
A Space Combining Approach to the Multipath Problem

Item Type text; Proceedings

Authors Geen, David W.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:14:32

Link to Item http://hdl.handle.net/10150/614715

http://hdl.handle.net/10150/614715


A SPACE COMBINING APPROACH TO THE
MULTIPATH PROBLEM

David W. Geen
Naval Surface Warfare Center

Dahlgren, VA 22448

ABSTRACT

Telemetry signal fading due to the effects of multipath propagation may cause loss of data.
Development of a computer model defines the characteristics of multipath propagation,
and the benefits provided by space combining: two space separated antennas used in
conjunction with a dual channel receiver-combiner. Results of field tests are presented.

INTRODUCTION

Figure 1 depicts the multipath scenario. D represents the direct signal; E + F, the reflected
signal. Reflection from the water’s surface results in the signal being attenuated and shifted
in phase relative to the direct signal. Signal attenuation can be described by two factors M
and C, and phase shift as a quantity M. M and M, the magnitude and phase of the reflected
signal, are dependent on the permittivity of the reflected surface and grazing angle R; C is
the earth’s curvature dispersion factor, whose magnitude is dependent on specific path
lengths, antenna heights, and grazing angle. Phase of the reflected signal relative to the
direct signal is also dependent on path length difference E + F-D, expressed as a phase
quantity 1. Depending on the values of M and 1, the reflected signal may arrive in or out
of phase with the direct signal, resulting in signal strength improvement or degradation.

A computer model was developed to investigate the role of the following variables in the
multipath scenario:

1. Grazing Angle
2. Receiving Antenna Height
3. Transmitting Antenna Height
4. Surface Range



FIGURE 1. CURVED EARTH MODEL

COMPUTER MODEL

The computer model is based upon solution of the following equation for reception of
direct and reflected signals:

S = 1 + (MC )  + 2MC Cos(1-M)D   D
2

where:

S = received signal strength (V)

C = Earth’s curvature dispersion factor
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D = Attenuation factor due to sea state
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  Fh = variance of surface height about mean height
  8 = signal wavelength

1 = path length difference expressed as phase difference
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g  = permittivity of free space = 8.854 X 10  F/mo
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g/g  = dielectric constanto

F = conductivity of water (mho/m)
T = frequency of signal (rad/s)

The computer model is designed so that any of the aforementioned variables may be
designated as the independent variable in the multipath equation, with the user selecting a
window over which to increment the desired variable. Simulations run do not take into
account antenna gain characteristics; transmitting and receiving antennas may be
considered as being isotropic. Simulations also do not take into account free space path
loss, as the intent of the study is to determine only the loss encountered as a result of
multipath. Unless otherwise stated, a conductivity value of 5.5 and dielectric constant of
80 has been used for all simulations, in order to simulate conditions for reflections from
salt water.

GRAZING ANGLE VARIANCE

Figures 2, 3, and 4 depict the characteristics of multipath as related to grazing angle.
Receiving antenna height, transmitting antenna height, and surface range all affect
determination of the grazing angle value; leaving two of these variables fixed and varying
the third results in a unique grazing angle. Their interrelationship is characterized
throughout the rest of this report. For simulations shown in Figures 2 through 4, the
multipath equation is solved repeatedly, incrementing grazing angle each time while
leaving antenna heights fixed. At a grazing angle of zero, the transmitting antenna is
effectively at the radio horizon. With both antenna heights remaining fixed, increasing the
grazing angle in successive solutions of the multipath equation results in decreasing
surface range values. Data plotted in Figures 2 through 4 yielded surface range values from
219 to 28 nmi.

Figures 2 and 3 depict behavior of the reflected signal alone. Magnitude of the reflected
signal in Figure 2 is normalized to the direct signal. Phase of the reflected signal plotted on
the y axis in Figure 3 is phase shift M caused by reflection of the signal. Figure 4 portrays



strength of the resultant combination of direct and reflected signals. Magnitude of the
received signal in Figure 4 is also normalized to the direct signal; 0 dB represents received
signal strength in the absence of multipath.

Several characteristics of multipath are apparent in looking at these graphs. Maximum
improvement, the case in which the reflected signal arrives at the antenna exactly in phase
with the direct signal, is 6 dB; out-of-phase cancellation may result in signal strength
degradation up to 40 dB. Multipath nulls are far more severe for horizontally polarized
signals than for vertically polarized signals, as seen in Figure 4. This is because the
magnitude of the horizontally polarized reflected signal is nearly equal to that of the direct
signal, as opposed to the diminished vertically polarized reflected signal, seen in Figure 2.
Multipath nulls for both polarizations are deepest at low grazing angles.

RECEIVING ANTENNA HEIGHT VARIANCE

Figure 5 depicts the effect of a change in receiving antenna height on multipath
propagation. This simulation was run using fixed values for surface range and transmitting
antenna height, and incremental values for receiving antenna height. With fixed surface
range and transmitting antenna height values, increasing receiving antenna height in
successive solutions of the multipath equation results in increasing grazing angles.
Resultant grazing angles for the receiving antenna height window shown in Figure 5 were
3.03 to 3.05 deg.

For the scenario shown, it can be seen that received signal strength is very sensitive to the
height at which the receiving antenna is located. An increase in receiving antenna height,
though barely changing the grazing angle, results in a shorter direct signal path and longer
reflected signal path, yielding a significant change in path length difference. When
expressed as a change in phase shift of the reflected signal, the result is a high occurrence
of multipath nulls for small changes in receiving antenna height. Numerous computer
simulations run indicate that the frequency of the multipath nulls is dependent on surface
range, transmitting antenna height, and signal wavelength. For the same receiving antenna
height window:

1. Increasing surface range will decrease the frequency of the nulls
2. Increasing transmitting antenna height will increase the frequency of the nulls
3. Increasing the signal frequency will increase the frequency of the nulls

TRANSMITTING ANTENNA HEIGHT VARIANCE

Figure 6 depicts the effect of a change in transmitting antenna height on multipath
propagation. This simulation was run using fixed values for surface range and receiving
antenna height, and incremental values for transmitting antenna height. Increasing



transmitting antenna height in succesive solutions of the multipath equation yields
increasing grazing angles for this simulation; for the transmitting antenna height window
shown in Figure 6 resultant grazing angles were 1.74 to 4.08 deg.

Effects of change in transmitting antenna height mirror those of change in receiving
antenna height, as expected, due to symmetry of the multipath scenario about the reflection
point, shown in Figure 1. Increasing transmitting antenna height results in an increase in
path length difference, and, expressed as a phase difference 1, multipath nulls occur at a
frequency dependent on surface range, receiving antenna height, and signal frequency. For
the same transmitting antenna height window:

1. Increasing surface range will decrease the frequency of the nulls
2. Increasing receiving antenna height will increase the frequency of the nulls
3. Increasing the signal frequency will increase the frequency of the nulls

SURFACE RANGE VARIANCE

Figure 7 depicts the effect of a change in surface range on multipath propagation. This
simulation was run using fixed antenna heights and incremental values for surface range.
Incrementing surface range in this case results in decreasing grazing angles; for the surface
range window shown in Figure 7 resultant grazing angles were 4.21 to 3.14 deg.

As surface range increases, the magnitude of the multipath nulls for both polarizations
increase. This is because magnitude of the reflected signals are largest at low grazing
angles, as seen in Figure 2. Frequency of the multipath nulls in this instance is dependent
on antenna heights and frequency of the transmitted signal. For the same surface range
window:

1. Increasing receiving antenna height will increase the frequency of the nulls
2. Increasing transmitting antenna height will increase the frequency of the nulls
3. Increasing the signal frequency will increase the frequency of the multipath nulls

COMBINING

Utilization of a dual-channel optimal ratio combiner can help to minimize the effects of
multipath propagation. Feeding two received signals into the combiner will yield, at worst,
the stronger of the two signals at the output. A dual polarized receiving antenna may be
utilized to implement polarization combining, but phase of the horizontally and vertically
polarized reflected signals is fairly close at low grazing angles as seen in Figure 3, and
implementation of this type of combining will yield a signal that is little better than the
vertically polarized signal alone, which is still prone to multipath nulls. Space diversity
appears to be the best solution to the multipath problem. Using two space separated



antennas to receive the telemetry signal, the problem becomes one of using the correct
geometry to place the antennas such that when one antenna is in a null, the other is at a
peak. This is assuming that the target vehicle is moving; for a situation where both
transmitting and receiving antennas are stationary (two shore based stations with a body of
water between them, for example), a combiner is not needed at all; software modeling can
be used to predict proper transmit and receive antenna heights to yield close to 6 dB of
improvement over a signal received in the absence of multipath. Space diversity can be
implemented as height diversity, whereby one antenna would be placed directly above a
second antenna, or range diversity, in which the two antennas would be placed at the same
height, but distances from the two antennas to the target vehicle would be different.

HEIGHT DIVERSITY

Figures 8a through 8c show the benefit of using a combiner in conjunction with two
receiving antennas. Resultant grazing angles for the transmitting antenna height window
shown in Figures 8a through 8c were .69 to 7.69 degrees. Maximum improvement, the
case in which direct and reflected signals arrive in phase at both receiving antennas, is
9 dB; a 3 dB increase over maximum improvement obtainable with a single
antenna/receiver.

As shown in Figure 8a, a 10 ft height diversity implementation for an 80 mile telemetry
range yields an optimized combined signal for transmitting antenna heights greater than
20000 ft for vertically polarized signals. For horizontally polarized signals, a 10 ft spacing
applied to the same scenario provides an optimized combined signal for transmitting
antenna heights of 20000 and 30000 ft, but at 25000 and 35000 ft the combined signal is
still prone to multipath nulls, as seen in Figure 8b.

For a specific change in transmitting antenna height, frequency of the multipath nulls for
each individual antenna can be controlled by varying the height of the receiving antenna.
The problem thus becomes one of using the proper space separation so as to maximize
occurrence of phase separation between multipath nulls of the two receiving antennas.
Figure 8c shows that for the same telemetry scenario, a two ft height diversity
implementation optimizes the combined signal for transmitting antenna heights between
12000 and 50000 ft, a larger window of isolation from multipath nulls than a 10 ft
separation provides. Optimum spacing is unique for each different telemetry scenario.

RANGE DIVERSITY

Figures 9a through 9c show the result of using a combiner to implement range diversity.
The data shows that horizontal separation of receiving antennas must be several
magnitudes greater than a vertical separation of receiving antennas in order to obtain the
same results. Figures 9a and 9b show a 500 ft range diversity yields no phase difference



between multipath nulls of the two antennas; phase is so close that data plotted actually
appears to be two superimposed lines for the signals received by the two antennas. To
provide good isolation from multipath nulls for this scenario, range separation between the
two antennas must be on the order of 25000 ft, as shown in Figure 9c.

The reason a small vertical separation has the same effect as a much larger horizontal
separation is related to difference in phase of the received signal at each antenna due to
path length difference, E+F-D. Placing one antenna slightly higher than another decreases
the distance D and increases the distance E+F, and at high signal frequencies the change in
phase difference 1 caused by the change in the quantity E+F-D is significant, resulting in
received signals, and multipath nulls, being as much as 180 deg out of phase for an antenna
height separation as small as 2 ft. For a horizontal separation of receiving antennas, change
in incident signal path length D is nearly the same as change in reflected signal path length
E+F, resulting in virtually no change in phase difference 1 due to path length difference
E+F-D. Phase separation of signals received at two horizontally separated antennas is due
only to difference between graze angles for the two different signal paths, which results in
different reflected signal phase quantities M. Significant change in graze angle in this case
can only be caused by a drastic change in range; horizontal separation must be several
magnitudes greater than vertical separation in order to achieve the same results.
Implementation of range diversity combining in real time is thus unrealistic due to losses
inherent in excessive cabling necessitated by this approach. For the same reason however,
horizontal displacement of vertically separated antennas is of little consequence. For an
at-sea height diversity implementation, two antennas placed hundreds of feet apart with a
2 ft height separation will yield the same results as two antennas placed side by side with a
2 ft height separation. However, care must be given to the cable length difference from the
two antennas to the combiner; depending on data rate, significant cable length difference
may result in PCM signal degradation.

FIELD TESTS

To validate the computer model, field tests were conducted at Ft. A.P. Hill, Virginia, on
Travis Lake. The site was chosen as it provided a range sizeable enough to run tests at low
grazing angles over a calm body of water with no tide variance, which simplifies antenna
height measurement. Two standard gain horns space separated in height on a telescopic
mast were used as receiving antennas; a third standard gain horn positioned on the other
side of the lake on a telescopic mast served as the transmitting antenna. A Microdyne 2800
dual channel receiver combiner developed for NSWC served as the receiving-combining
system. With receiving antenna heights remaining fixed, the transmitting antenna height
was varied, and receiver AGC data digitized and stored on computer. Transmitting antenna
height was measured by using a rotary potientometer with a cable attached to the antenna,
digitizing voltage values from it and storing them on computer, later converting them to
height values. Computers on each end were time synchronized, so that digitized data could



later be processed to yield signal strength vs. transmitting height values. The telemetry
range, surveyed using a laser rangefinder, was 2019.6 ft. Conductivity of the lake water,
measured with a conductivity probe, was .0028 mho/m. With transmitting antenna height
varying between 20 and 60 ft, computer predictions dictated that a 5 ft height separation
between receiving antennas would provide a combined signal relatively isolated from
multipath nulls. Receiving antennas were placed at 53 and 58 ft. Figures 10 through 13 are
plots of computer predictions and processed data taken during these field tests.

Received signal strength from actual test data taken is plotted as received S/N ratio, using
the Microdyne 2800, and is not normalized. Comparison between computer prediction and
test data is therefore limited to the heights at which the nulls occur (x-axis) and the depths
of the nulls themselves (y-axis).

Correlation between computer prediction and test data taken appears to be excellent.
While phase and frequency of the multipath nulls for each receiving antenna taken do show
some error, the predicted 5 ft separation did provide a signal isolated from multipath nulls.
Error can be attributed to:

1. Survey error in measuring height from antennas to surface of water
2. Linearity error of rotary potentiometer used to measure transmitting antenna

height
3. Linearity error of A/D boards used to digitize AGC and transmitting antenna

height data

CONCLUSION

With the use of two receiving antennas, a dual-channel receiver combiner, and the
software model, a solution to the multipath problem appears to be possible through the
implementation of height diversity combining. Proper spacing of receiving antennas will
provide a combined signal optimized for a particular scenario. Knowledge of the
relationship between receiving antenna height and frequency of the multipath nulls can be
used to predict optimum antenna spacing with the computer model. Confidence in the
accuracy of the computer model has been established from data taken in field tests
conducted at Ft A.P. Hill. Simulations run thus far indicate that the vertical separation
required is small enough to facilitate mounting of two antennas on a single tracking
pedestal, but the same results would be obtained by setting the vertically separated
antennas side by side, or even hundreds of feet apart, which may be an advantage when
coverage provided by one antenna is impeded by ship’s superstructure. For such an
application, cable length difference must be taken into consideration to avoid PCM signal
degradation at high bit rates. Range diversity, while physically impractical for real time
processing needs due to excessive cable length necessitated by this implementation, may
have some applications for combining of two signals in a playback mode. Again, the
computer model can be used to predict the proper range diversity for a particular scenario.



FIGURE 2. MAGNITUDE OF REFLECTED SIGNAL VS. GRAZING ANGLE

FIGURE 3. PHASE OF REFLECTED SIGNAL VS. GRAZING ANGLE



FIGURE 4. RECEIVED SIGNAL STRENGTH VS. GRAZING ANGLE

FIGURE 5. RECEIVED SIGNAL STRENGTH VS.
RECEIVING ANTENNA HEIGHT



FIGURE 6. RECEIVED SIGNAL STRENGTH VS.
TRANSMITTING ANTENNA HEIGHT

FIG 7. RECEIVED SIGNAL STRENGTH VS. SURFACE RANGE



FIGURE 8A. HEIGHT DIVERSITY; VERTICAL
POLARIZATION; 10 FT SEPARATION

FIGURE 8B. HEIGHT DIVERSITY; HORIZONTAL
POLARIZATION; 10 FT SEPARATION



FIGURE 8C. HEIGHT DIVERSITY; HORIZONTAL
POLARIZATION; 2 FT SEPARATION

FIGURE 9A. RANGE DIVERSITY; VERTICAL
POLARIZATION; 500 FT SEPARATION



FIGURE 9B. RANGE DIVERSITY; HORIZONTAL
POLARIZATION; 500 FT SEPARATION

FIGURE 9C. RANGE DIVERSITY; HORIZONTAL
POLARIZATION; 25000 FT SEPARATION



FIGURE 10. COMPUTER PREDICTION; VERTICAL POLARIZATION

FIGURE 11. TEST DATA; VERTICAL POLARIZATION



FIGURE 12. COMPUTER PREDICTION; HORIZONTAL POLARIZATION

FIGURE 13. TEST DATA; HORIZONTAL POLARIZATION


