads to a MUF factor (k sec ) of 1. 75 for the average during day-

time and a distance of 1120 km.
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Since the test was performed looking west, there should be a
horizontal gradient in the ionosphere during sunset and it is necessary to
investigate the ionosphere for the same zenith distanceX, In Figure 3-5
the maximum freqguencies fo?iat Ava and U. L, and foZ,\ between Ava and
U. 1. are plotted as func“ions of cos X instead of UT, which clearly
indicate that the general trend of all three curves is similar, but local
variations do not agree with those observed for fxF2, (Ava-U.1L). The
general decrease in electron density starts at all three locations at about
cosX =+ 0. 1, which is expected. TkLe hourly data for Maynard, Mass.
fit into the gereral trend.

Using the carefully scaled data and the overlay, we constructed
abiicue ignograms ie the f-h' coordinate system using the forward oblique
data from Ava to U. L, the transponde: data (Ava-U. L -Dexter)) and the
vertical innograms from U.L The ionograms from Ava could not be used,
because the trace was nat toc well resolved (too thick) in time delay for
lower freguencies, Data for abeout 31 zenith distances have been compared.
The vaiuve of such an investigation is related to predictions. How useful
are ionospheric data for one station or one path to predict the MUF {or
leading edge) to other puints along the path? We compare the data for the
same zenith distance and express the results in MUF for an 1100 km path
{Ava-U.L ). Lect us menticn just two cases. For cos A =+ 0.25 the
abserved MUF ic 18,5 MHz for the transponder, 19.5 MHz for the oblique

forward path; 18. 5 MHz is computed using U.IL ionosonde data, but

-4G-
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about 19. 9 MHz using Ava ionosonde data (the Ava ionosonde data uses an
average MUF factor of 1.75). At cosX =+ 0.12 the observed MUF is
18. 5 MHz for the transponder, 19.5 MHz for the forward oblique path;

and we derive 18,0 MHz using the U. L. ionosonde and about 20, 0 MHz for

N i O R LN T DU A S e e T A T

the Ava ionosonde data.

The agreement between such data is, therefore, within about
1 MHz for an 1100 km path using simple graphical methods. Computer
methods may improve the dat:, but, at present, we feel that there is no

need for higher accuracies.

From the ionospheric data and the constructed oblique ionograms,

we conclude:

a) Under quiet conditions the ionosphere undergoe: regular
quasi-periodic variaticns (maximum-to-maximum in foF2
or MUF) on a time scale of tens of minutes to 1 to 2 hours,
with amplitudes (MHz) on the order of at least + 5%
around the hourly average value. That means variations
of such amplitudes have to be considered in applying a
measured foF2 value or a MUF from a transponder, if
frequency predictions are made, Such variations go
undetected in any regular ionospheric probing system

{vertical or oblique) which scales m:ore or less only

one value per hour.
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b) There exist horizontal gradients in electron density
as a consequence of the variations just stated. One
can also call them ''clouds' with a scale size of about
100 to 500 km. Such clouds also go undetected in any
ground based vertical incidence ionosonde netweork
because stations are very far apart. This means that
for MUF predictions (see section 3.5.4)one has to build

in a certain “'error", whether one uses the ESSA pre-

b gl s, bt in St L A

dictions or those bas: ' on ionograms at the transmitting

site.

=
=
b
A
=
=
53
“a
=
=3

c) The pathloss during sunset should be measured more

accurately. The signal strength from the transponder
decreases arcund 1 UT, although the frequency is well

above the threshold value. There are severzal reasons

for this decrease, certainly absorption is not the cause.
The ionosphere has tilts and the raypath must deviate
from the "normal' path. Thus, the signal may be
received at angles where the antenna gain is very low.
This point needs further testing using calibratian signals
and digital processing.

3.3.2 Frequency Limits of Backscatter and Limt of Illuminated Ranges

il TR

: From the backscatter records, we read the maximum frequency

at which tae leading edge of backscatter returns is seen and also the maxi-

kit

murn and minimum time delay.
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The results are shown in Figure 3-6, The upper part shows the
maximum observed frequency for the visible backscatter traces (leading
edge). The lower figure shows the sheortest and largest time delay (without
regard to frequency) for a visible leading edge. The distince D in km orn
the right hand side indicates distances for corresponding time delays,
assuming a layer height of h' = 300 km,

During daytime the upper frequency limit of the leading edge of
backscatter is always.> 30 MHz and the corresponding time delay is about
14-16 msec. Thus, during daytime the whole frequency range from 6.5
to 39 MHz is useivl. When the zenith distance of the sun reaches about
80° the maximum fcrequency of the leading edge begins to drop below 30
MHz and at such times the full timne-delay range up to 20 msec is seen.
As the sun sets over the path, the maximum time delay drops at first
rapidly to about 16-17 MHz, but also the time delay range drops back to
12-15 msec, i.e., strong backscatter returns beyond D = 2000 km are
not received, During the night, the max’-aum ifrequency drops to about
10 MHz, leaving a very small frequency range of only 6.5 MHz to 10 MHz
for backscatter operation. At the same time, the time-delay window shrinks,
During daytime, the lower limit is about 4 msec and the upper
limit 14-16 msec (at a frequency {, of 30 MHz). During sunset, the
maximum time delay reaches the 20 msec limit and drops later on io
around 14-16 rasec. The minimum time increases during the night from

6-9 msec, bocause the shorter distances are reached only by frequencies

-53.
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below 6.5 MHz. Thus, the time delay window shrinks at night to

9-12 msec for the leading edge, or a range window of abcut 1200 to

2000 km., Thus, at night, we ha.'e & small frequency band and a small

range band for surveying. It seems necessary to have transmitters and

receivers available to operate below 6.5 MHz; 3 MHz seems to us a

necessary lower limit if we want to see closer in than 1200 km. If

fj drops below 3 MHz, as in polar troughs, and also during nights in

low sunspot years, the low freguencies are needed for OTH operations.
In Figure 3-~7, we show in a schematic way the frequency of

the leading edge for fixed ranges D = 500, 1100, 1500, and 2000 km. The

range is based on an assumed reflection height ' = 300 km throughout this

period. Since this assumption does not hold true for all ranges and all

the time,we have averaged the measured pocints and show the resulis in

more or iess straight lines.

ST A TR S

There is a slight decrease in frequency £,

for the leading edge of the backscatter from daytime to the evening. At

about sunset {X = 90°) at the path midpoint, which is indicated for each

distance by a dot, the frequency fails off rapidly with time. The 6 5 MHz

limit for surveying, using the leading edge only, is reached for D = 500 km
at about 1 UT, for D = 1100 ki at 1. 30 U’I‘; and for D = 1500 km at 3 UT.

Targets at smaller ranges cannot be detented after those times. This

.\.mmwmu'l.w;mmm"MEMMWMMM Akl

information clearly shows the range limitations that an OTH radar will

experience at night if the operational lower freguency is set at 6. 5 MHz.

A 0

The present {(1971) equipment at Dexter eliminates this constraint.

E
a .5
Em-j
. - Lol
e . -
e




&
b

g

faar 112 74

3.3.3 Gradients of Leading Edge of Backscatter

The backscatter records during sunrise or sunset show the

gradient of the leading edge, . dp'/df, , changes with time, i.e.,

with the frequency f, at the midpoint. At any given time, the gradient
changes also with range, D, for constant f; and constant h’. The path
length is p* and the frequency operating over this path is f, . The
gradient is easy to measure and indicates if propagation behaves normallv
or not. This zeems helpful in assessing predicted operating frequencies
for narrowband surveillance.
A very simplified derivation for flat earth approximation indicates
the expected relationship of dp'/df, with range, D, ard frequency, {; .
at midpoint.
It follows
f, = 1 sech
sec P = p'/s
with s = distancs for flat earth,
Thus, fn = B
For backscatter, the path length ior the skip distance has to be doubled.
leadir:g to
i = (fy 2p')s.

Differentiation yields

Q.
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In a first approximation, s = D; but, for large distances. s # D,

althougk this error is small. Other assumptions in the derivation are

causing larger errors, for example, chaages in the reflection height h'.

Using better geomeiries, suc

h s curved earth, leads to very awkward

expressions. without gaining a better insight. In shert, the gradient

increases with D andinversely with {; .

For the ideal case of a homogeneous and concentric ionosphere,

we calculated the leading edge of backscatter (Figure 3~-1) and determined

the instantaneous gradient I = dp'/df in units nf kmn/MHz at the leading

edge for a time delay corresponding to D = 500, 1000, 1500, and 2000 km
and »' = 200, 250, 300, and 400 km. The values /" are thus based on the

true geometry and the results are given in Table M. i. The relation
M= const/f“ for a fixed distance D and 2 constant height of refiection

h' is quite strong, and it increases slightly with distance D for {fixed f.L .
The gradient is not really linear with distance D and approximastions can be

obtained, although we find tham not too useful, such as

F = (/6 ) (ap's + bD% 8

where 2 and b are constants and P's is p' for a distance of 500 km.

Turning now to the actual backscatter records, we deterrain=d

J° in two ways. First, we meacgvured the instuntanecus gradient at selected
points of the leading edge. We choose fixed ranges D = 5

It did not lead to useful data because small scale irregularities at the

leading edge become magnified {too much noise), as shown ir Figure 3-8.
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TABLE IiL. 1

Gradient ' of Leading Fdge of Backscatter f

or Selected fi , h', and D.
Theoretical Valuas Basad on

Uniform Ionosphere

D in kn.
hf in km 500 1600 1500 2000 g
A} £, =10 MH= 3
200 42 45 61 ——— "
250 55 60 72 100 E:
396 64 70 80 108 ?;
400 82 90 10} 120 §
B) f =5MHz %
-
200 87 107 i36 193
250 109 124 150 261
300 130 i35 169 211
200 169 175 207 227
C) f; =3 MHz 3
n
3
200 15C 175 236 306 3
250 175 198 248 325 3
300 206 225 274 343 §
400 289 306 323 393 3
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The order of magnitude of I' , however, is correct and compares with

Table II-1

™"1e second approach uses an average [ for a time delay range

of several msec. This leads to representative values for such a range

because small scale moduiations are disregarded. The reason for this

approach is seen in Table lI-1, where for f > 5MHz, I increases only

by 25 to 3%, while D increases from 500 to 1500 km.

We checked thi: approach with data for the time period from
2131 to 2206 UT. At this time, f; is about 10 MHz and irregularities

in the leading edge appear (Figure 3-9). One leading edge prevails, but

a second one with larger time delay appears during this period. The
explanation is a change in the horizontal gradient of electron density in

the direction of propagation (see section 3.5.2), Table III-2 lists the results

of our evaluation.
TABLEIII-2

Observed Gradients I' = dp'/dfs in km/MHz for the Time Period 2130-
2206 UT. Backscatter Received at Dexter, N. Y.

Time Delay Range A7 in msec

First Trace Second Trace

Tirmne . - ! .

UT At i At I At I ar I
2130 4-10 10.5-11.75 71 i1-13 105
2137 6.5-12 71 8.5-11 711 11-13 105
2141 5-7 71 7-11 63 7-11 711 12-14 230
2147 5-7 71 7.5-11 69 | 8-12 105} 12-14 230
2159 5-7 1 7-11 611 10-13 105 12-14 30
2200 6-11 71 10.5-13 105
2200 5-12 71
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The first leading edge has a gradient of I = 71 km/MHz,

extending tc at least 7, but sometimes out to 12 msec. The second leading
edge has a similar I at the beginning of the time period, and could be a
mixed mode, but from 2147 UT on the gradient is larger, 105 km/MHz.
The top beyond 11 or 12 msec has a fairly larger gradient of about 230

m/ MHz.

Apother case is that for the period 2057 to 2134 UT just before

sunset over the path. Figure 3-10 shows the backscatter received at

Dexter. The leading edge is indicated by a heavy line, the upper end of
the "'dzrk' trace by a dashed line. It seems best to ignore the small
undulations in the leading edge and approximeste the leading edge by as
few straight 1ines as possible, - or 3 segments are sufficient. Table

3. 3 shows the interpretaticn oi the data. The leading edge with a gradient
of about 80 kin/MHz extends first out to 6-7 msec, later to 10-11. 7 msec.
Such a gradient corresposd< to a f; of just under 10 MHz assuming a
height h' = 300 km, similar to the case above. For the longer time
delays of 10-20 msec (D ) 1500 km), the gradient starts with 120 km/MHz
and increases to 220 kimn/MHz at the end of the period, corresponding to
fJ. of 8-9 MHz. The time delay at which the break between these gradients
occurs increases from 6to 1l msecduring this period. A very strong
irregularity occurs at 2111 and 2114 UT, but it lasts perhaps only 10 min.

During such a time, no reliable f; can be determined.
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The conclusion we can draw here is that the gradients Ir- dp'/df,

can be used to infer the ionospheric gross siructure along the path. If the

gradient of the leading edge is more or less smooth, it corresponds to

f; at the midpeint. Thus, the gradient I’ permits an estimate of z:‘ to the

nearest integer values assuming reasonatle values for k' by using Table

IMi-1.

he
h

v

» g
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Small irregularities in the leading edge should be disregarded. T

are often "breaks’ in the gradient, but two or three linear segment

in

are

sufficient to determine J over the whole range of time delay

th
-

he

method should de tested on a larger sample during daytime or nighttime.

Sunset is neot the most appropriate time because large horizontal gradients

~cur in the bnosphere. Irregularities are found d-:ring sunset, but their

duration is of the order of 10 min. Explanations of such irregularities

will be discussed in Section 3.5.2.

3.3.4  Samples of Backscatter Records

Backscatter records obtained with the FM/CW waveform and

the RADC equipment have been published including mode identification.

Therefore, no extensive reproduction of samples are given here. Just for

illustrative purposes, samples are selected and reproduced in Figures

3-11 and 3-13. In this type of recording. the frequency increases from

right to left, starting at 6.5 MH: and ending at 30 MHz. The vertical

lines are freguency markers, i MHz apart. The horizontal lines are

time-delay markers, 2 msec apart. They give relative time delay: the

determination of co erting them into absolute time delay is discussed in

Appendix A, The ordinate in Figures 3-11 to 3-13 shews absolute time.
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The selection of samples is somewhat arbitrary. Figure 2.11

contains the coenditior 5 before sunset over the path, while Figure 3-12

represents those at and after sunset. On two samples (1731 and 2001 UT)

the transponder traces appear. The transponder is offser by 2 msec. so
P \

1
that the

signal falls outside the leading edge for better visibility and scaling.

repetitive traces are caused by harmonmnics in the transponder modula-

tion waveform. ¥or a large number of backscatter reccrds, sketches have
been prepared which helped in the anaiysis but which are not reproduced

here. No study of unusual modes or ground targets is made.

For daytime onc can see the general character of backscatter.
The width (in time delay) of the strong backscatter signal changes a bit
from one frame to the next; at some time delays {ior example, 7 = 14 msec),
the backscatter extends over a large frequency range, indicating backscatter

from special ground targets. The leading edge has, at times, a "weak"

precursor, with a time delay difference of 0. 6 to 0. 7 msec between the

weak and solid leading edge. Since this time delay difference extends over

a large frequency range up to 30 MHz, it cannot be caused by different

basic modes; both returns must be 1F modes, but the path length is about
109 km different over a wide range of frequencies and time delays are :
probably caused by minor tilts or blobs of ionization acting as a type of

“beamsplitter”,

Later at night the sampies in Figure 3-12 show the strong back-

e g A e S LA

scatter is limited to a small frequency range and the gradient of the leading

edge becomes steeper as a consequence of the reduction of |
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Samples of O~ :inal Eackscatter Ionograms 30 November 1970,

Compare with tracings shown in Figure 3-190,
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Figure 3-13 covers part of the period shown in Figure 3-10; the
unusual gradient beyond 12 msec. The tracings can be compared with the
series of original baciiscatter records.

3.3.5 Transponder Vieibiiity

All transponder traces have been copicd for the evaluation reported
in Section 3. 1. During daytime from 1711 to 2031 UT {1531 EST) one

always sees an E mode, and a mixed mode (E + ) up tc 2011 UT in addition

to the usual F mode (see original for 1731 UT in Figure 3-11).

The nose and the sglitting of the trace in fo and fx is often clearly

observed. The high-angle ray is rarely seen at daytime, except at 1831

T TS S TR RSTS TT T I T PRS0

Ut

and 200! UT. It becomes, however, a regular feature after sunset over the
path and the high-angle ray has enough signal strength to be recorded irom
2101 to 0001 UT (see samples in Figure 3-13}. From 0031 UT, the signal
from the transponder becomes very weak and is at times nct recorded.
although the maximum frequency of the transponder signal is well above

the limit ol 6.5 MHz. This weakening of the signal may be caused by the

arrival angles at this time, and an investigation of the antenna pattern and

some ray tracing could shed some light on this problem.
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3.4 SUNRISE TEST

3.4.1 Ionospheric Variations During Test Period

During the sunrise test period on 2 December 1970 from 10 to 15
UT (5 to 10 EST) the ionosonde at U. I did not operate. Therefore, we
have no data for the ionospheric structure below 6.5 MHz over the illuminated
path. However, the hourly values for Maynard, Mass., about 26¢ mi
(320 km) west of Ava, N. Y. are available (Ceophysics and Space Data
Bulletin) and are very useful, because they list fo¥2, foE, MUr (3000)1“2,
and other ionospheric parameters. The ionosorde data of the preceding day,
1 December. for U.I. are alsc avuilable, but are useful only a< a general
guide. Figure 3-14 shows i{xFZ dota from Ava received at Dexter; the
lower limit is 6. 5 MHz and, therefore, no data before 1221 UT are availa-
ble. The hourly fo¥2 data {or Maynard at }3 and 15 UT agree, more or

§

less, with the Ava data. Half{-hourly data from U.1. ‘or *.e pr-‘*-_:ious da;
also agree with the Ava data excep? afier 1330 UT, where they remain A
below the Ava data. The increase in foF2 starts at X = 106° which is
normal,

There are undulations in the fo¥2 data for Ava with a period of
about one hour and amplitudes of + 6%; similar results have been
mentioned .1 Section 3.1 lcr the sunset test period.

The e’ectron density in the E layer is large enough to be recordzd

at Maynard after 13 UT {8 ¥ET) with foE = 2.4 MHz at 13 UT and 2. 9 MHz

at 15 UT. Thus we can es .n.ate E modes to exist during scmme hours.
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MAXIMUIN FREQUENCY, foF2, AND MUF (F2) 1120, MHz
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Figure

ol X = [i00° [95*’ 90° [85° [8o° l7s° 170 |
1 Y
.
16 | ==d—e=)== MAYNARD 2 DEC TRANSPONDER ___
1 MUF (112C) F2
H
12 WEAK S!GNALS-———»;I
87
o x\/
4
—wx:‘d{.
=1 o |[ceo o i RO A0 o c
X= 100 [s5° |80° 135 S L
! |
ob | L z | |
10 A 12 3 14 15
TiME, UT
2 BEC 1970
3-14 Observes Temporal Variations of loaospheric Parameters

During Sunrise Test Period,

Solié lines are {xF2 for Ava and tr:nsponder at Universiiy

of Illinois {U. i.) received - .

Dexter.

Mzyna 1 hased on

el NS s AF st et kR b

W A b a0 o BRI

hourly £xF'Z; fxF2 from U. I from previous day.

MUF (1120)

FZ computed I sm Maynard data cnd shifted by 30 :inin.
7=nith angl2 X for Ava &' ouitom, for midpoint at top.
SR = ground sunrise.
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The transponder returns have been scaled and are very clear ]
after 13 UT, but very weak before. There are some questionable trans-
: pcnder traces of 7.2 MHz at 1011 and 1021 UT. As we will discuss below, :
%E; they can be real. No transponder returns are recorded between 1021 and
E: 1231 UT. At 1231 UT, a trace between 8-9 MHz appears at the correct
E time delay which seems to be the reappezarance of the transponder, but it
is a weak signal. At 124i and 1251 UT, the weak transponder signal is
noted with maximum frequencies of 10.5 and 11.5 MHz, respectively.
The nose frequency of the transponder, shown in Figure 3-14, rises rapidly

untii 1311 UT and the weak signals {fit into this rise ver: well. ‘
Using the Maynard foF2 and MUF (3000)F2 data, MUF (zero)F2

.an be determined and using the old ESSA prediction method (Davies, 1965, E

p. 289) MUF (1120)F?2 is determined. Since sunrise over the midpoint

Ava-U.1 is about 35 min later than over Maynard, we have plotted the

MUF (1.2u)F2 values based on Maynard's ionosonde data shifted by 30 min.

It is seen that between 1000 and 1045 UT this MUF is above 6.5 MHz:

therefore, the weak transponder signals at 1011 and 1021 UT are possibly

real and at the right frequency. There should be no transponder signal

between about 1045 and 1145 UT because it would have a maximum frequency

below 6.5 MHz. At 1230 UT, the first observed weak transponder signal

i

at 9 MHz agrees with the MUF computed from Maynard's ionosorde data.

The fast rise of the observed MUF is steeper than the one cornputed from

Maynard.

However, the identification of the weak iransponder signals is E

¢
.
hﬂhmﬁwrn A a2




now verified using the Maynard data. The steep rise corresponds to

X =951t0 85°. The Maynard scalings give a MUF (1120)F2 factor of

1. 50 (1.45 to 1. 52}, while the Ava ionosonde and U. I. transponder data
give a MUT factor of i. 65, about 10% higher than Maynard after sunrise.
Thus, tlie actual transponder data lead tc a better estiinate of the actual
ionospheric conditions over the path than the vertical incidernce ionograms.
If improvements of MUF transmission curves should be made, those
suggested by Kobayashi {1962) could be tested.

There are several important conclusions to be drawn:

a) The vertical ionogram of the transmitter site or even
east of the transmitter site is useful in estimating the
leading edge for west-looking backscatter radars during
sunrise.

b) Such measurements may be needed bucause frequencies
for transponders can be below lowest operating frequency
for the late night or before dawn periocs.

c) The transponder was not seen Lbefore sunrise, because
the ionospheric conditions did not permit propagation at
frequencies above 6.5 MHz for that distance.

d) The transponder signals are very weak around sunrise,

at least until about 87°.




T T T e £% ome oAy T
- e T T T T T T B T et SRR

e e e T T AL g ey S e

ET o "’1“5}’33&? et . =T

e)

The frequency change during the sunrise period is very

rapid. For a distance of 1100 km, the frequency of the é
leading edge rose from 6.5 to 16 MHz in about one nour.

2

Hence, frequency selection and frequency switching 3

becomes very important. %

3.4.2 Frequency Limits of Backscatter and Limits of Illuminated Ranges :
From the backscatter records, we read the maximum frequency ;

]

at which the leading edge of backscatter return is seen and also the maximum j%i
and minimum time delay, similarly to that discussed in Section 3. 2 for %
the sunset test period. The backscatter rccords are more complicated é

during sunrise than during sunset and some explanations will be proposed

in Section 3.5.3.
The frequency and time delay limits are shown in Figure 3-15
and the most obvious fact is that very weak backscatter records are obtained

between 1124 UT ard 1157 UT. Using the Maynard data for 11 UT, the

maximum frequencies are 5.2 MHz at 1000 km, 6. 6 MHz at 1500 km, 8.9

MHz at 2000 ke, 2.0 MHz at 2500 km, and 11.0 MHz at 3000 km.

Thus,

2 Al

up to a raage of 1500 k., no backscatter signal could have been received

with the equipment, because of its lewer frequency limit (5. 5 #MHz). That

only weak returns have been recorded {rom 1700-2100 km: indicates that

LA AN LAY

either tke ground-backscatter signal was weak due to defocusing eifects

or that the antenna pattern for rays at those {roguencies arriving trom

ranges beyorna 10600 km was oossibly unfavorable, i.e., the rays arrived

at the nulls in the pattern.
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The maximum frequency of the leading edge at night is 6-10 MHz,

dropping to about 7. 5 MHz before sunrise. Due to the low signal strength

the top frequency can be given only to the nearest 0.5 MHz. From 12-14

UT, the leading edge rises rapidly from 7.5 to » 25 MHz at a rate of

9 MHz/h. Thus, for a two-hour period, large frequency changes seem to

be required for surveillance.

The time delay range of strong backscatter returns is, in general,
good. At night we have a lower limit of about 8 msec increasing to nearly
10 msec which means that no ground backscatter from ranges less than
1000 km is received. The upper limit is 14-16 msec, or about 2000 km.
During the weak signal period from 11 to 12 UT, the lower limit rises to
12-13 msec (D2 1750 km) while the upper limit stays around 14-15 msec.
When the signals begin to come in strong again, at 12 UT, the lower limit
decreases from 7 to 3 msec and the upper limit is at about 12-14 msec,

varying due to the unusual structure of the backscatter. But, in general,

no ground backscatter from 2000 km with strong signals is received for

this type of processing. Digital processing has not been done, but can be

accomplished if warranted from the original tapes.

Of great interest are the questions: What frequencies illuminate

a given range? Are the frequencies fairly constant over a time period of

an hour? How fast should you change frequencies to illuminate a given

rangc?

o J— T 5. ERTR ST T AR e ¥ s
F M ARE I IRE AL TR e e a{;‘-,—‘!"l?‘fi-w =T 23 :\?-'f"
I B e BT RS e R R ST

A
,
)
Wi v £ il stk 5599

e n ]
R hd e Dt bt i 4 N e b el




e T T, SR T e - -

Scaling the frequency of the leading edge at fixed distances D is
shown in Figure 3-16. The scaling is done every 10 minutes, which is
probably sufficient to obtain the general trend. To ccnvert time delay
T into range D, a fixed reflection height of h' = 300 km is assuriied.

(We also read data for h' = 250 km, but since the results differ very little
for both assumptions, only those for h' = 300 km are shown and discussed.)
During the late night hours, backscatter from a range D = 1500 km is
always present in the frequency range 7-8 MHz, slightly decreasing in
frequency with time and disappearing after 1111 UT. The range D = 1100
km is seen only at the b eginning of the test period and at 1051 UT; at other
times no backscatter from this range is received. The 2000 km range
appears with strong backscatter early in the test period and at 1107 UT.
Using the Maynard data(section 3.4.1)we find the freguency of the leading
edge at about 1030 UT for D = 1500 km is 8. 6 MHz, for D = 2000 km it is
11 MHz The actually observed frequencies are lower. The Maynard data
are indicated by circles on Figure 3-16 where M2 means computed leading
edge for D = 2000 km.

Only weak backscatte~ is seen from 1111 to 1211 UT, as stated
above, which corresponds to ground ranges of greate. than 1650 km to
about 2100 km. Using Maynard data for 1100 UT and moving the data by
30 min, the frequencies are 6. 6 MHz and 8.0 MHz for 5 = 1500 and 2000
km, respectively. The agreement with the observations is good, because

the backscatter from 1500 km is so close to the equipment limit, that a
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slight change is only needed to make it impossible to record the leading

edge of ground backscatter. The backscatter from a range D = 2000 km

(dotted line) agrees with the Maynard data. For this range, it has been

very weak for the hour before and some defocusing must h~- (aken place.

A more sophisticated computation may also lead tc a slightly lower MUF

vaiue.

At 1211 UT ground backscatter is coming back at the 1100 km
range, and shortly thereafter also at 500 and 1500 km ranges. The fre-
quenc; of the leading edge for these three selected ranges increases very
rapidly at a rate of 5 MHz/h for D = 500 km, 8 MHz/h for D = 1100 and
1500 km. This rapid increase {''sunrise effects'") lasts for about one hour.

At 1236 UT, the Maynard data leads to 8. 8 MH., 10. 9 MHz, and 13. 2 MHz

for D = 1100, 1500, and 2000 km. respectively. The agreement between

actual observation of the leading edge and computations using Maynard data
is very good.

‘*

3.4.3 Gradient of Leading Edge of Packscatter

For the sunrise test period, we measured the average gradient

of the leading edge of backscatter every 10 minutes. In Section 3. 3, it was

shown that an average gradient " is most expedient. Again. a division of
the full trace into two segments is sufficient; however, at some times, the
backscatter is very complicated as our tracings in Figure 3-17 and 3-18
demonstrate and that will be discussed later. Teble 1IT~4 shows the results,

namely, average gradieats F for selected time delay ranges and the

corresponding ground D for which this I value applies.
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At night, I" is high, about 280 km/MHz which corresponds to
fy =3 MHz according to Tablell-1. For large time delays, I" is about

470 km/MHz, values which would correspond to f; € 3 MHz. During sun-

rise over the pathk (1211 to 1311 UT), r drops from 210 to 90 meaning the

increase of f; from 3 to 10 MHz in agreement with proper interpretation

of figure 3-14.

After sunrise over the path (after 1311 UT for D € 1500 km)

the gradient stabilizes around 80 km/MHz, but so deoes f; (Figure 3-14).

Due to tilts in the ionosphere, the gradients at larger time delays behave

LD At b A

at times quite erratically because of large irregularities and tilts in the

F region, but they also drop from about 200 to 60-80 km/MHz.

We conclude that the gradient I’ when averaged over a segment
of time-delay range corresponds to f; at midpoints. Thus, it can be
used as a guide to infer ionospheric conditions over the path. If [ corres-
ponds to a more or less uniform t:,_ over the whole frequerncy domain

(although it increases with D, as shown in Table III-1), the ionospheric

conditions are stable. If, however, [ assumes very large or very small

TR DL T PE T PO e o B

values over a restricted time-delay range, an ionospheric irregularity

T

occurs at the corresponding midpoint for this ground range. Thus. we

A e LS b

believe, monitoring of I can be useful for OTH range determination,

ol

although further investigations using a larger data base are needed.

A5 L L ML Y S 0l
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3.4.4 Samples of Backscatter Records

Backscatter records are displayed in Figure 3-17, but are not 3

always casy to interpret due to the reduction in size and the loss of contrast

in photegraphyv and printing.

Samples are given for several important

time 3
periods znd =specially the most disturbed one, from 1231 to 1231 UT is E
3

shown compleielv. The leading edge is rnostly quite diffuse indicating that E
iocusing effects are not as well pronounced as during Gaytime; the energy 3
is spread over & larger range. Again, the ‘requency increases from right :

to left, wkile tracings show the ccnventional cocrdinate system.

(R

Backscatter records have zlso been traced cvery 10 minutes

g4

R

and assembled in Figure 3-18.

o8

Solid lines indic

ate a strong leading edge,

Ay

ashed lines a weak or fuzzy leading edge,

]
14

=

which is certainly subjective,

but sufficient for this investigation. Evaluatin the data recorded on

skt Dty o0

magnetic tape can put such distinction on a solid foundation.  After sunrise

Lt

o

strong greundscatter from hard targets is often seen and indicated by solid

{ ke 3y

lines; again this is a subjective chdce and no cffort has been made to

identify such targets. If thu iransponder signals are included. a TR" is

added to identify this particular trace.

The transponder signal was easy to

identify because it appears only at the 01, l1.,. min frames, but not at the

03, 07 min frames. From 1301 UT on, the transponder signal has been

L‘J_t ou

From 1000 to 1111 UT, thelimited frequency range as well as its

steady decrease with time are quite obvious. The time delay range shrinks

-83-
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too because f; decreases steadily. The gradient of the l2ading edge is

more or less constant, Thereare, however, irregularities. Some are

seen clearly beyond 12 msec 2t 1004 and 1021 UT, others between 10 and

12 msec and 1041 and 1051 UT. They do not last very long and are, there-

fore, not important for continuous surveys, but indicate that for short

time-intervals surveillance will experience difficulties. Such irregularities

are related to short term ionospheric irregularities, a fact we have

mentioned previously at several occasions. No tracings are shown

between 1111 and 1211 UT because the leading edges are extremely fuzzy

and any lines would be entirely subjective.

The most unusual backscatter records are seen immediately

after sunrise along the path, i.e., after the reappearance of strong ground

backscatter at 1211 UT. This period lasts for about one hou:r. During that

period, there are essentially returns from tws well separated ranges, one

shorter than 8 msec, the other beyond 10 msec. Between these two

strong ground backscatter areas, there is a region of weak backscatter

signals.

The short range backscatter has a strong leading edge which

ends at about 8. 3 msec from 1211 to 1251 UT. While its gradient

decreases during this time period (see Table 3. 4), its maximum frequency

increases from 8.5 to 13 MHz. The longer range backscatter appears

from 12 to 13.5 msec at 1211 UT, 10 minutes later, at a shorter time

delay, 10 to 12 msec, but stronger. Again another 10 minutes later,
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the time delay range shortens to 10 to 11 msec and it looks more like
another mode than 1F. Its frequency range increases rapidly, as seen

on Figure 3-18b, sometimes very clear as at 1301, but very vague at

1311 and 1321 UT. Finally, at 1341, the ground backscatter has the
"normal" daytime appearance of one good leading edge. The most
irregular form of the leading edge is noticed at 1241 UT. Careful
investigation convinces us that the upper trace is the 2F mode, definitely
from 1227 to 1237 UT and from 1247 to 1301 UT. Some of the heavy traces

are probably hard targets.
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3.5 EXPLANATION OF TEST RESULTS AND PREDICTION OF
BACKSCATTER

3.5.1 Non-Uniform Ionosphere

The leading edge from wideband backscatter ionograms permits

one to select proper narrowband frequency for target illumination.

For a daytime (or nighttime) ionosphere, unifcrm conditions

over large distances are a reasonable assumption, and the frequeacy

time delay diagram will show a "‘regular'' leading edge of the ground back-

scatter. The actual position of the leading edge depends essentially on

one ionospueric parameter, namely the maximum electron density of each

layer (E, F1, and F2), which can be measured by an ionosonde. The

height of the peak has some influence, but is of secondary importance,

as seen in Figure 3-1. The form of the vertical electron density profile

has, of course, some influence, but again it is of secondary importance,
One normally chooses a simple mathematical form (parabolic layer,

Chapman like or similar form) or takes the actual electron distribution

from a true-height analysis of an ionogram.

During the day, the leading edge from the E and F1 layer can be of

some importance but only out to perhaps 2000 km (Figures 3-2 and 3-3).
The mixture of backscatter from E and F layer is clearly seen on computer
produced synthetic backscatter ionograms, published by Stephenson and

George (1969) and an example is shown in Figure 3-19, redrawn in linear

scale. Here we see clearly a leading edge of the £ mode separated from

the F2 mode. Other cases are published by Croft (1965).
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During dawn or dusk, general assumptions are not valid, because
the ionosphereis not homogeneous, but the maximum critical frequency

foF2 either increases or decreases westward during such times. The

gradient d{(fcF2)/dD, when D is the distance along the surface of the earth

is of the order of 1 to 2 MHz/1000 km.

From an earlier investigation {Penndorf, Katz, 1969) we select
two maps (Figure 3-20), one showing th2 height for the maximum of ‘he F2

layer during the sunrise period on 15 December 1960. These are the true

heights (h) and are atove 320 km in the night side andless than 280 km

after sunrise in the day side. A gradient parallel to the isolines of solar

zenith distance X exists. The height of a fixed electron density (in this

case 1 x 1()11 el/m3 = 2. 8 MHz) shows the same tendency, namely low
height on the day side, great heights in the night side and a strong gradient,

parallel to X , around sunrise (cosX = 0). Thus, we have to expect tilts

in the ionosphere during dawn and dusk.

Inhomogeuneities occur, of course, also during the day, but at

such times the gradient d{foF2)/dD may be positive or negative for distances

of a few hundred km only. That they occur is clearly seen from the

variations of foF2 and they are about of the order of 10 percent of {oF2, as
discussed in Section 3.1 and seen in Figure 3-4.

For selected gradients and an foF2 = 3. 5 MHz at the transmitter
site, backscatter curves have been computed and published by Bartholomew

et al (1968). For a particular ionospheric prefile (layer semithickress 75km)
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3 Figure 3-21 Calculatec Bachscatter Ionograms for a Lincar Horizontal
Gradient in foF 2.

3 Overhead cirtical frequency = 3. 5 MHz, height hmF2 =

3 350 km, gradients range from -2.5 to +2. 5 MHz/300 km.
(after Bartholomew et al., 1968).
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and peak altitude (356 k) we reproduce one of their examples in

Figure 3-21.

What is clearly seen, and is expected, is the leading edge of the

packscatter is steeper thau normal for negative gradients and flatter than

normal for positive gradients, For a time delay of 20 msec, the '""normal'

maximum frequency is 10. 4 :MHz. If the maximun: stcctron density decreases

in the direction of propagation by 1.5 M~ _J0 km, thenthen ‘mum fre-
quency is reduced to 8. 8 MHz; if it increases by the same amount, the

maximum frequency increases to 12. 0 MHz. Thus, it is quite obvious that
the target illumination can be missed during times when such gradients
exist, i, e., a frequency of say 9 idHz is sclected to illuminate a ground

target (based on the assumption of a uniform ionosphere with d(foF2/4D = 0),

but in reality such a frequency never illuminates the ground even out to

)

25 msec because d(foF2)/dB is negative. If on the other hand d{foF2)/dB

. sy

is strongly positive, the target may be far away from skip focusing region.
Similar cases like Figure 3-21 can be found in Croft's report (1965) to :

which we refer for further investigations.

As the observations of foF2 (Figure 3-4) show, the gradients of

O i A AR (i

d(foF2)/dD will not be as uniform over the entire path as in the above

example; and, therefore, it will be hard to predict the leading edge of the

backscatter. It seems, therefore, essential to record the actual back-

e A AR

scatter ionogram using a wideband backscatter sounder. Such measurements

should be made perhaps four times per hour during dawn and dusk over the
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propagation path during routine surveillance observations. During day

or night conditions, one per hour may be sufficient. Comparing the

obtained backscatter ionogram with that for the last three days at the same
local time will give clear indications if the ornospheric conditi~ns during
operating times will be similar to those for the last few days or not. If

the wideband backscatter curve differs markedly from those for the same

time period obtainedduring the last few days, then the narrowband sur-

veillance frequencies have to be changed accordingly.

3.5.2 Sunset

During sunset the ionosphere is not uniform; in our test period,

the electron density increased westward. Of course, the gradient d(foF2)/

dD is not constant and, as shown by the vertical ionograms from Ava and
1

T
g

U.I., even at some times negative (Figure 3-4). Thus, the general

loguisiien

i

electron-density distribution over the path shows irregularities of scale

T
(L hy v

size € 100C km. The electron-density distribution along the path for

it

T

atity

sunset leads to the leading edge with a less steep gradient I than for a

[y 'S

uniform ionosphere (Figure 3-21). In our test period, d{(foF2)/dD < 0.6

puiasharkivd

MHz/300 km (€ 2 MHz/1000 km), so that the change is small {compare

curves labelled 0 with those labelled + 0. 5).

aipratihe ity

The backscatter curves in Figure 3-10 indicate that in this time

period the gradient P of the leading edge fnr large time delays is steeper

RS
kALt DY ERRIIRLLIIATS

than normal arcund 2111 UT (Table 1II-3). At the same time, Figure 3 4

.

reveals that the horizontal gradient in electron density along the path is

—
Ny
s L3y
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negative {foF2 (U, L )< foF2 (Ava}). Thus, this period of an unusual
leading edge can be explained.
The second unusual period occurs from 2130 to 2200 UT (Figure
3-9). The explanation offered here is a change inf® along the path. Over
the path the horizontal gradient in foF2 is strongly positive for a first
600 km (midpoint to D= 1200 km);beyond that distance foF2 is either constant
or even negative.
We assume the gradient d(foF2)/dD to be positive (+ 2 MHz/
1000 km) up to about 600 km and zero beyond. Using the data from Figure
3-21 we can construct the resulting backscatter record in Figure 3-22.
The leading edge has a sharp chang= in gradient dp'/df when the ionospheric
gradients change. The computed backscatter curves for gradients 0 and
+e viddz/ 1000 km are shown by dashed-solid lines., Assuming the sudden
change in the horizontal gradient at about 12 msec will result in the solid
curve. This curve shows a gradient /~ of 200 kimn/MHz below 12 msec and
about 900 kmm/MHz above 15 msec with a strong inflection between 12 and
15 msec. Such cases seem to happen in our sunset records. Since the SRI
data are based on foF2 = 3.5 MHz, whereas Ava records about 8. 5 MHz
actual values of /7 cannot be compared, unless new ray tracing computations

are carried gut. Nevertheless, such a model could explain sunset conditions

such as shown in Figure 3-9.
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3.5.3 Sunrise

At sunrise, the increase in electron density i< more drastic than

at sunset. The tilts are large and consequently the backs atter can becom=

complicated.
: ! 1
(2
H —_
£
>
- 4
3 —
w
o
w
S —_
[
i
o | | 1 ]
- 5 10 15 20

FREQUENCY, MH;

Figure 3-22 Calculated Backscatter Ionograms for Changes in Horizontal
Gradient in foF2.

A gradient of 2 MHz/1000 km is assumed for path midpoints
from O to 600 km, and zero gradient beyond that distance.
These two ionograms are indicated by dashed line. The

resulting composite backscatter ionogram is indicated by a
solid line.
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HEIGHT = km
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AV:MARCH 1961

: 1501 L ! I | l 1

E -0.4 -03 -0.2 -0.1 0 +0.1 +0.2 4+0.3 cosX
= L 1 1 1 1 i 1 . 1 X
3 115 110 105 100 95 90 8% 80 ™

= SOLAR ZENITH DISTANCE

3 Figure 3-23 True Height Electron Deasity Profile During a Surrise
E Period for Washington, D. C.

“- Average of three days for March 1661. Abscissa is solar
3 zenith distance. Ordinate is true height in k. Isocionics

3 are drawn for every 5 x 1010 e1/m3. Daskea line is height

: of maximum of F2 layer. Isoionics above maximum of layer

E: are assumed.
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Let us first look at some examples of electron density. In Figure ;'

3-23, for Washington, D. C., the abscissa is linear in cosX, the zenith dis- :

tance of the sun, and the corresponding locai time is at the top. The ordinate

is height in km. The dashed line is the height of the maximum electron :

density of the F2 layer, the solid lines represent lines of equal electron

density in units of 1010 el/m3. The average for March (3 days) shows

smaooth contours, the other case for 14 December shows small scale

irregularities, because we used data every 5 rmninutes.

hiptaskd

Assuming such changes with time above one station to be repre-

fathpd

sentative of an east-west cross section one can convert such diagrams, as
shown in Fiqures 3.22 and 3-24 inlo electron dznsity disrributions along
~ Id

the propagation path. A proper coordinate system is required with height 3

2 and distance on equal scale. The time difference of 1 hour in Figure 3-23

corresponds to about 1300 km and a replotting reduced the tilts to their :

proper value of 5° or less. A propagation path from the right side of

TG § LA o

Figure 3-23 towards the left will find rays with some take-off angles to

become parallel to the tilts and not return to the ground. Such a situation

20 Lw m

could explain the unusual backsc tter after 1211 UT (Figure 3-18a). »

y o
VO g

The sample given above is not an extreme case because the 55

sunrise profiles published by Penndorf (1969) contain some which are even

more extreme. Since we do not have a true height profile series for the

i 8 s A A it A i

same day we investigated, it is not possible te correlate the backscatter

™

records with an actual ray tracing program. At the present time, we can

gl o
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Figu-e 3-24 TrueHeight Electron Density Frofile During Surrise for

Washington, D. C., 14 and 15 December 1960.

Abscissa and ordinate as in Figure 3.23. Data in 5 min
intervals lead to small scale irregularities even for such
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only point out that the backscatter records can be explained using existing

ionospheric profiles.

It is suggested to carry out ray path calculations

through such ionospheres to simulate sunrise conditions. One can also

make a complete analysis using ionograins, true height calculations, and

ray path calculations for the same day backscatter is measured during a

sunrise period.
3.5.4 Prediction

3.5.4.1 Method

To evalvaire the advantage of real time wideband backscatter

[MITRA ¥

Sl

soundings for predicting the proper surveillance frequency, we select a
few samples from the sunset period of 30 November 1970. As stated in

Section 2. 3, we possess information about the ionospheric parameters

along the path:

T

(1)

Vertical soundings at the transmitter site (Ava)

m

(2) Vertical soundings at U.I1. {D = 1120 km)
(3)

Wl

Transponder at U. I giving ionospheric data for
the midpoint (D = 560 km)

y———
TRy S PG

(4)

Forward propagation Ava to U. L giving also
information about ionospheric structure at midpoint.

T’
AR

L

Thus, we have information at two points along the path plus that over the

£ A bR R Al

T

transmitter and can evaluate the importance of taking vertical soundings

E at the transmitter site.

3 -101-~
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These ionospheric data can be used to construct backscatter

ionograms in a simplified way by assuming a homogeneous ionosphere.
That means we take the ionospheric structure for each of the four fore-
going measurements, assume it to be homogeneous over a 3000 km path,
and compute the resulting leading edge of a backscatter ionogram every
500 km (5 points). This is done for all four measurements and will give,
in general, four different leading edges. The method is explained in
Appendix B.

A leading edge can also be computed using the ionospheric
prediction method by NOAA. We utilize the published maps for November
1970 (the December 1970 predictions are practically identical for the path)
{EGSA, ionospheric predictions, 1970). For 20, 22, and 24 UT we read off
MUF (ze :0)F2¥ and MUF (4000)F2 for the midpoints of a 1000, 2000. and
3000 km path starting in Ava and coing westward. Then the values MUF
(zero)F2 and MUF (4000)F2 have been interpolated in time to correspond
to the selected UT times of our samples ior 30 November 1970. A
reflection height of 300 km was assumed which corresponds best with the
actual cases. The leading edge of the backscatter was then computed in

the same way as for the actual ionospheric structure (see Appendix B for

the method used).

MUF (zero)F2 is identical with (fxF'2) which has to be used in the simple
ESSA prediction method as described by Davies (1965).
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3.5.4.2 Comparison of Results

Figures 3-25 a to d contain the observed leading edges from the
wideband backscatter soundings, the leading edge computed from the four
ionospheric observations, and a computation based on ESSA predictions.

1. At 2031 UT (1531 EST) the whole path is illuminated by the
sun;at Ava the zenith distance of the sun is 82. 3°. The ionosphere is fairly
homogeneous at that time; A& between Ava and U.L is oaly 0.1 MHz
and the various synthetic backscatter curves all fall within a range of

about 1 MHz, which is a very good agreement. These synthetic backscatter

curves also agree with the observed backscatter curve within 1 MHz as
shown on the right. The difference between the observed leading edge and
the ESSA predictions are larger and of the order of 1 to 2 MHz.

i’rom a practical point of view one looks at the deviation in time
delay AT between observed and synthetic or predicted leading edges for
selected operating narrowband frequencies. The deviations A7 are shown
at the top (+ A7 means computed leading edge appears for that frequency at

a longer time delay than the actual observed leading edge). For the four

synthetic leading edges A7 is about 0-1 msec, with average deviations of
0.15 to 0. 6 msec, for the NOAA prediction A7 =+ I.0 msec on the
average, increasing from 0 msec at 12 MHz to + 1. 9 msec at 30 MHz.
"For FOT = 0. 85 MUF, recommended by NOAA, the deviations increase
from + 1. 3 msec at 12 MHz to + 4. 8 msec at 24 MHz with an average

deviation of + 2. 3 msec, which is unacceptably large.
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Comparison Between Observed and Predicted Backscatter

Ionog rams.

Selected are four particular times during the sunset test
period. Construction of predicted ionograms is explained
in the text.
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2. At 2111 UT {1611 EST) we reach nearly sunset over Ava
with a zenith distance of the sun of 87. 9°. At that time, U.I. has a lower
(foF2); than Ava (about 0.3 MHz) and a higher peak zltitude than at Ava
or midpoint Ava-U. 1, Therefore, the leading edge of the backscatter for
U. I. gives much lower frequencies (for the same time delay) than the other
synthetic ionospheres. The observed backscatter curve fits the Ava and
midpoint synthetic backscatter curves below about 14 msec time delay
(D £ 2000 km). At 7 = 18 msec (D 22 2600 km) it fits best the (U.1.)

synthetic backscatter curve.

The strong bending backwards of the observed backscatter after

: T = 12 msec can well be explained as a change in ihe ioiospheric structure
3 with lower peak electron density further west than at Ava (and, in addition,
5 a small rise in layer height).

3 Looking at the deviations between the observed and computed
E backscatter curves (right hand side) we find that the agreement is very
good, about 1 MHz out to 7 = 13 mszc for Ava and midpoint, but then it
becomes larger (2 MHz) and poor; for U.L out to about 7 = 16 msec the
agreement is poor, but very good at 7 = 16-20 msec (£ 1 MHz),

Looking at the deviations in time delay for fixed frequencies (top
E figure), AT is small up to 26 MHz {on the average - 0.1 tc + 0.4 msec) but

large above 28 MHz. The NOAA predicticn, as an hour earlier, leads to

TR Py 4 JUF

i et

the lowest synthetic backscatter curve. NOAA prediction« are 2-4 MHz

too low, which is unacceptable. The AT is 2.0 msec all the time, 2,3 msec

.
W R
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on the average. Using FOT instead of MUF, the deviations increase

even further. This case, although probably unusual for sunset, can be

well explained by a negative gradient in electron density.

3. At 2221 UT (1721 EST) the path is no longer sunlit for the

first 1100 km. The zenith distance of the sun is 99. 52 at Ava and 90° at

U.l. The gradient of maximum electron density is about zero between Ava

ar. . midpoint and large between midpoint and U.L (2.1 to 2. 4 MHz) over a

distance of 560 km.

The three synthetic ionospheres, Ava and midpoint, agree, within

about 1 MHz, but(U. I ).L is showing much higher freque..cies for the same

gL

i

time delay than the others. The observed backscatter curve fits the first

three to about T = 10 msec (D € 1200 km) but not beyond and it fits the

{(U. L u backscatter from 12 msec to 15 msec (Dg 2000 k). Again, the
observed ionosphere over the transmitter leads to good agreement wvith the

observed backscatter for a ground range up to 1000 km from the transmitter,

3 and the midpoint ionosphere (U. L. ) gives good agreement for the ground

3 range 1500 to 2200 km. No backscatter beyond that range is recorded.

3 The deviations between the observed and synthetic backscatter (right hand
side) are such that Ava and midpoint deviate by + 1 MHz up to about 10
msec, but are -4 MHz off at 16 msec. The (U.L); .onosphere is about

2 MHz too high for small distances, but in excellent agreement from 12-16

3 msec. This is also obvious for the deviations (-0.4 to + 0. 2 msec on the

average), but increasing to) + 3.0 msec at 28 MHz. U.I. data deviate

by 1.0 msec up to 22 MHz, but not from 24 to 28 MHz.
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-108-

:
3
|

AN At v 50t SATUARERE,

e




=3

BN A

&5
oy

p Ao Tl RS

AT L K St

¥

o

G AR

PR

BRI

R

TR P aE e

an

e N P

Ry R

s

PR A

LAl

-

T o

+2.0—
‘8‘ +1.0p ,,V-.._\-\::\\ / 2321 uT
£ ——— N 30 NOV 70
- o ~— N
[ s\\\
<3 \\\
-1.0}— -
-2p

@ava, 1

®ul.u

() 10NOGRAM AVA,{fo,tx)
(2) OBSERVED BACKSCATTER

(@) TRANSPONDER |
(®) FoRwaRD 0BLIQUE

(@) noaa, MuF's
(® Neaa, FOT

¢ MIDPOINT

TIME DELAY, meet
o

& b

]
[
n I
11 "
LR
11 "
1
(\ .
@ 271 \ “
rd \ H
”~ \ \
AR}
A ]
.0 0 +i.O
Bfa, MH2

I I | ] I ] |

8 R % 20 24
FREQUENCY,f , MKz

Figure 3«25 Continued.

-109-

A e E L e

PRPER L% A

A AR AN R it idunlb

AL

e

e




S N AR P e R A RO L 5. 7S

PR = IR e i R R ae Sy REIRTG ga e mme ot

The NOAA predictions give a backscatter curve which is much
too low in frequency. The difference between the NOAA prediction and the
observed backscatter curve is about zero at Ava and increases steadily to
-6 MHz at 16 masec. (AT increases from zero to 5.0 msec at 26 MHz.)
Hence, the use of NOAA predictions would lead to erroneous surveillance
frequencies.

4. At 2321 UT (1821 EST) the path is now in darkness out to a
distance of 2500 km. The solar zenith angle at Ava is 109. 8°. We lost
information at Ava and the forward oblique path, but not at U.I. and the
transponder. There exists some difference between (U. L )J_ and midpoint
(transponder data). The observed backscatter curve agrees remarkably
well with the midpoint data out to 13 msec (D € 1800 km). The observed
backscatter curve jumps backwards at 13 msec and is then close to the
synthetic backscatter curve for (U. L) ) » out to about D = 2000 kmn just
where both should fit, At this time, the NOAA predictions lead to good
agreement (Af =+ £ 1 MHz and A7 = 4+ 0.3 msec). This is the only time
we find the NOAA predictions to lead to good results for predicting the
proper surveillance frequency.
3.5.4.3 Summary

The observed backscatter curves during a sunset period have been
found in agreement with the ionospheric structure along the path. During

this time the maximum electron density at times decieases, but generaily
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increases westward and, therefore, the observed backscatter deviates

from that obtained for a homogeneous ionospheric structure. The deviations

between the observed and synthetic leading edges of backscatter are always
small if the ionospheric structure measured at path midpoint is used for

comparison with a corresponding range or time delay. The NOAA pre-

dictions have not led to good agreement except in one case.
Although we have selected only a few cases, each one was chosen

for a particular reason to represent the various ionospheric structures

which occur and thus they are typical for that day. The greatest deviations

between observed and synthesized backscatter in this operating period

lasted for about 1.5 hours. The use of a wideband backscatter sounder

correctly determines the best surveillance frequencies for a specific

ground range.
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APPENDIX A

Determination of Absolute Time Delay

The processed backscatter data contain time delay markers every

2 msec (see, for example, Figure 3-11), but the information is given in

relative time delay. Absolute time delay is not kncwn but can be established.

The corrections are small and for some practical applications not important.
The best way to establish zero time delay in relation to the time
delay markers is based on the vertical ionosonde traces, especially on

the time difference between multiple reflections between ground and iono-

sphere,

i

We define zero time as the time the signal leaves the transmitting

i i i

antenna. Figure A-1 shows such traces (f ). In such an ionogram

by

A I

G-5=5-7,=7 4

W
i

or

T2=2't ;(3=3(.1

g e i
RO TGt 1 8 T hagt

In this way, we establish the zero time delay line. At the right, '

7 we indicate the position of the 2 msec time delay markers and there

st

remains a difference between the absolute and relative zero time delay,

called T,.

WA

In this case

A,
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thus fs can be determined easily at several frequencies and the absolute
time delay is shown on the right hand scale.

Ir backscatter systems, transmitter and receiver are separated;
the distance between Ava and Dexter being 80 km. The time delay for such
a geometry is now computed. For simplicity, a flat earth and flat iono-
sphere is assumed and this is a fairly good approximation for such short

distances., Figure A-2 shows the geometry. One has to keep in mind that

for a transmitter/ receiver separation, the 2-hop path is somewhat larger

than twice the 1 hop. Therefore, the time delay is

z'2 = 22\;1 +/L~C

and the correlation ’(:'c can be computed. The path length p' for 1 ho, 3nd
2 hop (dashed line) is cornputed for h' = 110 km (E layer) and k' = 200 to
500 km (F layer). The path length is converted into time delay (p' = ¢.7)

and listed in Table A-1. In the first column is the virtual reflection height

h' and in the second, the time delay Z:_ for D = 0, i. e, vertical transmission
(transmitter and receiver at same location). The next columns list TI'

Ty 2(T, -7T7), and C,. for an 80 km separation between transmitter and

receiver. Using the 2 msec time delay markers, we can measure accurately

(29 =AT 3
E

%

AT + T E
20T + T §

< E

%
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TABLE A-1

TIME DELAY FOR AVA-DEXTER FACILITIES AND VARIOUS 3
REFLECTION HEIGHTS -

Time Delay in msec, Altitude h in km. E

h! T, forD=0 T} for 1 Hop TZ for 2 Hop Z(Z"Z -'Z’l) T 3

(4 -
(&

110 0. 73333 0. 78031 1.4907 1. 4200 0.071 3

1 200 1. 3333 1. 3598 2. 6800 2.6404 0,040 E
E 225 1. 5000 1. 5235 3.0118 2.9766  0.035 L

250 1.6667 1. 6880 3, 3442 3.3124 0,032 3
275 1.8333 1. 8527 3. 6766 3.6478  0.029 E

300 2. 0000 2.0178 4. 0090 3.9824  0.027 1

T s i ol e AN R
iR

325 2. 1667 2.1831 4. 3418 4.3174  0.024 3
3 350 2.3333 2. 3486 4. 6743 4.6514  0.023 g
§ 400 2. 6667 2. 6800 5. 3400 5.3200  0.020 ;
3 500 3.3333 3. 3440 6. 6720 6.656  0.016 ]
3 -117-




where ’['c is taken from Table A-1, the absolute time delay is established.

The additional correction Tc is largest for the E layer trace and
smallest for the F layer trace. For the E layer, the correction is 0.071
msec and about 0. 030 msec for normal F region heights, namely the flat
part of the trace. This correction is, in general, so small that other inaccu-
racies due to trace thickness and scaling errors make such a correction
unnecessary. However, there may be cases where it becomes important.
The correction due to the arbitrary positien of the markers, called 2’5
before, has to be taken into account. Tkhus,

T, =2T,-Ty +C_ + T,

The 2 mscc time delay marker is finally corrected to read 2. 20 msec on
1 December (sunrise) and 2. 18 msec on 30 November (suunset).

The transponder signal was offset by 500 Hz = 2 msec and, there-
fore, seen at about 6 and 10 msec. The correction to absolute time was

T

s = 0.25 msec using the E layer trace during daytime.

The forward oblique transmissions from Ava to U.1. are also
obtained in relative time delay. By scaling the E layer trace . .d assuming
a height of 110 kin, we obtain a time delay of 3. 835 msec. This determines

the base and the F layer traces are determined from this base line. In

this way, all recorded data have been converted to absolute time delays.
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APPENDIX B

Methods to Obtain Leading Edge of Backscatter

A simplified method to obtain the leading edge in a backscatter

ionogram.
{1) NOAA Prediction

The NOAA predictions for November 1970 map F2(0)MUF
and F2(4009)MUF which correctly interpolated in time and geographic
location give (foZ)J_ and fxF2 for a 4000 km path. The data can be read
to perhaps + 0.2 MHz for MUF(0)F2 and + 0. 5 MHz for MUF (4000)F2.
MUF(D)F2 for distances D = 500(500), 2500 km is obtained from the
mapped data by using a nomogram (see Davies, p. 292). In general, FOT =

0. 85 MUF is recommended as optimum working frequency. To convert

distances into time delay, we assumed a reflection height of 300 km; slight
height changes do not alter the backscatter leading edge curve very much.

(2) Vertical Ionograms

b
e,
e
=
-
3
H
=

The vertical ionograms obtained a2t Ava and U. 1. can be

1 *mﬂh-’

converted into oblique ionograms using transmission curves based on

4

N. Smith's method for selected distances 500 (500), 3000 km. The method

is based on a curved earth and curved ionosphere. The abscissa is a linear

frequency scale (MUF) and the ordinate is virtual height, the foF2's are

computed and are curving to the right. This "inverted" transmission

Moz 3 DAL et A

curve, introduced by Mbller, is found more advantageous than the usual

transmission curves. For this system the high ray is parallel to the

foF2 lines and permits to determine the nose frequency very accurately.
-119-
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The oblique ionogram was constructed for each vertical
incidence ionogram. The nose frequency and the peak altitude were read
off.

To correct for the extraordinary component, we added Af = JF(x)

-~ JF(0) from Figure 4. 21 from Davies' book. The correction is small.

Next, we convert altitude of MUF into time delay. Thus,
we cbtain MUF(D)F2 and time delay for each selected distance and enter

it into Figure 3. 25.

(3) Transponder Data

For the transponder and forward oblique transmissions, the

time delay has been converted to altitude of reflection, again for the ordinary

component.

i by Ll

Plotting the data into a transmission curve for D = 1120 km

allows us to read the frequencies fo, and virtual height h' of the corres-

kit

3 ponding, but hypothetical, vertical incidence ionogram. Such data (f, , h')

E: are then used for other distances to obtain MUF's for 500(500) 3000 km.

We read off the fo, and h' and correct fo/\ to fo and h' into time delay

m

as described above for vertical ionograms. The resulting values for

iyl

MUF(D)F2 are entered in Figure 3. 25.
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the silent period. Twelve discrete azimuths spaced 30° apart were
sampled each for 1€ consecutive seconds. The width of the azimuthal
sector is determined by the Wullenweber antenna 3 dB azimuthal beam-
width, which was, for the frequency discussed in this chapter, 6-8 degrees.
The envelope detected receiver output was digitized and stored on digital
tape for the processing operations described herein. The data acquisition
system is shown in Figure 4-1.

The observations presented were made on a frequency of 10. 004

MHz between 2245 UT, 11 December 1970, and 1345 UT, 13 December.

1970,
4.3 DATA ANALYSIS

The average noise amplitude was determined from the data

collected for each hour. Following the lines of previous investigators of

omnidirectional radio noise, the data were grouped into six time blocks
per diurnal period and a composite average over two diurnal periods for
each block was obtained. The results are giver in Figure 4-2. The
azimutha!l distribution as seen in the Figure does tend to be asymmetrical.
Thi; asymmetry is seen to occur primarily in the early evening hours with
the greatest noise ievels experienced in the direction of South-Southeast.
From Figure 4-3, it can be seen that thunderstorm centers in South
America and Africa could be the scurce of the noise received at Illirsis.
Also, from Figure 4-3, there are no principal thunderstorm centers to the

West and the noise levels to be expected from this direction should be below
that of the South-Southeast providing that propagation conditions are nearly

the same. Figures 4a and 4b present the hourly distribution of noise
~i22-
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where the average hourly value for each sector has been plotted versus the

corresponding sector.

Figure 4-5is a plot of the average amplitude versus time. Varia-
tions in the hourly amplitudes require a departure from the usual averaging
techniques and to consider the amplitude on an instantaneous basis to

explain the characteristic seen in Figure 4-5. In the analysis, the noise

Sources were assumed to be distributed throughout each of the sectors. If

the noise sources are uncorrelated, the roise power observed will be the

sum of the powers of the individual sources. Therefore, a decrease in the
measured noise amplitude in a sactor may be the result of a decrease in
sources \chunderstorms) or the result of the iorosphere no longer supporting
pPropagation from areas of the sector. The question of which cf the two
chcices is correct is a fundamental one if a predictive model of expected
noise for a sector is to be developed. The latter choice was pursued in
further analysis of the data. Skip distance, MUF, and absorption effects
were considered and efforts made to correlate the time variation of these
phencmena with characteristics of the data.

The analysis considercd each sector as encompassing an area
determined by the beamwidth mentioned above and having an 8000 km two-
hop length. Using the ESSA predicted mean value of MUF for a 4000 km
path during December, 1970, the minimum MUF for each sector was

determined at two-hour intervals and plotted on the same time scale as

the average hourly noise amplitude. Also, using vertical incidence
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ionograms made at the receiver site during the time of the experiment and
assuming a plane-earth-plane ionosphere approximation, the skip distance
was determined as a function of time and plotted on the same time scale

as the average amplitude and minimum MUF, Figure 4-6 gives the results

for four of the twelve sectors. The decrease in noise amplitude at approxi-

mately 2300 is seen to correspond to periods when the maximum MUF is

at or below 10 MHz. That the curves do not match exactly may be the

result of using median values rather than actual values of the minimum
MUF. This decrease in amplitude is characteristic of all twelve sectors
as shown in Figure 4-5. The skip distance effect can be seen in Figure 4--6

as a continued decrease in noise amplitude after the minimum MUF has

increased above 10 MHz near 0300, 13 December in sectors 1 and 4.
Sectors 7 and 10 indicate that an increase in skip distance does not cause a

corresponding decrease in amplitude, possibly due to the major sources

being located outside of the skip distance. None of the sectors indicate a

relationship between skip distance and amplitude on December 12. This

may be the result of a local disturbance. The significant decrease in noise

during the day can be attributed to non-deviative absorption in the D layer.

Careful analysis of Figure 4-5 indicates a more rapid decrease in amplitude

for sectors to the sunrise side of the receiving site than for sectors 180

degrees away. Recombination in the D region is rapid and, therefore,

the ionization density and the resulting absorption varies in synchronism

with the elevation of the sun.
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Figure 4-6.
Comparison of Radio Noise Levels and Propagation Factors.
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4.4 SUMMARY

From the data presented here, there does appear to be an
asymmetrical distribution of noise in the HF band. Whan corsidered en an
instantaneous basis, the difference in peak and minimum levels may be as
large as 10-15 dB. Averaging the small amount of data used in this
investigation tends to underemphasize the extreme differences in distribu-
tion, but the general characteristics of the noise level characteristic are

retained and follow what would be expected from propagation conditions

and source locations. In the preceding analysis, ionospheric effects were

primarily considered in explaining the variation in noise level as a function

of time. A complete analysis of the noigse data would require a more

comprehensive knowledge of source variation with time and direction.
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5.0 Further Aspects of the Backscatter Illumination Control Problem

There are still a number of unknowns in the problem of optimally
illuminating OTH ground targets with an hf backscatter radar system.

If one considers as optimum the placing of maximum possible energy

on the target at the range of interest, then the usual algorithm is to

select that frequency whose minimum time delay echo shows an apparent
ground range slightly shorter {or closer) than that of the suspected target,
This may ultimately turn out to be the recommended approach for all but
the most sophisticated field operations, but there are some uncertainties
which should be investigated to insure that the above procedure can be

used with the requisite degree of confidence.

-

5.1 Conversion of Time Delay to Ground Range

The first problem arises in the conversion of time delay measure-
ments into ground ranges, or, more typically, "calibratici’ of the
leading edge of a wideband backscatter sounding in terms of ground range.
The simple, straight line ray path geometry techrique is well understood,
and has been illustrated in detail in a recent Avco report, ! The basic
tool is a graph of the type shown in Figure 5.1. Time delay values scaled
from the backscatter sounding are entered into the graph on the ordinate,
and the appropriate ground ranges are determined by using the proper
parametric virtual reflection height curve.

The problem lies in selecting the "proper' virtual height value.

When using a graph of this type, one typiczlly selects a single
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characteristic virtual reilection height for all propagation paths. This is a
reasonably good assumption when the vertical electron density profile shows
2 high vertical gradient of increasing dansity with height (i. e., the profile
exhibits a flat bottom shape), but the question remains as to the degree of
uncertainty introduced by this approach. Clearly, also, the assumo>tion of a
single value is rot warranted at times when the ionosphere cannot be assumed
to be spherically concentric to at least a first order of approximation.

If no real-time vertical incidence sounding data is available, then
one must simply postulate a reasonable virtual height value {e.g., 200 kin Z
during the day) and perform the conversion in faith. An idea of the uncer-
tainties this introduces can be gained by examining the spread of ground
cranges for any given time delay vaiue in Figure 5.1, as a function of
reilection height. At 19 msec, for example, ground ranges between 2480 and
2770 km obtain for virtual heights between 200 and 600 km. Thus, for a
fixed time delay value, a 50% uncertainty in reflection height {abou: 400 km)
produces a 15. 5% uncertainty in associated ground range. Clearly, the
conversion is relatively insensitive to height uncertainties for situations not
involving focusing. We will see later that this is not the case for the time
delay focused leading edge of the backscatter, however. Note in the graph,
also, that ground range uncertainty decreases with increasing distance.

If a local {overhead) vertical incidence ionogram is available, then
one may select a virtual height value from the lower portion of the F-region

trace. In this case, a further improvement may be made by using the
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entire vertical incidence trace in a computerized reflectrix ray-tracing
program, if this is availabie to the user. Even then, hcwever, the calcula-
tion of ground ranges from time delay observations is still approxirmnate to
the extent that the local vertical incidence jonogram mav not be representative
of the intervening ionosphere cut at the one-hop reflection region where the
analysire is actually appropriate.

5.1.1  Analysis of the Backscatter Ioncgram Leading Edge

When conducting an analysis of wideband backscatter soundings, the
most common test of the appropriateness of the ionospheric model being
employed (to relate tiine delay to grcund range) is whether or not the skip-
focusing return observed on the ionogram can be reproduced by minimum
time delay calculations through the model over the range of observed fre-
quencies. This frequently turns out to be difficult to achieve particularly at
the longer delay times. The purpose of this secticn is to show that the shape
of the backscatter leading edge {variation of time delay with frequency) is
strongly dependent on the spatial variation of foF2, and the height of the
layer peak, along the sounding path. It is suggested that time delays to
ground ranges interior to the skip zone are relatively independent of
reflection height, as was demonstrated in the previous section in conjunction
with Figure 5.1

Croft has shown? that if the height and maximum density of a
spherically concentric model ionusphere are kept constant, the leading cdge

of the simuiated backscatter ionogram will remain virtuallv unaffected by a
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wide range of variations in the underlying ionization structure below the
F peak. Increases in the height of the layer peak produce increases in the

delay time to the leading edge at the higher frequencies, however.
Hatfield® has demonstrated that foF2 values at remote points in the

illuminated backscatter region may be estimated with considerable accuracy

by 3 sophisticated an~iysis of the backscatter leading edge. He assumes a

fixed height and semi-thickness for a parabolic F layer medel, and iteratively

derived foF2 values (fur the midpoint of the one-hop exacuted to the skip

zone) from the time delay at each frejuency.

These results suggest the spatial variation of the F region peak

density and its height are the determinants of the shape of the time-focused

return at the leading edge of the ionogram. We decided to investigate more

thoroughly the influence of the height of the ionosphere peak density on the
backscatter ionogram leading edge, since heights seem to be the most

difficult parameter to estimate for imnodel purposes or to derive from tke

observed data.

5.1.2

The Effects of Ionospheric Model Heights on Leadin, Edge
Simulations

A simple analysis of this problem was carrizd out with quasi-

parabclic4 models of the ionosphere, which allow the pertineat propagation
parameters to be written as closed form, analytic equaticns. Typical propa-

gation conditions were simulated, and the effects of uncertainties in the

height of the F layer maximum on the calculations of minimum ground range
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Figure 5.2 shows the basic plot of minimum ground range versus
layer maximum height, for an operating frequency 2. 25 times that of the
vertical incidence critical frequency. (The quasi-parabolic formulation
allows the frequency dependencies to be expressed parametrically in terms
of this ratio). The base of tke quasi-parabolic fonospheric layer is set at
100 Jom: height, and the maximum at 26% km; variations of + 10% in the latter
parameter are considered. Each point on the curve represents an indepen-
dent re-determination of the minimum ground range for that height value.
Note that the variation of minimum ground range with layer maximum height
is linear over the 200 km range of variation shown here.

Figure 5. 3 shows a similar plot of the variation of minimum group
path (time delay), and ground raage of the minimum grcoup path ray, over a
+ 10% range of layer maximum height values. Here again, each point repre-
sents an independent re~determinatisn of the minimum group path value for
the particular height valve, and the two curves are basically linear. Note
that the ground distance pertinent to the minimum time delay (skip-focused}
ray is some 70 km greater than the actual minimum ground distance illumi-
nated for these propagation conditions. This is 2 well-known phenomenon
explained by Peterson in his early backscatter investigationss, and should
not be ignored in backscatter illumination control analysis.

Figure 5.4 shows the results of the two previous graphs replotted
in terms of percentage variations. Again, over a + 10% range of variation

in the layer maximum height, the variations of minimum ground distance,
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minimum group path, and ground range at minimum group path, are
essentially linear. Note that they all have the same slope, and that an X%
uncertainty in the height parameter produces approximately an X% uncertainty
in the distance parameters. It should be pointed out that this result was
derived with an operating frequency 2. 25 times the vertical incidence
critical frequency, and for an essentially thin ionosphere at relatively low
heights.

Similar calculations were done for all of the following ratios of
operating frequency to critical frequency: 1.25, 1.50, 1.75, 2.00, 2.25,
and 2. 50. The percentage uncertainty graphs were remarkably similar for
all these cases, with the lower frequencies showing slightly more disparity
between the individual clopes of the three curves, and with a distance per-

centage variation remaining related on a one-to-one basis with the height

percentage variations.

The same analysis procedure was carried out for a thicker iono-

1 sphere layer, with unperturbed maximum height of 300 kimn and ths base at
100 ki, The results for this model are given in Table 5. 1. Here it can be
seen that the uncertainties in ground range are slightly less than those in
maximum layer height, but still of the same order. Note that the difference
between the minimum ground -ange, and the ground range at the skip
focusing point (minimum time delay) becomes negligible for the longer

E ranges and higher frequencies.

[P
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TABLE V,1 - Calculation of Uncertainties in Range
Introduced by Uncertainties in Layer
Maximum Height

Minimum Range at Minimum
Minimum Range Group Path Group Path (% AD)-=
(km = 300) {km = 300) (km = 300)

o)
i

-y
(2]

1.25 662 km 784 km 685 km . 95(%Ahp,)

1,50 887 963 877 . 90(%4Lhpy)

1.75 1071 1157 1077 .85(%Ahm)

2.00 1290 1369 1294 .80(%Ah, )

A o AN LR AV R

wn
(V]
(6}

3 2.25 1532 1609 1 . 80(%Ahm)

2.50 1811 1888 1812 .85(% Ahm)

¥ Quasi-parabolic ionosphere model E:
=2
=

5 hy, = 100 km, hm=300km + Akm £
' f
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The implication of these simulation results is that uncertainties in
the estimation of reflection heights at path midpoints produce equivalent
uncertainties in the estimation of ground range for the skip focusing region
at all frequencies of interest. This supports quantitatively the implications
drawn from the limited findings of Croft cited earlier. Thus, the difference
between 200 and 300 km virtual height can be very significant in predicting
the locatior. of the skip focusing region on the ground, even though it may be
of little consequence in deriving the ground range for time delay points at
delays bevond the minimum at any particular frequency of operation.

5.1.3 Range/Time-Delay Calculations for a Particular Backscatter
Ionogram

CH

This point is illustrated by the analysis of an RADC Ava-Stockbridge

T
VR

FM/CW backscatter ioncgram presented in a previous Avco report on this
program. ! A tracing of the record, taken at 2137 UT looking west on
19 January 1970, is reproduced here in Figure 5.5. The solid lines repre-

sent the actual observed returns, with the nearly-constant-range returns

from a number of the large single scatterers identified as to suspected city

Wik
g A

of origin. The local vertical incidence x-trace was scaled and entered into

a reflectrix ray-tracing program employing straight-line raypath geometry.

The program utilized the reflectrix model to calculate the return trace for

3 a scatterer located at the nominal range of Chicago, and the result is shown
as the round dots, clearly matching the observed return.

E Being confident of the identification of this return (which is consis-

tently seen on west-looking ionograms taken from Ava-Stockbridge), its

4
3
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time delay vs. frequency was scaled and entered into the reflectrix program

in the oblique ionogram mode. The oblique return was inverted into a model
of the effective intervening vertical incidence ionosphere, and the time delay
vs. frequency shape of returns from ranges equivalent to the cities listed in
the figure was calculated. The results are shown as solid triangles, and
clearly match observed traces extremely well.

In order to fu ‘ther test this procedure, the reflectrices derived
from both the local vertical incidence trace and the inversion of the Chicago
echo were used to calculate the minimum time delay versus frequency leading
edge for backscatter propagation through the two representations of the iono-
sphere. The results of this exercise are shown as the solid dots and triangles
along the actual leading edge trace. The twe derived leading edges do not
match the observed trace except in the 8 to 10 miliisecond delay region.

The point of this exercise is to note that even the crude propagation
model emplcyed in this analysis provided excellent conversions between time
delay and ground range for ground points located interior to the skin zone,
but provided only a poor representation of the time delay to the skip zone
itself. It has been previously suggested that this discrepancy could be
explainzd at the longer ranges by the foct that an uncorrected Secant Law
was employed in the reflectrix manipulations, but this does not seem to have
adversely affected the caiculations of time delay for the Denver echo. A
raore likely suggestion is that neither the local vertical incidence ionogram

nor the inverted Chicage echo provide an adequate vertical incidence
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representation of the ionosphere at the longer ranges. And since the

Denver return is matched so closely, it is most likely the ionospheric

features near the peak of the layer which are different at the longer ranges,
producing the leading edge mismatch.

5.2 Skip Region Measurements

A second problem in optimally illuminating a specified range of
interest concerns the actual character of the energy distribution over the

ground in the skip zone, as a function of . nge, frequency, ionospheric

conditions, etc. Although this can be calculated theoretically, 6,7 there

remain a number of questions concerning what physically occurs.
1. hat is the nature of the build-up of energy with

increasing range, as one approaches the skip zone

from shorter ranges? What is the rate of decrease

of incident energy with increasing range as one moves
through the skip zone to longer ranges?

To what extent is energy actually focused in the skip
zone? What is the range depth of the skip region?

Can you actually see the low ray, high rav interference

effects in the skip zone, and how severe is the destructive
interference?

gt

If the width of the focusing regicn is narrower than the uncertainty
of range estimation inherent in the conversion of time delay to range, then

its focusing cannot be depended on to enhance illumination ¢n the target with

iyt i

any degree of reliability. 7f the interference fringing in the focused region * z
=]

’ E

is severe, then it is also unacceptable to use this region for enhancing ]
target illumination. 3
&,
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Any investigation of these problems requires an empirical
approach, but making adequate measurements to answer these questions is
difficult, and the results are further complicated by polarization phenomena.
One approach is to make a fixed-frequency, time sequence of incident signal

energy measurements at one location in the backscatter region during a

period when the range of the skip zone is decreasing or increasing with time.

The variation of energy with time is then related to the passage of the skip

region over the local fixed receiving site.

AT R e i T A

Such an effort was conducted at the University of Illinois' Thomas-

AR okt 6 8 TV b

boro site, during local sunrise, so that no signal was receivéd in the
beginning of the period, followed by the incidence of the focusing region.
3 The signal strength variations were monitored on two cross-polarized log

3 periodic antennas pointed toward RADC, where a 20 kw unmodulated cw

signal at 15. 043 MHz was being transmitted on the west-looking rhombic of

= RADC's Ava field site. The results are shown in Figures 5. & and 5. 7 along

m

with a block diagram representing the instrumentation utiiized to monitor

Lty

-~

the fixed frequency signal strengths¥.

m
T

The initial onset occurring between 1224 and 1225 UT is seen to

L
3
3
E
£l
%
i
3
3

E possess an increase in inc:dent signal level of some 60 db over the back-
ground noise-plus-interefcrence level previously existent. Clussical Airy

interference fringes appear simultaneously aid in phase on the signals from

LARR A

the twg cross polarized antennas until 1227, at which time tl.e signal appears

“We would like to thank David Casavan, Raytheon Company, for these
measurements.
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Figure 5-6. Signal Strength Levels in the Skip Zone, Received
on Cross-Polarized Antennas.
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to separate into low ray and high ray components, and polarization fading

(clearly identified, because of the 180 degrees out of phase character of

the two fading patterns) sets in.

The peak signal level received on both

antennas does not appear to diminish with increasing time.

What one would like to do is interpret this record in terms of the
instantaneous distribution of signal energy over an extended range of ground
distances from the transmitter, but this is extremely difficult during the
sunrise period, since tae ionospheric changes occurriug as che sun illumi-

nates the upper atmosphere appear earlier at higher altitudes and later at

lower, etc. The resultant dynamic ionosphere of the sunrise situation is

difficult to model and cannot be treated as a rotating 'frozen' pattern. Thus,

an effective range scale replacing the time abscissa of Figures 5. 6 and 5. 7

would be highly aon-linear, and virtually impossible to determine,

The fzde depth prior to the onset of the polarization fading after

1227 is less than 10 db in the Airy interferenc.: fringe regicn, During the

highray, low ray pelarization fading period, the fade nulls are typically about

20 db below the signal peaks, but the null regions are quite brief in time

separated by broad, slowly varying maxima. It should be pointed out that the

g
=
E

character of these polarization effects must be qualified by the (here unknown)

polarization resolution of the particular antenna pair utilized to make lhese

measurements. This data sample does not provide a definitive answer to

the third question posed at the outset of this section, but it does give som=

indication of the magnitude and character of the problem.
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The answers to the rest of the questions posed at the beginning of

this section remain to be answered by some alternative to this approach
such as flying a high-speed aircraft across the skip focusing region during
midday when ionospheric conditions are fairly stable, ancd recording the

strength of fixed-frequency cw signals received at the plane. The time

scale of this measurement process would be sufficiently rapid during the
stable part of the day to describe fairiy accurately the instantaneous state

of the incident energy distribution over the ground.

5.3 Backscatter and HF Repeater Echoes in the Skip Region

In Section 5. 2, one approach to the investigation of the energy
distribution over the ground in the skip region was taken by utilizing a fixed

tfrequency point to point, forward oblique path. In this section, an expansion

of the technique is made by utilizing fixed frequency backscatter and a fixed

location modulated repeater. The data collection was made between 9 a. m.

and noon local time during February. The Ava-Dexter system was operated

in the narrowband mode and durirg part of the experiment MTI clutter can-
cellation was utilized. The sweep rate was 1 MHz/sec and the bandwidth
100 kHz resulting in a PRF of 10 Hz and a time delay resolution of 10 g&s.
The University of Illinois HF repeater at Thomasboro was operated with an
odd integral multiple of 1/2 the PRF, specifically 1005 Hz in order to place
the repeater at the peak of the visibility function and translate its apparent

range by + 1 ms.

The transmitted frequency was chosen so as to place the ground

range to U.I. on the edge of the skip zone. Thus, when the repeater was
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illurminated, one of its translated echoes fell in the clear and the other

within the ground backscatter ecko region. Figure 5.8 shows a photo of

three facsimile records. The two records on the left are identical except

that the left most record shows MTI cancellation at the near end.
The purpose of this figure is to give a fairly long time historv

view of the illumination energy distribution near theleading edge of the

backscatter--the MUXF region. The right most record fromi9 Fobruary

1971 shows a time history from 1320 UT at the far end until 161C UT at the

niear end. The range window (right to left) is 5 ms. Several oscillations

ir the time delay of the apparent leading edgs with an amplitude of about

+ 0.5 ms are clearly discernible. Thz2e periods of repeater illumination

and four periods of non-iiluminztion are evident. The turning on and

turning off of the repeater iliuminacion gives characteristic nose type traces
¥

7 where the high rays and iow rays join together. DBut, the noses are of two

or

7 ypes as will be examired further in more detailed records.

3
3 In the two left records {ideatical day and dataj from 18 February g
- 3
; 1971, the passuge of at least twe phase fronts of z traveling ionospheric 2
%
3 dgisturbance (TID) is evident from the two sweeps from top left to lower %
3 right. About half way through the time sequence, a frequercy change was 4
3 made to bring the U. I. repeatercloser to the leading vdge and MUF failure 3
3 is experienced in the foreground. 3
]
E What is obvious from ;e outset is the comnplicated nature, even Z
b duriny the Winter Day, of the propagation to the leading edge of the E
- S
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backscatter and how susceptible such propagation is to MUF failure and the

effects of TID's. Such movement introduces Doppler shifts which make the

I canceliation tenuous at best. Even from the large scale view

8, ths conclusion is manifest that the use of the skip region

for target surveillance should be avoided if the resulting sacrifice i

=~ ot 3Te
1t O (S

by

ocusing gain can at al: be tolerated.

However, {rom a phenomenonological point of view, it iz interest

ing
to look in more detail at the mode structure and variation thereof in the skip
zone. Figure 5.9 shows a portion of the 19 Fcbruary facsimile record of

Iz’

igure 5.8. The time extent is from 1442-1533 UT and the time delay

window shown is 6-10 ms. The range to the University of Illinois HF

repeater is approximately 8 ms, but because of the 1 ms time delay trans-

lation resulting from the 1005 Hz modulation, the repeater echo shows up

at 7 and 9 ms. The amplitude of the calibration tone at 9.5 ms is 3« v and

is clearly visible in the MTI'd data from 1517 to 1531 UT. During this

same period also, the leading edge of the backscatter increased its range

from 7.3 ms to 8. 3 ms, as indicated by the broken line; and when it crossed

the range to U. 1. the repeater echo shows the characieristic MUF {ailure--
o

first, the ordinary ra*s then the extraordinary rays. Note the noszs arc

at approximatcly the same time delay but different epoch times. The

turning on of the repeater cchio at 1443 UT is guite different. The onset {or

what appears to be three noses is nearly simultancous although the ti

dealavs are all diffzrent.

The high ravs diffusc quite rapidly in cach ¢
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The ground illumination terminator is not traversing the range to U. I. :

The '2" trace indicative of a TID is quite nbvious on two of the three

iraces.

it A DU

Notice the considerable amount of characteristic Faraday rotation

beading evident when the various modes illuminating the target are unre-

5

solved such as between 1450 and 1520 UT. But, when the o5 and x modes

TR AN Ty

3 are resolved after 1520 this mode interference is not evident.
The mode structure zround 1445 is quite interesting but too
complicated to unpack from this vantage point without recourse to rapid

vertical incidence soundings taken at the path midpoint. However, the

implication is clear that operation of a surveillance system in this same

AT

: propagation regime will also produce records whose meaning it will be

3 impossible to unpack. The focusing advantage of the leading edge region

may be far outweighed by its disadvantage of multimoding and time variability. :
5.4 Conclusions ;
] The results of this chapter suggest that ground-range/time-delay ;
conversions for backscatter propagation to ranges beyond the skip zone at

any given frequency will be relatively independent of the peak density and

height of the intervening ionosphere. In the skip zone, however, any uncer-

tainties in the height of the model ionosphere will be directly reproduced as

cquivalent uncertainties in the estimation of ground range for the focused

region.
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It has been shown by Croft? that the incident signal amplitudes
for ranges beyond the skip zone are highly dependent on the lower ionosphere
structure however. Thus, having accurately identified the ground range
associated with a particular time delay beyond the skip zone¢ for any opera-
ting frequency, {using simple ionospheric model and propagation concepts),
the estimation of incident signal energy at that range and frequency is still
2 complex problem.

There is a focusing advantage to operation near the skip zone.
However, because of the variability of the position of this zone for any
operating frequency over short periods of time and because of the suscepti-
bility of this region to the effects of TID's, its use may unduly complicate
the identification and tracking problems of any surveillance radar and

perhaps should be avoided.
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