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PROFILES IN SCIENCE

Dr. Juergen H. Richter, an electronic engineer with a doctorate from Technical University,
Munich, Germany, is responsible for tropospheric propagation research at the Naval Electronics
Laboratory Center. With support from the Naval Electronic Systems Command and ONR, Dr.
Richter developed a special microwave radar capable of observing atmospheric layers with a
range resolution of one meter. This sensitive radar detects moisture and temperature structures
in the clear atmosphere not previously observed.

Among his published papers is one on the application of conformal mapping to guided prop-
agation around a curved earth. This paper provided for the first time a basis for rigorous analysis
of the degree of approximation invcived in using a modified refractive index for analyzing curved
waveguides.

Dr. Richter recently has conducted an investigation of microwave ducting phenomena that
occur close to the ocean surface. Using extensive measurements from the Pacific, Caribbean.
and Mediterranean, techniques and procedures have been developed that permit the Navy 10
assess quantitatively the effects of the low-level oceanic duct.

Dr. Richter is a member of Commission Two of the International Scientific Radio Union. He

NELC’ 1 annual honorary award for scientific achievement in 1970. il rom
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Preface

Dr. C. E. Bergman, Technical Director
Naval Electronics Laboratory Center

As the principal Navy RDT&E Center for electronics technology
and command control and communications concepts and systems,
we at the Naval Electronics Laboratory Center believe our business
is to help bring into being those electronic systems, equipments, and
technologies most needed by the Navy and Marine Corps.

The improved capability needed to cope with new threats and
missions as well as laboratory roles in providing such improvements
has always been recognized. It is now becoming increasingly clear,
however, that the systems and equipments of the future must also
have low life-cycle-costs and reduced manning requirements, be
highly reliable, and make more efficient use of available platform
space and energy resources. Manpower and dollars, along with
energy and space limitations, are fast becoming dominant factors in
military procurement decisions. We therefore believe strongly that
our work should be directed toward achieving these ends as well as
improvements in performance.

Over the past few years we have thus taken decisive action to
develop a second major thrust in our technical program to achieve
these dual ends of performance and efficiency. This has been to
develop alead capability in applying the rapidly advancing technology
of solid state electronics to achieve significant gains in equipment
reliability, and reductions in equipment size, weight, and cost, and in
energy and manpower requirements. The articles on the Quick and
easy Design (QED) modules and the Modularized Digital Controller
for Analog Power Drives are examples of this direction of effort.

We continue, of course, to put major emphasis on fulfilling the
more traditional role of Navy laboratories in providing the techno-
logical base and the prototype systems development needed for
future naval operations. Several articles in this issue provide
examples of this type of work.

The entire Navy laboratory community has always played an
important role in formulating RDT&E program plans by providing
advanced system concepts and by cooperative planning with program
managers and administrators in Washington. Although not treated
specifically in any articles here, we believe our influence in this regard
has been strengthened further through the recent formation of a
group to provide systems engineering studies related to overall naval
communications and command systems.

The articles in this issue of Naval Research Reviews can, of course,
only touch upon a small sample of our total program. We are indeed
grateful to the editorial staff of the Reviews for providing us this
forum, and we hope the articles will illustrate in some measure the
broad scope of our RDT&E activity and the wide variety of its
important naval applications.
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Radio Propagation in a
Marine Environment

J. H. Richter and H. V. Hitney
Propagation Technology Division
Naval Electronics Laboratory Center

Microwave radio propagation in a marine environment frequently
exhibits unexpected behavior. These propagation anomalies are
usually caused by nonstandard distributions of the refractive index
profile. In the case of shipboard radars, targets can sometimes be
seen at distances far beyond the normal radar detection range.
Famous examples of greatly extended ranges include the sighting of
the Arabian coast with vhf radars in India, which is 1500 miles dis-
tant, and the reception of vhf signals from Hawaii in San Diego,
California, which is 2500 miles distant.

The same atmospheric conditions that are responsible for range
extensions may also cause electromagnetic (EM) energy to be chan-
nelled or “ducted” away from regions that would otherwise be
illuminated. In the case of radar, a so-called “radar hole” may be
created. EM ducting phenomena are particularly dramatic and
frequent in a marine environment. The most unusual propagation
anomalies result when dry, warm air masses advect over cold, moist
marine air, thereby creating layers of different refractive index. A
very persistent ducting phenomenon is a low-level duct directly above
the water, which is caused by evaporation from the surface.

Since different analytical and experimental methods are required
in investigating propagation anomalies caused by the oceanic evap-
oration duct and by elevated refractive layers, it is convenient to
distinguish between the two phenomena. Thus, the following
sections describe the Naval Electronics Laboratory Center’s efforts
to (1) calculate, measure, and predict propagation conditions in the
oceanic evaporation duct, and (2) develop and apply remote sensing
techniques for assessing the effect of elevated refractive structures on
radar, communication, and electronic warfare.

Oceanic Evaporation Duct Propagation Phenomena

The vertical decrease of relative humidity from 100% at the air-sea
boundary to some lower value above that point results in a rapid
vertical decrease of the refractive index. Electromagnetic waves
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travelling close to the water surface may be significantly influenced
by this refractive index distribution. In extreme cases, they may be

very efficiently ducted.
Figure 1 shows two vertical distributions of the modified refrac-

tivity profile. Modified refractivity is defined as

M=(n-1)X 106 +_:.x 106

where n is the refractive index, h is the height above the surface, and
a isthe earth’s radius. The dashed line would occur during conditions
of no evaporation ducting, while the solid line would be representa-
tive of good ducting conditions.
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Figure 2 shows the vertical distribution of path loss for the two
refractivity distributions of Figure 1, assuming a 21-mile, 9.6-GHz,
over-water propagation path with one terminal located 16 feet above
the water. Path loss is the ratio in decibels of transmitted to received
power, assuming isotropic antennas. In this case, the dashed curve
indicates a decrease of path loss (or an increase of signal) with height.
The solid curve, which corresponds to the solid modified refractivity
curve in Figure 1, shows a minimum in path loss (or a maximum in
received signal) at a height of about 15 feet. The signal enhance-
ment shown at this height emphasizes the importance of the oceanic
evaporation duct to naval operations.

The presentation in Figure 2 may also be used to determine which
antenna heights would provide optimum utilization of ducting
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conditions. For example, it can be seen that an antenna at a
height of 64 feet would receive 11 dB less signal than an antenna at
15 feet. Nonetheless, the signal enhancement from evaporation
ducting would be 30 dB for the high antenna. The fact that signal
enhancements from evaporation ducting are usually encountered at
all possible antenna heights on board ship is frequently overlooked.

A convenient parameter for describing ducting conditions is
“duct height,” which is defined as the height at which the M-curve
attains its minimum value. Thus, the solid curve in Figure 1 has a
duct height of 47 feet. This parameter should not be misinterpreted
as a height limit for signal enhancements. As shown in Figure 2, 30
dB signal enhancements are experienced well above the duct height.

So that evaporation ducting would be properly recognized and
utilized for Navy operational problems, NELC conducted an
extensive analytical and experimental program. The four objectives
of this program were as follows:

® Develop methods to calculate radio propagation under evapora-
tion ducting conditions,

® Determine the meteorological measurements necessary to de-
scribe ducting,

® Investigate the feasibility of using long-term meteorological
data to estimate ducting conditions for any oceanic area, and

® Investigate the effectiveness of ducting on various antenna
heights.

The first objective was met by developing a computer program for
calculating propagation parameters in a leaky wave guide, such as the
evaporation duct. Propagation losses from atmospheric absorption
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and scatter from a rough sea surface are incorporated in this
computer program. Although not all of the physical processes in the
marine boundary layer are fully understood, the refractivity profile
necessary to describe adequately propagation conditions can be
determined from simple meteorological measurements that are
easily obtained under operational conditions. The necessary param-
eters are water temperature measured at the surface and air tempera-
ture, relative humidity and wind velocity all measured at some
predetermined height (e.g., bridge height). It was found that long-
term meteorological observations of these parameters provide a good
basis for estimating ducting conditions for any oceanic area for
which data are available.

To meet the final objective, NELC conducted an extensive
experimental program with measurements in the Southern California
off-shore area, in the Key West area, and in the Eastern Mediterranean.
The measurements made were designed to provide data to check the
mathematical models, to compare with meteorological statistics, and
to determine which antenna heights would provide optimum utiliza-
tion of the evaporation duct. To determine the relative performance
of high- and low-sited antennas, measurements were made between
terminals on the islands of Mykonos and Naxos in the Aegean Sea
during two-week periods in each of the four seasons. Various
frequencies were transmitted from the Naxos terminal and were
received on vertically-spaced antennas installed at the Mykonos
terminal. The path length was 21 miles and the terminal heights
were 16 and 64 feet above sea level. Figure 3 is an example of
measured data at 9.6 GHz presented in terms of actual radar
performance. It translates measured propagation data into detection
ranges for a radar having a 200-nautical-mile free-space detection
range. Under no ducting conditions, the detection range would have
been 16 nautical miles. Figure 3 illustrates the fact that surface-to-
surface detection ranges are almost always significantly enhanced by
evaporation ducting.

Optimum antenna height can be determined only if the radar
parameters and the area and season under consideration are known.
If the geographical region and season cannot be specified, the best
antenna location for longest detection ranges would be the highest
possible site aboard ship.

Remote Sensing of Refractive Layers

Elevated refractive layers, unlike evaporation ducts that are im-
portant only for propagation close to the ocean surface; can influence
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Figure 3 — Distribution of detection ranges for a 9.6 GHz radar with a 200-
nautical-mile free-space detection range based on measurements made in the
Eastern Mediterranean.

detection ranges for any target or receiver altitude. These layers can
be found up to heights of at least 10,000 feet. Because of the height
variability, it is difficult to determine properties of elevated layers
from direct sensing measurements. A further complication arises
when elevated layers are horizontally inhomogeneous in a manner
that affects propagation. A tilt in a refractive layer caused by atmos-
pheric waves may result in propagation anomalies. '

For the above reasons, NELC’s investigation in this area has
concentrated on improving refractive index measurement and fore-
casting techniques. NELC researchers realized that only remote
sensing techniques would be capable of providing answers to some of
the fundamental questions, such as temporal and spatial refractive
microstructure.  Therefore, a special active remote sensor was
developed—a frequency modulated, continuous wave (FM-cw) radar.
The remarkable success of this device is due to the combination of
three features—high-range resolution (1 meter), high sensitivitv, and
close minimum range without clutter. Two such radar units are
presently in use at NELC. One has fixed, vertically pointing antennas
and the other is a mobile unit with scanning capability (1, 2).

The radar sounder observation shown in Figure 4 demonstrates
the sounder’s ability to sense microstructural details in the atmos-
phere. In this presentation, the radar sounder was pointed vertically,
thereby creating a time versus height display. Several distinct strata
of various vertical and temporal behavior can be seen in Figure 4.
The refractive index profile obtained from a radiosonde sounding at
1235 PST is superimposed over these strata. The agreement of back-
scatter zones and refractive index gradients is remarkable.
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The significance of this layer structure on radar coverage is
demonstrated by Figure S5, which shows rays emanating from a
transmitter at a height of 100 feet. The earth is drawn flat, which
gives a straight ray an upward bend. The ray trace picture shows
radio energy being channelled between the ground and 800 feet, and
indicates the extended detection ranges in this region. It is apparent
that only the layer belonging to the steepest refractivity gradient
influences the coverage significantly. This layer height changed about
80 meters between 1220 and 1240 PST, and this could influence
coverage predictions. This example emphasizes the need for precise
and continuous knowledge of the refractive index structure so that
accurate coverage predictions can be made.

Figure 6 demonstrates how an atmospheric wave can disturb a
layer structure. This kind of wave motion results in layer tilts that
change the angle of incidence between the layer and the electro-
magnetic wave front. At some point, the new angle may be
sufficiently different from the original undisturbed angle to create
propagation problems that would not be expected from a horizontally
homogeneous layer.

NELC’s FM-cw radar sounders have been operated for extended
periods to investigate the structures and scale sizes of refractive
layers. Procedures have been developed to use continuous radar
sounder data and surface meteorological observations to extrapolate
temporally directly-sensed profiles. This method provides a continu-
ous update of refractive profiles using only occasional direct
soundings. The nature of the backscatter mechanism accounting for
the radar sounder returns has been investigated. Extensive measure-
ments of refractive structures using both sounders were performed at
both normal and nonnormal angles of incidence. No evidence was
found to indicate that specular reflections account for a significant
portion of the radar returns. Rather, the radar echoes are apparently
caused by turbulent distribution of refractive index inhomogeneities.
The major research problem in this area remaining to be solved is the
reconstruction of the refractive index profile from the turbulence
parameters measured by the radar.

Observations with the FM-cw radar sounders have significantly
increased scientific knowledge of the tropospheric microstructure. A
new picture has emerged of thin scattering layers, the thickness of
which frequently approaches the range resolution of the radar (1
meter). What sometimes appeared to be random turbulence was
discovered to be organized substructure. The sounder recorded, for
the first time, with very high range resolution the complete life
cycle of shear-induced stabilities, which is an important dynamic
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Figure 5 — Ray trace for the refractive conditions of Figure 4. Rays emanate from a radar at a height of 100 feet.



Generated for member (University of Maryland, College Park) on 2014-10-01 19:47 GMT / http://hdl.handle.net/2027/ucl.b3505548
Public Domain, Google-digitized / http://www.hathitrust.org/access_use#pd-google

HEIGHT (m)

01

0440

' 0400 ' | | 0420

TIME [ POT)

B Figure 6 — FM-cw radar sounder observation of a refractive layer perturbed by wave motion.

04 |e

TRl
v
I



phenomenon in the atmosphere. Radar reflectivities previously
measured with radars having much coarser resolution were found
to be underestimated by one to two orders of magnitude.

Conclusions

A low level duct caused by evaporation is found most of the time
over all oceans. This duct hasa significant effect on surface-to-surface
detection ranges of microwave radars. An extensive investigation of
this ducting phenomenon has shown that propagation conditions can
be calculated based on simple in-situ measurements and that proba-
bility of occurrence of ducting conditions can be estimated from
meteorological statistics.

A unique active remote sensing system, the FM-cw radar sounder,
was developed in an effort to improve the ability to recognize and
predict anomalous radio propagation caused by elevated refractive
structures. Observations with this sounding technique have signifi-
cantly changed scientific understanding of tropospheric microstruc-
ture. It is apparent now that remote sensing techniques are measure-
ment tools that are needed for solution of anomalous propagation
problems, even though questions remain to be answered before full
operational implementation will be possible. It is expected that the
combination of different remote sensing techniques, such as radar
sounders, acoustic sounders, laser sounders, and radiometric methods,
will enhance the Navy’s capability to sense its operating environment.

References

1. Richter, J. H., “High-resolution Tropospheric Radar Sounding,”’ Radio Sci.,
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Bit Error Rate (BER) Monitoring Unit

NELC has developed a link monitoring unit that provides a means for long-
term unattended communications link performance monitoring. The unit con-
sists of a bit error rate (BER) monitor and a high-speed digital printer. It
outputs error count in real time on a light-emitting-diode (LED) display and
permanently on paper tape. Thus, it is suitable for both attended and unattended
operation.

The BER monitor contains a transmit code generator and a receive monitor
that automatically locks onto a selected received data stream and compares it to

(Continued on page 24)
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RF Susceptibility of

Microelectronic Components

A. R. Hart, D. W. McQuitty, and N. K. Wagner
Microelectronics Division
Naval Electronics Laboratory Center

Field experience and laboratory investigations indicate that a
significant percentage of premature or unexpected failures of
electronic parts and equipment during Fleet operations is related to
high-intensity radiated rf energy, such as that caused by radars found
on all Navy ships. Degradations or failures have been reported in
aircraft during carrier landings and in electronic components during
replenishment and repair operations in rf environments. Three
approaches to solving this problem would be to investigate new
operational procedures, change equipment and circuit designs, and/or
reduce the rf susceptibility of electronic devices used in Navy equip-
ments. The Naval Electronics Laboratory Center has investigated the
extent of damage to microelectronic components when exposed to
high-intensity electromagnetic radiation, specifically, how micro-
electronic device susceptibility is related to rf-induced damage. The
program, sponsored by NAVELEX, was performed in cooperation
with the Naval Weapons Laboratory (NWL), Dahlgren, Virginia. Its
dual objective was to (1) determine the relationship between semi-
conductor processing defects and injected rf failures in microelec-
tronic devices, and (2) investigate the feasibility of using a process
screen to reduce rf susceptibility of electronic components in Navy
equipments.

In an initial study of device susceptibility conducted in 1972, an
investigation was made of failures in semiconductor repair parts caused
by direct irradiation by radar sources. It was found that electronic
repair parts being transferred from ship to ship during underway
replenishment operations were subjected to high-intensity rf energy,
even though they were still encased in their normal paper or plastic
packages. This rf radiation caused failures and degradations in many
types of semiconductor devices ranging from diodes to integrated
circuits. Further testing showed that the number of failures related
to rf irradiation was not reduced significantly when aluminum-lined
packages were used, and that package quality (such as scratches or
breaks in the material) affected the protection provided by the pack-
age in rf environments (1). As a result, the Navy has recommended
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that microelectronic devices be packaged in materials that prevent
damage in rf environments during replenishment operations.

During this initial NELC study, unexplained variations in device
failure levels were found that were tentatively attributed to factors
inherent within the device, such as defects in the silicon chip or
contamination introduced during processing. Also, many types of
irregularities were found in the failed devices. These findings led to
the program described in this paper.

Transistor Rf Susceptibility

An investigation was made to determine the relationship between
transistor rf susceptibility and (1) process control defects, (2)
transistor physical defects, and (3) electrical characteristics. These
transistor studies would also apply to such complex microelectronic
structures as integrated circuits and could lead to improved manufac-
turer process screens and controls.

Results of the investigation (2) indicated that the rf susceptibility
of transistors may be reduced by screening four defects during the
processing phase of transistor construction. These defects, which
significantly affected the rf susceptibility of transistors, were:

® Pinholes, pits, or voids in the oxide or diffusion regions,

® Flakes of metallization (including extrusions caused by a scratch
or by overbonding),

® Undercut oxide or diffusion layers (including defects in oxide
mask, and

® Voids in metallization or metallization width reduced.

Bipolar transistors chosen for the investigation were representative
of those used in Navy electronic equipments for non-rf environment
applications. Ten categories—five types of transistors from each of
two manufacturers—were selected for testing. NELC was responsible
for transistor preparation, physical and electrical characterization,
computer analysis of pre- and post-rf results, and failure analysis of
the damaged devices. NWL subjected the test transistors to the rf
source.

The pre-rf characterization consisted of low- and high-power
optical inspections, scanning electron microscopy (SEM) analysis, and
extensive electrical tests for each of 842 transistors. The post-rf
characterization consisted of the same procedures to identify the
failure modes of all transistors, plus metallurgical etching and cross-
sectioning to investigate the physics of failure. Computer analysis of
pre-rf physical and electrical characterizations and post-rf failure
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data resulted in significant correlations between the four defects listed
above and the rf susceptibility of transistors.

Correlations were also found between device design (e.g., geometry
considerations), failure level, and failure mode. For example, devices
using a “C”-shaped geometry emitter pattern showed “surface
deformation of the aluminum metallization” as their major failure
mode. In this mode, as shown in Figure 1, the aluminum and silicon
melt due to the ‘extreme heating from the injected power and fuze
together to form a physically deformed area on the metallization
pattern. The experiment showed that more than 50 percent of the
transistors in seven of the ten categories had this type of failure
mode. On the other hand, devices using the interdigitated geometric
pattern usually showed “lateral tunneling between the emitter and
base metallization patterns’ as the major failure mode. This mode
can be described as a melted silicon filament connecting the emitter
and base metallization patterns. Figure 2 shows the surface and
corresponding subsurface junction image of this type of failure mode.
Since geometric design of the silicon chip does affect the rf

Figure 1 — Scanning electron microscopic view of “surface deformation of
metallization” failure mode. The lateral tunneling is a subsurface effect where
silicon has been melted, creating a channel between the emitter and base
metallization contacts, Aluminum is usually found in the channel,
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Figure 2 — The photomicrograph at left shows a transistor having the failure
mode of “lateral tunneling’” between the emitter and base contacts. The
figure at right is a SEM photo of the same transistor showing the junctions with-
in the silicon chip. The tunnel can be seen in both figures (arrows). A base
metallization path has melted, causing a physical and electrical open to the base
contact area.

susceptibility of the device, the circuit designer or systems engineer
has the option of selecting components that are less susceptible to
rf damage by geometry considerations. This is one approach that,
when combined with good system engineering, will increase the
life expectancy of electronic equipment used in high-intensity rf
environments.

Impact of Device Rf Susceptibility on Fleet Effectiveness

The second area defined by the transistor investigations involved
the present definition of rf susceptibility problems in the Navy.
Energy from spurious electromagnetic fields can be injected into
equipment circuitry by the coupling of these fields with system
interconnections. The investigations showed that such injected
energy may physically damage the aluminum metallization without
causing the device to fail electrically. Thus, even though the electrical
operation of electronic equipment subjected to coupled-in micro-
wave energy is unaffected at the time of exposure, that equipment’s
reliability and life expectancy would be reduced by the metallization
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damage, and its effectiveness under emergency conditions would be
questionable.

Conclusion

From a preventive viewpoint, the determination of correlations
between process-related defects and rf susceptibility of devices would
provide background information for process screens. Such process
screens are theoretically possible because several defects were found
to be statistically correlated to rf failure of transistors. Since these
defects are optically observable, they could be screened in a manner
similar to that outlined in MIL-STD-883 during the actual processing
of the transistors. It was also determined that rf-induced damage
cannot always be defined by electrical parameter measurements.
Therefore, rf damage to Fleet electronic equipment in terms of
reliability and life expectancy may be more severe than previously
reported.

The investigations currently being conducted will further define
the areas discussed above and determine:

® If protective measures exist as temporary solutions to the rf
susceptibility problem,

® How ambient temperatures affect the rf susceptibility of
devices, and

® Whether integrated circuits of the metal-oxide-semiconductor
(MOS) type will be more or less susceptible to rf energy than the
bipolar types. This is important since the microelectronics industry
is makingincreased use of MOS-type devices to perform the functions
previously performed by bipolar integrated circuits.

By applying the information generated in the rf susceptibility
programs, it is expected that Navy electronic systems operated in
typical Fleet environments will be more reliable and that maintenance
time and costs will be reduced.
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Equatorial Scintillation

R. U. F. Hopkins and M. R. Paulson
Uhf Technology Division
Naval Electronics Laboratory Center

For many years, radio astromomers have observed that signals
from radio stars received at a fixed ground station scintillate, or
fluctuate in amplitude. At first they thought the fluctuating signal
strength was caused by fluctuation in the power of the source (the
radio stars). However, spaced receiver tests have shown that
irregularities in the electron density of the ionosphere caused the
signals to scintillate as the source moved or as the irregularities
moved through the propagation path.

With the development of artificial satellites, many new radio
sources became available for the study of the scintillation
phenomenon. At the same time, it became very important to know
what effect the ionospheric irregularities would have on trans-
missions to and from these satellites.

It is believed that the electron-density irregularities occur in the F
region of the ionosphere. Kent and Koster (1) report measuring
irregularities at heights from about 240 km up to about 400 km.
The irregularities are elongated, with the longer axis parallel to the
earth’s magnetic field lines. Axial ratios greater than 60 to 1 have
been measured.

The most frequent and intense scintillation activity occurs in the
auroral regions and in a region along the magnetic equator at night.
The sporadic activity along the equator tends to be greatest around
the equinoxes, and is most intense during periods of high sunspot
number.

Although it appears that the generation of electron-density
irregularities that cause scintillation is dependent on solar activity, no
direct cause-effect relationship has as yet been established. Several
theories have been advanced to explain this generation, but none is
considered completely satisfactory.

Since the refractive index of the ionosphere is a function of radio
frequency, irregularities in the ionosphere will have progressively
less effect as the transmission frequency is raised. However, the rate
that the scintillation intensity decreases with increasing radio
frequency is not known. Various researchers have estimated that it
is inversely proportional to frequency; others, that it is inversely
proportional to frequency squared; and one, that it is inversely
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proportional to the square root of frequency. It appears that the
frequency dependence is not constant and may vary with ionospheric
conditions. In one instance, measurements of peak-to-peak scintil-
lation were made that were greater than 6 dB at 6 GHZ.

Since the Navy plans to increase the use of satellites in communi-

cations and navigation, it is important to know how scintillation
activity will affect such systems. While considerable research has
already been done, most of it was conducted at frequencies below
100 MHz. Also, results of many of these studies were presented in
terms of scintillation indices that are not very useful for engineering
purposes. Consequently, the Naval Electronics Laboratory Center
was requested to make some measurements in the equatorial region
so that the problem in that area could be evaluated. This article
discusses results of studies made during three trips to the Pacific
equatorial region in 1970, 1971, and 1972.

Experimental Investigations

Figure 1 is a typical example of a recording of the equatorial
scintillation phenomena made on Guam from 250 MHz TACSAT-I
signals. Attention is directed to (1) the rapid scintillation buildup
at left, (2) the very rapid nature of the fading, and (3) the enhance-
ment of signals that accompany deep fading. The latter point
suggests that some form of multipath channel exists. Measurements
obtained by the Instituto Geofisico del Peru using the ionospheric
radar at Jicamarca, Peru confirm that the irregularities of electron
density responsible for scintillation are widely distributed above the
F layer, suggesting that multiple scattering may be the propagation
mechanism in effect. Further theoretical and experimental research
will be necessary before the nature of the interaction of electro-
magnetic waves with ionospheric irregularities can be stated with
assurance.

The question of how the irregularities are formed in the first
place is even more of an enigma. Solar energy inputs are certainly
necessary. This is demonstrated in Figure 2, which compares
scintillation activity to the monthly mean relative sun spot number
occurring during the three NELC experiments. Although the
scintillation activity appears to follow the monthly mean number
rather well, comparison of the two on a daily basis indicated no
correlation at all-regardless of positive or negative time delay
offsets between the daily values.

Statistical analysis was performed on recordings of the type shown
in Figure 1 to derive such information as cumulative amplitude
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Figure 2 — During NELC’s equatorial scintillation experiments in 1970, 1971
and 1972, scintillation activity was compared to the monthly mean relative sun
spot number. In this figure, & = the occurrence of scintillation and * = the average
of the daily relative sun spot numbers for the periods of each of the NELC tests.

probability distributions, envelope power spectrum densities, and
fade duration distributions for systems applications. Figure 3 shows
the temporal variation of several levels taken from a number of
cumulative amplitude probability distributions. From the figure, it
is apparent that scintillation activity commences abruptly in the
evening and gradually declines into the morning hours. Thus, it is
evident that satellite systems operating in the military uhf band
could be subject to many hours of degradation or complete disrup-
tion. Analysis of numerous power spectra of the signal envelope
indicated that practically all components were below 1 Hz and
usually below 1/2 Hz. Fade duration statistics for 6 dB and 12 dB
below the mean signal level were developed from the data for use in
error control applications. The results indicated that any system
designed to overcome the effects of scintillation must be able to
handle signal fadeouts up to 10 seconds long at 6 dB and up to 5
seconds long at 12 dB.

Dependencies

The dependence of scintillation activity on such parameters as
latitude, elevation angle to the satellite, and carrier frequency was
20
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Figure 3 — In this experiment, four points from the cumulative amplitude
probability distributions of TACSAT I uhf signals were plotted during periods
of scintillation activity. The four points were maximum signal level, and 50%,
10%, and 1% probability. When no scintillation was occurring, the undisturbed
signal level was recorded.

also investigated. Briefly, it was found that scintillation in the
equatorial region occurs primarily in a band approximately 15° of
latitude from the geomagnetic equator. Elevation angle dependence
is slight. Simultaneous measurements of signals from TACSAT-I at
250 MHz and 2300 MHz indicated that scintillation intensity was 25
dB less at 2300 MHz, as measured between the cumulative amplitude
probability distributions at 99% probability. Thus, it is suggested
that strong consideration be given to use of the higher frequencies
for space services.

Drift Velocity of the Ionospheric Irregularities

Measurements to determine the vector drift velocity of the
ionospheric irregularities were made using a triangle arrangement of
receivers placed on East-West and North-South baselines. Cross
spectrum analysis of the data thus obtained yields the speed and
direction of drift velocity for individual components of the fading
spectrum. Figure 4 shows the results of one such measurement. The
reason for using the complex analysis was to determine if the fading
was due to one component of drift velocity or possibly more than
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Figure 4 — By analyzing the drift velocity of ionospheric irregularities, it was
possible to determine the speed and direction of drift veolcity for individual
components of the fading spectrum. This data was recorded on Guam, 28
October 1971 GMT.

one component with different directions. It is evident from the
results that all components of the fading spectrum had a common
drift velocity.

Valuable information on the spatial diversity characteristics of
scintillation fading was also obtained from the drift velocity experi-
ment. Figure 5 shows the correlation between pairs of received
signals as they are displaced in time. As expected, the N-S elonga-
tion of the irregularities combined with an eastward drift velocity
results in high correlation at zero time delay while the E-W pair
exhibits a high degree of decorrelation. The peak correlation of the
E-W pair at 6 seconds delay provides the necessary information
needed to compute drift velocity in that direction. This data provided
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the basis for the design of a space diversity system to be used at
Guam to minimize the effects of scintillation fading.

Conclusion

The results of NELC’s equatorial scintillation investigations are
detailed in reference 2 and summarized below.

® The uhf scintillation near 250 MHz was very intense (exceeding
25 dB peak-to-peak) and faded quite regularly into the system noise.
This scintillation was predominantly a nighttime phenomenon,
usually starting within an hour or two after ground sunset and often
occurring until 1:00 or 2:00 a.m. (local time). On one or two
occasions, scintillation occurred until 4:00 or 5:00 a.m.

® Samples of scintillation data for three successive years indicate
that scintillation occurrence varies with solar activity.
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o Investigation of the latitude dependence of scintillation showed
that activity was largely confined within 15° of latitude from the
geomagnetic equator.

® Investigation of elevation-angle dependence showed the intensity
of the scintillation to be comparable at three elevation angles. The
occurrence of scintillation, however, was slightly less at the 72°
elevation angle than at the 30° angle. However, because of the short
time converted in these measurements, this difference may not be
significant.

® Limited tests of frequency diversity made in the region of 250
MHz suggest that frequency differences greater than 100 MHz would
be necessary for frequency diversity to overcome the effects of
scintillation., In order for space diversity to be effective in over-
coming such effects, separation distances greater than the length of
the largest naval ship would probably be required.

® Statistical evaluation of the scintillation records indicates that
any system designed to overcome the effects of scintillation must be
able to handle signal fadeouts several seconds long.

® During limited measurements, peak-to-peak scintillations of 2
to 5 dB were observed at 2.3 GHz. However, the intensity of this
scintillation was much less than that observed at 250 MHz during the
same time period.

References

1. Kent, G. S. and Koster, J. R., “Some Studies of Nighttime F-Layer
Irregularities at the Equator Using Vhf Signals Radiating from Earth
Satellites,” Annales de Geophysique, v. 22,no. 3, p. 405-417, 1966

2. Naval Electronics Laboratory Center Technical Report 1875, Effects of
Equatorial Scintillation Fading on SATCOM Signals, by M. R. Paulson and
R. U. F. Hopkins, 8 May 1973

(Continued from page 11)

the transmitted reference code to determine the number of errors. It provides
continuous service, even at high error rates. If the signal is lost, it is automatically
reacquired without operator intervention.

Five monitoring units were fabricated by NELC for use during operational
evaluation (OPEVAL) of the Satellite Fleet Broadcast Receiver (SSR-1). Four
were used aboard ship and one was used for monitoring bounce back at the trans-
mit station. During OPEVAL, the printout device of the unit provided time-of-
day information, mode of operation (FM or PSK), sample size, and error count.
These units were subsequently used in the WSC-3 radio set OPEVAL and are now
being operated in connection with various NELC projects.

Development of the BER monitoring unit was sponsored by NAVELEX.
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Performance Measurements of
Infrared Photodetectors

R. F. Potter
Electronic Materials Sciences Division
Naval Electronics Laboratory Center

The developments in modern semiconductor material technology
have been both intensive and extensive in nature, and have had a
special impact on the technology of infrared radiation detection.
Certain agencies of the U. S. Navy, including the Office of Naval
Research, early recognized the need for conducting research in IR
detection technology. Thus, they sponsored the concept of and
tasked the formation of a Tri-Service DoD IR facility, which is now
located at the Naval Electronics Laboratory Center, for the purpose
of establishing the parameters for describing and reporting the
operating characteristics of all classes of IR photodetectors. The
most important aspect of this task was the development and
establishment of measurement procedures that were appropriate and
required for the quantitative evaluation of these detectors.

As a result of this program and collaboration with the IR
community, the established methods and procedures for measuring
and describing IR transducers are far and away superior to those
available for other transducers. Measurements of characteristics
made at one facility can not only be duplicated at another with
relatively little ambiguity in reporting and interpretation procedures,
but can also be reasonably extrapolated and interpolated to apply to
operational conditions not necessarily used in the measurement
laboratory.

Although the conditions under which a detector may be measured
and used are almost infinite in number, the number of parameters
must be limited in order to establish a standard measurement and
procedure. However, in most cases, a limited number of parameters
can afford a reasonable description of the detector characteristics
under a wide variety of operating conditions. The only detectors
considered here are those whose output consists of an electrical signal
that is proportional to the radiant signal power. The parameters to
be considered are the detector signal, detector noise, radiation signal
power, detector bias, detector temperature, detector physical and
electrical properties, and the background conditions under which the
detector is operated. (See references 1 and 2 for discussions of these
parameters.)
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Based on these measurements, the following figures of performance
can be calculated that enable a reasonable comparison between de-
tectors:

® Noise equivalent input (Hy)—the minimum radiant flux density
necessary to give a signal-to-noise ratio (SNR) of 1 for unit band-
width.

® Noise equivalent power (Py = HyAp)—the minimum radiant
flux necessary to give an SNR of 1 for unit bandwidth, where Ap is
the effective detector area.

® D-Star (D* = A1/2Py~-1)—the SNR per unit incident flux for a
detector assuming that signal and noise power are each direct
functions of area. Thus, given this condition, D-Star describes a
general type rather than one having a particular area.

D-Star is a very popular figure of performance, since it can be used
to describe most semiconductor detectors. It must be used with
caution, however, as all detectors cannot be described satisfactorily
in this manner. Also, it should be noted that possible desired and
necessary tradeoffs can be hidden when there is a noncritical
dependence on D-Star or another comparable figure of performance.
For example, Figure 1 shows the noise power spectrum of an indium
antimonide (InSb) photoconductor with bias current as a parameter.
In Figure la, the noise is monotonically increasing with bias current.
However, the responsivity is such that the optimum detectivity
occurs with a bias of 125 microamperes (uA), as shown in Figure 1b.
In fact, the detectivity at 250 pA is degraded by only a small amount
from the so-called optimum value, while the requirement for the
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Figure la — Noise spectra for InSb photoconductor at several bias currents.
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Figure 1b — D* at the spectral wavelength at which responsibility is a maximum
for bias currents. D* for 250 uA is not significantly less than that for 125
MA.

noise figure for the necessary preamplifier can be relaxed by a factor
of three or more. This is certainly a matter of significance to a design
engineer.

Intrinsic and Alloyed Detectors

Two recent developments pertinent to IR technology can be
described by comparing the detectivities of two classes of photo-
detectors. These are detectors that can be operated in conjunction
with thermoelectric coolers (having a practical lower limit of
approximately 200K operating temperature) and alloyed detectors.

The detectivities for five intrinsic phc‘odetectors operated at
200K, as well as the theoretical limits for detectors exposed to a
photon flux from a 300K background, are shown in Figure 2.

Lead sulphide (PbS) increases in D* about an order of magnitude
upon cooling to 200K and approaches the theoretical limit. Unfor-
tunately for some applications, the responsive time constant also
increases by at least an order of magnitude. The temperature of
200K thus appears to be optimum for maximizing the D* of PbS.
However, some high-performance cooled PbS detectors have exhibited
reduced D* values when the detectors were exposed to relatively low
levels of visible and ultraviolet radiation.

Lead selenide (PbSe) detectors also increase about an order of
magnitude in D* when cooled to 200K. This temperature also
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Figure 2 -~ Representative spectral D* curves for several photodetectors

operating at 200K. The theoretical curve gives the limiting value for D* with a
300K background.

appears optimum for PbSe, and the specific detectivity approaches
the theoretical limit. PbSe does not operate well over long periods
of time in a hard vacuum, and this peculiarity has presented some
problems when PbSe is operated cooled. However, a recent change
in dewar design has largely solved this problem. Recent efforts for
both PbS and PbSe have seen the development of cooled arrays
using cold aperture stops, cold spectral filters, and thermoelectric
coolers.

Indium arsenide (InAs) increases in specific detectivity about an
order of magnitude when cooled to 200K. The responsive time
constant of this detector material is in the range of 1 microsecond.
Since the temperature range of 200K is suitable for the operation of
InAs, this material can provide fast, sensitive, and reliable detectors
in the 1 to 3 micrometer (um) spectral region.

Although the specific detectivity of indium antimonide (InSb) in-
creases from one to two orders of magnitude when cooled to 200K,
this temperature range is not low enough to achieve maximum D*
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values for InSb detectors. InSb has been used to some extent at
this temperature, however, since it can provide D* values approaching
1010 cm-Hz!/2 /watt at wavelengths out to 6 um and it has a short
responsive time constant.

Two recent families of photodetector materials have been developed
that consist of pseudobinary alloys of compound semiconductors.
Combinations of mercury telluride (HgTe) and cadium telluride
(CdTe) are now available as Hg, _, Cd, Te, where x is about 0.2, for
operation in the 8 to 14 um spectral region of the atmospheric
window (3). This family of detectors is usually referred to as
““merc-cad telluride” (HgCdTe), as a generic term with the subscript
suppressed.

A similar story applies to the lead-tin chalcogenides, of which
lead-tin-telluride (PbSnTe) is currently important (4). For operation
in the 8 to 14 um region, the alloy Pb;_,Sn, Te where x is about
0.2 has been used as a photodiode. Curves for a PbSnTe photovoltaic
detector operated at 77K and a HgCdTe photoconductive detector
operated at two different temperatures but designed for 8 to 14 um
are shown in Figure 3. Reference 5 gives information on comparing
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Figure 3 — Spectral D* for a HgCdTe photoconductor and a PbSnTe
photovoltaic detector shown at the indicated operating temperatures. The
field of view (in degrees) is given in parenthesis.
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other detectors, in additions to further details and definitions of
terms used in this paper.

Current Programs

A current program being conducted at NELC is directed at
establishing definitive measurement techniques for characterizing
detectors under extremely reduced photon flux conditions. This is
very important because of the background-limited nature of most
current and developing IR photodetectors. Another effort is aimed
at measuring performance under certain radiation fluxes that alter
the detector characteristics either temporarily or permanently.

The author wishes to acknowledge the assistance of his NELC
colleagues, particularly W. L. Eisenman and J. D. Merriam.
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Fiber-Optic TV System

A closed-circuit TV system recently installed in USS KITTY HAWK (CVA 63)
uses fiber-optic bundles to carry the video information. Because of the low-loss
cables (70 dB/km), signals can be transmitted between a transmitter and a
receiver separated by as much as 1000 feet. The quality of reception compares
well with that of conventional closed-circuit TV systems. The system was
developed by NELC under the sponsorship of NAVELEX.

NELC has been conducting a technology development program leading to the
application of fiber optics to Navy systems for some time. Fiber-optic technol-
ogy provides advantages of security, electrical isolation between transmitting and
receiving terminals, immunity to electromagnetic interference, and space and

(Continued on page 36)
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Bioelectronics Research at NELC

C. T. White
Human Factors Technology Division
Naval Electronics Laboratory Center

NELC'’s Bioelectronics Research Group was established in 1957 to
study the various bioelectric phenomena, develop improved
techniques for dealing with them, and apply the findings of such
work to general human factors problems. Early work in this area
dealt with the problem of establishing the physiological cost of per-
forming certain kinds of tasks, both physical and mental. Detailed
studies were made on the learning of motor skills and the changes
that occurred in the various muscle groups that were involved.
Techniques were devised for integrating the electrical activity of the
muscles so that meaningful quantitative work could be performed.
Finally, a number of extensive studies were conducted and published
on the effects of fatigue and motivation on performance and the
electrical activity of the muscles.

Another area of interest was the study of how subjects use their
eyes in performing visual search tasks. This study involved develop-
ing the technique of two-dimensional electro-oculography (EOG) to
a usable level. This technique is based on the fact that the eye is
like a small battery, that is, it is positively charged at the front and
negatively charged at the back. As the eye moves in its socket,
corresponding electrical changes occur in the dc field around it.
NELC scientists found that it was possible to represent the move-
ments of the eye on a dc oscilloscope or strip-recorder. It was also
found that these electrical changes could be used as an effective con-
trol mechanism, since a person only has to look toward an object
to bring an auxiliary tracking system to bear on that object. This
characteristic could<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>