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EXECUTIVE SUMMARY

OBJECTIVES
Verify high-frequency (HF) models for prediction of signal strength, signal-to-noise ratio,

and circuit reliability. Derive mode! of the short-term variability of signal strength.

METHOD

Establish a transmission path for making high time resolution measurements of received
power and transmission loss. Use collected data to verify current models and develop new
models.

RESULTS

A transmission circuit was established between Forsyth, Montana, and Imperial Beach.,
California. Transmitting and receiving systems were designed and built. Software was developed
for computer control of both transmitting and receiving systems. Measurements of received
power at three selected frequencies in the HF band was begun in late December 1993.
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INTRODUCTION

In December 1993, a high-frequency (HF) propagation circuit was established between the
Air Force Vananda Radar Site near Forsyth, Montana, and the Naval Radio Receiving Facility in
Imperial Beach, California, for the purpose of making high time resolution measurements of HF
skywave received power. The data collected from this effort will be used to test the accuracy of
median propagation model predictions and to quantify the level of short-term variations of
received power to improve current and future models of short-term variability.

This report describes the data collection system being used to measure the HF received
power, and it presents examples of the measured data. A future report will describe the data anal-
ysis procedures and compare the measured data with the predictions.

The choice of the Montana-to-California circuit was driven by two main requirements for
this measurement effort. The first requirement was that the receiver be located near the site of
the Naval Command, Control and Ocean Surveillance Center, Research, Development, Test and
Evaluation Division (NRaD) in San Diego, California. A high time resolution measurement,
such as the one being done in this effort, produces a large amount of data that can quickly fill a
data storage device. It is thus necessary that personnel be available to routinely change final data
storage media. Routine maintenance of the receive site equipment also requires the availability
of personnel. Because the Imperial Beach site (32' 36' 18" N, 1170 7' 42" W) is approximately
20 miles south of the NRaD site, these routine functions can easily be accomplished by NRaD
personnel.

A more important requirement for the chosen circuit is that a vertical incidence (VI) sounder
be located near the mid-point of the path. True electron density height profiles derived from
ionograms taken by the VI sounder will be used to define the state of the ionosphere during a
measurement period. Take-off and receive angles will be determined for each propagating mode
by ray-tracing through the defined ionosphere. These angles will then be used to determine path
antenna gain for each mode.

The vertical sounder, owned by Utah State University and operated at their Bear Lake
research facility as part of another project at NRaD, is producing ionograms on a schedule that is
compatible with the requirements of this effort. To take advantage of that vertical sounder for
this project, the Vananda site (46 21" 14" N, 1070 0' 23" W) was chosen as the transmitter site,
since the Bear Lake facility is approximately mid-way between Vananda and Imperial Beach.
The orientation of the path is shown in figure 1.

The chosen circuit, which is approximately 1770 km long, is somewhat longer than origi-
nally intended. A circuit of 1000 km or less would be desirable in making an assumption of ion-
ospheric uniformity when analyzing the data; however, the lack of a vertical sounder closer to
the Imperial Beach site forced the selection of the path of figure 1.

Three measurement frequencies were chosen for this experiment: 3.35 MHz. 7.8 MHz, and
14.4 MHz. The frequencies were selected so that one frequency (3.35 MHz) would be available
during the nighttime hours, one frequency (14.4 MHz) would be available during the daytime,
and the third frequency (7.8 MHz) would be available both day and night. These assumptions of
availability proved to be approximately correct in the data collected to date.
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Figure 1. Relative locations of the transmitter site (Vananda), receiver site (Imperial Beach), and
approximate path mid-point (Salt Lake City).

TRANSMITTING SYSTEM

A block diagram of the transmission system located in Montana is shown in figure 2. Four
vertical monopole antennas have been erected at the site, an approximately 1/4-wavelength
antenna (including a 1/4-wavelength, 50-wire radial ground plane) for each of the three transmis-
sion frequencies, and a 32-foot antenna for the oblique sounder system that is also deployed on
the path.

The 1/4-wavelength antennas are connected via low-loss coaxial cable to the output of an
ICOM EX-627 antenna switch, which is connected to the output of a 150-watt (51.76 dBm)
ICOM 781 transceiver, which also provides frequency switching for antenna selection (see figure
2). The ICOM 781 also provides automatic tuning of the transmission system to produce mini-
mum VSWR for each frequency. Computer control for the system is provided by a 486-class PC
that is connected to the transmitter via an RS-232 serial connection to an ICOM communications
interface. Figure 2 shows a 500-watt ICOM 4KL amplifier connected to the output of the trans-
ceiver. This amplifier was removed from the transmission system shortly after data collection
started in order to simplify the system and improve reliability.
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Figure 2. Transmitter system.

Timing for the experiment is provided by an ob!ique chirp sounder system, which is also
deployed on the propagation path. Every 5 minutes, the chirp sounder transmits a 10-watt
(40 dBm) signal swept from 2 MHz to 16 MHz, at a rate of 50 kHz/s. The sounder transmitter
clock provides timing for the system via an RS-232 serial connection to the computer. The
sounder transmission is received at Imperial Beach by an oblique sounder receiver which is syn-
chronous with the tLansmitter to within 1 second.

The transmission schedule for the system is shown in figure 3. The top graph in this figure
shows the chirped transmission of the oblique sounder transmitter. A complete sweep from 2
MHz to 16 MHz takes 4 minutes and 40 seconds (280 seconds). The bottom graph in figure 3
shows the power transmitted from the ICOM transceiver/amplifier as a function of time during
one sweep of the sounder transmitter. One second after the sounder has swept through one of the
three measurement frequencies, the ICOM trarsmits that frequency for 15 seconds. This process
repeats every 5 minutes for a total of 288 measurement periods for each frequency per day. The
offset start time for the sounder is 0 minutes and 15 seconds.

The heights of the transmit antennas at the Montana site were not adjusted for exact
1/4-wavelength resonance. However, since the initial VSWR for each antenna was less than 2.0
for the selected frequency, the internal tuning network of the ICOM 781 was able to match the
transmitter at each frequency for maximum power transfer consequently, the input power to each
antenna is 150 watts (51.76 dBm) as measured by the ICOM 781. A BIRD Model 4221 RF
Power Meter was used to calibrate the ICOM for this measurement by using a standard 50-ohm
load. The total system loss at the Montana transmitter site for each frequency is shown in table 1.
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Table 1. Transmitter system losses

Antenna Impedance, Antenna Cable Cable Total
Frequ•,,y, ohms Match, Length, Loss, Loss.

>'iz dB ft dB dB

3.35 24.6 0.2 158 0.2 0.4

7.8 33.8 0.2 160 0.5 0.7

14.4 32.5 0.2 166 0.8 H.()

RECEIVING SYSTEM

A block diagram of the receiver system, located at the Naval Radio Receiving Facility in
Imperial Beach. California, is shown in figure 4. The antenna configuration at the receive site
matches that at the transmission site, with one 1/4-wavelength vertical monopole antenna for
each of the three transmission frequencies, and a 32-foot vertical antenna for the chirp sou:"der
receiver.

.35 MHZ 7 .8 MHZ 14.4 MHZ
77 fI 29 ft 17 ft

CABLE CABLE
IF RS-223

HP VHF BR SOUNDER

DATA TIMING

BAND

SELECT AMPLIFIER

IFREQ/MODF RS"-232

SPECTRUIM SELECT ••

GP-1B ANALYZER GP-IB OPUE

Figure 4. Receiver system.

The 1/4-wavelength antennas are each erected over a ground plane consisting of 50
1/4-wavelength-long ground wires which are equally spaced in a radial pattern around the
antenna base. The relative dielectric constant of the ground at the Imperial Beach site is esti-
mated to be approximately 10, and the conductivity is approximately 0.002 mhoim.
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Each antenna is connected to an HP VHF antenna switch via RG-223 double-shielded coax-
ial cable. The 3.35-MHz antenna also has a narrowband filter between the antenna and the HP
VHF switch to remove some of the low-frequency man-made noise observed at the site. The out-
put of the VHF switch is connected to a pair of preamplifiers (I I dB each, 22 dB total), which
are connected to an HP-8566b spectrum analyzer. The preamplifiers are required to boost the
external noise to a level that exceeds the internal noise level of the spectrum analyzer. They also
act as a 'fuse' to protect the spectrum analyzer from the occasional strong noise bursts observed
at the site.

The receiver system is controlled by , GP-IB cable connection between the VHF switch, the
spectrum analyzer, and the controlling computer. Timing is provided by an RS-232 cable con-
nection between the computer and the oblique sounder receiver, which maintains synchroniza-
tion with the sounder transmitter in Montana, as previously described.

At the receiver site, the height of the 7.8-MHz and 14.4-MHz antennas was adjusted to near
resonance: however, the size of the 3.35-MHz antenna made adjustment impractical. An HP
8593A network analyzer was used to measure the input imptdance as a function of frequency for
each antenna. Smith Chart plots. figures 5 through 7, show the results of the measurements for
3.35 MHz. 7.8 MHz. and 14.4 MHz, respectively The measured impedances are also listed in
table 2.

The receiver site mismatch losses were computed using the measured antenna input imped-
ances and the 50-ohm coaxial cable impedance. The loss of the RG-223 double-shielded coaxial
cable was computed based on physical cable length for each frequency. The combined losses for
each frequency are shown in table 2. Note that the 3.35-MHz antenna also has additional inser-
tion loss from the filter mentioned above.

J..1 39, CB 0Co,--/" \.. " " • .•' \-- . "1 426 naMA.KER 3 3. -7a2 M=

, ",.-'98.7;2 7 1M

.--"-.. 3•'352 MHz

Spp

N

/ "-N

Figure 5. Smith Chart showing input impedance of antenna for 3.35-MHz signal (Marker 2).
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Figure 7. Smith Chart showing input impedance of antenna for 74.8-MHz signal (Marker 1).

c '- R E .. / N ,7 "-..

/ , \ '\ . -7'-. x

I r~~ ;/ ' "-_". . ,

\ \ \ " .. , , //

Figure 7. Smith Chart showing input impedance of antenna for 14.4-MHz signal (Marker 1).
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"Table 2. Receive site antenna and system losses.

Antenna Measured Antenna Cable Cable Fiiter Total Loss.
Frequency, Impedance, Match, Length, Loss, Loss, dB

MHz ohms dB ft dB JB

3.35 24.6-i38.7 1.6 147 1.0 3.0 5.6

7.8 33.8+iO.01 0.2 107 1.2 0.0 1.4

14.4 32.5+iO.06 0.2 64 1.0 0.0 1.2

MEASUREMENTS

As mentioned, timing for the measurement system is provided by the obiique sounder system
deployed on the circuit. A measurement cycle begins with the start of a sweep on the sounder
system. The controlling computer at the transmit site continuously monitors the clock on the
oblique sounder transmitter. At the start of a sweep, the computer begins to count seconds until
the first of the three frequencies is to be transmitted. One second after the lowest measurement
frequency (3.35 MHz) is transmitted by the sounder, the computer remotely tunes the ICOM to
that frequency and begins CW transmission of the lowest frequency for 15 seconds. At the end
of this period, the computer resets the ICOM to USB mode, effectively stopping transmission.
The computer then resumes counting seconds until I second after the next transmission fre-
quency (7.8 MHz) is sent. At that time, the ICOM is tuned to the second frequency and CW
transmission begins at that frequency for 15 seconds. The computer then resets the ICOM to
USB mode and the process is repeated for the final measurement frequency (14.4 MHz). At the
end of a sweep, the computer again begins to monitor the sounder clock for the beginning of the
next sweep, at which time the process is repeated.

On the receive end, timing is provided by the sounder receiver, which maintains time syn-
chronism with the sounder transmitter to within 1 second. Again, the controlling computer con-
tinuously monitors the clock on the sounder receiver until a sweep begins. Fifteen seconds
before the lowest measurement frequency is to be transmitted by the ICOM transmitter. the com-
puter remotely selects the antenna for that frequency, tunes the spectrum analyzer to that fre-
quency, and begins to measure the local noise environment. This measurement continues for 30
seconds, the last 15 of which the transmitter in Montana is transmitting on that frequency. At the
end of 30 seconds, 1000 data samples are written to a data file on the controlling computer and
the c, ýputer resumes monitoring the sounder clock. Fifteen seconds before the next frequency is
to be transmitted, the antenna for that frequency is selected and the spectrum analyzer begins
monitoring at that frequency for 30 seconds. At the end of that period, data are again written to a
data file on the computer and the process is repeated for the last frequency. At the end of a
sweep, the computer again goes into its clock-monitoring mode until the next sweep begins.

This process is repeated every 5 minutes throughout the day, resulting in 288 data measure-
ment periods each day. The sounder receiver readjusts its sweep start time after each sweep to
insure that time synchronism is maintained with the renmotc transmitter.

At the end of each sweep, the sounder receiver is polled for mode information from that
sweep. This information, which consists of the propagating frequency band for each mode

8



detected on the ionogram, is also written to the data file on the controlling computer. A second
sounder receiver which produces printed copies of the entire oblique ionogram is also available
for periodic verification of the mode data.

For each 5-minute period, the data set consists of 15 seconds of measured noise power, fol-
lowed by 15 seconds of measured (signal plus noise) power, at each of the three frequencies. In
addition, the propagating mode structure for each frequency (taken I second before the data
measurement) is available for each frequency.

DATA SAMPLES

Figures 8 through 13 provide examples of the measured data. Figures 8 through 10 show the
received power at each frequency for the sweep, which began at 00:20:15 PST, on January 1,
1994. Figures 11 through 13 show similar data for the sweep, which began at 12:00:15 PST. on
the same day. Both sets of plots show received power in dBm (decibels relative to a milliwatt).
Data shown in all figures in this section were obtained when the 500-watt amplifier was still in
use at the Montana transmitting site. As explained previously, this amplifier has since been
removed from the transmission system,

Figures 8 and 9 clearly show the effect of the transmitted signal on received power for 3.35
MHz and 7.8 MHz. In each case, the received power increases by approximately 30 dBm when
the Montana site begins transmission. Figure 10 shows that very little signal is received at 14.4
MHz. This is to be expected since these data were obtained shortly after local midnight when the
ionosphere is depleted and cannot support propagation at the higher frequency.

Figures 11 through 13 show examples of data collected near local noon, and the opposite fre-
quency effects are noted. In this case, the lowest frequency signal, shown in figure 11, is almost
completely absorbed in the lower ionosphere and the resulting received power is extremely low.
Figure 12 shows that a signal of over 30 dBm is received at 7.8 MHz. At the highest frequency,
figure 13 shows a very strong signal, approximately 50 dBm.

It should be stressed that the data examples shown in figures 8 through 13 have not been cor-
rected for the gains and losses introduced by the transmitting and receiving systems as detailed
above. These figures simply show the raw received data as observed on the spectrum analyzer.

The oblique ionograms taken during the measurement periods of the data shown in figures 8
through 13 are shown in figure 14. Figure 14a is the oblique ionogram generated during the
sweep which began at 00:20:15 PST on 1 January 1994, corresponding to the data shown in fig-
ures 8 through 10. Figure 14b, taken on the same day during the sweep that began at 12:00:15
PST, corresponds to the data of figures 11 through 13.

The data in figure 8 show quasiperiodic fades of 15 dBm thioughout the 15 second noise
collection period. Assuming that the noise is predominantly locally generated, the fluctuations in
the received power in the final 15 seconds are likely due to the same source. However, figure 14a
shows that multiple modes were propagating at 3.35 MHz, which may have produced some
intermodal fading of the signal during this period.
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The fading of the signal in the final 15 seconds shown in figure 9 is somewhat different than
that seen in the noise measurements of the first 15 seconds. The noise again shows a quasiperi-
odic variation, likely due to a local man-made noise source; however, the signal variation seen in
the last 15 seconds appears to be related to changes on the propagation path. The ionogram of
figure 14a shows that the modal structure at 7.8 MHz was dominated by the one-hop F-layer
mode, so intermodal interference was probably minimal. The fading shown in the last 15 seconds
of figure 9 is likely due to electron density variations along the propagation path that can pro-
duce fluctuations in the absorption and polarization of the signal and loss of signal due to
scattering.

The reason for the lack of a detectable signal in the last 15 seconds of data shown in figure
10 is made clear by inspecting figure 14a. The maximum usable frequency on the propagation
path for this period is approximately 9 MHz; thus, the ionosphere was not capable of supporting
propagation at 14.4 MHz.

The received signal power at 3.35 MHz in figure 11 shows very little change between the
first and last 15 seconds. Figure 14b shows that no modes at that frequency were detectable by
the ionosonde receiver. This is to be expected for such a low frequency during mid-day, when
ionospheric absorption is maximum; however, the sensitivity of the spectrum analyzer measuring
system is greater than that of the sounder receiver since it has been optimized to receive these
three frequencies. Also, the transmitted power level for the sounder system is more than 15 dBm
less than for the measurement system. For these reasons, some energy from the Montana trans-
mitter reached the analyzer, causing the slight increase (3-4 dBm) in the final 15 seconds, even
though the oblique ionogram did not record a signal at this frequency.

At 7.8 MHz, figure 12 shows a weak noise variation with an apparent period of approxi-
mately 9 seconds during the first 15 seconds. The final 15 seconds shows a 5-dBm signal rise
approximately 5 seconds into the transmission. The ionogram of figure 14b shows the possible
existence of a sporadic-E (Es) layer at this frequency. An Es layer is a thin layer of increased
ionization which forms near 100 km in the ionospheric E-layer. Because the layer is very thin,
reflections from such layers usually take place with little absorption in the layer. This may be the
cause of the slight increase in received power for this frequency.

Finally, in figure 13, the received power for 14.4 MHz shows little variation in the noise dur-
ing the first 15 seconds. The oscillations occurring during the final 15 seconds are likely due to
modal interference between the Es and one-hop F2-layer reflections, which are indicated in fig-
tire 14b for this frequency.

The purpose of the previous data plots is to give the reader a feeling for the level of variation
of received power which is typical for the mid-latitude ionosphere over time scales of 15
seconds. To see variations on longer time scales (days), median values of the noise and signal
plus noise have been determined for each 5-minute period, at each frequency, for several consec-
utive days. These median values are shown in figures 15 through 20.
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Figure 18. Median noise power at 3.35 MHz from 29 December 1993 to 1 January 1994.
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Figure 19. Median noise power at 7.8 MHz from 29 December 1993 to 1 January 1994.
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Figure 20. Median noise power at 14.4 MHz from 29 December 1993 to 1 January 1994.
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Figures 15 through 17 show median signal-to-noise ratios for the three frequencies from
29 December 1993 through 1 January 1994. Data for these figures were obtained by determin-
ing the median noise power for the first 15 seconds of each measurement period and by subtract-
ing that value from the signal-plus-noise power measured during the final 15 seconds when the
Montana transmitter was active. In practice, only the middle 12 seconds of noise and signal-plus-
noise daý., were used to determine the median values. Figures 8 through 13 show that it takes
some time for the ICOM amplifier to reach a full 500-watt signal strength and to relax back to
zero power transmitted at the end of the 15-second cycle. To avoid including this transition data
in the analysis, only the middle segments of data were used to determine median values.

Figure 15 shows median signal-to-noise ratios for 3.35 MHz for the four consecutive days.
Clearly visible is the expected diurnal variation. Signal strength peaks during the nighttime and
drops to noise level at mid-day.

Figure 16 shows median signal-to-noise ratios for 7.8 MHz for the four consecutive days. In
this case, the signal is generally maintained at a level which exceeds the noise level at all times.
This frequency was chosen because it was hoped that it would propagate by some mode at most
hours of the day. That this is the case is evident in figure 16.

Signal-to-noise ratios on the 14.4-MHz signal for the four days are shown in figure 17. Here
the diurnal variation is again evident. Propagation is good during mid-day, with typical values of
40 dBm; however, at night the signal will not propagate and the signal level falls to zero.

Figures 18 through 20 show the median noise power, corrected for the losses and gains at the
receive site, at each frequency for the same four days used in figures II through 13. The median
noise at 3.35 MHz is shown in figure 18. Noise levels at this frequency rise sharply at midnight
each day and maintain a high level till near sunrise. Noise levels are typically low at midday.
This gross behavior can be understood by the same reasoning as that regarding daytime absorp-
tion at low frequencies. It is clear from figure 18 that there is considerable local interference at
the Imperial Beach site at this frequency.

The median noise at 7.8 MHz, shown in figure 19, has a similar diurnal behavior as that for
3.35 MHz. Noise at this frequency also peaks during the nighttime; however, the increase begins
much earlier in the night than the 3.35-MHz noise. A secondary peak in the early morning is
probably produced by a local man-made source,

The median noise at 14.4 MHz is shown in figure 20. In this case, man-made noise domi-
nates and maintains approximately the same level throughout the day. Clearly visible in this plot
is the existence of a strong local source which appears symmetrically around local noon each
day.
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CONCLUSION

This report describes the HF signal power measurement system that has been implemented
on the Montana to California propagation path. Measurement of HF signals began in late
December 1993. In January 1994 a major hardware failure caused the shutdown of the system
until repairs could be completed in March 1994. Since that time, however, data collection has
been relatively continuous, with only periodic hardware failure or power outages at the Montana
site.

Data collected from the measurement system are currently being reduced for the extraction
of parameters for comparison to existing propagation models. A report describing the data prepa-

ration methods and results of the comparison to models is in preparation.
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