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Introduction and Abstract 
The origins of HF surface wave radar for ocean wave and current measurements 

began with collaborative work at Stanford University and Scripps Institution of 
Oceanography in the late 1960's. Two of the participants in this project (Drs. Teague 
and Vesecky) have worked with HF radar observations of the ocean since these 
early experiments. Since that time, HF radar as an ocean sensing tool has 
progressed with increasing acceptance in the oceanography community over the 
last five years. A research project to design and build an advanced, multifrequency 
HF radar began in 1992 with seed money from the University of Michigan and the 
Environmental Research Institute of Michigan (ERIM). This early phase was followed 
by a cooperative effort involving Michigan, Stanford and ERIM. From 1995 to date 
the major funding has come from ONR via the Waves BAA and DURIP programs. 
This final report presents the results of this ONR funding under the Waves BAA and 
DURIP programs. During this period a new HF radar design was completed, a 
prototype unit was constructed and is now being tested over Monterey Bay, 
California from a field site kindly provided at the Long Marine Laboratory of the 
University of California at Santa Cruz. This operation is in collaboration with the 
REINAS project at UC Santa Cruz that is also funded by ONR. Prof. Pat Mantey and 
Dr. Dan Fernandez of UC Santa Cruz provided much help during the Santa Cruz 
operations and the results of the radar measurements are being made available 
over the internet by the REINAS project. A second radar unit is nearing completion 
and will be integrated and deployed in June 1997.  Initial results, including radial 
current field maps at four frequencies and variations of currents with time, were 
presented at the American Geophysical Unioin Fall Meeting in San Francisco, 
December, 1996.  Further results are to be presented at the International 
Geoscience and Remote Sensing Symposium in Singapore during August 1997. 

This final report in two volumes is a presentation of results under the funding from 
ONR grants N00014-95-1-0367 and N00014-95-1-0249. The former was a research 
grant and so funded labor as well as parts and supplies. The latter was an 
equipment grant that funded major items of equipment. This report begins with a 
overview of the radar, its installation and some preliminary results. This is followed 
by two sections describing the operating characteristics of the radar and some 
further results, including measurements of vertical current shear in the top meters of 
the ocean. Section III contains the bulk of the system description with further 
information in volume II of the report. 

The success of this project has come through the efforts of participants at several 
institutions working in close collaboration. We list them below under their respective 
institutions. 

University of Michigan 
Prof. John Vesecky, principle investigator 
Peter Hansen, project engineer 
Dr. Jason Daida, software development and data analysis 
Neil Schnepf, graduate student 
Ray Pung, undergraduate research assistant 
Heather Hamilton, undergraduate research assistant 



Stanford  University 
Dr. Calvin Teague 
Prof. Len Tyler 

Environmental Research Institute of Michigan (now ERIM International) 
Dr. Robert Onstott 
Dr. Robert Shuchman 
Dr. Ken Fischer 
David Kletzli 
Eric Batzdorfer 
Robert Hrabec 

University of California at Santa Cruz 
Prof. Patrick Mantey 
Dr. Dan Fernandez 
Steve Davenport 
Kip Laws 

Finally the strong support and excellent suggestions from Drs. Dennis Trizna and 
Frank Herr at the Office of Naval Research are important in the present and future 
success of the project. 
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Abstract 

The origins of HF surface wave radar for ocean wave and current measurements 
began with collaborative work at Stanford University and Scripps Institution of 
Oceanography in the late 1960's. Two of the participants in this project (Drs. Teague 
and Vesecky) have worked with HF radar observations of the ocean since these early 
experiments  Since that time HF radar as an ocean sensing tool has progressed with 
increasing acceptance in the oceanography community over the last five years. A 
research project to design and build an advanced, multifrequency HF radar began in 
1992 with seed money from the University of Michigan and the Environmental 
Research Institute of Michigan. From 1995 to date the major funding has come from 
ONR via the Waves BAA and DUR IP programs. During this period a new HF radar 
design was completed, a prototype unit was constructed and is now being tested over 
Monterey Bay, California from a field site kindly provided at the Long Marine 
Laboratory of the University of California at Santa Cruz. This operation is 
collaboration with the REINAS project at UC Santa Cruz. A second radar unit is 
nearing completion and will be integrated and deployed in early 1997. Initial results, 
including radial current field maps at four frequencies and variations of currents with 
time, were presented at the AGU meeting, December, 1996. This report is a summary 
of progress to this point, including a brief look at the results from Monterey Bay, 
collected in autumn, 1997. 



Progress Report 

I.   Radar Design Summary 

The radar design is summarized in the block diagram of Fig. 1. It incorporates a 
number of novel features and many improvements relative to previous HF radar 
designs. The radar is completely under computer control so that flexible remote 
operation is possible. The current unit, now at the Long Marine Laboratory of the 
University of California at Santa Cruz (LML) is operated remotely by logging into the 
control computer over the internet. The radar currently operates on four frequencies to 
give measurements of currents at effective depths of from 30 cm below the surface 
down to about 1.6 meters. Thus, shear in this largely unknown region can be explored 
and air-sea interaction better understood. The radar uses a pseudo random coded 
waveform and pulse compression to improve signal to noise ratio relative to simple 
pulse systems. We think that this type of waveform will allow higher power operation 
as the potential interference with other users of the HF spectrum will be reduced. 
These features should lead to larger ranges - our current goal is a reliable range of 
100 km with a transmitter input power of 500 to 1000 watts. 

We will now discuss some of the hardware aspects of the system. As shown in 
Fig. 1, the radar consists of a pulse modulated transmitter, two vertical transmitting 
antennas, an array of electronically switched receiving loop antennas, and a 
specialized linear HF receiver, all under computer control. The transmitter is direct- 
sequence modulated with a pseudo-random pulse train generating a spread-spectrum 
signal. The transmitter carrier frequency is also rapidly changed (or hopped) among 
four different values between 4 and 25 MHz. The pseudo-noise or PN code sequence 
(called the chipping sequence) is also used by the receiver to coherently detect the 
return pulse train containing the Doppler information. 

Transmitter and Transmit Antennas: The transmitter contains a phase stable 
reference oscillator used for both transmit carrier synthesis and receiver local oscillator 
injection. The 80 MHz reference carrier is applied to a direct digital synthesizer or 
DDS.   Under computer control, the synthesizer generates any carrier frequency in the 
HF spectrum, but in our specific application only four FCC approved frequencies are 
used. The synthesized carrier is applied to a balanced mixer for amplitude modulation 
by the computer generated PN code discussed earlier. The resulting signal is then 
applied to two identical solid state amplifier chains, one for the low band signals (4 to 8 
MHz), and one for the high band signals (8 to 25 MHz). Each of the two transmit 
chains has its own 1/4 wave vertical antenna and counterpoise. Each vertical antenna 
is resonant at two of the frequencies of interest. The transmitter power output is «150 
watts PEP with capability to add linear amplifiers at a later date. 

Receive Antennas: The receive antenna array consists of 8 non-resonant 
square loops constructed out of ordinary copper pipe supported with PVC plumbing 
fittings. The spectra from each antenna are coherently added in the computer after the 
phase is adjusted in order to steer the antenna array main beam direction. Each loop 
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Fig. 1.   HF radar system block diagram 



is 2.5 ft on a side as dictated by what one gets when cutting a standard 10 foot length 
of copper pipe into four pieces. Built into the bottom section of the antenna support 
pipe is a preamplifier containing a blanker circuit to disable the receiver input during 
the radar transmit pulse time, preventing receiver overload. This blanker functions the 
same as the pulse blankers in most modern receivers, except that it is done right at the 
antenna input, rather than at the receiver IF frequency. The preamplifier also includes 
a bandpass filter to reject out of band signals. Each receive antenna preamplifier 
output is applied to a solid state electronic 8 by 1 multiplexer controlled by the 
computer. 

Receiver: The receiver is a single conversion design having a computer 
controlled RF preselector, computer controlled IF gain, and computer controlled post 
detection bandwidth. The IF is at 40 MHz having a bandwidth of 200 kHz. Phase 
linearity is an important parameter for the design of the receiver, and considerable 
attention has been given to the IF filtering in order to provide good phase linearity. 
Receiver gain is controlled by adjusting an electronic attenuator in the IF amplifier 
section. This attenuator consists of a set of biased diodes driven by a computer 
controlled D/A converter. The detection circuit consists of two identical phase 
detectors driven by in-phase and quadrature 40 MHz reference signals. Both an in- 
phase and quadrature phase comparison of the radar return signal is required in order 
to distinguish positive and negative frequencies resulting from approaching and 
receding ocean waves. The post detection filtering is performed by switched capacitor 
low pass filters under computer control. The two detected analog baseband signals 
are sampled and converted to digital information by two identical 12 bit A/D converters. 

Controller: The system controller is a microcontroller board having a 68332 
processor with 256K of RAM. External to this board are auxiliary interface circuits 
consisting of several PALs, a serial communications controller (SCC), RS422 line 
drivers, a background interface and 12 bit D/A and A/D converters. The SCC is used 
to route the receiver digital data to a Macintosh 7100/66 computer (Power MAC) used 
for the data analysis. Macintosh-based C/C++ compilers by Metrowerks are used to 
generate code. 

II.   Radar Equipment Construction 

A single radar is designed to fit in an ECS composite shock mounted cabinet 
about 3 ft. tall with a 2 x 2 ft. footprint - see Fig. 2. The cabinet has detachable wheels 
and can be used as a shipping container for the radar. The control computer, currently 
a Macintosh Power PC 7100/60, is connected to the radar by several cables. The 
equipment is mounted within the enclosure in 19" rack panel chassis containing the 
following (with numbers according to Fig. 2): 

2. Spare rack for future needs 
3. Radar controller and exciter chassis 
4. Radar receiver chassis 
5. Radar transmitter chassis 

10. Power supplies 
6. Mains power control panel. 
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Fig. 3. Receiver (top) and controller-exciter (bottom) chassis with covers off 
during integration and test at the University of Michigan. Note that the receiver has 
a speaker so that one can listen to the received signals. 



Photographs of the controller-exciter, receiver and transmitter chassis are shown in 
Figs 3 and 4. 

An FCC license application was submitted in April, 1996 after consultation with 
FCC engineers and we anticipate that it will be granted without modification. It is very 
similar to license applications that were approved to operate radars along the 
California coast in the past. 

Fig. 4. Radar transmitter chassis during integration and test at the University of 
Michigan. The red upper and yellow (lower) inductors are part of the low pass filters 
for the transmitters. 



11.   Prototype Test Experiment Deployed at Long Marine Laboratory 

Typical radar operation parameters are given in Table 1 below. 

Table 1. HF Radar Operational Parameters 

Radar frequencies 4.8, 6.8, 13.6 and 21.8 MHz 
Radar wavelengths 62.5, 44.1, 22.1 and 13.8 m 
Receiver antennas 8 element phased array of loops 
Transmit antennas two quarter wavelength verticals 

using traps to cover two 
frequencies with a single antenna 

Peak power 5° to 100 W input to antenna feed 
Range resolution 3 km with 50 kHz bandwidth 
Angular resolution 15 to 67° depending on frequency 
Maximum range 70 km depending on 

wave height/wind speed 
Angular swath                                     ± 60° from boresight 
Sample duration                                  12 minutes 
Sampling rate up to 5 times per hour  

The current location of the radar and coverage area are shown in Fig. 5. This site 
is kindly provided through collaboration with the REINAS project at UC Santa Cruz 
(Prof. Pat Mantey, director) and the Long Marine Laboratory of UC Santa Cruz (Steve 
Davenport, director). A second radar unit will be installed along the coast somewhere 
between Monterey and Elkhorn Slough, probably at the Moss Landing Marine 
Laboratory or near the former Ft. Ord beach front sites. In Fig. 6 we show the high 
band (13.6 and 21.8 MHz.) transmit antenna with the trap for two frequency operation 
near the upper guy rope connection. 

Fig. 7 shows the receive antenna array with 8 elements space out over 50 m. This 
gives a spacing of half a wavelength at the highest frequency to reduce the effect of 
grating lobes in the antenna response.   Each antenna has a separate preamplifier. 
The antennas are on a cliff overlooking the ocean at a height of about 15 meters 
above sea level. This is an ideal location for coupling surface wave energy into and 
out of the ground wave mode for propagation over the ocean. 

Fig. 8 shows a close up of a receive antenna array element with high band antenna 
and guy ropes in the background. These square loops are about 2.5 ft. on a side and 
are made of 3/4 inch copper pipe.   In Fig. 9 we show the 'trap' (consisting of a coil 
tuned, by the coaxial cable capacitor running down the left side of the pipe) that 
enables the high band antenna to operate on two frequencies. The transmit antennas 
are fed by RG-8U coaxial cable over a run of about 100 m from the transmitter. The 
receive antenna elements are connected to a multiplex box so that the receiver can be 
connected sequentially to each element of the antenna array. 
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Fig. 6. High band transmit 
antenna. Note the 'trap' near 
the upper guy rope 
connection and the 'capacity 
hat' at the top to aid 
multifrequency operation. 
The antenna height is about 
40 ft. 

The primary output of the radar is the Doppler spectra of ocean echoes. This 
spectra is computed from a series of coherent samples taken over some 12 minutes. 
Thus, the spectral resolution is of the order of 1 to a few millihertz. Such high 
resolution is necessary to give accurate surface current estimates. An example, of 
spectra collected by the prototype radar is shown in Fig. 10. The transmit antennas 
used in this experiment have close to omni-directional patterns in the horizontal plane. 
The receive antennas have peak responses in directions perpendicular to the array 
long dimension, i.e. out toward the center of Monterey Bay (see Fig. 5) and in the 
opposite direction toward the Santa Cruz mountains. The prominent peak at zero 
Doppler in Fig. 10 is presumably due to land echoes from the back of the antenna 
array. The locations of the Bragg lines for 6.85 MHz are shown by the vertical dotted 
lines and the observed first-order Bragg lines are shown in both the lower and upper 

7 



Fig. 7. HF antenna array on the north coast of Monterey Bay at the Long Marine 
Laboratory of the University of California at Santa Cruz. 

panels. The negative Bragg peak is some 5 to 7 dB stronger than the positive peak 
since the prevailing wind (from the northwest on this particular day) is generating more 
receding (south traveling) waves than approaching (north traveling waves). Hence, in 
estimating currents we would use the displacement of the observed Bragg peak from 
the Bragg peak for still water (dotted line). So far we have simply used the highest 
SNR peak to make the current estimates. The horizontal lines near ± 0.6 Hz are fits to 
the spectral level and are used as the noise estimate in calculating SNR for the Bragg 
peaks. 
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Fig. 8. Close up photo of a receive antenna element during the installation of the 
initial HF radar unit at Long Marine Laboratory of the University of California at Santa 
Cruz. Dr. Bob Onstott is on the left and Prof. John Vesecky on the right. The top of the 
antenna element is about 5.5 ft about the ground. 

Before moving on to the initial results in terms of radial current maps we discuss a 
very necessary activity in effective HF radar operation, namely the use of a 
transponder to calibrated the amplitude and phase response of the antenna system. 
Assuming that all antenna elements are perfect is usually too great an assumption to 
make and leads to errors in the current estimates. Probably the most important effect 
is antenna pattern distortions and side lobes. These effects can lead to an ocean area 
with large currents 'leaking' into the estimates of areas with small currents and vice 
versa. Phase response variations across the receive antenna array can lead to faulty 
estimation of the spectra from which the current estimates are derived (see discussion 
above). To avoid these problems it is necessary to put a transponder at known 



Fig. 9. Trap section of the 
high band HF antenna. The 
trap is about 3.5 meters off 
the ground and the total 
antenna height is about 5 
meters. 

locations in the radar coverage area and collect radar echo data from the transponder 
to allow calibration of the antennas in terms of relative response in both phase and 
amplitude. 

A transponder run was conducted on October 4, 1996 using a transponder 
constructed by the REINAS project at UC Santa Cruz (Dr. Dan Fernandez and Steve 
Petersen). Dr. Fernandez also acquired the cooperation of NOAA in providing the 
NOAA patrol boat, Sharkcat. The transponder was operated from about ten locations 
near the antenna site, but at different aspect angles relative to the antenna boresight. 
A sample transponder run spectrum is shown in Fig. 11. 
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Fig. 10. Typical HF radar spectrum collected from a single antenna at the Long 
Marine Lab. site at a frequency of 6.85 MHz. Frequency scales are in Hz. The bottom 
panel shows the complete spectrum ± 0.7 Hz from the center frequency. The spectrum 
is for range bin 4 centered on a range of 12 km from the antenna site. The large peak 
at zero Doppler is presumably due to land echoes from the Santa Cruz mountains 
behind the radar site. The two spectral peaks, magnified in the upper panels, are from 
receding (negative peak) and approaching (positive peak) waves in Monterey Bay. 

The transponder experiment of Oct. 4,1996 was done in part because of the 
availability of the NOAA boat. The transponder was still in the prototype stage and had 
not been fully tested. The transponder worked, but the performance in terms of range 
was shorter than desired. The data are useful for a first-order current estimation 
algorithm, but better data quality from a higher power transponder output stage is 
needed. The transponder is now being modified to increase power and make other 
improvements. A new series of transponder runs will be done when the second unit is 
installed early in 1997. 

11 
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Fia 11 Typical transponder run spectra. The spectral lines at ± 0.65 Hz are 
produced by the transponder and are analyzed to calibrate the antenna system in both 
phase and amplitude. The transmit frequency is 4.85 MHz and receiver antenna 1 
was used for reception. 

The beam forming algorithm and software development is in its early stages but 
has produced initial results. At this stage the transponder data are good enough to 
allow for first-order phase and amplitude corrections. A prototype beam forming 
algorithm has been developed along straightforward lines. Matlab is being used as 
the prototyping software. Display software has also been created so that radial current 
profiles can be displayed in a geographical context. 

Initial results for all four operating frequencies are shown in Fig. 12  These data 
were collected during the transponder run so we expect the phase and amplitude 
calibrations to be appropriate since there has been little time for antenna 
characteristics to change. The results are displayed on a range bin and angle bin grid 
with 3 km range bins and 15° angle bins. The 3 km range bins do not change with 
changes in operating frequency, but the angular resolution does change with 
frequency, increasing with decreasing frequency. Hence the 15° bins are not 
appropriate for the 4.8 MHz measurement where the angular resolution of the 50 m 
receive antenna array is only about 70°. Hence, in the 4.8 MHz results we find that the 
radial currents are very smooth with angle, extending over nearly the whole angular- 
range  As operating frequency is increased, the variations with angle increase as the 
radars angular resolution is finer. Note also that the range of the radar is about 60 km 
in this instance. The range is influenced by the wind and may be reduced at low wind 
speeds. 
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Now consider the radial current maps in a geophysical context. We see that most 
of the measurements are receding, i.e. the radial current component is directly toward 
the south. This makes sense in that the prevailing winds are from the north. On the 
western side of the radar's coverage we find more variable currents. This also makes 
sense because it is in this region that there is often more current variability due to the 
interaction of the California current, flowing from north to south off the coast, with coast 
related currents influenced by the shore line and possible upwellmg driven by winds 
out of the northwest. 

As soon as we have thoroughly verified the beam forming and current estimation 
software, we plan to put the data products, e.g. Fig. 12, on the REINAS real time 
environmental measurement system. More useful measurements will be possible 
when two radars are installed and vector currents can be calculated. We propose to 
make such an installation and obtain vector currents in Monterey Bay and westward 
into the Pacific Ocean. 

13 
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IV. Observations of Surface Current Vertical Shear 

Observations of surface currents in Monterey Bay have revealed that although 
the currents at depths below 5 meters are primarily controlled by the tides and thus 
usually have a semi-diurnal (12 hour period) variation, the currents very near the 
surface are often controlled by local winds which often have a diurnal (24 hour 
period) due to the land-sea breeze effect. Observations our multifrequency HF 
radar unit at LML shows the transition between the wind forcing near the surface 
and the tidal forcing at deeper depths. 

Since the radar observations of currents at different frequencies correspond to 
sensing different wavelength surface waves on the surface and since these waves 
'feel' currents at different depths, HF radar observations at different frequencies 
correspond to the near surface current at different depths. For our HF radar the 
'effective depths' of the four radar frequency channels are as follows: 

Channel* Radar Resonant Effective 
Frequency ~ MHz.      Ocean Wavelength ~ m Depth ~ m 

1 4.8 31.3 1.6 
2 6.8 22.0 0.9 
3 13.6 11.0 0.5 
4 21.8 6.7 0.3 

Thus, observations at the four radar frequencies can give one a picture of the 
current behavior at several depths in the top two meters of the ocean. To illustrate 
the usefulness of this capability we examined the current variations at two 
observational frequencies as functions of location and time over a 24 hour period. 
However, before examining the radar data we describe the wind variations over 
this period. Fig. 13 shows the wind speed variation at the location of the M1 buoy 
deployed by the Monterey Bay Aquarium Research Institute and kindly provided via 
their internet homepage. These data were collected on October 17, 1996 at a 
location approximately midway between the LML radar site, and the Monterey 
Peninsula shown in Fig. 5 above. Thus, this buoy lies very close to the broadside 
direction of our HF radar antenna. Fig. 14 shows the wind direction from the M1 
buoy. The low winds from the NE in the morning hours, followed by much stronger 
winds from the NW in the afternoon and early evening hours are typical of the wind 
fluctuations over Monterey Bay in the spring, summer and autumn. In Fig. 15 we 
show the tidal height at Moss Landing, on the coast near the middle of Monterey 
Bay. It shows the typical semi-diurnal variation of the tides in Monterey Bay. 

In Figs. 16 and 17 we show HF radar derived, radial currents that correspond to 
a radial cut in the plots of Fig. 12 as a function of time. The cut displayed in Figs. 16 
and 17 is broadside to the antenna array direction and on a bearing of 171° T. 
These data have been smoothed and correspond to a broad swath across the 
mouth of Monterey Bay from the LML site southward toward the Monterey 
Peninsula as shown in Figs. 5 and 12. The range bins correspond to increments of 
3 km in range with the middle of Monterey Bay corresponding to about range bin 

14 



10 on the plots. In Fig. 16 we show the radial currents from Channel 4 with an 
effective depth of about 30 cm. They show a strong diurnal variation as also 
observed by Paduan et al. (1995) in August of 1994, at an effective depth of about 
30 cm about the same as that of our Fig. 16. Here we are able to observe currents 
deeper below the surface and the results for an effective depth of about 1 meter are 
shown in Fig 17. Here, we can see the struggle between the diurnal forcing of the 
wind and the semi-diurnal forcing of the tides. Near the middle of the bay, range 
bin 10, we see a clear semi-diurnal variation. We suspect that this variation 
corresponds to the domination of the tides at a depth of about one meter. 

Clearly these are only preliminary results and just for a single day. Yet they 
clearly indicate a transition from diurnal to semi-diurnal behavior with increasing 
depth   More careful study, including a second radar unit and use of current 
measurements from the acoustic Doppler current profiler (ADCP) associated with 
the M1 buoy, will commence in early 1997. 
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Observations of Near-Surface Ocean Currents at Varying Depths 
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Abstract ~ A new multifrequency (4-25 MHz) HF radar 
was installed at the Long Marine Lab. (University of 
California at Santa Cruz) on the north coast of Monterey 
Bay CA in July, 1996. This radar is capable of observing 
near-surface currents at varying depths in the top two 
meters of the ocean. Observations were made over a 
ten day period in March, 1997 during which there was a 
strong land-sea breeze circulation over Monterey Bay. 
Radial current measurements corresponding to depths 
of about 0.3, 0.5,1.0 and 1.4 m were made during this 
period using HF radar data from four operating fre- 
quencies. Fourier analysis of these data shows that 
very near the surface the strongest periodic component 
is a diurnal one corresponding to the diurnally varying 
surface stress from the land-sea breeze. At deeper 
depths the diurnal component remains, but a semi- 
diurnal component grows in strength with increasing 
depth of the current measurement. Thus, 
multifrequency HF radar combined with deeper current 
measurements from buoys and moorings are able to 
investigate the upper layer of the coastal ocean where 
wind and tidally driven currents struggle for dominance. 

OBJECTIVE and INTRODUCTION 

The objective of this paper is to investigate the 
impact of wind stress at the ocean surface and of tidal 
flows on near-surface currents in the top few meters of 
the ocean. This work follows on investigations of 
surface current circulation in Monterey Bay using single 
frequency HF radars by Paduan and Rosenfeld [1] 

A new high-frequency (4-25 MHz) phased-array 
radar, designed and constructed jointly by the 
University of Michigan, Stanford University and ERIM 
International was installed at Santa Cruz, California in 
July, 1996. After initial equipment checkout and 
antenna calibration using a transponder (carried on a 
small boat), regular data collection started in October, 
1996. The radar operates on four frequencies in the HF 
band using vertical transmit antennas, and an array of 
eight wideband loop receive antennas. Range 
resolution is about 3 km, and the 48 m phased-array 
aperture gives an angular resolution at the highest 
frequency of about 15°.   Vertical current shear is 

estimated by using multiple radar frequencies which are 
scattered thorough Bragg Resonance by ocean waves 
of different lengths, which in turn are sensitive to 
currents at various depths [2 & 3]. For these 
observations the radar operated on four frequencies: 
4.8, 6.8,13.4 and 21.8 MHz, allowing estimation of the 
vertical current shear at 'effective' depths of 1.4, 1.0, 
0.5 and 0.3 m respectively. The calculation of these 
effective depths assumes a logarithmic current profile. 
Further description of the radar's design features and 
operation is given in a companion paper by Teague et 
al. in these proceedings [4] and a progress report by 
Vesecky et al. [5]. 

OBSERVATIONS 

The observational geometry is illustrated in Fig. 1. 
Radar coverage changes with the wave height of the 
Bragg resonant ocean waves. With a strong wind the 
range can be 50 km or more and with weak winds 
significantly less. Further information is given by 
references [4 & 5]. The typical resolution cell size is 
shown for the highest frequency of operation. In 
normal practice currents would be estimated on a grid 
that is 1/2 of this size in both range and azimuth. At 
lower operating frequencies standard (delay and sum) 
beamforming techniques produce azimuth resolution 
that is inversely proportional to frequency so that at the 
lower operating frequencies resolution cells become 
very large in azimuth angle - the range cells remain the 
same size since the radar bandwidth is held constant. In 
Fig. 1 the azimuth lines are separated by 15°, 
corresponding to the azimuth resolution at the 21.8 
MHz operating frequency. Each resolution cell will 
contain an estimate of the radial surface current at the 
four depths mentioned above. These current 
estimates usually vary over the range ± 0.4 m/s. 

Strong Land-sea breeze circulation often dominates 
the surface wind field over Monterey Bay, especially 
during the summer. Typically sunlight warms the 
surface in the Salinas Valley (east of Monterey Bay) 
beginning at sunrise. The warm ground heats the 
cooler surface layer of the atmosphere and convection 
proceeds with rising air over the Salinas Valley. This 



action in turn causes cool air over Monterey Bay to flow 
from the sea toward the land. By noon a circulation is 

HF Radar Site 
36° 56.89' N 
122° 3.95'W 

#4 Santa Cruz 3- 

Typical Resolution 
Cell at 21.8 MHz 

Monterey 
Peninsula 

Pt. Sur 

Fig. 1. Observational geometry for the 
multifrequency HF radar located at the Long Marine 
Laboratory of the University of California at Santa Cruz. 

established with air flowing from sea to land near the 
surface and from land to sea at about a kilometer 
altitude. This process produces westerly surface winds 
of 8 to 12 m/s by about 4 pm local time. After sunset the 
air over the ocean cools rapidly and the process 
reverses due to the relatively warm sea surface at night, 
but is weaker. For analysis we picked March 7-17,1997 
when the land-sea breeze circulation was strong. Fig. 2 
shows the wind speed fluctuations observed at the M1 
buoy deployed by the Monterey Bay Aquarium 
Research Institute (MBARI) and shown in Fig. 1. 

ANALYSIS and DISCUSSION 

To accomplish our objective we assembled a ten day 
time series of hourly surface current estimates at each 
of the four radar operating frequencies. Each point in 
the time series was an average over 5 range bins and 
three 15° angle bins centered on the M1 buoy location 
shown in Fig. 1. This average covers a region about 10 
km in radius centered on M1. Each of these four time 
series was  Fourier transformed.    The  resulting 

magnitudes (not power) of the Fourier components are 
shown in Fig. 3. 

12.0- 

March,1997-UT 

Fig. 2. Wind speed at MBARI moored buoy M1. Note 
the strong diurnal variation. See Fig. 1 for M1 location. 

Moving from the highest operating frequency of 
21.8 MHz to the lowest frequency of 4.8 MHz the 
effective depth of the current measurements range 
from 30 cm down to 1.4 m. Fig. 3 shows the dominant 
diurnal variation of these currents for all four dephs. 
What Fig. 3 also shows is the relative strength of the 
diurnal (wind driven) and semi-diurnal (tidally driven) 
currents. There are of course diurnal tidal components, 
but the semi-diurnal tides dominate in Monterey Bay, 
e.g. at the Moss Landing tidal gage. At the shallow 
depth of 30 cm the diurnal variation at 1 cycle/day is 
nearly 10 times the semi-diurnal variation at 2 cycles per 
day. Thus, at 30 cm depth the wind stress dominates 
strongly in driving surface currents. Slightly deeper at 
0.5 m, the 13.5 MHz observation still shows the strong 
diurnal wind forcing, but a semi-diurnal component is 
now clearly identifiable at 2 cycles/day. At a depth of 1 
m (6.8 MHz observation) the diurnal component is 
reduced in magnitude and the semi-diurnal component 
has grown in strength to about 20% of the diurnal 
variation. Finally at 1.4 m depth the diurnal component 
has fallen further and the semi-diurnal component is 
about 30% in relative strength. 
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CONCLUSIONS 

We find that  multifrequency  HF  radar allows 
le c<ftter«B?itö>Pöf ttF tei£fP%ifflPte§iÄftiÖi«)§ppW-where 

wind stress dominates very near the surface and tidally 
driven currents gain in strength as depth increases. 

Fig. 3. Spectra of radial currents at depths of 0.3, 
0.5, 1.0 and 1.4 m respectively from top to bottom. 

current profilers (ADCP's) on buoys or moorings 
provides a comprehensive view of the near surface 
ocean and the processes that transfer momentum and 
other quantities between atmosphere and ocean. 
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A new High-Frequency (4-25 MHz) phased-array radar, 
constructed jointly by the University of Michigan, the Envi- 
ronmental Research Institute of Michigan and Stanford Uni- 
versity, was installed at Santa Cruz, California in July, 1996. 
After initial equipment checkout and antenna calibration us- 
ing a transponder carried on a small boat, regular data col- 
lection started in October, 1996. Installation of a second HF 
radar is planned at a site south of Santa Cruz to allow resolu- 
tion of current vectors. Wind and wave data from moored 
buoys in the radar field of view, wind sensors at several 
coastal sites, and current measurements from several CO- 
DARs in the Monterey Bay area also are available. 

RADAR HARDWARE AND DATA PROCESSING 

The radar employs a direct digital frequency synthesizer 
which is programmable on a pulse to pulse basis, a coded 
modulation waveform, a pair of omnidirectional trap verti- 
cal transmit antennas, and an array of eight wideband loop 
receive antennas which are sequentially sampled and indi- 
vidually recorded. Conventional beamforming is done by 
software in the frequency domain, and alternative direction- 
finding algorithms can be applied to the recorded data. Range 
resolution is 3 km, and the 48 m phased-array aperture gives 
an angular resolution at the highest frequency of about 20°. 
Vertical current shear is estimated by using multiple radar 
frequencies which are scattered through Bragg resonance by 
ocean waves of different lengths, which in turn are sensitive 
to currents at various depths. For this experiment, the radar 
was programmed to operate on four frequencies between 4.8 
and 22 MHz, allowing estimation of the vertical current shear 

in the upper meter of the ocean surface [1], [2]. Assuming a 
logarithmic current profile, current is probed at depths rang- 
ing from about 1.4 m using 4.8 MHz to about 30 cm using 
21.77 MHz [3]. 

Radar timing, frequency control and data sampling are 
controlled by an MC68332 microprocessor, and overall radar 
operation and data processing are done on a Macintosh 7100 
computer. Radar data are recorded for about 13 minutes each 
hour, and the raw data are stored on removable disk cartridges 
for subsequent analysis. The raw data are processed by par- 
titioning the time series from each frequency, range bin and 
antenna into several segments, and computing a Fourier trans- 
form for each segment. Beam steering is done by applying 
an amplitude taper and phase shift to the transforms for the 
8 antennas and then coherently adding those together, fol- 
lowed by incoherent power summation over the various seg- 
ments. Doppler shift is estimated by computing the centroid 
of the stronger of the approaching and receding Bragg peaks, 
and current is estimated by subtracting the Doppler shift due 
to the still-water phase velocity of the resonant waves. This 
procedure is repeated for each beam direction, range bin and 
frequency. 

CURRENT ESTIMATION 

Figure 1 shows an example of radar data taken at 1600 PST 
on 6 March 1997. The radar location is at (0,0), and the x-axis 
is along the coastline. The radar antenna broadside direction 
(y-axis) is 173°T. The plots show the received power multi- 
plied by r3, where r is the range to the ocean surface, nor- 
malized by the maximum received power. The height of each 



4.80 MHz 6.78 MHz 

Figure 1: Plots of relative backscatter power and ocean surface current for data collected at 1600 PST on 6 March 1997. 
The height of the plot surface represents received radar power scaled by r3 and normalized by the maximum power at each 
frequency; thus it is proportional to the normalized radar cross-section of the ocean surface at each frequency. The color of 
the plot surface represents the radial component of the ocean surface current inferred from the Doppler measurements. The 
scale at the bottom shows the current velocity color-coding ranging from -0.3 to 0.3 m s-1. The radar carrier frequency is 
indicated above each plot. 

plot thus shows the relative radar cross-section of the ocean 
surface at each radar frequency. The color of the surface in- 
dicates the ocean current radial velocity. For these data, the 
wind at the Ml buoy operated by the Monterey Bay Aquar- 
ium Research Institute (MBARI), near the center of the radar 
field of view, was between 9 and 11ms : toward 120°T 
during the previous 2 hours. Note that the peak of the radar 
cross-section is generally in the direction of the wind and that 
it increases as a function of distance from the radar, as one 
would expect for fetch-limited receding waves. However, the 
maximum (negative) current is not necessarily in the same 
direction as the maximum cross-section. Also note that the 
most negative current is seen farthest from shore at the low- 
est radar frequency corresponding to a depth of about 1.4 m 
and moves progressively closer to shore with increasing radar 
frequency (depth decreasing to about 30 cm). 

During the 10 day period of 6-15 March 1997 the quality 
of the data depends on the operating frequency and time of 

day. At 4.8 MHz, the noise level shows a strong diurnal vari- 
ation of almost 20 dB due to the variation in ionospherically- 
propagated noise which is low during the day and high at 
night. In addition, the 31 m ocean waves respond quickly 
to the local wind which typically is stronger during the af- 
ternoon than during the night, so the signal-to-noise ratio is 
much higher during the day. This pattern is seen to a lesser 
extent at 6.78 MHz. At 13.38 and 21.77 MHz the noise level 
shows little diurnal variation, but at 21.77 MHz the propa- 
gation loss due to a rough sea surface causes lower signals 
during high wind conditions, even though the ocean waves 
are high. The use of multiple frequencies allows some opti- 
mization of radar operation with time of day and under vari- 
ous wind conditions in addition to enabling an estimation of 
vertical current shear. 

WIND DIRECTION ESTIMATION 

The wind direction can be estimated by comparing the 
approaching and receding backscattered energy. The Bragg 



peak ratios are calculated from the HF radar return echo at 
each of the four operating frequencies of the Santa Cruz- 
based high-frequency radar system. The ratios (which are 
typically expressed in dB) represent the comparative ener- 
gies associated with resonant Bragg ocean waves that propa- 
gate away from the radar to those that propagate toward the 
radar. There is a strong connection between the measured 
Bragg peak ratios at each of these frequencies to the prevail- 
ing wind speed and wind direction. The difference in the 
response of the Bragg peak ratios at multiple wavelengths, 
however, has not been explored in past studies. For the four 
radar frequencies represented in this study, the corresponding 
Bragg resonant ocean wavelengths are: 31.3, 22.1, 11.2, and 
6.9 m. 

A time period was selected in March where there was a 10 
day duration when the winds exhibited a cycle of strong after- 
noon Seabreeze and much weaker winds during the evening 
and early morning hours. The stronger afternoon winds blew 
in over Monterey Bay (as measured from MBARFs Ml buoy) 
from the W-NW and the weaker winds' directions were vari- 
able. 

Winds that developed over Monterey Bay during these af- 
ternoon time periods were very strong, with wind speeds at 
times in excess of 10 ms"1. Radar measurements of the 
Bragg peak ratios are shown for this time period from a radar 
cell that lies in the direction of the buoy from the radar site, 
but was approximately 12 km closer than the buoy. This 
closer radar range cell was chosen because it contained a 
greater number of usable radar runs for the comparison. Fig- 
ure 2 illustrates high correlation between the Bragg peak ratio 
at 13.8 MHz. Correlation was similar at 4.8 and 6.78 MHz, 
but the highest radar frequency of 21.8 MHz had very few 
usable data points at this location, so any correlation is not 
apparent at this radar frequency. 

Although it is not shown in this plot, it is of interest to note 
that the Bragg peak ratios indicated a predominance toward 
onshore (approximately northerly) waves at the lower radar 
frequencies and offshore waves (especially during the daily 
wind events) at the 13.38 MHz frequency. The strong daily 
winds (which blew toward the southeast) appeared to increase 
the energy in the offshore waves at all of the frequencies to 
which the radar was sensitive, but the presence of an onshore 
component at the lower radar frequencies is perhaps indica- 
tive of swell propagating onshore from other locations. 

The relationship between the wind speed and direction and 
the ocean gravity wave spectrum has been modelled with 
a cardioid directional spectrum (e.g. Phillips) and the wind 
speed and direction both affect the energy associated with the 
ocean gravity waves at a given angle [4]. This initial study 
presents some measurements that indicate the fairly large 
range of ocean gravity waves that respond quickly to wind 
forcing and points to the utility of multiple frequency high- 
frequency radar for the measurement of nearshore oceanic 
wind and wave parameters. 

13.4 MHz Bragg Peak ratio and windspeed 

6 8 10 12 14 16        18 
Day of Month, March, 1997 

Figure 2: Bragg peak ratio (red) versus wind speed (blue) 
from MBARI buoy Ml for a 10 day period in early to mid 
March. The Bragg peak ratio (in dB) represents the energy 
from the receding ocean waves divided by the energy from 
the approaching ocean waves. The location at which the radar 
data were collected corresponds to a point between where the 
buoy is located and where the radar is stationed, and is ap- 
proximately due south of the radar and about 12 km from the 
radar. The radar data were collected at the 13.38 MHz radar 
frequency, which corresponds to approximately 11m ocean 
waves. 

We wish to thank Francisco Chavez for use of the MBARI 
wind data, and Steve Davenport for making the facilities at 
Long Marine Laborary available for the radar installation. 
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Federal Communications Commission 
Washington, D.C. 20554 I* S    H^ n 

March 18, 1997 

Regents of the University of Michigan 
Dept. of Atmospheric, Oceanic &Space Science 
Attn: Prof. John Vesecky 
2455 Hayward Street 
Ann Arbor, MI 48109-2143 

GRANT-IN-PART 

Dear Prof. Vesecky: 

This refers to application, File No. 5244-EX-PL-96, for Experimental Radio Station 
WA2XEJ. 

The enclosed authorization shall be considered as a grant of the referenced application unless 
rejected by a written notice within thirty (30) days from the date of this letter, whereupon the 
enclosed grant will be vacated. Such rejection should include a statement of the reasons, if 
any, why the applicant believes that the application should be granted in accordance with the 
terms requested therein. 

You are advised that the Commission was unable to make a finding that the public interest 
would be served by a grant of the application in the manner requested. The frequency band 
13410 - 13440 kHz is not accepted because of potential interference. 

Sincerely, 

'/f/<*>l*>*~*fr~^ 

Paul L. Marrangoni 
Chief 
Experimental Licensing Branch 

Attachment: 
License WA2XEJ 



ATTN: PROF. JOHN VESECKY 2455 HAYWARD STREET, ANN ARBOR. MI 481092143 

United States of America 
FEDERAL COMMUNICATIONS COMMISSION 

EXPERIMENTAL 
RADIO STATION CONSTRUCTION PERMIT 

AND LICENSE 

EXPERIMENTAL WA2XEJ 

(Nature of Service) (Call Sign) 

XC    FX.MO  5244-EX-PL-96 
(Class of Station) (File Number) 

NAME_ REGENTS OF THE UNIVERSITY OF MICHIGAN 

See Below  
(Location of Station) 

Subject to the provisions of the Communications Act of 1934, subsequent acts, and treaties, and all 
regulations heretofore or hereafter made by this Commission, and further subject to the conditions 
and requirements set forth in this license, the licensee hereof is hereby authorized to use and operate 
the radio transmitting facilities hereinafter described for radio communications in accordance with the 
program of experimentation described by the licensee in its application for license. 

Frequency  Class Emission     Authorized       Tolerance 
Stn Designator   Power watts (+/-) 

See Attached Page 3 

Station Location: 

(1) SANTA CRUZ, (SANTA CRUZ) CA - NL 36-56-56; WL 122-03-56 

(2) CA 
Area Of Operation:  WITHIN 2 KM OF THE COAST OF CALIFORNIA 

Operation:  In accordance with Sec. 5.202(b) of the Commission's 

Rules. 

Special Conditions: 

See Attached Page 2 

,,     . „0 ,nn7 . FEDERAL 
This authorization affprtive       March 18, iaa/ and COMMUNICATIONS 
will expire 3:00 A.M. EST April 1, 1999  COMMISSION 



REGENTS OF THE UNIVERSITY OF MICHIGAN W A 2 X E J 

5244-EX-PL-96 
Page 2 

Special Conditions: 

(1) In lieu of frequency tolerance, the occupied bandwidth of the 

«mission shall not extend beyond the band limits set forth above. 

(2) This authorization is issued for the express purpose of 

conducting experimental operations described in the related 

application and required by OFFICE OF NAVAL RESEARCH Contract No. 

N00014-95-1-0249.  The use of this radio station in any other manner 

or for any other purpose will constitute a violation of the 

privileges herein authorized.  Except as subsequently authorized by 

the Commission, this radio station shall not be operated after the 

expiration date of the contract designated in the related application 

and enumerated above. 

(3) The station identification requirements of Section 5.152 of the 

Commission's Rules are waived. 



EGEN TS OF THE UNIVERSITY OF MICHIGAN WA2XEJ 

ige 3 
5244-EX-PL-96 

Frequency Class Emission Authorized Tolaranoa 

Stn Designator Powar i watts (+/-) 

KHz 

(l) 2130.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 2130.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 2230.00000 EX 50K0P0K lOOW (ERP) 0.01% 

(2) 2230.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 2430.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 2430.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 2650.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 2650.00000 MO 50K0P0M 100W (ERP) 0.01% 

(1) 2680.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 2680.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 2840.00000 FX 50K0P0M lOOW (ERP) 0.01% 

(2) 2840.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 4800.00000 FX 50K0P0M 100W (ERP) 0.01% 

(2) 4800.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 4830.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 4830.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 6780.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 6780.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 7380.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 7380.00000 MO 50K0P0H 100W (ERP) 0.01% 

(1) 7820.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 7820.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 9150.00000 FX 50K0P0M 100W (ERP) 0.01% 

(2) 9150.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 9180.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 9180.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 10150.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 10150.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 10180.00000 FX 50K0P0M lOOW (ERP) 0.01% 

(2) 10180.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 12050.00000- 

12230.00000 FX 50K0P0N lOOW (ERP) % 

(2) 12050.00000- 

12230.00000 MO 50K0P0N lOOW (ERP) % 

(1) 13380.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 13380.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 13440.00000- 

13600.00000 FX 50K0P0N lOOW (ERP) % 

(2) 13440.00000- 

13600.00000 MO 50K0P0N lOOW (ERP) % 

(1) 13800.00000- 

14000.00000 FX 50K0P0N lOOW (ERP) % 

(2) 13800.00000- 

14000.00000 MO 50K0P0N lOOW (ERP) % 



EGEN IS OF THE UNIVERSITY OF MICHIGAN WA2XEJ 

ig» 4 
5244-EX-PL46 

Frsquanoy Class Emission Authorized Tolarano« 

Stn Designator Power watts (+/-) 

KHz 

(1) 14530.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 14530.00000 MO 50K0P0H lOOW (ERP) 0.01% 

(1) 14560.00000 EX 50K0P0N 100W (ERP) 0.01% 

(2) 14560.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 14590.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 14590.00000 MO 50K0P0M lOOW (ERP) 0.01% 

(1) 16590.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 16590.00000 MO 50K0P0M 100W (ERP) 0.01% 

(1) 16620.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 16620.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 18120.00000 FX 50K0P0N lOOW (ERP) 0.01% 

(2) 18120.00000 MO 50K0P0M lOOW (ERP) 0.01% 

(1) 18150.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 18150.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 21770.00000 FX 50K0P0M 100W (ERP) 0.01% 

(2) 21770.00000 MO 50K0P0N 100W (ERP) 0.01% 

U) 21800.00000 FX 5OK0P0N 100W (ERP) 0.01% 

(2) 21800.00000 MO 50K0P0N lOOW (ERP) 0.01% 

(1) 22800.00000 FX 50K0P0N 100W (ERP) 0.01% 

(2) 22800.00000 MO 50K0P0N 100W (ERP) 0.01% 

(1) 25200.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 25200.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 25230.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 25230.00000 MO 50K0P0N 100W (ERP) 0.002% 

(1) 25260.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 25260.00000 MO 50K0P0M lOOW (ERP) 0.002% 

(1) 27600.00000 FX 50K0P0H lOOW (ERP) 0.002% 

(2) 27600.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 27630.00000 FX 50K0P0M lOOW (ERP) 0.002% 

(2) 27630.00000 MO 5OK0PON lOOW (ERP) 0.002% 

(1) 27660.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 27660.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 29720.00000 FX 50K0P0M lOOW (ERP) 0.002% 

(2) 29720.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 29750.00000 FX 50K0P0K lOOW (ERP) 0.002% 

(2) 29750.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 29780.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 29780.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 30600.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 30600.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 30630.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 30630.00000 MO 50K0P0N lOOW (ERP) 0.002% 

(1) 30660.00000 FX 50K0P0N lOOW (ERP) 0.002% 

(2) 30660.00000 MO 50K0P0N lOOW (ERP) 0.002% 



Page 5 

Frequency 

KHz 

(1) 31900.00000 

(2) 31900.00000 

(1) 31930.00000 

(2) 31930.00000 

(1) 31960.00000 

(2) 31960.00000 

ITY OF MICHIGAN WA2XEJ 

5244-EX-PL-96 

Class Emission Authorized Tolerance 

Stn Designator Power watts (+/-) 

FX 50K0P0K 100W (ERP) 0.002% 

MO 50K0P0N 100W (ERP) 0.002% 

FX 50K0P0N 100W (ERP) 0.002% 

MO 50K0P0N 100W (ERP) 0.002% 

FX 50K0P0N 100W (ERP) 0.002% 

MO 50K0P0N 100W (ERP) 0.002% 
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Introduction 

These instructions are to be used in fabricating the Demod Mixer Assembly 
(062-0012). Included are instructions to first fabricate the Demod Mixer 
PCB Assembly (062-0014). This project requires adherance to good 
commercial practice standards. 

Reference drawings: 

062-0012 Demod 
062-0013 Demod 
062-0014 Demod 
062-0015 Demod 
062-0004 Demod 
062-0008 Demod 
062-0037 Demod 
062-0087 Demod 

PCB Fabrication 

Mixer Assembly 
Mixer Assembly Parts List 
Mixer PCB Assembly 
Mixer PCB Parts List 
Mixer Schematic (4 sheets) 
Mixer Layout Sketch 
Mixer Enclosure 
Mixer Modifications 

Make sure all parts called out on the PCB Assembly parts list 062-0015 are 
available for assembly. 

Refer to the PCB assembly drawing 062-0014, parts list, and layout sketch 
062-0008 for references made in the following instructions: 

1. Swage and then solder the USECO terminals, item 53 into the PCB at 
the following locations: Jl, J2, J3, J4, J5, TP1, and TP2. 

2. Install and solder the power supply components shown on sheet 4 of 
the schematic. This includes the decoupling networks (R57 thru R60, 
C47 thru C50) and the three regulators, U19, 20, &21, and the 
associated resistors and capacitors. 

3. Submit the board to engineering for checkout of the power circuitry. 

4. After the board is returned from engineering, install the remaining 
resistors, and capacitors except for trimmer C19, Item 8.  It is 
permissable to clean the board of excess flux at this time. 

Drawing No. 062-0010 
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5. Install C19, and the IC sockets. Note that all IC's except for the 
regulators are installed in sockets. Carefully observe the pin 1 
orientation on the sockets - not all ICs face the same way. Do not 
allow flux to wick into IC sockets. Cleaning of the board should be 
done very carefully in order to not contaminate the sockets or the 
trimmer capacitor. 

6. Install the short RG-174 coax cable between TP1,2 and J3-l,2 as 
shown on drawing 062-0008. Use shrink tubing on the coax to prevent 
the exposed ends of the braid from shorting to adjacent circuitry. 

7. Install jumper wires per drawing 062-0087. 

8. Visually inspect the board for parts installation accuracy and solder 
workmanship. 

9. Submit the board to engineering for test without the IC's installed. 

Final Assembly 

Make sure all parts called out on the Demod Mixer Assembly Parts List, 
062-0013 are available. 

10. Prepare the coaxial connector and D connector pig-tails. Use the 
chassis 062-0037 as a fixture to trim the pig-tails to length. 
Temporarily mount the PCB assembly in the chassis using the 
screws and spacers called out on the assembly parts list, 062-0013. 
Solder the completed pig-tails and connectors to the PC assembly as 
detailed on drawing 062-0008. 

11. Visually inspect the wiring for parts installation accuracy and solder 
workmanship. 

12. Install the completed PCB assembly into the enclosure by referring to 
the Demod Mixer assembly drawing, 062-0012 using the material 
called out on the Assembly parts list, 062-0013. Secure all connectors 
to the enclosure using the hardware indicated on the drawings. 

13. Visually inspect the final assembly. 

14. Submit the completed assembly to engineering for final testing. 

Drawing No. 062-0010 
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UNIVERSITY OF MICHIGAN 
SPACE PHYSICS RESEARCH LABORATORY 

Title: FSCM No.: 0TK63 
RECEIVER ASSEMBLY Drawing No.: 062-0062 
BUILD INSTRUCTIONS Revision: XI 

Page 2 of 2 
Program:    HF RADAR Contract No.: N000149510249 

1.0     Applicable Documents 

062-0064 Receiver Chassis Assembly Parts List 
062-0063 Receiver Chassis Assembly 

2.0      Procedure 

1. Kit all parts for the chassis assembly per the chassis assembly parts 
list, 062-0064. 

2. Secure all modules, Preselector (1), IF Mixer (2), Demod (3), Bias T 
(4), Local Oscillator Filter (58) and barrier strip (30) to the chassis' 
bottom mounting panel (10) using the indicated hardware.  Install 
the jumper plates on the terminal board as called out on the drawing 
note.   See sheet 4 of assembly drawing 062-0063. 

3. Install the prefabricated cable connectors to the rear panel (7) per 
sheet 3 of the assembly drawing. Route loose wires from assemblies 
W5, W6, W7, and W8 down the center of the chassis, tying off as 
needed for connections to modules. 

4. Run the bundle of wires consisting of cable assemblies W9, W10, and 
Wll along the edge of the chassis next to the IF Mixer, picking up 
assemblies W12 and W18. Another group of coaxial cables, 
assemblies W16 and W17, will intersect the center bundle after it is 
routed behind the IF Mixer. The power connections from J4 run 
along the front of the barrier strip TB-1, near the rear panel. 

5. Along the edge of the Demod module bundle cable assemblies Wl, 
W2, W3, W12, and W13. It will be necessary to join with the center 
bundle of wires, routing them between the Bias T and Demod 
modules. 

6. Once the wire routing has been completed spot tie any additional 
cables to existing bundles. 

Drawing No. 062-0062 
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D®=®=(DC 
CONNECTOR 

1. LOCATION: 

CONNECTOR 

At each end of the cable assembly, allowing for a reasonable radius of 
curvature in the cable near the connector, afix a tag (called out on the 
individual cable assembly). If the cable length is in excess of 10 feet place 
an additional tag as reasonably close to the midpoint of the assembly as 
possible. 

2. FORMAT: 

Using an indelible marker, mark the tag with the associated subassembly 
name and connector designation (typically referenced by J-number), 
separated by a forward slash. Abbreviations are acceptable when spacing 
is a constraint as long as they are easily interpreted. 

EXAMPLE: 

Cable assembly W17 (062-0054-2) connects the DEMOD connector Jl with the 
IF-Mixer connector J6. It's specified length is less than 10 feet and 
therefore only requires two tags, A and C. 

Tag A DEMOD/J1 

TagB W17/062-0054 

Tag C IF/J6 

Drawing No. 062-0082 
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Introduction 

These instructions are to be used in fabricating the Mixer-IF Assembly 
(062-0040). Included are instructions to first fabricate the Mixer-IF PCB 
Assembly (062-0043). This project requires adherance to good commercial 
practice standards. 

Reference drawings 

062-0040 Mixer 
062-0041 Mixer- 
062-0076 Mixer- 
062-0043 Mixer- 
062-0045 Mixer- 
062-0046 Mixer- 
062-0044 Mixer- 
062-0042 Mixer- 
062-0117 Mixer- 

PCB Fabrication 

-IF Assembly 
■IF Assembly Parts List 
■IF Shield Plate 
■IF PCB Assembly 
IF PCB Parts List 
IF PCB Raw Card 
IF Schematic (5 sheets) 

■IF Enclosure 
IF PCB Modification 

Make sure all parts called out on the PCB Assembly parts list 062-0041 are 
available for assembly. Also, the Mixer-IF Enclosure, 062-0042 should be 
available for installation of connectors and interface wiring. 

PCB Modification Notes: 

The circuit design has been modified without changing the PC board 
artwork.  For this reason, several changes to the PC board need to be made 
before component assembly is started. All modification instructions in this 
procedure appear in italics.  Perform the following operations on PCB 062- 
0046 per modification drawing 062-0117. 

0.1.     Using a Dremel tool and rotary cutting wheel, make cuts no wider 
than the cutting wheel thickness in the traces on section B at the locations 
shown in the  modification drawing.   These cuts should be perpendicular to 
the trace. 

0.2.     Using an Exacto knife, carefully remove the solder mask on either 
side of the cuts just made in step 1. Remove enough solder mask to allow 

Drawing No. 062-0084 
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chip resistors (items 53.09 and 53.1 on parts list 062-0045 Revision X5) to be 
soldered to the exposed lands in later assembly steps. 

0.3.     Tin the exposed lands prepared in step 2. 

Refer to the PCB assembly drawing 062-0040, PCB parts list 062-0045, and 
schematic 062-0044 for references made in the following instructions: 

1. Swage and then solder the USECO terminals, item 19 into the PCB at 
the following locations: Jl, J2, J3, J4, J5, J6, JP1, JP5, JP6, JP7, JP8, 
and JP9. 

2. Install and solder the power supply components shown on sheet 3 of 
the schematic. This includes the decoupling networks (L18, R46 thru 
R48, C38,39,46,47) and the two regulators, U9 and U101, and the 
associated resistors and capacitors. Do not install U6 or U8 at this 
time. 

Assembly Modification Note: 

2.01     L18 is installed in the slot marked "R45". 

3. Submit the board to engineering for checkout of the power circuitry. 

Note: Completion of the PCB assembly will be carried out in two steps. All 
parts except for socketed ICs and trimmer capacitors will be 
installed. The board will be cleaned of solder flux, and then the 
unsealed components will be installed. 

4. Install the rest of the PCB components except for the following: 

Ul, U3, U6, U7, U8, and their sockets. 
Trimmer capacitors C26, C27.C50, C51, C52, C57, C58, C60, 
C70, C71, C72 

Note: It will be necessary to trim the excess lead length from the 
stripline ATC capacitors, items 1, 6, 7, 8,12, and 14. The location 
where the capacitor is to be installed on the PCB should be pre- 
tinned, the capacitor leads trimmed, and then the capacitor laid in 
place and the solder reflowed. Similarly, the leads on the stripline 

Drawing No. 062-0084 
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\ 

MAR-6 amplifiers, item 57, should be trimmed before the reflow 
solder operation. 

Assembly Modification Notes: The majority of the design changes are 
summarized here.   These steps do not need to be performed in 
sequence, but should be checked off as they are completed: 

4.1 

4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 

4.9 
4.10 

4.11 

4.12 

4.13 

4.14 

4.15 

4.16 
4.17 

Capacitors C80, C81, C82 and C83 are added to the solder side of the 
board.  The other components need to be installed first in order to 
have device leads to wrap the capacitor leads on.   Use sleeving as 
required. 
Capacitor slot C13 is open 
Place a jumper wire in resistor slot R16 
Resistor slot R14 is open 
Resistor slot R15 is open 
No amplifier is to be installed in location U2. 
Inductor slot L4 is open 
Add RC05 resistors R59, 60, and 61 to form an attenuator in place of 
U2. It will be necessary to remove solder mask and tin the PC trace 
areas before installation of these resistors. 
Chip resistor R63 is installed in location marked "C12" 
Resistors R62 and R64 are soldered to the "C12" pads on one end, and 
the ground trace directly above  "C12" on the other end. 
Diode D3 is connected in series with resistor R44 and installed in slot 
"R44".   Stand up these two components.  Check diode polarity 
against the schematic diagram. 
Install diode D4 in resistor slot "R32".  The cathode goes to the - 5V 
trace. 
Resistor R31, diode Dl, and resistor R65 are connected together, and 
will stand up with no connections to the board.  The R31-D1 series 
components are installed in the two holes for resistor slot "R31". 
Check diode polarity against the schematic diagram.   The free end of 
resistor R65 is connected to the right side of resistor R43. 
The two outside ends of potentiometer R66 are connected across 
capacitor C31.  The arm on the pot is used as a tie point for one end of 
R67. The other side ofR67 is connected to the end ofR29 that is 
connected to U6-pin2. 
Diode D2 is added on the solder side of the board between R29 feedthru 
and R27 feedthru. 
Capacitors C84 and C85 are added to the swage terminals at J5. 
Resistor R68 is added across swage terminals at JP8. 

Drawing No. 062-0084 
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4.18 Diode D5 is added on the solder side of the board between R42 feedthru 
and R44 / Q2 emitter feedthru. 

4.19 Using the same technique as in the previous step, chip resistor R70 
and capacitor C59 are installed vertically in the C59 location. 

4.20 Resistor R67 is installed on the solder side of the board between R28 
feedthru and C31+ feedthru. 

4.21 Resistors R69,71,72,73,74,76,and 78 are additional chip resistors that 
are reflow soldered in the previously prepared modification pad areas 
per the modification drawing. 

4.22 Resistor slot R22 is open 
4.23 Capacitor slot R24 is open 
4.24 Capacitor C86 is installed across swage terminals J4-5 to J4-6. 
4.25 Resistor R22 is installed on the component side of the board between 

the Ql collector via and the "L" shaped ground bus that has no other 
components connected to it. 

5. All components installed at this time are sealed, and the board may 
be cleaned of flux and inspected. 

6. Install the sockets for Ul, U3, U6, U7, and U8. Also install the 
trimmer capacitors C26, C27,C50, C51, C52, C57, C58, C60, C70, C71, 
C72. Carefully observe the pin 1 orientation on the sockets - not all 
ICs face the same way. Do not allow flux to wick into IC sockets. 
Additional cleaning of the board should be done very carefully in 
order to not contaminate the sockets or the trimmer capacitors. 

7. Visually inspect the board for parts installation accuracy and solder 
workmanship. 

8. Separate the two board sections. Avoid placing stress on the entire 
board, but rather apply the separation force at the two attachment 
points between the sections. Trim the excess PCB material using a 
small file. 

Final Assembly 

Note: Make sure all parts called out on the IF- Mixer Assembly Parts List, 
062-0041 are available. In the following steps, the wiring between 
board sections will be performed.  Plan on providing enough service 
loop on the wires to allow the top board (section B) to be lifted up and 
rotated forward in order to gain access to the lower board (section A) 

Drawing No. 062-0084 
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when mounted in the enclosure. The shield plate, 062-0076 is 
installed between the two PC board sections as indicated on the 
assembly drawing. 

1. Refering to the Mixer-IF assembly drawing, 062-0040, temporarily 
mount Section A of the PCB assembly in the chassis using the screws 
and spacers called out on the assembly parts list, 062-0041. 

2. Install short lengths of RG-174 coax cables between the Useco 
terminals and panel mount SMA connectors Jl, J2, J3 and J6, Item 
15 on the PCB parts list 062-0045. Use shrink tubing on the coax to 
prevent the exposed ends of the braid from shorting to adjacent 
circuitry. The shield on the SMA connector end is terminated in a 
Zierek solder lug, Item 15 on 062-0041. 

3. Connect the two D connectors, J4 and J5 (Items 16 and 17 on 062-0045) 
to the marked Useco standoffs on Section A of the PCB using 22 gauge 
wire. 

Note: It is not necessary to install the shield plate when making 
connections to section B of the PC board in the following steps. 
However, be aware that the shield plate will be in place at final 
assembly. 

4. Temporarily install section B on the standoffs to determine the 
lengths of wire needed in the following steps. 

5. Install a short piece of RG-174 coax between terminals JP1 on section 
A, and JP8 on section B.  Correctly mate the ground and signal 
connections on the two boards. 

6. Install small lengths of 22 ga insulated wire between JP5 on Section 
A and JP7 on section B. Observe the ground and signal connections. 
The wires may be twisted together for neatness. 

7. Similarly, connect JP6 on the A section to JP9 on the B section using 
22 ga insulated wire. 

8. Visually inspect the wiring for installation accuracy and solder 
workmanship. 

Drawing No. 062-0084 
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9. Perform final installation of the spacers and shield plate to make 
sure the wires are sufficient length and are able to be dressed 
properly. 

10. Ink stamp the J-numbers on the outside of the enclosure using 
Stycast Epoxy ink, Items 10 and 11 on 062-0041. See assembly 
drawing 062-0040 for the J-number location. The numbers go above 
the connectors. 

11. Submit the completed assembly along with the un-installed ICs to 
engineering for preliminary testing. 

12. After the testing is complete, install the three shield covers 062-0086 
over the filter sections on section B of the PCB. Carefully fold each of 
the cover sides at the crease mark, making a small box with 
clearance holes adjustment of the trimmers. 

13. Pre-tin the three locations on the PCB where the covers are to be 
installed. 

14. Place each cover on the PCB over the filter components observing the 
correct orientation of the holes relative to the trimmers. Reflow 
solder at each of the four corners of each of the three covers. Only 
tack the corners in case the covers need to be removed after final 
alignment. 

15. Submit the assembly to engineering for final IF augment. 

Drawing No. 062-0084 
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1.0       CONFIGURATION 

The minimum PPC configuration required for operation of the HF 
Radar System will be described in the following sections. 

1.1.1 All of the listed software (excluding system files) are bundled on the 
Santa Cruz Data-Prog JAZ cartridge. 

1.1.2 File location is not important except where noted below. 

1.2 SOFTWARE 

1.2.1 System 7.5.5 
1.2.2 BDM_Load_PPC 
1.2.3 Versaterm 5.0.3 (and all associated support files) 

NOTE: When installing the folder containing the 
versaterm files drop it into the system folder; 

all of the system extensions will be added 
automatically. 

1.2.4 term_data 5.0.3 (this must be present in the 
preferences folder under the system folder.) 

1.2.5 HURDLER/HUSTLER software (use the CSI aerial installer 1.04 on 
the set-up disc provided with the hardware) 

1.2.6 RadarCommander_PPC_1.3.1dl 
1.2.7 radar2A.binary (specific to SN1) 
1.2.8 radar3A.binary (specific to SN2) 
1.2.9 If the IOMEGA JAZ DRRHE is being used with the system 

silverlining lite must also be installed - this is provided on the set- 
up disc provided with the hardware 

1.2.10 AppleScript extension (this SHOULD be included with 7.5.5) 

1.3 HARDWARE 

The following list describes the Macintosh personal computer and 
associated equipment which forms a part of the HF Radar System. 
See drawing 062-0116 for information on how to interconnect this 
equipment. 

1.3.1 Power Macintosh 7100/66 
1.3.2 32 MB physical RAM 
1.3.3 700 MB internal hard drive 
1.3.4 Iomega JAZ drive 

Drawing No. 062-0162 
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1.3.5 Hurdler quad serial port expander 
1.3.6 25-50 pin SCSI interface cable 
1.3.7 50-pin SCSI terminator 
1.3.8 3 cables : DIN 8M to DIN 8F Printer Extension - 25' 
1.3.9 3 cables : DB9M to DIN 8M - 6' 
1.3.10 Asante FriendlyNet connector 

2.0 APPLICATION CONFIGURATION 

The application configuration required for proper system operation 
is as follows: 

2.1 Versaterm 5.0.3 
2.1.1     Configuring for Hurdler/Hustler: 
2.1.1.1 under the EDIT menu select 'edit sessions' 
2.1.1.2 select 'CSI-1 (Port C)' and click on the configure button beneath 

Comm Toolbox' 
2.1.1.3 for 'Current Port' scroll through selections and click on 'CSI SCSI 

5 port 1' 

3.0 SUPPORT APPLICATIONS 

3.1 Although not essential for radar system operation the following 
applications are suggested for inclusion during system set-up to 
allow for data analysis and visualization 

3.1.1 Canvas 3.5.4 
3.1.2 Matlab 
3.1.3 Microsoft Word 5.01 (or 6.0) 
3.1.4 Microsoft Excel 
3.1.5 Netscape Navigator 
3.1.6 Code Warrior 8 (or higher) 

4.0 ANALYSIS/VISUALIZATION SOFTWARE 

4.1 Coherent Add (Matlab and/or C version) 
4.2 Radial Current Map Generator (ERIM software) 

Drawing No. 062-0162 
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5.0 SYSTEM OPERATION 

Notes in the following sections are intended to outline the operation 
of the HF Radar System. Versions for both the Prototype system 
(SN1) and the Field system (SN2) are included. 

5.1 PPC Radar Commander Operations Notes - Prototype System 

5.1.1. Under Apple-Communications menu select Versaterm 5.0.3. 

5.1.2. Under Apple-Communications menu select BDMLOAD_PPC. 

5.1.3. Under the Edit Menu (BDMLOAD_PPC) select RESET332 
(command-R). 

5.1.4. Under the Commands Menu (Versaterm) issue a 'clear memory' 

5.1.5. Open the Radarl folder. 

5.1.6. Double click on radar2A.binary. 
(If an error message occurs while loading: 

5.1.6.1 return to Versaterm 

5.1.6.2 under FILE select 'send file' 

5.1.6.3 open radar2.A.scode) 

5.1.7. Select the Versaterm window 

5.1.7.1 type 'g3000' at the 332Bug prompt 

5.1.7.2 to STOP program hit ANY key NOTE: This should not be done until 
the END of a data run. 

5.1.8 Under the Apple-Communications menu select Radar 
Commander_PPC. 

5.1.9 Under RADAR select 'stop radar' (command-K) 

Drawing No. 062-0162 



UNIVERSITY OF MICHIGAN 
SPACE PHYSICS RESEARCH LABORATORY 

Title: 
HF Radar PPC System Description 

FSCM No.: 0TK63 
Drawing No.:        062-0162 

Revision: 
Page 6 of 7 

Program:    HF RADAR Contract No.:        N000149510249 

5.1.10 Alter radar configuration parameters as required and then 
transfer using 'send' (which is available either under the respective 
parameter set up windows or under the RADAR menu). 

5.1.11 Under RADAR select 'start radar' (command-R) 

5.2       PPC Radar Commander Operation Notes-System SN2 

5.2.1 Start-up 

5.2.1.1 Apply power to all Radar System Components 

5.2.1.2 Load Versaterm 5.0.3 , BDM_LOAD, and Radar 
Commander_PPC_1.3. ldl 

5.2.2 Initialization 

5.2.2.1 Select the CSI serial port from the Versaterm sessions palette (note: 
if no sessions palette appears when Versaterm is first loaded go to 
the Versaterm sessions menu and select Show Sessions.) 

5.2.2.2 Bring BDM_Load to the foreground 

5.2.2.3 under the Edit menu select Reset 
(note: Versaterm will respond with a reset tone and a 332Bug 
prompt will appear on the Versaterm modem port sessions screen.) 

5.2.2.4 bring the Versaterm window to the foreground by clicking on the 
modem port tile and type at the 332Bug prompt: 

bß000e0000<CR> 

5.2.2.5 reselect BDM_Load 

5.2.2.6 go to the File menu and select open 

5.2.2.7 when the file menu box appears select the appropriate binary file to 
download 
(note: The operations file is radar3.A.binary. Upon completion 
BDM_Load will respond with a signal beep.) 

5.2.3    Execution 

Drawing No. 062-0162 
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5.2.3.1 the current code is written so that operation commences after load. 

5.2.3.2 refocus on the Radar Commander Console 

5.2.3.3 use COMMAND-K to stop radar operation 

5.2.3.4 adjust radar operation parameters from menus as required 

5.2.3.5 use COMMAND-R to begin radar operation. 

5.2.4    Shut-down 

5.2.4.1 return focus to the Versaterm window 

5.2.4.2 re-select the CSI Serial Port tile 

5.2.4.3 type COMMAND-H to initiate a "hang up' command to that port 

5.2.4.4 all currently running software and hardware can now be turned off 

Drawing No. 062-0162 


