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FOREWORD

This Final Report describes work performed by AVCO Corporation,

Systems Division, Wilmingcon, 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 RADC Project Engineer.

This report has been reviewed by the RADC Information Office (01)
and is releasable to the National Technical Information Service (NTIS).

This technical report has been reviewed and is approved.

Approved: FRANK ANTONIK
Project Engineer

Approved: T. POPE
Assistant Chief
Surveillance and
Control Division

FOR THE COMMANDER:

FRED I. DIAMOND

Chief, Plans Office
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ABSTRACT

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

zone and from sea water. The first experiment consisted of stepped

azimuth panoramic backscatter soundings over a diurnal cycle. The

sounding waveform 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

obliq- e-incidence forward-scatter FM/CW ioftosonde and a co-located

broadband repeater. The third experiment collected an azimuthal sample

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

silent period. The fourth experiment considered some characteristics of

the leading edge of the backscatter region from the point of view of illumi-

nation control and frequency management. The fifth experiment concerned

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

0TH-B radar.

iii* C-



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 673A program

which is tasked with providing a technological base
necessary for the design of OTB systems needed to
satisfy a variety of Air Force operational require-
ments.

These studies have provided insight to the
problems of backscatter propagation as a function of
azimuthal, diurnal and seasonal variations. Further,
they indicate the value of displaying vertical inci-
dence traces on an oblique incidence ionogram that is
used to select the correct operating frequency. This
has been borne out by the experimental Ava/Dexter
backscatter system.

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 technique that will determine and provide corrections
for ionospheric tilts in the transverse direction
that produce lateral deviations of the ray path.

FRANK ANTONIK
Project Engineer
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1.0 INTRODUCTION AND SUMMARY

This report presents the results of fi.,r experiments which

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

scatter ion:gram data have been obtained previously with antennas which are

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 backzcatter as resulting from antena sidelobe effects.

The availability of receiving antennas which could be steered in

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

antenna at the University of Illinois prompted the experimental program

reported herein. The sounding instrumentation was of the linear FM/CW

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

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

backscatter returns. In this instance, the receiver site was the RIADC

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.

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

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



late summer of 1970. A circularly disposed antenna array (CDAA) or a

rotatable log-periodic array was utilized for reception, and a rotatable

log-periodic array for transmission. 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 defined 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 cardinal directions. The antenna sidelobes

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

Due tc the observation of rather rapid chpniges in the pattern of

backscatter during the transition from day to night and particularly from

night to day, a specific experimental procedure was devised to permit more

frequent observations and correlation with ancillary data such as a repeater,

oblique incidence forward scatter transmissions, and vertical incidence

ionograms. This necessitated observii.g on only one azimuth, that from

the Dexter field site to the University of Illinois. 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 from various vertical incidence ionograms, the

.-- --
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oblique incidence forward-scatter ionograms, and the repeater ionogram.
The best correlation was obtained for ionospheric data which was relevant
to the point of reflection for propagation to a given range. Changes in the
slope of the backscatter ionogram as a function of frequency could be
interpreted as resulting from changes in the ionospheric uroperties as a
function of range along the propagation path.

The third experiment vas a passive measurement of the azimuthal
properties of terrestrial radio noise as a function of azimuth. The
Wullenweberreceiving array at the University of Illinois was configured
to automatically step in azimuth during the ANV silent period and the radio
noise amplitude observed in the internationally protected guard bands. The
experimental results clearly exhibit an azimuthal dependence, which changes
as a function of time. Certain rather anomalous results have been cxplained
as a direct consequence of the receiving frequency being above the .4UF
(4OQO) to the principal thunderstorm areas which are thought to be the
source of terrestrial radio noise. Although only a rather limited data
sample was obtained, the results suggest that the azimuthal properties of
terrestrial radio 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 noise power should be feasible, based on ionospheric
propagation factors, and the location and source strengths of major thunder-
storm regions.

TLhe fourth experiment reported in Chapter 5 combined a study of
the variation of group path and ground range to the leading edge of the
backscatter with variation in the height of the ionospheric layer maximum
with studies of the leading edge of the backscatter region from wideband
backscatter ionograms, variation of the MUF on a fixed and point forward
oblique path, and comparison of HF repeater echoes with ground back-

scatter variations during ionospheric 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.

I -
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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 (transmitting) 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 Stockbridge. The nominal azimuthal beamwidth of the log-periodic

antennas is 600 and that of the CDAA 300, In view of the relatively wide

azimuthal beamwidth of the antennas which could be scanned over 3600,

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 one sounding trans-

mission performed every 5 minutes.

The transmitting antenna was indexed in accordance with a typical

hourly schedule given in Table H-I, and the receiving antennas in accordance

with a typical schedule given in Table 11-2. It wae the intention of the

-4-



TABLE II- 1

-Schedule of Antenna Position (Transmitting)

Time Azimuth

1200 0o

1205 0
1210 270
1215 270
1220 180
1225 180
1230 90
1235 90
1240 01245 0

1250 0
1255 0
1300 0

TABLE 11-2

Schedule of Antenna Positions (Receiving)

Time LPA Azimuth CDDA Azimuth
(6-12 MHz)

1200 ---- 00

1205 0 °

1210 ---- 270
1215 270
1220 ---- 180
1225 180 ----

1230 ---- 90
1235 90
1240 0
1245 0
1250 0
1255 01300 0

~-5-



experiment to provide a comparison between the ionograms obtained with

two different receiving antennas, however, equipment malfunction, described

later, rendered 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, ,-z. 2100-0300 UT on 31

August-l September 1970 and 0400 to 1400 UT on 2 September 1970. The

daily AFR (Fredricksburg) and 3-hour KFR 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 resalted 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-



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

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

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

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

characteristics within the antenna beamwidth and not a consequence of

antenna sidelobe returns.

2.2 DISCUSSION OF THE DATA

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

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

20 msec and a range resolution of 40 /*sec. Particularly interesting results

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

e.g. , 2210 and 2230 with 1010 and 1030. The data exhibit substantially I
different MUF, with the higher MUF corresponding to propagation into the

daylight regime.

It is clear that the backscatter soundings exhibit sufficiently

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

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

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

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

appears to do so.

A brief description of the sounding data for each hour follows:

-7I-



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 foFi 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 Fl and F2 layers.

A fragment of the combination mode 1F/2F is observed at the lcwer 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

weaker, and appears to be limited to a max:mum time delay of 13 msec.

2200-2230 UT

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

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

to the skip focusing region at any frequency has increased, as a consequence

of the dec-ease in the F-region maximum electron 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. Since 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 electron 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 experience

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 11-3 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 ionograrr to the West still retains the character of a daytimne ionosphere,

and exhibits a number of enhanced returns due, probably, to sporadic E

illumination of 2round features. To the North, only sporadic E is clearly

observed, and an extension of the IF vertical incidence return, termed

-9-
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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 Fl layer. To the North, at the longer ranges,

auroral-type returns begin to appear. The vertical incidence foF2 is no,

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 slan -F are

observed to the North. The vertical incidence foF2 is now well below the

ionogram lower starting frequency and the interpretation of records become

more difficult after this time, particularly the differentiation between slant

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

restricted, the rhombic transmitting antenna can be employed, permitting

soundings to start as low as 2. 5 MHz, which is particularly useful for

identification of modes in the auroral ionosphere.
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0400-0430 UT

Sporadic E effects have essential]y 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 South

ionograms, and all 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 aurora effects.

0600-0630 UT

The data during this hour are essentiall r 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 Weqt 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.



0900-0930 UT

Sunrise effects begin to be observed to the East as a lesser slope

of the 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 a

Sunrise effects become more noticeable to the East, as v.ell 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 experit-nce sunrise-related changes. Both the North and the

West still remain in the nighttime regine.

1200-1230 U7

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, Fl, and F2 groundscatter, as well as weak sporadic E. At the

lower frequencies, the E. Fl, 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 I',orth and the A

South.

1400-1430 UT

The equipment malfunction became evident to site personnel,

particularly for the ionograms at 1420 and 1430 UT, and the experiment

was terminated. The ionograrn 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.

2.3 CONCLUSIONS

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 repeat,.- 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

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

and antennas -n use at Dexter did not permit a similar experiment to be

performed.
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3.0 SUNRISE/SUNSET TESTS

3.1 INTRODUCTION

3.1.1 Objective

The sunset and sunrise periods are expected to 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)

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

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

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 time 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 sunrise

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.
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3.1.2 Summary and Conclusions

Wideband FMI/CW backscatter ionograms have been taken for one

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

range 6. 5-30 MHz with a sweep .-ate of 250 kHzlsec and an average power of

5 kW. Transmitting facilities at Ava and -eceiving facilities at Dexter, N. Y.

were employed. The antennas looked west (2510T). A transponder was

located at the University of Illinois and additional vertical incidence and

oblique forward propagation daea were taken so that good and reliable

ionospheric information for the path are available for analysis. Backscatter

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

The ionosphere along the path is approximately homogeneous

during daylight and -night hours; however, the ionospheric parameters

such as foF2 and MUF (1120)FZ undergo variations of about + 5 % oai a

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

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

ranges up to 1200 km cannot be illuminated by the equipment because the

lowest frequency of the equipment was 6. 5 MHz. In order to illuminate

close ranges at night, say within 500 kin 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 insec time delay can be used to infer

tLe ionospheric gross structure along the path. The gradient of the leading

edge permtts us to estimate the critical frequency at the midpoints to the
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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 more difficult than daytime conditions, because large horizontal

gradients of 2 MHz/lO000 km 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 I100 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

most probably due to defocusing effects in the skip zone, because iono-

spheric tilts of several degrees occur. The backscatter ionograms become,

at times, quite complicated.

True height electron density profiles from another time period

are used to show the ionospheric tilts during sunrise.

Predictions for the leading edge of backscatter records are made

using the various ionospheric measurements along the path and comparing

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

a backscatter ionogram is constructed and since the ionospheric parameters
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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 backscatter record

agreed best with the synthetic leading edge for the same part of the path.

For example, close to the transmitter the actual 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

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 ionograrn. However,

late at night the NOAA predictions were useful.

If some ionospheric measurements at the transmitter site or

along the path are available, predictions of backscatter ionograms can be

made in a simple graphical way without involving special computers.

The evaluation of this special test leads to useful results. It shows the

change in the backscatter ionogram can be ex plained and proven by the

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

that simple predictions of the leading edge in backscatter ionograms can

be made if some vertical incidence ionograms are available.

I

-36-



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 'L = 3, 5, and 10 MHz and height of reflection h' = 200,

250, and 300 km. The gradients of the leading edge of the backscatter

trace are quite different for the choices of f- , the influence of reflection

height h' is less important. The corresponding distances 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 representation has been used as

an overlay of the hard-copy output frcm the spectrum analyzer.

What is also obvious from this graph is the range limitation for

low f L - If f 3 MHz and the wideband soundings start at 6. 5 MHz. no

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

6. 5 MHz.

In this chapter. the frequencies obtained for vertical propagation are
indicated by f 5. , those for oblique propagation by iA and the virtual
ionospheric reflection height by h'.

-37-



E

0

0 Iv

oo

int

ILI
_ _--_--_

_ _ _ _ _ _ _ _ _ _ ____ on '

an 0 0

3"U"

Figure 3-1 PoitonofL ang Edge i Oblu 00kcte lnga o

Selected Plasma Frequencies f,&(3, 5. and 10 MHz) and Selected
Reflection Heights h' (200, 250, and 300 )an).

-38-



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 m.3des 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

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

traced back to the second vertical incidence reflection of the corresponding

layer. However, most wideband backscatter soundings start at 5 or 6. 5

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, Fl (when present) and

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

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

t:e night basically only the F2 mode appears,unless a sporadic-E (Es) mode

is also present. During daytime, especially in summer and at mid-latitudes,

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

backscatter mode.

Based on some actual daytime vertical incidence iongrams from

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

ionosphere) the leading edge for each mode (E. Fl, FZ) using f, , h' and

our tables for group-path time-delay.
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A winter day (noon, November 1970) is selected with an E layer

at 100 kn. an Fl and an F2 layer. The critical frequency foF2 is very

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

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

F2 mode; those due to the E and P1 mode are well separated from the F2

mode (Figure 3-2).

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 F1 and F2 are 130 km apart. Consequenitly,

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

shortest time delay, followed by F, and the F2 is last. All three leading

edges are close together. We also include a mixed mode lE-IF2 which is

close in time delay to the 372 mode. The 2F2 mode and the mixed mode

IFZ-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 November

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 ionograrns 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

receiving antenna comprised of Beverage anten-a elements and stecreC to

0.
251 0T, which is within the half power beamwidth of the transmitting

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

Illinois. An FM/CW generator at "be receiving site was utilized to de-ramp .4

the backscatter return, with signal processing which has been dzscribcd in

detail in previous reports.

At the Uniiversity zf Illinois were locatt.d a wideband transponder

and a receiver for oblique incidence FM/CW ionogrars. The transponder

imposed a double-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 separation of the

transponder echo from the ground clutter, permitting more accurate

scaling of data from the transponder echo.

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

each ten minute interval, but the transponder was activated for only one Ed

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

tape and processed to yield ionograrm displays at the DRC of RADC. The

processed data was inspected and scaled at least ever- ten minutes; the

ionogram containing the transponder information was always scaled.
-
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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 -nd 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 foFZ, 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 foFZ data for Ava and University

of Illinois (U. I ) as a function of time (ore data point every 10 min), which

indicate such small scale irregular variations. For clarity reasons, we

omit the f:.F2 teaces, although they have been scaled too. Some slight

variatiops in the difference (fxFZ-foF2) appear in the data, indicating small

ionospheric irregularities. During daytime, foF2 differs between Ava and

U. I., 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 M-AHz. The normal sunset decrease starts at

Ava at cos = + 0. 1 (solar zenith distance =;), which is normal. At

U. L it starts later, at coska- 0. The critical frequency decrieases below

6.5 MHz - at Ava whe ,X z 1100; at U. I. it reaches a minimum of 3. 5 MI-iz

at the end of the test at 3 UT (21 LSTI. The hourly foFZ values for

The equipment was limited to 6. 5 MHz, thus no smaller frequencies can
be measured.
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Maynard, Mass., are also indicated. The conditions at thepath 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. . , the transponder path is from

Ava to U. 1. and back from U. I. to Dexter. Thus, the ionosphere over the

two paths Ava-U. 1. and Dexter-U. L may not 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% during daytime around an hourly average value. The decrease

in MUF starts at cosX."- + 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 angleX 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 observed at U. I.

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 0) of 1. 75 for the average during day-

time and a distance of I120 km.

-47-



04

41 ILT ..

01w

0 -

z 0

I- C)oz

00

-II Ui121~
0

ZH~~('T) J WfWIX~m
w .

-48-0
.,q ,-r



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 frequencies fxF2 at Ava and U. L , and fxF2 , between Ava and

U.1. are plotted as functions of cos 2X 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. L ). The t

general decrease in electron density starts at all three locations at about

cosX = + 0. 1, which is expected. The hourly data for Maynard, Mass.

fit into the general trend.

Using the carefully scaled data and the overlay, we constructed

oblic-ue ionograms in the f-h' coordinate system using the forward oblique

data from Ava to U. I. , the transponder data (Ava-U. L -Dexter) and the

vertical i. nograms from U. . The ionograms from Ava could not be uied,

because the trace was not toc well resolved (too thick) in time delay for

lower freoue:ies. Data fur about 31 zenith distances have been compared.

The -valut of such an investigation is related to predictions. How useful

are ionospheric daca for one station or one path to predict the MUF (or

leading edge) to other points along ihe path? We compare the data for the

I sar.'e zenith distance and express the results in MUF for an 1100 km path

(Ava-U. L ). Let us menticn just two cases. For cos X = + 0. 25 the

.bserved MUF i.' 18. 5 MHz for the transponder, 19. 5 MHz for the oblique

forward path; 18. 5 MI-H, is computed using U. 1. ionosonde data, but
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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 transpona.er, 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

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-t, but, at present, we feel that there is no

need for higher accuracies.

From the ionospheric data and the constructed oblique ionogranns,

we conclude:

a) Under quiet conditions the ionosphere undergoe- regular

quasi-periodic variations (maximum-to-maximum in foF2

or MUF) on a time scale of tens of minutes to I to Z 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 more 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 network

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-

dictions or those oas. on ionograms at the transmitting

site.

c) The pathloss during sinset should be measured more

accurately. The signal strength from the transponder

decreases around I UT, although the frequency is well

above the threshold value. There are several reasons

for this decrease, certainly absorption is not the cause.

The ionosphere has tilts and the raypath must deviate
tI

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 calibration signals

and digital processing.

3. 3.2 Frequency Limits of Backscatter and Limit of Illuminated Ranges

From the backscatter records, we read the maximum frequency

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

mum 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 shortest and largest time delay (without

regard to frequency) for a visible leading edge. The distvnce D in km on

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 rnsec. Thus, during daytime the whole frequency range from 6. 5

to 30 MHz is useful. When the zenith distance of the sun reaches about

800 the maximum frequency of the leading edge begins to drop below 30

MHz and at such times the full time-delay range up to 20 msec is seen.

As the sun sets over the path, the maximum time delay drops at first

rapidl 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, themax:-,rum frequency 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 f A of 30 MHz). During sunset, the

maximum time delay reaches the 20 -nsec limit and drops later on i

around 14-16 r.sec. The minimum time increases during the night from

6-9 msec, b,.ause the shorter distances are reached only by frequencies
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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 about 1200 to

2000 km. Thus, at night, we ha,'e a 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

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

low sunspot years, the low frequencies 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 assurned reflection height h" = 300 km throughout this

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

the time),we have averaged the measured points and show the results in

more or less straight lines. There is a slight decrease in frequency f.

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

about sunset 0 = 900) at the rath midpoint, which is indicated for each3

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 cm

at about I UT, for D = 1100 km at 1.30 UT and for D = 1500 km at 3 UT.

Targets at smaller ranges cannot be dete'ted after those times. This

information clearly shows the range limitations that an OTH radar will

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

The present (1971) equipment at Dexter eliminates this constraint.
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3.3.3 Gradients of Leading Edge of Backscatter
The backscatter records during sunrise or sunset show the

gradient of the leading edge, dpl!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 fA . The

gradient is easy to measure and indicates if propagation behaves normally

or not. This seems helpful in assessing predicted operating frequencies

for narrowband surveillance.

A very simplified derivation for flat earth approximation indicates

the expected relationship of dp'/dfA with range, D, and frequency, f

at midpoint.

It follows

f^, sec

sec 0 pIs

with s = distance for flat earth.

Thus, f f, P ,Is
A S

For backscatter, the path length ior the sdp distance has to be doubled.

leadifg to

Differentiation yields
dp- s

df-5 -
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In a first approximation, s = D; but, for large distances: s D,

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

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

Using better geo-netries, such s curved earth, leads to very awkward

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

increases with D and inversely with f.

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 r = dp'fdf in units of km/MHz at the leading

edge for a time delay corresponding to D = 500, 1000, 1500, and 2000 km

and h' = 200, 250, 300, and 400 km. The values r are thus based on the

true geomnetry and the results are given in Table MI. '. The relation

= const/fl for a fixed distance D and a constant height of reflection

h' is quite strong, and it increases slightly with distance D for fixed f

The gradient is not really linear with distance D and approximations can be

obtained, although we find them not too useful, such az

F = (l/ff (ap' 5 + bD 2 '

where a and b are constants and p25 is p' for a distance of 500 km.

Turning now to the actual backscatter records, we deterrnin-:d

[ in two ways. First, we meaured the instantaneous gradient at selected

points of the leading edge. We choose fixed ranges D = 500 (500) 2500.

It did not lead to useful data because s.,-nal scale irregularities at the

leading edge become rragnified (too much noise), as shown in "igure 3-8.
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TA3L1E m. 1
Gradient F of Leading Fdge of Backscatter for Selected f h', and D.

Theoretical Valu.s Based on Uniform Ionosphere

D in kni

h' in km 500 1000 1500 2000A) f~ 1 0 MHz

Z00 4Z 45 61 ---
250 55 60 72 100
343r 64 70 80 108400 82 90 101 120

B) f =5 MHz

200 87 107 i36 193250 109 124 150 201
300 130 135 169 211
400 169 i 75 207 227

C) f = 3 M Hz

200 150 175 236 306
250 175 i98 248 325
300 206 225 274 3 -5
400 Z89 306 323 393
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The order of magnitude of F , however, is correct and compares with

Table rI-1

ie second approach uses an average r for a time delay range

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

because small scale modulations are disregarded. The reason for this

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

by Z5 to 351fc,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 1I1-2 lists thc results

of our evaluation.
TABLE 11-2

Observed Gradients I" = dp'/df4 in km/MHz for the Time Period 2130-
2206 UT. Backscatter Received at Dexter, N. Y.

Time Delay Range A. in msec

First Trace Second Trace
Time I I I
-UT .. " "ri r! TI

2130 4-10 10.5-11.75 71 11-13 !05
2137 6. 5-12 71 8.5-11 71 11-13 1051
2141 5-7 71 7-11 63 7-11 71 12-14 230
2147 5-7 71 7.5-11 69 8-12 105 12-14 230
2159 5-7 71 7-11 61 10-13 105 12-14 230
2200 6-11 71 10.5-13 105
2200 5-12 71
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The first leading edge has a gradient of r= 71 km/MHz,

extending tc at ledst 7, but sometimes out to 12 msec. The second leading

edge has a similar r 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 1 msec has a fairly larger gradient of about 230

km / MHi .

Another 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 "dark" trace by a dashed line. It seems best to ignore the small

undulations in the leading edge and approximate the leading edge by as

f,.%w straight i.nes as possible, or 3 segments are sufficient. Table

3. 3 shows the interpretation o; the data. The leading edge with a gradient

of about 80 kin/MHz extends fir:st out to 6-7 msec, later to 10-11.7 rnsec.

Such a gradient correspo,:. - 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 km/MHz at the end of the period, corresponding to

f of 8-9 MHz. The time delay at which the break between these gradients

occurs increases from 6to 11 nsec during 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 F- dp'idfA

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

gradient of the leadir.g edge is more or less smooth, it corresponds to

at the ,idpoint. Thus, the gradient Fperm:ts an estimate of to the

nearest integer values assuming reasonable values for h' by using Table

11!-l. Small irregularities in the leading edge should bv- disregarded. There

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

sufficient to determine r over the whole range of time delays. The

method should be tested on a larger sample during daytime or ni,,httime.

Sunset is not the most appropriate time because large horizontal gradients

-cur in the ionosphere. Irregularities are found d-ring sunset, but their

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

wiIl be discussed in Section 3.5.2.

3. 3.4 Samples of Backscatter Records

Backscatter records obtained with the FM/CW waveform and

the R-ADC equipment have been published including mode identification.

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

illustrative purposes, samples are selected and reproduced in Figzres

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

right to left, starting, at 6. 5 MHz and ending at 30 MHz. The vertical

lines are frequency mrrker-, 1 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 shows absolute time.
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The selection of samples is somewhat arbitrary. Figure 3-11

contains the conditio: i 'iefore 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 offset by 2 msec. so

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

The repetitive traces are caused by harmonics in the transponder modula-

tion waveform. For a large number of backscatter records, sketches have

been prepared which helped in the analysis but which are not reproduced

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

For daytime one 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 (for example, T = 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 betwcen 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 IF modes, but the path length is about

100 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 samples in Figure 3-12 show the strong back-

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

edge becoms steeper as a consequence of th. reduction of
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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 bachscatter records.

3. 3.5 Transponder Visibility

Al transponder traces have been copied for the evaluation reported

in Section 3. 1. During daytime from 1711 to 2031 UT (1531 EST) one

alwars sees an E mode, and a mixed mode (E + F) up to 2011 UT in addition

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

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

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

and 2001 UT. It becomes, however, a regular feature after sunset over the

path and the high-angle ray has enough signal strength to be recorded from

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 ncot recorded.

although the maximum frequency of the transponder signal is well above

the limit of 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. L did not operate. Therefore, we

have no data for the ionospheric structure below 6. 5 MHz over the illumninated

path. However, the hourly values for Maynard, Mass., about 200 mi

(320 kin) west of Ava, N. Y. are available (Geophysics and Space Data

Bulletin) and are very useful, because they list foiF2, foE, MUF (3000)F2,

and other ionospheric parameters. The ionosonde data of the preceding day,

1 December, for U. I are also available, but are useful only a . a general

guide. Figure 3-!4 shows fxFZ dta from Ava received at Dexter; the

lower limit is 6. 5 MHz and, therefore, no data before 1221 UT are availa-

ble. The hourly foFZ data ior Maynard at 33 and 15 UT agree, more or

less, with the Ava data. Half-hourly data from U. I. 'or 'i.e pr-:ious dai;]

also agree with the Ava data except afLer 1330 UT, where they remain

below the Ava data. The increase in foF2 starts at X= 1000 which is

normal.

There are undulations in the fo.F2 data for Ava with a period of

about one hour and amplitudes of + 6%; similar results have been

mentioned .n Section 3. 1 ;or the sunset test period.

The e&ectron density in the E layer is large enough to be recorded

at Maynard after 13 UT (8 -ST) with foE = 2.4 MHz at 13 UT and 2. 9 MHz

at 15 UT. Thus we can es 'nate E modes to exist during scme hours.
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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,

they can be -eal. No transponder returns are recorded between 1021 and

1231 UT. At 1231 UT, a trace between 8-9 MHz appears at the correct

time delay which seems to be thE reappearance of the transponder, but it

is a weak signal. At 1241 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

until 1311 UT and the weak signals fit into this rise ver-y well.

Using the Maynard foF2 and MUF (3000)F2 data, MUF (zero)FZ

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

p. 289) MUF (1 120)F? is determined. Since sunrise over the midpoint

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

MUF (liZu)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

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 computed from

Maynard. Ho--'ever, the identification of the weak transponder signals is

-73-
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now verified using the Maynard data. The steep rise corresponds to

X = 95 to 850. The Maynard scalings give a MUF (1120)F2 factor of

1. 50 (1.45 to 1. 52), while the Ava ionosonde and U. 1. transponder data

give a MUD factor of i. 65, about 10% higher than Maynard after sunrise.

Thus, the actual transponder data lead to a better estimate of the actual

ionospheric conditions over the path than the vertical incidence 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 be:cause frequencies

for transponders can be below lowest operating frequency

for the late night or before dawn periods.

c) The transponder was not seen before 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 870.
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e) The frequency change during the sunrise period is very

rapid. 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.

3.4. 2 Fre-uency 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

and minimum time delay, similarly to that discussed in Section 3. 2 for

the sunset test period. The backscatter re:cords are more complicated

during sunrise than during sunset and some explanations will be proposed

in Section 3.5.3.

The frequency and t-me delay limits are shown in Figure 3-15

and the most obvious fact is that very weak backscatter records are obtained

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

maximum frequencies are 5. 2 MHz at 1000 km, 6. 6 MHz at 1500 kin, 8. 0

MHz at 2000 kn-, 9. 0 MHz at 2500 kmn, and 11. 0 MHz at 3000 krn. Thus,

up to a ra-ige of I00 krm. no backscatter signal could have been received

with the equipment, because of its lower frequency limit (6. 5 I-AHz). That

only weak returns have been record-d from 1700-2100 km- indicates that

either the ground-bazks.atter signal was weak due to defocusing effects

ar that the antenna pattern ior rays at those frequencies arriving from

ranges beyondi 1600 km was oossibly unfavorable, i. e. , the rays arrived

at the nulls in tihe pattern.
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The maximum frequency of the leading edge at night is 9-10 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 > Z5 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 (D20750 kn) 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 ai1d 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?
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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 convert time delay

into range D, a fixed reflection height of h' = 300 km is assumed.

(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 beginning 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),ve find tCbe frequency of the leading

edge at about 1030 UT for D = 1500 km is 8. 6 MHz, for D = 2000 Irn 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 'D 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 kn

(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

value.

At 1211 UT ground backscatter is coming back at the 1100 km

range, and shortly thereafter also at 500 and 1500 krn ranges. The fre-

quenc;." of the leading edge for these three selected ranges increases very

rapidly at a rate of 5MHz/h for D = 500 km, 8MHz/h for D = l100 and

1500 km. This rapid increase ("sunrise effects") lasts for about one hour.

At 1230 UT, the Maynard data leads to S. 8 MH, 10. 9 MHz, and 13. 2 1AHz

for D = 1100, 1500, and 2000 krm. 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 Backscatter

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 a% erage gradient r' is most expedient. Again. a division of

the full trace into two segments is sufficient; however, at some times, the

J
backscatter is very complicated as our tracings in Figure 3-17 and 3-18

demonstrate and that will be discussed later. Table 11T-4 shows the results,

namely, average gradi.ents r' for selected tine delay ranges and the

corresponding ground D for which this P value applies.
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At night, P is high, about 280 km/MHz which corresponds to

fL 3 MHz according to Table X-1. For large time delays, r is about

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

rise over the path (1211 to 1311 UT), P 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 kin)

the gradient stabilizes around 80 kn/MHz, but so does f (Figure 3-14).

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

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 P when averaged over a segment

of time-delay range corresponds to f, at midpoints. Thus, it can b6

used as a guide to infer ionospheric conditions over the path. If rcorres-

ponds to a more or less uniform fA over the whole frequercy domain

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

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

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

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

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

although further investigations using a larger data base are needed.
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3.4.4 Samples of Backscatter Records

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

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

in photography and printing. Samples are given for several important time

Periods and =specia,.v the most disturbed one, from 1231 to l l51 UT is

shown completely. The leading edge is rmostly quite diffuse indicating that

.cusing effects are not as well pronounced as during daytime; the energy

is spread over a larger range. Again, the .requencv increases from right

to left, while tracings sho. the cz-nventional coordinate system.

Backscatter records have also been traced Lvery 10 minutes

and assembled in Figure 3-l°. Solid lines indicate a strong leading edge,

dashed lines a weak or fuzzy leading edge, which is certainly subjective,

but sufficient for this investigation. Evaluatin the data recorded on

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

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

lines; again this is a subjective choice and no effort has been -.nade to

identify such targets. If tl. 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, 11... min frames, but not at the

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

ieft out.

From 1000 to I11 IUT, the limited frequency range as well as its

steady decrease with time are quite obvious. The time delay range shrinks
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lower thr-ee ionogranm only.
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too because fL decreases steadily. The gradient of the leading edge is

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

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

1Z 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 hour. During that

period, there are essentially returns from two 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 rime

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 lF. 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 ZF 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
BAC KSCATT ER

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, uniform conditions

over large distances are a reasonable assumption, and the frequency

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 ionospiieric parameter, namely the maximum electron density of each

layer (E, Fl, 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 Fl 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 Z 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 ionosphere is not homogeneous, but the maximum critical frequency

foF2 either increases or decreases westward during such times. The

gradient d(foF2)/dD, when D is the distance along the surface of the earth

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

From an earlier investigation (Penndorf, Katz, 1969) we select

two maps (Figure 3-20), one showing the height for the maximum of 2.ie F2

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

heights (h) and are ab"ove 320 km in the night side and less 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 1011 el/m 3 = 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.

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

such times the gradient d(foFZ)/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 foF2, 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 profile (layer semithickiess 715km)
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Overhead cirtical frequency = 3. 5 MHz, height hmF2 =I
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(after Bartholomew et al., 1968).
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and peak altitude (350 kin) we reproduce one of their examples in

Figure 3-21.

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

backscatter is steeper than normal for negative gradients and flatter than

normal for positive gradients. For a time delay of 20 resec, the "normal"

maximum frequency is 10. 4 *AHz. If the maximun. &1ectron density decreases

in the direction of propagation by 1. 5 M' -)0 kin, then the r. 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 illuminat-on can be missed during times when such gradients

exist, i. e., a frequency of say 9 MAHz is sclected to illuminate a ground

target (based on the assumption of a uniform ionosphere with d(foF2/dD = 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

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 foFZ (Figure 3-4) show, the gradients of

d(foFZ)/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-

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 ionospheric 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

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

electron-density distribution over the path shows irregularities of scale

size < 100C kin. The electron-density distribution along the path for

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

uniform ionosphere (Figure 3-21). In our test period, d(foFZ)/dD < 0. 6

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

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

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

period the gradient r of the leading edge for large time delays is steeper

than normal arcund 2111 UT (Table 111-3). At the same time, Figure 3 4

reveals that the horizontal gradient in electron density along the path is
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negative (foF2 (U. I. ) < 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 in r 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 kIn) 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 change in gradient dp'/df when the ionospheric

gradients change. The computed backscatter curves for gradients 0 and

-e *:Hz/ 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 P of 200 k/nMHz below 12 msec and

about 900 km/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 r can not be compared, unless new ra-., tracing computations

are carried out. 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 more drastic than

at sunset. The tilts are large and consequently the back.-: alter can become

complicated.

30i ] I i/

251k1
20

E

15 15

5 I o 15 20
FREQUENICY, MHz

Figure 3-22 Calculated Backscatter Ionograms for Changes in Horizontal

Gradient in foF2.

A gradient of 2 MHz/ 1000 kmn is assumed for path midpoints

from 0 to 600 km, and zero gradient beyond that distance.
These two ionograms are indicated by dashed line. The

resulting composite backscatter ionogramn is indicated by a
solid line.
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of maximum of F2 layer. Isoionics above maximum of layer
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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 cos), the zenith dis-

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

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

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

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

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

irregularities, because we used data every 5 minutes.

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

sentative of an east-west cross section one can convert such diagrams, as

shown in Fi'-ures 3- 23 and 3-24 -no electron d--nsity disrributions along

the propagation path. A proper coordinate system is required with heifht

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 50 or less. A propagation path from the right side of

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

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

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

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

records with an actual ray tracing program. At the present time, we can
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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 evaluaLe the advantage of real time wideband backscatter

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:

(1) Vertical soundings at the transmitter site (Ava)

(2) Vertical soundings at U.I. (D = I120 kin)

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

(4) Forward propagation Ava to U. I. giving also

information about ionospheric structure at midpoint.

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

transmitter and can evaluate the importance of taking vertical soundings

at the transmitter site.
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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, asbume it to be homogeneous over a 3000 km path,

and compute the resulting leading edge of a backscatter ionogram every

500 kn (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)

(ESSA, ionospheric predictions, .970). For Z0, Z2, and 24 UT we read off

MUF (zt :o)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)FZ and MUF (4000)F2 have been interpolated in time to correspond

to the selected UT times of our samples for 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)FZ is identical with (fxFZ) 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 (153i 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; Af between Ava and U. L is on--ly 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 cieviations AT are shown

at the top (+ AT 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 AT is about 0-1 msec, with average deviations of

0. 15 to 0. 6 msec, for the NOAA prediction AT = + 1. 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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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 altitude than at A-va

or Midpoint Ava-U. L Therefore, the leading edge of the backscatter for

U. . 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 I
(D< 2000 krn). At r = 18msec (D. i2600 km) it fits best the (U.I-)

synthetic backscatter curve.

The strong bending backwards of the observed backscatter after

T = 12 msec can well be explained as a chaxigt. in Lhe ioiiosphcric structtre

with lower peak electron density further west than at Ava (and, in addition,

a small rise in layer height).

Looking at the deviations between the observed and computed

backscatter curves (right hand side) we find that the agreement is very

good, about 1 MHz out to 7 = 13 msec for Ava and midpoint, but then it

becomes larger (2 MHz) and poor; for U.L out to about T = 16 msec the

agreement is poor, but very good at T = 16-20 msec (< I MHz).

Looking at the deviations in time delay for fixed frequencies (top

figure), AT is small up to 26 MHz (on the average - 0. 1 tc + 0. 4 msec) but

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

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

too low, which is unacceptable. The AT is 2. 0 msec all the time, 2. 3 msec
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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. 50 at Ava and 900 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. ) is showing much higher freque..cies for the samne

time delay than the others. The observed backscatter curve fits the first a
three to about t'= 10 msec (D < 1 Z00 km) but not beyond and it fits the

backscatter from 12 sec to 15 msec (D- 2000km). Again, the

observed ionosphere over the transmitter leads to good agreement .vith the

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

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

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

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

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.1. data deviate

by 1. 0 msec up to 22 MHz, but not from 24 to 28 MHz.
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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 msec. (Ar increases from zero to 5.0 msec at 26 MHz.)

Hence, the use of NO.-A 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. 80. 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 and midpoint -"

(transponder data). The observed backscatter curve agrees remarkably

well with the midpoint data out to 13 msec (D - 1800 kn). 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 km just

where both should fit. At this time, the NOAA predictions lead to good

agreement (Af = + < 1 MHz and A7 = + 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 Summar,

The observed backscatter curves during a sunset period have been

found in agreenent with the ionospheric structure along the path. During

this time the maximum electron density at times decieases, but generally
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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 deriations

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

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

t-'_ = % -z=
'3 2 '2 1

or
"z = zt 1 *Z = 3"["

TZ 1'I 3 3Z1

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

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

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

called L.,.

In this case

1

but

3 2 2 1 S +  +5
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Figure A-1 Determination of Time Delay From Traces of Vertical
Incidence lonosonde.
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thus can be determined easily at several frequencies and the absolute

time delay is shown on the right hand scale.

In 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

2 = 24 1 +L '

and the correlation Vc can be computed. The path length p' for 1 ho, ind

2 hop (dashed line) is computed for h' = 110 km (E layer) and h' = 200 to

500 km (F layer). The path length is converted into time delay (p' = c.Z)

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 Z 1 ,

T 2 . 2(Z - Tj), and ' for an 80 km separation between transmitter andCI
receiver. Using the 2 msec time delay markers, we can measure accurately

with

A+Z c

and

Tz = zAEV+
2 Tc
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TABLE A-I

TIME DELAY FOR AVA-DEXTER FACILITIES AND VARIOUS
REFLECTION HEIGHTS

Time Delay in msec, Altitude h in km.
- for D 0 t1 for I Hop 2 for 2 Hop 2  ('Z-Zj

1110 0.73333 0.78031 1.4907 1. 4200 0.071

200 1. 3333 1.3598 2.6800 2.6404 0.040

225 1.5000 1.5235 3.0118 2.9766 0.035

250 1.6667 1.6880 3.3442 3.3124 0.032

275 1.8333 1.8527 3.6766 3.6478 0.029

300 2. 0000 2. 0178 4. 0090 3. 9824 0. 027

325 2. 1667 2.1831 4. 3418 4.3174 0.024

350 2.3333 2.3486 4.6743 4.6514 0.023

400 2. 6667 2. 6800 5. 3400 5. 3200 0. 020

500 3. 3333 3. 3440 6. 6720 6.656 0.016

1
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where cis 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 position of the markers, called Ifs

before, has to be taken into account. Thus,

2~~~ 21-"~ L +

The 2 msc-c time delay marker is finally corrected to read 2. 20 msec on

1 December (sunrise) and 2. 18 msec on 30 November (sunset).

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

Is = 0. 25 msec using the E layer trace during daytime.

The forward oblique transmissions from Ava to U. I. are also

obtained in relative time delay'. By scaling the E layer trace d assumning

a height of 110 km, 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 delavs.
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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 FZ(0)MUF

and FZ(4000)MUF which correctly interpolated in time and geographic

location give (fxF2), 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 genera FOT

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

distances into time delay, we assumed a reflection height of 300 kin; slight

height changes do not alter the backscatter leading edge curve very much.

(2) Vertical Ionograms

The vertical ionograms obtained at Ava and U. I. can be

converted into oblique ionograms using transmission curves based on

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

curve, introduced by M6ller, 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.
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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 A f = JF(x)

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

Next, we convert altitude of MUF into time delay. Thus,

we obtain MUF(D)F2 and time delay for each selected distance and enter
I 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. 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-

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

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 fx and h' into time delay

as described above for vertical ionograms. The resulting values for

MUF(D)F2 are entered in Figure 3. 25.
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4.0 AZIMUTHAL DISTRIBUTION OF RADIO NOISE

4.1 INTRODUCTION

This chapter presents the preliminary results of an experiment

which utilized a Wullenweber antenna array to study the directional

properties of received ionospherically propagated radio noise in the HF

band. The most notable work on HF radio noise, by W. Crichlow and

R. Disney is summarized in CCIR. 322, which is the standard method of

predicting radio noise levels. But this work, as most other since, has

been conducted with omnidirectional receiving antennas; the asymmetrica7

azimuthal distribution of terrestrial sources nf broadband radio noise

(primarily thunderstorm centers) and of the ionospheric propagation medium

are, however, likely to result in a variation of received noise power as a

function of azimuth, and diurnally on a fixed azimuth. The experiment was

intended to verify this hypothesis, and although the data sam-ie is quite

limited, illustrate the usefulness of a circular antenna array for gathering

the dta required to develop a model of the azimuthal properties of radio

noise.

4.2 DATA ACQUISITION

The WWV transmissions from Ft. Collins, Colorado on 5, 10,

15, and 20 MHz had, until recently, a silent (off) period of 4 minutes each

hour, commencing at 45:15 after the hour. Radio noise measurements

were made in the internationally protected guard frequency bands during
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the silent period. Twelve discrete azimuths spaced 300 apart were

sampled each for 16 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 1.345 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 given in Figure 4-2. The

azimuthal distribution as seen in the Figuro does tend to be asymmetrical.

Thi asymmetry is seen to occur primarily in the early evening hours with

the greatest noise levels 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 source of the noise received at Illinois.

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 4-5 is 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 r.nise power observed will be the

sum of the powers of the individual sources. Therefore, a decrease in the

measured noise amplitude in a sector may be the result of a decrease in

sources %-hunderstorms) or the result of the ionosphere no longer supporting

propagation from areas of the sector. The question of which of 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

phenomena with characteristics of the data.

The analysis considerc. 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 th-e 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 res,.,lts

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 rapi6 and, therefore, A

the ionization density and the resulting absorption varies in synchronism

with the elevation of the sun.
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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. When corsidered on 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 noise data would require a more

comprehensive knowlf dge 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, "calibratioii" of the

leading edge of a wideband backscatter sounding in terms of ground range.

The simple, straight line ray path geometry technique is well understood,
I

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 I
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 typically selects a single
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characteristic virtual reflection height for all propagation paths. This is a

reasonably good assumption when the vertical electron density profile shows

a high vertical gradient of increasing caensity 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 assumption of a j
single value is not warranted at times w'hen 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 km

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

-anges for any given time delay vaue in Figure 5. 1, as a function of

reflection 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 vzlue, a 50% uncertainty in reflection height (about 400 kin)

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 available to the user. Even then, however, the calcula-

tion of ground ranges from time delay observations is still approximate to

the extent that the local vertical incidence ionogram may not be reprcsentative

of the intervening ionosphere cut at the one-hop reflection region where the

analysis is actually appropriate.

5.1.1 Analysis of the Backscatter lorogram Leading Edge

When conducting an analysis of wideband aackscatter soundings, the

most common test of the appropriateness of the ionospheric model being

employed (to relate tine delay to ground 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 section 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 co

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 showit z that if the height and maximum density of a

spherically concentric model ionosphere are kept constant, the leading cdge

e f the simulated backscatter ionogram will remain virtually unaffected by a
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wide range of variations in the underlying ionization structure below theIiF peak. Increases in the height of the layer peak produce increases In the

delay time to the leading edge at the higher frequencies, however.

Hatfield3 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 model, and iteratively

derived foF2 values (fcr the midpoint of the one-hop execute6 to the skip

zone) from the time delay at each freq-uency.

These results suggest the spatial variation of 'he 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 model purposes or to derive from the

observed data.

5.1.2 The Effects of Ionospheric Model Heights on Leadin& Edge
Simlations

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

parabolic nodels of the ionosphere, v:hich allow the pertine-it propagation

parameters to be written as closed form, analytic equjatiors. Typical propa-

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

height of the F layer maximum on tLhe calculations of minimum ground range

and the range at minimum time delay, as a functien of frequency, were

investigated. -137-
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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 the quasi-parabolic ionospheric layer is set at

100 kn height, and the maximum at 200 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 kn range of variation shown here.

Figure 5. 3 shows a similar plot of the variation of minimum group

path (time delay), and ground range oF the minimum group path ray, over a

+ 10% range of layer maximum height values. Here again, each point repre-

sends an independent re-determinati:n 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 illunii-

nated for these propagation conditions. This is a well-known phenomenon

5explained by Peterson in his early backscatter investigations , 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 Xf

uncertainty in the height parameter produces approximately an X%/0 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 slopes 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-

sphere layer, with unperturbed maximum height of 300 km and the base at

100 km. 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

ranges and higher frequencies.
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TABLE V. - Calculation of Uncertainties in Range
Introduced by Uncertainties in Layer

Maximum Height

Minimum Range at Minimum
f Minimum Range Group Path Group Path (% A D)
fc (km = 300) (km = 300) (km = 300)

1.25 662 km 784 km 685 km .95(%TAhm)

1.50 887 963 877 90(%Lhm)

1.75 1071 1157 1077 .85(%Ahm)

2.00 1290 1369 1294 .80(%Ahm)

2.25 1532 1609 1535 .80(%Ahm)

2.50 1811 1888 1812 .85(%Ahm)

* Quasi-parabolic ionosphere model

hb= 100 km, hm 300 km + Ahm
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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 krm virtual height can be very significant in predicting

the location 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 beyond the minimum at any particular frequency of operation.

5.1.3 Range/Time-Delay Calculations for a Particular Backscatter

lonogram

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

FM/CW backscatter ionogram presented in a previous Avco report on this

1
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

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

a scatterer located at the nominal range of Chicago, and the result is shown

as the round dots, clearly matching the observed return.

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

tently seen on west-looking ionograms taken from Ava-Stockbridge), its
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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 ft "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 two derived leading edges do not

match the obser:-ed trace except in the 8 to 10 millisecond delay region.

The point of this exercise is to note that even the crude propagation

model employed in this analysis provided excellent conversions between time

delay and ground range for ground points located interior to the skip zone,

but provided only a poor representation of the time delay to the skip zone

itself. It has :,een pre-iously suggested that this discrepancy could be

explained at the longer ranges by the fect that an uncorrected Secant Law

was employed in the reflectrix manipulations, but this does not seem to have

adversely affected the calculations of time delay for the Denver echo. A

rore likely suggestion is that neither the local vertical incidence ionogram

nor the inverted Chicago 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 wlich 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. What 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?

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

3. Can you actually see the low ray, high ray interference

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

If the width of the focusing region is narrower than the uncertainty

of range estimation irherent in the conversion of time delay to range, then

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

any degree of reliability. TF the interferncc fringing in the focused region -:

is severe, then it is also unacceptable to use this region for enhancing

target illumination.
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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.

Such an effort was conducted at tie University o . Illinois' Thomas-

boro site, during local sunrise, so that no signal was received in the

beginning of the period, followed by the incidence of the focusing region.

The signal strength variations were monitored on two cross-polarized log

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. 6 and 5. 7 along

with a block diagram representing the instrumentation utilized to monitor

the fixed frequency signal strengths*.

The initial onset occurring between 1224 and 1225 UT is seen to

possess an increase in inc: lent signal level of some 60 db over the back-

ground noise-plus-intereference level previously existent. CLAssical Airy

interference fringes appear simultaneously aid in phase on the signals from

the two cross polarized antewias until 1227, at which time tLe signal appears

We would like to thank David Casavan, Raytheon Company, for these

measurements.
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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 the ionospheric changes occurriug as Zhe 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 non-linear, and virtually impossible to determine.

rhe 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

high rr, low ray polarization fadiig 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

character of these polarization effects must be qualified by tha (here unknown)

polarization resolution of the particular antenna pair utilized to make these

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 some

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, and 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

frequency 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 cdzirg 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 104s.

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. Thws, when the repeater was

-152-



illuminated, one of its translated echoes fell in the clear and the other

within the ground backscatter echo 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 history

view of the illumination energy distribution near the leading edge of the

backscatter--the MUP region. The right most record from 19 February

1971 shows a time history from 1320 UT at the far end until 1610 UT at the

near end. The range window (right to left) is 5 -Ps. Several oscillations

ir the time delay of the apparent leading edge with an amplitude of about

S+ 0. 5 ms are clearly discernible. Th-'ee periods of repeater illumination

and four periods of non-illuminirion are evident. The turning on and

turring off of the repeater illuriniacion gives characteristic nose type traces

where the high rays and low rays join together. But, the noses are of two

types as will be examined further in more detailed records.

In the two left records (identical day and data) from 18 February

197!: the passage of at least two phase fronts of a traveling ionospheric

disturbance (TID) is evident from the two sweeps from top left to lower

right. About half way through the: time sequence, a frequer.cy change was

made to bring th U. 1. repeater closer to the leading edge and MUF failure

is experienced in the foreground.

What is obvious from the outset is the complicated nature, even

during the Winter Day, of the propagation to the leading edge of the
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backscatter and hv, susceptible such propagation is to MUF failure and the

effects of TID's. Such movement introduces Doppler shifts which make the

•-se of MTI cancellation tenuous at best. Even from the large scale viewIive in in Figure 5. 8, the conclusion is manifest that the use of the skip region

for target surveillance should be avoided if the resulting sacrifice of its

focusing gain can at all be tolerated.

However, fromi a phenomenonological point of vieA, it is interesting

to look in more detail at the mode structure and variation thereof in the skip

Lone. Figure 5.9 shows a portion of the 19 February facsimile record of

Figure 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 3,0.L,- 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 characteristic MUF failurf-

first, the ordinary ra, s then the extraordinary rays. Note the noses arc

at approximat:1v the same time delay but different epoch times. The

turning on of the repeater ecio at 1443 UT is quite different. he on:set for

what appears to be three noses is nearly simultai.eous although the tine

delays are all diffc rent. The hiOzh ra's diffusc quite rapidly in each case.
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The ground illumination terminator is not traversing the range to U. I.

The -Z" trace indicative of a TID is quite obvious on two of the three

traces.

Notice the considerable amount of characteristic Faraday rotation

beading evident when the various modes illuminating the target are unre-

solved such as between 1450 and 1520 UT. But, when the o and x modes

are resolved after 1520 this mode interference is not evident.

The mode structure around 144.5 is quite interesting but too

complicated to unpack from this vantage point without recourse to rapid

vertical incidence soundings taken at the path midpoi,:t. However, the

implication is clear that operation of a surveillance system in this same

propagation regime will also produce records whose meaning it will be

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 Lhapter suggest that ground-range/time-delay

conversions for backscatter propagation to ranges beyond the skip zone at

any given frequency will be relatively indep-c-ndent 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 3hown by Croft2 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

a 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.

15
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