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INTRODUCTION

In late 1980 questions arose concerning whether the ionosphere was sufficiently
stable to allow precisely measured time of arrival of skywave signals to be used for
geolocation in the high frequency (HF) band between 2 and 32 MHz, The chief
limitation in the accuracy of this type of system is the amount of uncertainty in the
ionospheric height estimation and its temporal stability, Traditional ionospheric
research resources did not address the issue in sufficient detail and time resolution to
be of any assistance. In order to understand the exact nature of the ionospheric
uncertainties and to quantify their extent, experimentation was proposed to sense the
variation in the refraction height of the ionosphere as it relates to the time of arrival
of the HF signal. The objective of this work was to determine the range -,f
environmentally induced errors in a skywave Time Difference of Arrival (TDOA)
measurement, thereby bounding the ultimate geolocation accuracy one could expect
from this technique.) y>ta

The first experimental measurement system. • 3n- •e ... s rted
operation in early 1981, This effort involved establishing a continuous absolute Time
of Arrival (TOA) experiment over the one-hop midlatitude path between San Diego,
California and Fort Collins, Colorado. The system is fully digital and stabilized with a
cesium beam standard. This work was supplemented with vertical incidence sounder
data at both ends of the path, a collateral Doppler sensing system, and coincident
satellite solar data, A fully annotated database was prepared and is maintained by the
Naval Ocean Systems Center Advanced Propagation Forecasting System (PROPHET) -I
Figure 1 shows the TOA measurement hardware conifiguration.

In 1983 the Kenwood RIOO receiver was replaced with a newer R2000 which
was microprocessor controlled, This allowed the receiver to now sequentially sample
four frequencies at 1-second intervals. Because each frequency refracts from a
different ionospheric height, the resulting data represent an almost (within 4 seconds)
simultaneous look at different levels in the ionosphere. These multifrequency
measurements were started in 1983 and have continued until the present. The data
have produced startling results when compared to traditional concepts of how the
ionospheric medium behaves,

Because of the high level of automation, both in the sensor system and in the
processing system. it is expected that the TOA sensor will be maintained indefinitely,

In late 1913, a longer range adjunct was conceived to address new issues
concerning TDOA signals. Dubbed the Long Baseline Time of Arrival (LBTOA)
experiment, a sensor was placed in Hawaii that simultaneously measured time of
arrival of signals from Fort Collins, Colorado (WW1V) and Tokyo Japan (JJY).
Although somewhat more ambitious than the original TOA sensor, the LBTOA was
constructed and deployed in October 1983, The equipment, shown in Figure 2, was
assembled at a modest cost.

From their inception, both TOA sensoe experiments were fully digital. making
the database more easily processed. Concurrent to the development of the TOA and
LBTOA sensors, a significant effort was directed toward the computer processing of
the data, This has led to an extensive data reduction capability which will be

1
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Figure 1, Version 1 absolute time of arrival sensor system.
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Figure 2. Version 2 Long Baseline Time Of Arrival Sensor (LBTOA) System.
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evidenced in this report. Every time-standard "TIC" pulse is fully retained along with
(1) time (UT), (2) freq:jency, (3) signal strength, and (4) frequency shift (Doppler)
data. These data have been stored on magnetic tape since the project inception and
now represent a sizable bank of information.

HF absolute TOA measurements assume that the precise time the signal is
transmitted is known. The use of WWV and JJY TIC pulses make TOA
measurement practical. The only required assumption is that the pulse is exactly
transmitted at 00:00 seconds. Experience shows the U.S. Time Standard Station at
Fort Collins, Colorado (WWV). and the Japanese Time Standard Station in Tokyo,
Japan (JJY), are diligent in meeting this stability requirement. This being the case,
TOA measurements are a straightforward process when the entire experiment is locked
to a Cesium Beam Standard, In addition each station's TIC pulse is slightly
different. WWV is a five-cycle pulse, WWVH (Hawaii) is six cycles, whereas JJY is
eight cycles. In addition to normal pulse detection schemes that use the
leading/falling edges of the pulse, recognition processors are used to identify the right
signal for detection. Figure 3 shows examples of the measured WWV and JJY TIC
pulses measured in Hawa!i.

Because of the bizarre nature of the initial results obtained in 1981 and 1982,
questions arose as to systematic error and stability of the original TOA system and
the subsequent LBTOA hardware. To resolve these issues, care was exercised to
identify, resolve, or mitigate error sources. A complete description of the TOA
calibration procedures is contained in the appendix of Reference 1. It should suffice
for this report to assure the reader that the ionospheric. variations shown in
subsequent sections are real.

A final consideration for the data presented in this report was collected during
the decline of solar cycle 21. This cycle peaked in late 1979-early 1980 with a
smoothed sunspot number (SSN) of 165. By March 1981, when the TOA
experimentation started, the SSN was 145, By October 1983, when the LBTOA was
started. the SSN had dropped to 58. It was apparent at that time, that the JJY
signal had degraded significantly when compared to hearability tests conducted a year
earlier. At this writing, the SSN is below 30 with conditions near solar minimum,
Therefore. it is expected that solar cycle variations will be seen on the TOA data and
to a lesser extent on the LBTOA data.

PURPOSE AND STRUCTURE OF THIS .EPORT

This report is an extension of the data presented in Reference 2. It is primarily
intended as a compilation of data gathered from May 1981 until mid-1985. The

purpose of this report is to summarize and present the data and some analysis from
the TOA and LBTOA experimentation. The report will contain examples of how the
data are processed, examples of different propagation phenomena, and a complete set
of TOA and LBTOA monthly average plots. While this report represents 4 years of
experimentation, the effort continues.

Initially, this entire effort was started to develop statistically significant numbers
on expe.cted iono,.pheric uncertainty. This has been accomplished to a degree

4
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I DEC 82
2047 UT
JJY 15 MHz

WWV 20 MHz

30 NOV 82
2205 UT
JJY 15 MHz

V.WV 20 MHz

Figure 3. WWV and JJY time standard "TIC" pulses.
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sufficient to allow HF geolocation system designers to know the constraints on the
time-sensitive systems, However, it turned out that the TOA and LBTOA systems
were highly sensitive ionospheric sensors, A new degree of temporal resolution is
achieved when the medium is probed at I-second intervals. Analysts have had the
opportunity to try different time integration intervals to achieve the highest resolution
in sensing ionospheric variation. The result is that a 2-minute integration time
provided the ionospheric "focal point," allowing detailed viewing of both slowly varying
and rapidly varying components of movement.

From this work emerges a picture of ionospheric movement that is very
nontraditional, The reader will have difficulty in reconciling the data presented in this
report and the traditional methods of typifying the ionospheric medium. It will be
seen that the ionosphere moves much more than originally thought, is much more
layered than is traditionally assumed, and has a very short temporal correlation period.
This report will probably generate more questions than it answers. This is intended.
The extensive databases developed under the TOA and LBTOA programs should be
scrutinized by the entire HF signals research community to derive the maximum use
of information.

DESCRIPTION OF THE DATA

Several types of data will be depicted in this report, Singular examples will be
used to illustrate certain phenomena. However. because one objective of this report is
to serve as a reference document, as much of the data as possible has been compiled
into monthly average plots for the period between May 1981 and February 1985; 113
monthly average plots have been derived from the TOA sensor. The remaining
portions of this section will be grouped according to sensor type.

ONE HOP TIME OF ARRIVAL (TOA) DATA

The data presented in this section consist of measurements of absolute
propagation time over a 1394 km path for HF radio signals between 2.5 and 20 MHz.
The signals originated from the National Bureau of Standards Time Standard Station,
WWV at Fort Collins, Colorado. and were received at Naval Ocean System Center,
San Diego.

The bases for the measurements are the once a seconW (1/sec) "TIC" pulses
present on the transmissions. These TICs correspond to 5 cycles of a 1-kHz tone
which are accurately controlled by a primary frequency standard, A primary frequency
standard is also maintained at the receiving site and the experimental procedure
consists of determining the TOA of these pulses with respect to the local absolute
second.

Primary detection of the 1/sec TIC is done first by recording the time in

microseconds, after the second peak occurs, in the AM detected signals. These were
accumulated, along with the time of day information, on magnetic tape, To minimize
extraneous data, the received signals are windowed about the expected propagation
time (4 to 12 milliseconds).

6



A threshold is used in the peak detection system so that only signals above a
certain level will be detected, This eliminates low level noise. However, the system
is still subject to high level noise. To reduce this problem, time averaging is used,
The times when peaks were detected were accumulated over 2-minute periods. This
creates enhancements in reoccurring events while random noise generally presents a
low level background, The averaged data were then processed by searching for peak
accumulations which matched the signature of the transmitted TIC. Figure 4 has
been included to show what makes up a typical 2-minute TOA sample. This is a
relatively stable 'example of 15-MHz signals and it is noted that the second-to-second
"wander" is contained within a 100-microsecond window. While this may seem
trivial, it should be kept in mind that a 10-microsecond error equates to an
approximate 1,5-nmi range error in geolocation systems, Figure 4 implies that in a 2-
minute period, the uncertainty in the emitter location due to ionospheric movement is
between 10-15 nautical miles. If the observed period is expanded to a 24-minute
interval, we can see the impact of sampling at 1-second intervals. Figure 5 shows a
plot of all the 15-MHz TIC pulses received during a 24-minute interval, This
"scatter-gram" shows the best-case (least) variability at about 25 microseconds, a
nominal value of 50 microseconds, and excursions of up to 100 microseconds,

For the first year of operation, the TOA sensor could only sample one frequency
at a time, The system would use two frequencies. normally 5 and 15 MHz, to
assure continuous TOA sensing throughout the day. In early 1983, the receiver
system was upgraded to provide microprocessor-controlled scanning. This allows 4
frequencies to be monitored sequentially, being revisited every 4 seconds, Figure 6
shows two days of four-frequency data, Here the 2-minute averages are plotted as a
function of time. The important feature to note in Figure 6 is how each frequency
(or more correctly the ionospheric control points) seems to vary almost independently
of each other, TOAs of approximately 4.8 milliseconds are E-region modes. Above
5,0 milliseconds, TOAs are from the F-region, A later section will discuss some of
these features in more detail. For now, it is only necessary to know that the TOA
data shown in Figure 6 are fairly typical. The 510-microsecond TOA shift in the 10-
MHz signal in Figure 6(a), between O00OUT and 0330UT equates to a range
uncertainty of approximately 75 nautical miles. The uncorrelated movement at
different reflection heights is illustrated in Figure 6(b) when 5, 10 and 15 MHz are
compared between 14 and 17 UT. The period between 19 UT and 24 UT shows the
same type of movement.

The principal product to be used for this report will be isometric population
plots showing monthly averages of TOA as a function of time of day and time of
arrival population, To achieve the desired monthly compilations, special processing
was used. The initial processing consisted of performing a cross correlation of the
TIC signature's 5-unit height events, spaced 1 millisecond apart: with the averaged
data over the windowed period. Peaks in this cross-correlation function then locates
areas within the average data which matches the TIC signature. For the significant
peaks, the mean of the leading accumulation of pulses was calculated along with a
count of the number of events which occurred within the pulse, If at least 10
percent of the expected events were within this pulse. TIC detection was assumed at
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a propagation delay time equal to the calculated mean. Subsequent peaks in the
cross-correlation function were examined in a like manner in case additional modes
were propagating at different delays with sufficient amplitude to be detected by this
system. The collection of 113 path months of these type data formed the basis for
the monthly averages discussed in the next section. Table I contains a complete
listing of the data to be presented.

Table 1. TOA DATA LISTING

(5/15 MHz)
SINGLE
CHANNEL 2.5 MHz 5.0 MHz 10 MHz 15 MHz 20 MHz

May 81 Feb 84 Apr 83 Jan 83 Apr 83 May 83
Jul 81 Mar 84 May 83 Feb 83 May 83 Jun 83

Aug 81 Apr 84 Jun 83 Apr 83 Jun 83 Jul 83
Oct 81 May 84 Jul 83 May 83 Jul 83 Aug 83
Nov 81 Jun 84 Aug 83 Jun 83 Aug 83 Sep 83
Dec 81 Jul 84 Sep 83 Jul 83 Sep 83 Oct 83
Jan 82 Aug 84 Oct 83 Aug 83 Oct 83
Feb 82 Sep 84 Nov 83 Sep 83 Nov 83
Mar 82 Oct 84 Dec 83 Oct 83 Dec 83
Apr 82 Nov 84 Jan 84 Nov 83 Jan 84

May 82 Dec 84 Feb 84 Dec 83 Feb 84
Jun 82 Jan 85 Mar 84 Jan 84 Mar 84
Jul 82 Feb 85 Apr 84 Feb 84 Apr 84

Aug 82 May 84 Mar 84 May 84
Sep 82 Jun 84 Apr 84 Jun 84
Oct 82 Jul 84 May 84 Jul 84
Nov 82 Aug 84 Jun 84 Aug 84
Dec 82 Sep 84 Jul 84 Sep 84
Jan 83 Oct 84 Aug 84 Oct 84
Feb 83 Nov 84 Sep 84 Nov 84
Mar 83 Nov 83 Dec 84 Oct 84 Dec 84

Dec 83 Jan 85 Nov 84 Jan 85
Feb 85 Dec 84 Feb 85

Jan 85
Feb 85

113 Monthly Average Plots
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DISCUSSION OF TOA DATABASE

The following section discusses the TOA database shown in Figures 7 through
122. The database spans data collected between May 1981 and February 1985. The
data collection has some minor gaps due to equipment problems and tape outages
which occurred overnight and weekends when the system was not attended. The
largest gap in the data was in 1981 when data for part of the month of August and
all of September were lost due to equipment problems.

The routine from May 1981 until early 1983 consisted of operation at 15 MHz
during daylight h and 5 MHz at night. In early 1983 the system was
reconfigured to me.,,',sr#. the delays for several frequencies sequentially, From that
point on, data were collected either at 2.5, 5.0, 10.0, and 15,0 MHz or 5,0, 10.0,
15,0, and 20.0 MHz depending on when the measurement was made in the solar
cycle. Therefore. the remaining discussion will look at the data blocked accordingly:

1, Bi-frequency May 1A81 - Apr 1983
2. 10 MHz Jan 1983 - Feb 1985
3. 15 MHz Apr 1983 - Feb 1985
4. 5 MHz Apr 1983 - Feb 1985
5. 2.5 MHz Feb 1984 - Feb 1985
6, 20 MHz May 1983 - Dec 1983

BI-FREQUENCY TOA DATA (FIGURES 7-27)

The most surprising aspect of the initial data collected for this program was the
regular existence of a night E-mode, This is not to be confused with sporadic E
(Es) which appears to peak in the May, June, and July months at the latitudes at
which the measurements were made. Between May 81 and May 82 the night E
mode remains although a gradual decline is noted, Regular E can be distinguished
from sporadic E by the standard deviation (oTD) of the TOA, Regular E will have
oTDs of 15-20 microseconds. Sporodic E will have about half that variation,

The impact of this findiog is that present ionospheric modeling does not weigh
the influence of E-region propagation heavy enough. Traditionally, the normal HF
propagation prediction program treats the E-layer (if it has one at all) as a simple
Chapman function layer that has a higher electron density at solar maximum than at
solar minimum and for the most part disappears at night, This later assumption
appears to be wrong. The winter months of November 1981 through February 1982
show that nighttime propagation (02-15UT) is a variety of E, F, and mixed modes
(see Figures 11-14). The typical spread in the TOAs is approximately 50
microseconds for E-modes and in excess of 100 microseconds if a singular F mode
can be identified. By the winter of 1982 the solar cycle had sufficiently declined from
a SSN of 125 in December 1981 to 80 in December 1982. The occurrence of night
E had also almost disappeared (Figures 23-26). From this, it is suspected that the
influence of the solar cycle on E region ionization is greater than originally thought
and HF prediction models will have to be revised accordingly.

12
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Figure 7, Hourly TOA averages May 1981 - WWV to NOSC.
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Figure 8. Hourly TOA averages Jul 1981 - VVWV to NOSC.
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Figure 10. Hourly TOA averages Oct 1981 - WWV to NOSC.
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Figure 12. Hourly TOA averages Dec 1981 - WVVV to NOSC,
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Figure 14. Hourly TOA averages Feb 1982 - WWV to NOSC.
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Figure 16. Hourly TOA averages Mapr 1982 - WWV to NOSC.
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Figure 17, Hourly TOA averages May 1982 - WWV to NOSC.
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Figure 18. Hourly TOA averages Jun 1982 - WWV to NOSC.
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Figure 19. Hourly TOA averages Jul 1982 - WWV to NOSC.
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Figure 20. Hourly TOA averages Aug 1982 - WWV to NOSC.
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Figure 22. Hourly TOA averages Oct 1982 - WWV to NOSC.
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Figure 23. Hourly TOA averages Nov 1982 - WWV to NOSC,
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Figure 24. Hourly TOA averages Dec 1982 -- WWVV to NOSC,
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Figure 26. Hourly TOA averages Feb 1983 -- WWNV to NOSO.
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Figure 27, Hourly TOA averages Mar 1983 - WWV to NOSC,

10-MHN TOA (FIGURES 28-52)

Of all the frequencies probed, the 30-meter signals were the most consistent and
productive, This single frequency channel has produced data from January 1983
(Figure 28) through February 1985 (Figure 52). Here again the reoccurrence of night
time E provided a major surprise. While its durability was somewhat of a surprise at
5 MHz in 1981 and 1982, its consistency on 10 MHz throughout 1983 and 1984 was
even more surprising, This indicates that f E (f E of 2-3 MHz) at night exists on
a routine basis. Most HF assessment systems b~ased on pure physics do not make
this provision which means night and sunrise transition estimates can be grossly in
error. Experience has shown this to be the case when the accuracy of PROPHET,
HFMUFES IV, and ITS-78 were being studied. Even in December 1984 when the
SSN had dropped to 36, the nighttime E still persisted.

The winter of 1983/84 (Figures 37-47) shows a precise, repeatable pattern of
solid night E and a stable daytime F-region mode, The E-region TOA spread is
approximately 50 microseconds while the F-region TOAs are distributed over 120
microseconds. Through February 1985, these trends persist. Throughout the entire
data set, the gradual decline due to solar cycle is evident. In 1983, a strong daytime
E mode is evident, blanketing F-region modes. In 1984, the E region dominance
weakened,
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Figure 28, Hourly TOA averages Jan 1983 -- WVW to NOSC,
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Figure 29, Hourly TOA averages Feb 1983 - WWV to NOSC.124
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Figure 31. Hourly TOA averages MAyr 1983 - WWV to NOSC.
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Figure 33. Hourly TOA averages Jul 1983 -WWV to NOSC.
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Figure 34. Hourly TOA averages Aug 19833 - WWV to NOSC.
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Figure 35, Hourly TOA averages Sep 1983 - WWV to NOSC.
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Figure 38. Hourly TOA averages Oct 11983 - VWW to NOSC.
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Figure 37. Hourly TOA averages Nov 1 983 - WWV to NOSO.
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Figure 39. Hourly TOA averages Jan 1984 - VWV to NOSC.
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Figure 40. Hourly TOA averages Feb 1984 -- WWV to NOSC.
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Figure 41. Hourly TOA averages Mar 1984 -- WWV to NOSC.
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Figure 43. Hourly TQA averages MAyr 1984 - WWV to NOSC.
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Figure 44. Hourly TOA averages Jul 1984 - WWV to NOSC.
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Figure 47. Hourly TOA averages Sep 1984 - WWV to NOSC.
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Figure 49. Hourly TOA averages NOvt 1 984 -WWV to NOSC.
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Figure 51. Hourly TOA averages ian 1985 - WWV to NOSC.
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Figure 52, Hourly TOA averages Feb 1985 - WWV to NOSC,

15-MHz TOA (FIGURES 53-76)

Probably the most dramatic demonstration of the solar decline is on the 15-MHz
channel, Initially, this frequency appears to be heavily influenced by E-region
propagation during night hours. This characteristic seems to decline through the solar
decline. Comparision of January 1984 (Figure 63) and January 1985 (Figure 75)
shows a decline in E propagation at night and a reduction of one hop F during the
day. F-region time delays appear to have a spread of uncertainty of 100-200
microseconds. The months of May through Septemper in both 1983 and 1984 show
a very high occurrence of daytime E. almost completely negating the influence of F-
region propagation. This trend was also seen in 1981 and 1982, Of all the
frequencies under test, 15-MHz data produced the most clearly defined database.
This is because only one-hop propagation could be sustained from the F-region most
of the time, The predominant E.-region mode was two hops,
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Figure 53, Hourly TOA averages Aug 1983 - WW*V to NOSC.
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Figure 54. Hourly TOA averages Sep 1983 WWV to NOSO.
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Figure 55. Hourly TOA averages NOvt 1983 -WWV to NOSC.
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Figure 58. Hourly TOA averages Nec 1983 - WWV to NOSC.
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Figure 59, Hourly TOA averages Apr 1983 - WVW to NOSC.
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Figure 60. Hourly TOA averages May 1 983 -- WWV to NOSC.
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Flgure 61, Hourly TOA averages Jun 1983 - WWV to NOSC,
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Figure 62. Hourly TOA averages Jul 1983 - WWV to NOSC.
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Figure 64. Hourly TOA averages Fon 1984 -- WWV to NOSC.
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Figure 66, Hourly TOA averages Apr 1984 -- WWV to NOSC.
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Figure 68. Hourly TOA averages Jun 1 984 - WWV to NOSC.
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Figure 70. HourlY TOA averages.Jul 1984 -WWV to NOSC.

6 12400A- A.



6

Figure 71. Hourly TOA averages Sep 1984 - WWV to NOSC.

4.5

Figure 72. Hourly TOA averages Oct 1934 - WWV to NOSC.
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Figure 73. Hourly TOA averages Dec 1 984 - WWV to NOSC.
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Figure 76. Hourly TOA averages Feb 1985 - WWV to NOSC,
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5.O..MHa TOA (FIGURES 77-991

While night E was not totally unexpected on 5 MHz, it was quite strong in the
early part of the test in 1983 and slowly declined through 1984, This indicates that
at solar maximum, the E-region is built up during the daylight hours and decays at a
slower rate after sunset than first thought, Careful observation of the 2983 data
shows the TOAs are from the same. layer, are much stronger and building throughout
daylight hours and decdying after sunset, From the data reviewed, it is hypothesized
that the E layers' recombination is more similiar to the F-region decay than originally
thought and has a much stronger dependence on the daily level of solar activity. The
data from 5 and 15 MHz both strongly support this hypothesis.
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Figure 78. Hourly TOA averages MAyr 1983 - WWV to NOSC.
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Figure 79, Hourly TOA averages Jun 1983 -WWV to NOSC.
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Figure 80, Hourly TOA averagesJul 1983 - WWV to NOSO.
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Figure 81, Hourly TOA averages Aug 1983 -. WWV to NOSC.
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Figure 82. Hourly TOA averages Sep 1 983 -- WWV to NOSO,
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Figure 83. Hourly TOA averages Oct 1983 - WVV/V to NOSC.
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Figure 84. Hourly TOA averages Nov 1983 - WWVI to NOSC.
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Figure 85, Hourly TOA averages Dec 1983 - WWV to NOSC.

Figure 86. Hourly TOA averages Jan 1984 -- WWV to NOSC.
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Figure 87. Hourly TOA averages Mar 1984 - WWVV to NOSC.
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Figure 890. Hourly TOA averages MAyr 1984 - WWV to NOSC.
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Figure 92. Hourly TOA averages Aup 1984 - WWV to NOSC.
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Figure 94. Hourly TOA averages Jul 1984 - WWVV to NOSC.
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Figure 96. Hourly TOA averages NOvt 1984 - WWV to NOSC.
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Figure 98. Hourly TOA averages Jan 1985 -~ WWV to NOSC.
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Figure 99. Hourly TOA averages Feb 1985 - WWV to NOSC.

The F-region propagation on 5 MHz is only seen at night and is very dispersed,
In the winter and spring months where there are both F and E modes at nignt,
TOAs can be spread over a half millisecond (500 microseconds).

2.5-MHz TOA (FIGURES 100-112)

In early 1984, 20-MHz signal reliability had declined so badly that it was
replaced with signals from the 2.5-MHz WWV transmission, Because of absorption at
these frequencies, the 20-MHz signal is a difficult frequency to use. However, in
February 1984. the new TOA system started producing good measurement results.
The 2.5 MHz signal is strictly a night frequency which simple physics will tell a user
the results will primarily use the E-region. As can be seen from the Figures 102-114,
the TOA data are primarily E but are spread out to approximately 100 microseconds.

The other observation from these data is that whatever steep incidence F-region
propagation exists is badly scattered and diminishes through 1984. As would be
expected, there is no daytime propagation on 2,5 MHz. Further, it is expected that
time-sensitive systems operating in this part of the HF spectrum will have a severe
signal-to-noise problem.
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Figure 100. Hourly TOA averages Feb 1984. WWV to NOSC.
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Figure 101 Hourly TOA averages Mar 1984 - WWV to NOSC.
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Figure 103. Hourly TOA averages MAyr 1984 - WWV to NOSC.
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1 Figure 104. Hourly TOA averages Jun 1984 - WWVV to NOSC.
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Figure 105. Hourly 1 QA averages Jul 1984 - WWV to NOSC.
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Figure 107. Hourly TOA averages Sup 1984 - WWV to NOSC.
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Figure 109. Hourly TOA averages NOvt 1984 -- WWV to NOSC,
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Figure 110. Hourly -1OA averages Jan 1985 - WWV to NOSC.
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Figure 112, Hourly TOA averages Feb 1985 - WWV to NOSC,

20-MHz TOA (FIGURES 113-120)

The separate 20-MHz channel was in operation only between May and December
1983. This frequency is a bit high for the short path between Fort Collins and SanDiego, and the solar decline eventually negated its usefulness. The only modes seen
were daytime F and seasonal sporadic E. Of all the data reviewed so far, 20 MHz

was the only one tc produce no surprises.
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Figure 114. Hourly TOA averages Jun 1983 - WWV to NOSC,
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Figure I11 . Hourly TOA averages Jul 1983 - VWW to NOSC.
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Figure 116. Hourly TOA averages Aug 1983 WWVV to NOSC.
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Figure 118. Hourly TOA averages Oct 1983 - WWV to NOISC.
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GENERAL COMMENTS

It is not the intention of this report to -exhaustively examine every figure
presented. Its objective is to report certain trends and the ramifications of the
findings. It is felt that others in the community will also scrutinize the data and
reach other conclusions, further exploiting these data, To further this cause, Appendix
A contains the hourly average TOA and its standard deviation for the years of 1983and 1934, This should provide HF time-sensitive geolocation system engineers with

the data needed to bound the potential accuracy of a proposed system. At best
what we see is a best case uncertainty of approximately 25 microseconds, a nominal
range of 75-100 microseconds, and the worst case showing 200- to 500-microsecond
uncertainty. This is all seen on a supposedly well behaved, medium-range, mid-
latitude, north-south path.

The most important result from this experiment is that the TOA sensor has
proven to be a sensitive ionospheric sensor, especially with respect to Ionospheric
movement, The short range experiment has proven to provide extremely high
resolution data and has shown the correlation time of a single ionospheric
measurement at about 2 minutes, It has shown that the ionospheric medium is more
stratified and volatile than traditionally thought.

LONG BASELINE TIME OF ARRIVAL (LBTOA) DATA

The NOSC Long Baseline Time of Arrival (LBTOA) experiment was installed at
the Naval Security Group Activity, Wahiawa, Hawaii, on 4 October 1983. This
experiment was designed to measure the TIC signals from WWV, Fort Collins,
Colorado, and JJY Tokyo, Japan. Figure 121 shows the test configuration.

A extensive hearability study was conducted in November - December 1982.
The current LBTOA design was based on these studies. The heart of the LBTOA
system is the Kenwood R2000 receiver which is controlled by an 8086 microprocessor.
The frequency to be monitored and the exact time window of the signal to be looked
at is controlled by this microcomputer, The system is slaved to a cesium beam
primary standara.

The LBTOA system uses two 16-.degree beamwidth sectors form the FRD-IOA
CDAA antenna system, One is pointed at WWV and the other at JJY, Experience
with this antenna has shown that it has more than enough rejection to eliminate co-
channel interference, For example, both JJY and WWV can be monitored on 15 MHz
without the signals interfering with one another,

The experiment consists of monitoring first WWV and then JJY in succession
each second. The time gates for each are opened at preprogrammed tirnes, This
allows the desired signal to be measured and the unwanted time standard signals

which have different and known TOAs to be rejected, The most troublesome
interfering signals are BSF, Taipei. Formosa, and the RID and RIB Soviet Time
Standard Stations on 10 and 15 MHz. Time-gating also eliminates noise from
contaminating the experiment, In addition, a signal recognition module was built into
the system. The system performed satisfactorily between October 1905 and August
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1985, when Hawaiian operations were discontinued. New priorities dictated the
system's redeployment sometime in late 1985.

DISCUSSION OF THE DATA

Compared to the short range TOA data, the LBTOA sensor has produced some
startling results. Reference 3 provided a discussion of some of the phenomena
observed. Basically, that report showed ionospheric uncertainties are best described as
range errors of 15-30 nautical miles at two-hop ranges. The modal structure
described in that reference has persisted throughout the experiment. Progagation
between Colorado and Hawaii is predominately two- and three-hop modes from the F-
region. To insure continued measurements, the LBTOA sensor used split frequencies
for day and night. These were

(a) Colorado to Hawaii, 20 MHz Day/10 MHz Night
(b) Japan to Hawaii, 15 MHz Day/8 MHz Night

The path between Japan and Hawaii has not produced the quality of data
desired. The hearability tests conducted in 1983 indicated JJY signals to be very
strong. However, by the time the LBTOA was deployed in 1984, JJY signals were
not as consistent or strong. This was attributed to the solar decline because
propagation in general in early 1984 showed strong solar mimimum tendencies.
However. in September 1984. a hard crash was experienced in the cesium beam clock.
While this was undergoing repair. the entire LBTOA was rehabilitated.

During this service cycle, a malfunctioning multicoupler was found in the 16-
degree beam pointed at JJY. This was repaired and JJY signals significantly
improved. By November 1984. the realignment was completed and strong JJY signals
were monitored. For these reasons, the JJY data recorded prior to November 1984 arenot of the same quality as those col!ected after that date,

The LBTOA data discussed in this report consist of the isometric monthly
average plots listed in Table 2. The objective of these studies is to identify
ionospheric variations that are not easily predictable nor mitigated. These are the
primary accuracy constraints on geolocation systems. The subsequent discussions will
first review results from WWV signal studies; then present analysis of JJY signals;
and finally review coincident signals to do crude time-difference-of-arrival studies.
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Table 2. LBTOA Listing

(Monthly Averages)

WWV To Hawaii JJY To Hawaii

Mar 84 Mar 84
Apr 84 Apr 84
May 84 Jul 84
Jun 84 Aug 84
Jul 84 Oct 84
Aug 84 Nov 84
Sep 84 Dec 84
Oct 84 Jan 85
Nov 84 Feb 85
Dec 84 Mar 85
Jan 85 Apr 85
Feb 85 May 85
Mar 85
Apr 85
May 85

Time Differences

JJY-WWV (Measured in Hawaii)

Nov 84 Mar 85
Dec 84 Apr 85
Jan 85 May 85
Feb 85

33 Monthly Average Sets

Each hourly average represents approximately 54.000 TIC pulse samples. When
a population of this size is plotted as a function of TOA. certain features appear.
Each peak in occurrence represents a different propagation mode or a permutation of
that mode. For the example shown in Figure 122, different configurations are shown
for each mode. It is a basic fact that the more times a signal interacts with the
ionosphere. the greater the amount of variation in the signal TOA, A two-hop mode
has only two control points which interact with a lower part of the ionosphere. The
three hop signal is steeper incidence, is refracted higher in the ionosphere, and
therefore, is subject to a larger number of variations. The example shown in Figure
122 depicts two different multiple-hop configurations which can be due to variety of
reasons Irrespective of the exact cau-• of each peak. the real concern is the amount
of uncertainty introduced into the TOA measurement. The WWV LBTOA show a high
level of variation in the model mix that can exist over paths that are longer than
£000 km. One fundamental question to be addressea was
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whether 1 DOA systems were feasible over paths greater than one hop. Could
ionospheric uncertainties be either predicted and/or mitigated sufficiently to perform
HF geolocation at these ranges? In order to answer this question, the subsequent
discussions will deal with how widely spread the TOA population is in each hourly
average. It is to be remembered that each hourly average can consist of upwards of
54,000 samples,

WWV LB1'OA DATA

There are 14 months of WWV LBTOA data. The month of September was
lost due to system malfunction, The data for the month of August were badly
degraded due to standard instability. Some October data were lost as the system
was being brought back on line and calibrated. Figure 123 shows two typical days of
LBTOA measurements from WWV transmissions. Each small dot Is a 2-minute
average. The rapidly and slowly varying components of the TOA are discussed in
Reference 3.

The 10.-MHz night frequency produced fewer discrete modal populations and a
more singular widely spread distribution. Ten MHz at night, at high solar cycle, is
somewhat like an HF wave guide which will support many different modes of
propagation, As solar minimum approaches, the ionosphere weakens and fewer modes
can be sustained, In March 1984 (Figure 124), a typical hourly TOA average spread
(04UT) is 2 milliseconds with the major part of the population concentrated in I
millisecond. This equates to an approximate 150-nautical-mile range uncertainty,
Eleven months later, in February 1985, this spread appears to be about halved,

The use of 20 MHz as the daytime frequency for this test provided a situation
where the two-hop mode was predominant. As solar decline continued, the 'OA
characteristics became more consistent, Some evidence of E region intervention is
seen in March 1984 (the modes at 17.0 milliseconds starting at 17 UT). It is
doubtful that these are pure multiple E but more likely M and N mode permutations.
The primary mode is the two-hop F2 mode arriving at 18 milliseconds. Three-hop F2
mode can also exist on this path, although i-s probability of occurrence is less than
the two-hop mode.

In cases where the daytime TOA populations have multiple peaks, then both the
two and three-hop F2 modes exist. March 1984 (Figure 124) and July 1984 (Figure
128) are good examples of this. Here the TOA uncertainty is between 500 and 750
microseconds and in most cases, the probability of occurrence is about equal. As
solar activity declined, the ionosphere became less ionized and not capable of
sustaining the steeper incidence three-hop F2 mode. The results were a very
consistent unimodal two-hop F2 mode TOA. November 1984 (Figure 131) and
February 1985 (Figure 134) are good examples. In these cases the TOA uncertainty
is 250 to 400 microseconds centered around 19 milliseconds. This is approximately a
38- to 60-nautical-mile range uncertainty. From the long baseline data reviewed thus
far, the daylight hours (17- 02UT) of November 1984, December 1984, and February
1985 represent about the best TOA stability that cculd be expected on paths longer
than one hop.
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JJY LBTOA DATA

Since the inception of the LBTOA, the JJY-to.-Hawaii measLurement has provided
only "snapshots" of propagation and not the consistent hour-to-hour path hearability
need to develop the monthly average plots. Reference 3 describes the results from
studying the daily plots.

Until the renovation of the system in September and October 1984, very little
useful data were collected on the 8-MHz nighttime frequency. The 15 MHz daytime
(20-05 UT) frequency displayed a very erratic, multimode propagation path: three-,
four-, and five-hop modes of propagation were spread from 750 to 1000 microsecond
TOAs. This is best seen in November 1984, December 1984. January 1985, and
February 1985, Figures 143, 144, 145. and 146 respectively, Although it takes
another year of data on this path to develop meaningful monthly averages for this
6163-km path, the data characteristic appears typical of long path multimode
propagation.

In November 1984, a repaired multicoupler allowed the system to start producing
more meaningful data on the nighttime (05-18 UT) frequency. The result was
multiple mode propagation spread across 1.5-millisecond TOAs. Each hourly average
at 8 MHz displays several TOA population peaks although none are dominant. Also
the apparent shift in TOA between December 1984 (Figure 144) and January 1985
(Figure 145) is an artifact of the cesium standard realignment,

DIFFERENTIAL TOA

Because this entire effort was motivated by questions arising on just how
accurate a skywave TDOA system could be, a simple time. difference comparison was
performed on the JJY and WWV signals. Because at any instant, the precise mode
of propagation was not known, it was not possible to calculate an actual TDOA line
of position, This is an absolute requirement for an operational TDOA system.
However, the plots shown in Figures 150 through 156 do represent the spread of
TOA difference population a system designer would be faced with over long baselines,
As was presented in Reference 3, multimodal conditions are difficult to deal with in
that the propagation path switches between modes in an almost random manner.
Therefore, the TDOA populations shown in Figures 150-156, do show how much
uncertainty does exist over long baselines. The daylight hours between 19UT and
24UT show the unly real peaks in the population distribution. The population spread
at 21UT varie', between 750 microseconds in January 1985 to 1300 microseconds in
November 1984. Nighttime values range between 1200-1500 microseconds. The data
in Figures 150-156 depict the range of variability that must be mitigated in long
baselihe TDOA systems.
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Figure 125. Hourly TOA averages Mapr 1984 - WWVV to Hawaii.
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Figure 127. Hourly TOA averages Mayg 1984- WVW to Hawaii.
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TOA 10 M1*42-17-0 UT

Figure 128. Hourly TOA averages Jul 1984 - WWV to Hawaii.
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Figure 129. Hourly TOA averages Aug 1984 -WWV v~ Hawaii.
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Figure 131. Hourly TOA averages NOvt 1984 -- VWV to Hawaii.
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Figure 1 32, Hourly TOA averages Dec 1984 - WWVV to Hawall.
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Figure 134, Hourly TOA averages Ieb 1985 - WWV to Hawaii.
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Figure 137. Hourly TOA averages MAyr 1985 - WWV to Hawaii.

V 87

144 ''



at5 MHZe U0-0 U

TOA 8 MHZ 05-20 UT

Figure 139. Hourly LBTOA averages Mapr 1984 - Japan to Hiawaii.
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Figure 141. Hourly LBTOA averages Aug 1984 - Japan to Hawaii.
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Figure 144. Hourly LBTOA averages Dec 1984 - Japan to Hawaii,

2Luse

Figure 145. Hourly LBTOA averages Jan 1985 - .Jnpan to HawOI.
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Figure 147. Hourly LBTOA averages Mar 1985 - Japan to Hawaii.
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TOA 8 MHZ 05-20 UT

Figure 148. Hourly LBTOA averages Apr 1985 - Japan to Hawaii.
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Figure 149. Hourly LBTOA averages May 1985 - Japan to Hawaii.
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Figure 151. Hourly TOA averages Dec 1984.
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Figure 152. Hourly TOA averages Feb 1985,

Figure 153. Hourly TOA averages Jan 1985.
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Figure 155. Hourly TOA averages Mapr 1985.
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Figure 156. Hourly TOA averages May 1985,

CONCLUSION

It was the intention of this report to present a substantial amount of skywave
HF TOA data for review by the HF propagation research community, The sensitivity
and durability of the sensing hardware exceeded the expectations of the developers
and data analysts, The cost of hardware was extremely cost effective with both the
TOA and LBTOA systems costing less than $25k to construct, deploy, and operate,
The technical objective of quantifying the range of ionospheric uncertainty that could
be expected on a skywave time sensitive system is continuing to be met as new
analysis is performed. Thus far this has been a successful experiment.

This conclusion section is not meant to be exhaustive because analysis is still
underway. It will highlight those areas where some judgment has been made and
present new concepts based on observations. It is expected that the subsequent

comment will "trigger" new ideas, approaches, ways to interpret the data, and even
controversy, This is acceptable ard even desirable if the subsequent dialogue moves
ionospheric sciences forward.
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The most significant observation made during the analysis thus far is that the
ionosphere is much more volatile with respect to time sensitive systems than first
thought. This is the consensus of NOSC scientists after viewing both the TOA and
LBTOA results. It is generally concluded that the ionospheric layer is

a. more stratified as evidence by the simultaneous multifrequency
measurements.

b. constantly moving in all directions and these movements are not
necessarily correlated, Further, traditional approaches to ionospheric
predictions do not account for the amount of observed variability,

There is a higher incidence of night E than thought earlier. It is also tightly
related to solar cycle activity, Current prediction systems do not account for this
during dark hours,

In cases where there are multiple modes of propagation, the receiving sensor has
an almost equal probability of seeing one or the other or both, This switching
between modes appears to be almost random and is a very common occurrence.

After much experimentation in averaging or time integrating the "TIC" pulse
data it was determined that 2-minute averages produced the greatest resolution in
interpeting TOA data, It was also learned that the correlation between one 2-minute
average to the next was very poor. Based on previous 2-rninute averages, it was
virtually impossible to tell which direction the next 2-minute average would move and
by how much, This puts Into question tables of coefficients which are based on
single hourly Vertical lonosonde Sounder (VIS) measurements which are used to typify
tha. hour, These tables of coefficients are the basis of most traditional HF prediction
programs. It is obvious now that a single measurement made once an hour does not
provide a valid representation of the entire 60-minute period.

Because of the amount of data collected and presented, it is difficult to reduce
the aggregate into a few simple conclusions, Tables 3 and 4 provide estimates for the
short and long baseline testing. Range uncertainties are based on 1.5 nautical miles
for each 10 microseconds of error. This is an optimistic estimate based on tests

* conducted during the CLASSIC NABLA TDOA program in 1976.

These numbers provide a first estimate of the level of uncertainty introduced
into a skywave time measurement. It indicates that TDOA is only realistic at ranges
inside one hop and on frequencies that will sustain only one or two modes of
propagation Further the user must be able to positively identify which mode the
TDOA measurement was made on.

The results thus far on the short range system are consistent with real world
TDOA data collected during Classic Toad, Reference 4.
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RErOMMENDATIONS

1. Continue both TOA and LBTOA sensors operations. Further investigate
new path configurations for the I.BTOA.

2. Provide additional support in the analysis and dissemination of the data.

Table 3. Short Range TOA/Range Uncertainties

Level Typical TOA (msec) Range Uncertainty (nmi)
Population

Best Observed 25 4
Nominal 75-100 12-15
Worst 200-500 30-75

Table 4, Long Baseline TOA/Range Uncertainties

"Path Typical TOA Range Uncertainty (nmi)
Population

JJY (8 MHz) NITE 1500 225
JJY (15 MHz) DAY 750 100
WWV (10 MHz) NITE 1000 150
WWV (20 MHz) DAY 250 38
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Appendix A

F and E Region Mean Time of Arrivals and Standard Deviations

1983 and 1984

All Times are in Microseconds
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