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1 This work was performed under the auspices of the U.S. Atomic Energy Commission.

RF TELEMETRY FROM A HIGH SPEED SUBTERRAIN1

T. W. H. CAFFEY and W. R. HALE
Sandia Corporation

Albuquerque, New Mexico

Summary    The telemetry of the deceleration loading upon a vehicle which deeply
penetrates the earth at high speeds is described. The technique consists of using a single-
channel, narrow-band FM transmitter to drive a magnetic dipole so that RF
communication with above-ground receivers is provided. A 260-kHz, 340-watt system
with a 2-kHz bandwidth is described along with design considerations. The reduction of
the conductivity along the signal path by the penetration tunnel with consequent signal
enhancement is discussed.

Prolegomena    The study of the dynamics of high-speed penetration of the earth by
large vehicles has become so extensive that a particular word, “terradynamics, “ has been
invented to describe it. Three methods have been used so far to telemeter information
from the terradynamic research vehicle or “TRV. “ The technique which has been used
most often requires the deployment of a parachute containing the TM transmitter prior to
impact, and TM signals are sent up a signal cable from the TRV to the transmitter [1].
The difficulty with this method is damage to the signal cable upon impact or passage
through the earth. A. second method, which stores the data on board but which also
requires recovery of the vehicle, has been described at the 1966 ITC [2]. The third
method, described in this paper, is to communicate the TM data via an RF link through
the ground.

Performance Goals    Operation of the system at depths of 50 feet or more in soil with a
conductivity as great as 20 millimhos/meter was selected as a goal because it would
allow operation in a large number of soil types and even quite a few freshwater lakes.
Deceleration loads of up to 3000 G’s with a rise time of a millisecond and a duration of
100 milliseconds were anticipated, and it is important to remember that the system would
be required to operate within, and not merely survive, the dynamic environment. Proper
performance at a temperature of -40EF was required so that the unit could be carried
externally at altitudes of up to 24,000 feet during delivery maneuvers. A typical TRV is
shown in Fig. 1. The vehicle is about 12 feet long by 9 inches OD and weighs about
1100 pounds. Any sort of trailing wire antenna was excluded by the necessity to
guarantee antenna reliability, so a magnetic dipole was chosen and the radome can be



seen protruding from the vehicle tail. The attenuation of the signal by passage through
the earth dictated some form of angle modulation.

Design Considerations    The radiation resistance of a coil with area A and radius b
within a spherical radome of radius a immersed in a medium of conductivity a- has been
derived by Wait [3] as follows:

(1)

The ratio of (b/a) should be close to unity to make the small value of Rrad as large as
possible; the ratio (b/a) was 0.915 in the TRV’s. Kraichmann [4] has derived the amount
by which the coil inductance is decreased by the surrounding medium with this result:

(2)

A single-layer, N-turn, spherical coil was used, for reasons to be explained later, and its
area is given by

(3)

The radiation resistance and inductance of a spherical coil in air are given by Wheeler
[5] as follows:

(4a, b)

The magnitude of the field strength in air due to a magnetic dipole buried in the earth
with the dipole axis parallel to the earth-air interface is given by Moore and Blair [6] as
follows:

(5)

where E = vertically polarized field strength, rms volts/meter;
I = antenna current, amperes rms;
Z = depth of burial of antenna, meters;
D = numerical separation distance = 2 B x distance/ wavelength and D # 1;
N = azimuth angle between the dipole axis and field point.

Experiments were carried out at Lake Mead, Nevada (F = 116 , and Lake Roosevelt,
Washington (F = 14), to examine Eq. 5, and the behavior of the field with respect to



depth, range, and azimuth angle were verified but the predicted magnitude was found to
be conservative by about 3 to 5 db [7].

Three quantities in Eq. 5–the operating frequency, antenna size, and current–could be
chosen, although not independently and not without compromise, and the soil
conductivity and noise environment could only be measured. It was obvious from Eq. 5
that the largest possible AIproduct or dipole moment should be used to maximize the
field strength. The antenna current was ultimately limited both by solid-state amplifier
technology at the operating frequency and by primary power requirements. The antenna
area was limited not only by the vehicle OD but also by thermal considerations which
influenced the spacing of turns, and the need to provide a terminal impedance and Q of
practical values. The choice of frequency affected all of the preceding considerations and
also was influenced by the noise environment, the bandwidth requirements, and the need
for a clear frequency allocation. An optimum frequency, in the sense of making the field
strength a maximum, can be derived from Eq. 5 with this result:

(6)

This result was of little help because neither F nor Z could be accurately known in
advance. Moreover fopt varies rapidly with Z for an assumed value of F , viz: 219 # fopt #
260 kHz for 50 # Z # 46 feet. A frequency of 260 kHz was finally chosen, all things
considered.

The most frequently used testing area for TRV’s is the Main Lake Target at the Tonopah
Test Range operated by Sandia Laboratory for the AEC near Tonopah, Nevada. The
noise environment was measured there in 10-kHz bandwidths over a wide frequency
range, and it appeared that 100 Fv/m of noise, which included a conservative safety
factor, would have to be anticipated. The soil conductivity was measured at a number of
places throughout the target zone at several different times throughout the duration of
testing and before and after each drop by the four-electrode method [8]. Figure 2 shows
some typical conductivity profiles made 18 months apart at different sites and
demonstrates that the conductivity is fairly uniform over the target area. As a
conservative matter a conductivity of 20 millimhos/meter, a value near the largest value,
was used at the outset, and the decrease of conductivity with the depth was ignored.
Actual profiles were used in later computations to estimate the magnitude of the
“penetration effect,” which will be discussed later.

Wheeler [5] has shown that, for a given coil with a particular effective area and
inductance, a spherical coil with the same area and inductance can be found whose
diameter will always be less than the maximum dimension of the given coil. This fact,
together with the circular cross section of the vehicle, invited a side-by-side comparison



between spherical and cylindrical coils immersed in a conducting half-space. The
experiment was carried out in conjunction with the experimental investigation of Eq. 5
with the result that the spherical coil was found to have at least a 1.5 db advantage. The
coil, as finally fabricated [9], consisted of 33-3/4 turns of #20 AWG wire laid upon an
8-inch sphere of 20-pound polyurethane foam and had an inductance of 100 Fh and a
resistance of 1.64 ohms at 260 kHz. The Q at 260 kHz was 100 and the effective area
was 0.73 square meters. The radiation resistance of the coil in air and in soil of moderate
conductivity (20 millimhos/meter) was 9 x 10-9 ohms and 2.2 x 10-2 ohms, respectively.
The decrease in inductance due to the soil, computed from Eq. 2, was 0.4 x 10-12 hy, a
negligible quantity.

The directivity of Eq. 5 required that an array of receiving antennas be placed around the
drop zone and spaced far enough apart so that the TRV would impact within the array.
The array geometry was a pentagon with a receiver located at each corner and one
receiver in the center, as shown in Fig. 3. Each receiver had a 12-foot whip antenna built
into its top so that, for an expected penetration depth, each receiver would cover a
circular area determined by the maximum predicted range at which a signal of 100 Fv/m
could be received. The coverage circles of the outer receivers were made tangent as
shown in Fig. 3, and the coverage of the center receiver slightly overlapped that of the
outer receivers. The non-redundant coverage of the area of a circle which circumscribed
the circles of coverage was 0.77. It now remained to compute the radius of a circle of
coverage from Eq. 5. Fig. 4 shows horizontal range versus penetration depth with
conductivity as a parameter for a field strength of 100 Fv/m. A penetration of 50 feet in
F = 20 soil would permit a radius of 200 feet for example.

The TM Package    Fig. 5 is an assembly photograph of the major components showing
their arrangement from front to rear of the unit, and Fig. 6 is a schematic block diagram
of the package, whose total weight was 98.5 pounds. The frequency response of the
single-channel FM system, including both the transmitter and receivers, was 2 kHz with
a peak deviation of 3 kHz.

Two thermal batteries were used to supply almost all of the 434 watts required by the
power amplifier. The batteries were mounted transversely to the vehicle axis (a position
determined by shock testing) within a massive aluminum cylinder which served both as a
heat sink and as a structural support for the rest of the package. Flutes were provided to
convey the air from the crushing honeycomb into the large air cavity forward of the
battery pack. A phenolic annular ring was used as a spacer to provide clearance above
the rear end of the battery pack for components located there, and had air channels which
lined up with the flutes on the battery pack. The honeycomb, the next component to the
rear, was not necessarily required to mitigate the shock pulse to the transmitter package, 



but was inserted when axial length became available due to a more compact transmitter
design after the overall mechanical layout was fixed.

The transmitter package was potted throughout in 20-pound polyurethane foam. It
contained the signal conditioning amplifier, the 260-kHz voltage-controlled oscillator
(VCO), and the power amplifier. The two 28-volt, button-cell batteries were mounted on
the aft end. The signal conditioning amplifier provided the supply voltage to the
accelerometer bridge and amplified the bridge output. The 260-kHz VCO’s, made
especially for this program by Teledynamics, Inc., were adjustment-free, potted to
withstand a high G loading, and had a drift of not more than ±125 Hz over the
temperature range from -40 to 65EC. The frequency of the VCO was adjusted for
maximum efficiency of the power amplifier. The solid-state power amplifier delivered
about 344 watts into the antenna with an overall conversion efficiency of about 79
percent, which was obtained by using a push-pull class-D output. The amplifier, custom-
made for this program by the Continental Electronics Company, was tested for rated
output and proper turn-on in a cold chamber and was extensively shock-tested. The
deviation was limited to 3 kHz by the fact that a high-Q antenna was used. Moreover,
tuned class-D amplifiers suffer from a hysteresis effect when they are operated above the
resonant frequency of the output network; consequently the deviation had to be in the
direction of decreasing carrier frequency. In the case of a deceleration pulse, which is
almost always one-sided, the FM spectrum has been shown to be one-sided in the
direction of the carrier deviation [10].

The antenna was described earlier, but the uniform interior field of the spherical coil
permitted the mounting of the final tuning capacitor inside the antenna so that there was
no coupling between the antenna field and the capacitor current. Fig. 7 is a cutaway view
of the antenna and shows the mounting arrangements which also provided shock
mitigation to the capacitor. Crushing of the antenna foam by the capacitor was the factor
which eventually limited antenna life, because the antennas were not damaged by
passage into the earth.

In a typical operation conductivity profiles were obtained at several places throughout
the impact zone and the receivers were deployed. The output of each receiver, consisting
of the FM spectrum down-converted to 70 kHz together with a signal level indication,
was cabled to a magnetic tape recorder. A few minutes before release the signal
conditioning amplifier and VCO were supplied with power from internal batteries in
order to stabilize them. A delay switch activated the thermal batteries after release with a
delay chosen according to release height and speed so that the unit would be completely
operating at least 5 seconds before ,impact. After impact several conductivity profiles
were obtained through-out an area which included the hole of entry.



Tunnel Effect    The most interesting effect observed in testing, apart from
terradynamics data, was the enhancement of field strength by the penetration tunnel.
Eq. 5 was derived upon the assumption of a homogeneous conducting half-space which
was undisturbed except for the presence of the antenna. The path of least attenuation is
the vertical path from the antenna to the surface. In a soil drop the conductivity of this
path is greatly reduced by the air voids left in the collapsing penetration tunnel, and the
field strength is enhanced. Moreover, the collapse of the tunnel depends upon the media
and may take considerable time, during which a virtually unobstructed air path to the
surface is available. Measurement of the penetration depth and the distance from the hole
of entry to each receiver together with the signal strength made it possible to solve Eq. 5
for the effective conductivity, which was usually about half the conductivity measured at
the penetration depth. Fig. 4 shows that when conductivity is halved, from 20 to 10, for
example, the horizontal range may be increased from 200 to 290 feet when a depth of 50
feet is anticipated. Alternatively, the size of the receiver array may be based on the larger
conductivity value, and the benefit of excess signal strength may be secured. Field
strengths computed from Eq. 5 using conductivity profiles rather than average
conductivity values were not great enough to explain the observed signal strengths.

Conclusion    Telemetering from a subterrain via an RF link through the earth has been
found to be a practical method which is particularly suitable when the vehicle is
unrecoverable. Soil conductivity and background noise level ultimately limit the system
because the primary power requirement may become excessive, and the number of
receivers required to cover a target area of practical size may become too large. The
enhancement of signal strength by the tunnel effect should be investigated with respect
to water entries, where the cavitation path may provide a similar benefit. Multiple
channel information from a very deep subterrain could be obtained by an on-board
memory which plays back through an RF link via the penetration tunnel after the vehicle
comes to rest; this technique also remains to be investigated.
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Fig. 1. - A terradynamics Research Vehicle



Fig. 2. - Soil Conductivity in the Target Zone

Fig. 3. - Geometry of the Receiver Array



Fig. 4. - Range vs. Depth for a Field of 100 Mv/m with
Conductivity as a Parameter

Fig. 5. - TM Pack Assembly



Fig. 6. - Schematic Block Diagram

Fig. 7. - Cutaway View of Spherical Antenna




