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Abstract

There are two types of through-the-earth (TTE) wireless communication in the mining industry:
magnetic loop TTE and electrode-based (or linear) TTE. While the magnetic loop systems send
signal through magnetic fields, the transmitter of an electrode-based TTE system sends signal
directly through the mine overburden by driving an extremely low frequency (ELF) or ultralow
frequency (ULF) AC current into the earth. The receiver at the other end (underground or surface)
detects the resultant current and receives it as a voltage. A wireless communication link between
surface and underground is then established. For electrode-based TTE communications, the signal
is transmitted through the established electric field and is received as a voltage detected at the
receiver. It is important to understand the electric field distribution within the mine overburden for
the purpose of designing and improving the performance of the electrode-based TTE systems. In
this paper, a complete explicit solution for all three electric field components for the electrode-
based TTE communication was developed. An experiment was conducted using a prototype
electrode-based TTE system developed by National Institute for Occupational Safety and Health.
The mathematical model was then compared and validated with test data. A reasonable agreement
was found between them.

1. Introduction

Through-the-earth (TTE) wireless communication provides an alternate way for trapped
miners and rescue personnel to communicate in case of emergency in underground mines.
There are two types of TTE wireless communication systems currently available for the
mining industry: the electrode-based TTE system and the magnetic loop TTE system.
Compared to the magnetic loop system, the electrode-based system has fewer components
and can achieve stable communication and transmit across a long range. While the magnetic
loop system sends signal through magnetic fields, the electrode-based system utilizes the
electric field generated by the transmitter (TX) wire antenna within the earth overburden.
This kind of TTE system must be capable of operating under a variety of geological
conditions that may impact performance.

One of the challenges confronting system designers is to design a system that will operate in
all underground coal mines, including mines that have large overburden depth (>914 mor
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3000 ft). The understanding of the electric field distribution within the overburden is
therefore important for the design and application of electrode-based TTE systems. Over the
past few decades, researchers have investigated the electromagnetic fields within the earth
due to an ELF or ULF source on the surface [ Wait, 1961; Wait and Spies, 1971; Persinger,
1974; Geyer et al., 1974; Gibson, 2003]. The static electric field was obtained for a line
source carrying DC current [ Geyer et al., 1974; Yan and Sunderman, 2015]. Wait and Spies
developed a two-dimensional model to evaluate the electromagnetic fields within the earth
due to an infinite line source carrying an ELF/ULF AC current on the surface [ Wait and
Spies, 1971]. Bataller et al. [2010] proposed an optimal circuit model for earth impedance
between electrodes as a function of frequency for electrode-based TTE communication
applications.

In this paper, a three-dimensional model of the subsurface electric fields was developed
based on Hill and Wairs [1973] work. The model was then used to characterize the factors
that will affect the electric field distribution—hence the voltage detected at the RX. These
factors include TX and RX offset and relative orientation, the length of the TX and RX,
mine overburden depth, apparent earth conductivity of the mine, and operating frequency. Of
those factors, some might be chosen appropriately to establish or improve the
communication link. The analytical model also was compared with test data collected at a
coal mine using a prototype electrode-based TTE system developed by researchers at the
National Institute for Occupational Safety and Health (NIOSH) [ Yan et al., 2016].

2. Explicit Form of Electric Fields

The subsurface electric fields of an infinite cable carrying a current have been given by Wait
and Spies [1971]. In a TTE communication link, however, the transmit cable or antenna has
a finite length. A finite length cable that carries a current with a magnitude of /and angular
frequency of w is shown in Figure 1. The cable is situated at ground and has a length of 2 /.
The earth medium is homogenous. All displacement currents can be ignored since operating
frequency is in the ultralow- or extralow-frequency range. While the behavior of
electromagnetic fields at high frequencies is due partly to propagation effects and is
characteristic of wave theory, the fields at low frequencies such as TTE are more easily
addressed using potential theory. The magnetic potential, I1, due to a current source with
infinitesimal length dx’ is given by [ Wait, 1961]

{dI1,,, dI1,,, dII, } =

022 023 + 9z 0x022 0xdz

Idz' {82P PN  L,ON BN azp}
. .
27TO"7 (1)

where N= [[(R+ 221 Kol(R-2)y/2], P= e YRIR, 2 = jwino,

p= \/?Jsz(l'_x/)Q’ R= \/p2+z2, Lo s the permeability of free space, o is the earth
conductivity, is the square root of -1, / is the modified Bessel function of the first kind of
order zero with the argument of (R + 2) /2, and Kj is the modified Bessel function of the
second kind of order zero with the argument of (/R-2) /2.
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The electric field relates to magnetic potential through
E=—~TI+V(V -1 )

In a Cartesian coordinates system, all three components of E are expressed as

{dE,,dE,,dE,}=

W—Fayzaz’ Oxdydz’ Oxz

2ro

—Idx {82P BN  —3N 82P}
3)

The partial derivatives of £and Nin (3) with respect to x; y;, and zare listed in the
Appendix. For ELF (<30 Hz) or DC current source, 32 = jwgo—0. The magnetic potential
in (1) can be rewritten as

_Idx/ 1
" 4no R 4)

dll,=0 (5)

_7IdI/ (z—z')
dil= Ao p? (1+2/R) (6)

The electric fields due to an ELF or DC current source with infinitesimal length ax “is then
given by taking the operation in (2) and setting ¥ =0, i.e.,

I (2x2—4xx,+29;/2—y2—z2>

dE,= ~da’
’ ’2 5/2
2ro (22 —2xz +a' "+y2+422) @)
3(z—z)y /
dEy,= — 572 dx
2ro (22 —2xa’ +a' " +y?4-22) )
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3I(z—z)z /
57 dx

om0 (22 —2za’ +a 2y +22) 9)

dE,=

Integrating (7)—(9) over the entire length of the TX from —/to / we have all three electric
field components at point P(x, y, z).

1 —I+x I+x
T ono 2_ 2,24 .,2\3/2 (72 2,2 ,23/2
mo \ (I?2—2[z+x’4y%+22) (I242[z422+y%+22) (10)

Ty 1 1
Y ono ((12—21m+x2+y2+22)3/2 (12+211L‘+;r2+y2+z2)3/2> (1)

1z 1 1
210 ((12—21x+m2+y2+z2)3/2 (I2+21$+x2+y2+22)3/2> (12)

Note that (10) and (11) are exactly the same as what were given in Geyer et al. [1974] and
Yan and Sunderman [2015]. For a horizontal oriented RX, the received voltage at RX is
obtained by integrating (10) and (11) over the entire length of RX.

v,

Rx

(2,9,0)=/" (B, cosf+E, sinf)dl’ (13)

The induced voltage, hence the transmitted signal strength, received at the RX is affected by
several factors including earth conductivity, overburden depth, operating frequency, TX/RX
antenna length, TX/RX offset, TX/RX angle, and TX current. The effect of those parameters
on E-field strength will be discussed as below.

2.1. TX/RX Offset

In practice, the center of the TX and RX of a TTE system may not be perfectly aligned—i.e.,
there might be an offset either in the )y direction (parallel) or the x direction (coaxial), as
shown in Figure 2. The analytical model presented in this paper provides us with a tool to
investigate how a TTE system is affected by the TX/RX offset. Based on (3), the received
voltage at the RX is calculated and plotted against normalized TX/RX coaxial distance
(xp/h) for various offsets )4 in Figure 3. Figure 3 shows that the received voltage decreases
when the RX is moving away from the TX. A null appears in this TX/RX arrangement. This
suggests possible poor signal reception if the RX is sited at the null locations.
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It can be observed from Figure 3 that the received voltage at RX is not extremely sensitive to
offset value when this value is relative small. For example, there is only approximately 0.2
dBV difference between yp=2 L and yp=0.

2.2. TX/RX Orientation Angle

Similar to the TX/RX offset, another factor that can affect TTE system performance is the
TX/RX orientation angle, as TX and TX may not be deployed parallel to each other due to
practical constraints. As shown in Figure 4, the RX centered at A xg, Jy, Z= —A) has an angle
Orelated to the TX. Both xand )y components of the £ field should be considered at the
receiver, and the received voltage can be calculated based on (3) and (13).

The calculated voltage at the RX for different TX/RX intersection angles (6) at various RX
locations is given in Figure 5. At xg = Jp = 0, the RX is sited directly underneath the TX.
The RX voltage decreases with angle 6. Minimal voltage will be produced at the RX when it
is perpendicular to the TX (6= 90°) at this location. When the RX and TX are not coplanar,
i.e., they are horizontally offset in x-) plane, however, rotating the RX so that it forms an
angle with the TX may achieve a maximum voltage at the RX. This is because the x
component of the £ field is dominant when TX and RX are vertically aligned, then the y
component of the £ field becomes dominant when TX and RX are horizontally separated by
a considerably large distance (>6 L). Figure 6 shows how the ratio of x-component £ field
(Ex) to y~component £ field (£)) varies with RX locations £. The x-component £ field is the
dominant field when RX and TX are vertically aligned (i.e., the RX is directly underneath
the TX). That ratio decreases when the RX is moving away horizontally from the TX. When
the horizontal separation distance between RX and TX is large (>0.6 /), the y component
becomes the dominant field.

2.3. Overburden Depth

Figure 7 shows how the earth overburden depth affects the electrical field at a given earth
conductivity at different frequencies. Again, the electrical field is normalized to the
transmitting current. It is apparent from Figure 7 that electrical field at a fixed frequency
decreases with overburden depth monotonically. In other words, it would be more
challenging to establish a reliable TTE communication link in deeper mines. Since the
decreasing rate of the £field with respect to depth increases with frequency, a TTE system
operating at lower frequencies is likely to have a better chance to work in deep mines.

2.4. Earth Conductivity

Figure 8 shows how the earth conductivity affects the electrical field at a given depth at
different frequencies. The yaxis of Figure 8 is the horizontal £ field (£,) normalized to the
transmitting current. The other parameters used in the simulation include: x=0, y=0, z=
—h=-100 m, and L =76 m. As shown in Figure 8, for a given frequency, the horizontal £
field decreases with conductivity. The decreasing rate of the £ field with respect to the earth
conductivity, however, generally increases with frequency. This indicates that for mines with
high apparent conductivity, low operating frequencies should always be chosen in order to
decrease earth attenuation and to achieve the received RX voltage required for a reliable
wireless communication link. It should also be noted that for mines with high earth
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conductivity value, the lowest frequency (20 Hz) does not achieve the highest £ field (e.g., o
= 0.4 S/m in Figure 8). It indicates that there is an optimum frequency that can yield the
maxim £ field when other controlling factors are fixed.

2.5. TX and RX Antenna Length

When the TX is transmitting, the received voltage at RX is obtained via integrating the £
field along the entire length of the RX. So the RX antenna length will affect the magnitude
of the voltage received at RX. Figure 9a shows that the RX voltage changes with RX length
(2Lrx) for different TX antenna length (2Ltx). For a given TX antenna length, increasing RX
length will increase RX voltage. However, the increasing rate decreases and finally stops
when the RX length gets sufficiently larger (Lrx/2> 0.8 h). For an electrode-based TTE
system, the transceiver usually uses one wire antenna for both transmitting and receiving.
Similarly, as shown in Figure 9b, increasing the TX length can also increase the received
voltage at RX. Increasing the TX antenna length, however, is restricted by the difficulty in
maintaining the required TX current.

2.6. Operating Frequency

For TTE communication, the operating frequency should be chosen appropriately so a
reliable communication link can be established. Figure 10 shows the electric field changing
with operating frequency for different apparent conductivities. Similar in air space, the
resultant electric field increases with operating frequency at low apparent conductivities (o <
0.01S/m). For mine sites having higher apparent conductivities (o> 0.01S/m), however,
increasing the operating frequency in the ELF or ULF range will not necessarily increase the
electric field at RX, given other parameters remaining the same. Instead, an “optimal”
operating frequency may exist for high earth conductivity between 100 and 500 Hz. For a
conductive medium, as in a magnetic loop TTE system, high frequency will result in high
attenuation since the skin depth gets smaller. However, for a free space or very low
conductive medium, the higher frequency will achieve higher SNR, provided other
conditions remain the same. That “optimal” peak might be an outcome of this trade-off.

2.7. Transmitter Current

As (3) implies, the £ field at a receiver is proportional to the transmitter current. This means
that when the transmitter current is maximized, the signal reception at the receiver is
optimal. It should be noted, though not shown in (3), that the contact impedance of
grounding rods (i.e., the electrodes) at the transmitter side will affect transmitter current and
thus influence the signal reception at the receiver as well. More details on the effect of
contact impedance of grounding rods on electrode-based TTE communication can be found
in Damiano et al. [2016].

3. Experiment

In order to evaluate the earth attenuation, communication reliability, and transmission range
of electrode-based TTE systems, researchers at NIOSH conducted experiments at a coal
mine site using a prototype electrode-based TTE system developed by NIOSH. The test data
were then used to validate the model previously developed.
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3.1. Test Setup

As shown in Figure 11, the TTE system includes an amplifier; an analog to digital converter;
a pair of electrodes, each consisting of eight grounding rods; and a laptop with the
LabVIEW program installed. As a transceiver (TCVR), the system acts as both transmitter
and receiver. When transmitting, the current and voltage across the electrodes were
monitored using a passive current sensor (model no. BCP-510 by AH Systems) and a high-
resolution resistor, respectively. When receiving, the voltage induced across the electrodes
was displayed and recorded for post processing. Two systems were used during the test—
one for uplink (underground to surface) transmission and one for downlink (surface to
underground) transmission.

As depicted in Figure 12, four locations were selected to conduct vertical and diagonal
transmission tests—two at Location 1 (UG1 underground and AG1 at surface) and two at
Location 2 (UG2 underground and AG2 at surface). UG1 and AG1 and UG2 and AG2 are
vertically aligned. The overburden depth is 149 m (490 ft) at Location 1 and 293 m (961 ft)
at Location 2. The horizontal distance between Location 1 and Location 2 is about 2100 m
(~7000 ft).

As shown in Figure 13, two types of electrode arrangements were used for underground and
surface locations. Each electrode consists of eight copper grounding rods which are 1.59 cm
(5/8 inch) in diameter and 1.22 m (4 ft) long. Those grounding rods were evenly separated
with a spacing of 2.44 m (8 ft) and inserted into the ground 1.07 m-1.22 m (3.5 ft—4 ft)
deep. A copper (1) sulfate (CuSOg4) solution was used to improve the conductivity of
grounding rods to the earth (Figure 13b). At each test location, the electrode pair was
separated by a distance of ~76 m (250 ft). More details on the effect of grounding rod
deployment (rod connection configuration, spacing, inserted depth, number of rods, etc.) on
electrode-based TTE communication can be found in Damiano et al. [2016].

3.2. Test Results

Of the parameters that will affect the electrode-based TTE communication as discussed
previously, some were changed during the test to experimentally investigate their effects on
signal strength—i.e., the voltage received by the RX. Several operating frequencies were
selected to look at the optimal frequency that may exist. To avoid 60 Hz harmonics which
appeared in the background noise, seven operating frequencies were chosen: 20, 100, 330,
450, 610, 990, and 3030 Hz. The TX voltage delivered on the electrodes when transmitting
—hence the transmitting current—was adjusted in magnitude for each operating frequency.
At each pair of locations, transmission was made for both downlink and uplink to investigate
the signal reciprocity for electrode-based TTE communication. The earth resistance between
two electrodes at all four test locations was measured to estimate the required output voltage
for the TTE transmission at those locations. As reflected in (3), the signal strength at the RX
depends on the transmitting current /. While increasing the TX voltage is restricted by safety
concerns, one feasible way to increase transmitting current is to reduce the earth resistance
between the pair of electrodes. By adding the copper sulfate solution into ground as shown
in Figure 13, the earth resistance can be fairly reduced. The measured earth resistances with
copper sulfate solution added at all test locations are listed as in Table 1.
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Two electrode-based TTE systems were used to conduct vertical uplink and vertical
downlink transmission tests at Location 1 and Location 2—aone for underground and one for
surface. The received voltage at the RX for different operating frequencies at Location 1 is
shown in Figure 14, for both uplink and downlink. As Figure 14 shows, when transmitting
current /changes, the RX voltage will change accordingly (curves labeled as V1 through
V4). For downlink transmission, an optimal frequency might exist in the range of 100 Hz—
500 Hz, as shown in Figure 14a. For uplink transmission (Figure 14b), the RX could not
detect any signal at frequencies of 990 Hz and 3030 Hz.

Both TTE systems were then moved to Location 2 which has a larger overburden depth. The
received voltage at the RX for different operating frequencies at Location 2 is shown in
Figure 15. As expected, the signal strength is much weaker due to the large overburden
depth at this location, given the same transmitting current as used at Location 1. For the
same reason, the higher frequencies (>610 Hz) could not be detected by the RX. Similarly,
as at Location 1, an optimal frequency might exist in the range of 20-300 Hz at Location 2.

The first diagonal transmission was made between AG1 and UG2 with a distance of 2140 m
approximately. The received voltage at the RX for different operating frequencies is shown
in Figure 16. Similarly, the higher frequencies (>450 Hz) could not be detected by the RX
due to the large overburden depth. Also, an optimal frequency might exist in the range of
20-300 Hz for the transmission link between AG1 and UG2.

The second diagonal transmission was made between AG2 and UG1 with a distance of
approximately 2153 m. Of all seven operating frequencies, only two (20 Hz and 100 Hz)
were detected by the RX for uplink transmission. No frequency was detected for the
downlink transmission. The reason could be the relatively high earth resistance at AG2
which restricts the transmitting current.

The signal propagation is not necessarily reciprocal during magnetic loop TTE
communications, especially when the apparent earth conductivity is high [Persinger, 1974;
Yan et al., 2013]. For electrode-based TTE communication, however, Hill and Wait[1973]
and Hill[1973] obtained the same forms of the underground electric field and surface
electric field due to a surface cable and a buried cable, respectively. The measured RX
voltages normalized by the transmitting currents (Vgrx/ frx) are listed as in Table 2 for all
available test conditions. The difference between uplink and downlink transmission is less
than 1% for all cases. The test data confirm that the transmission is reciprocal for electrode-
based TTE communication at that mine site.

4. Model Validation

The electric field strength, or the voltage received by the RX, will determine the
performance or success of the communication link produced by an electrode-based TTE
system. Before an electrode-based TTE system is installed at a mine, it is important to
estimate the electric field distribution within the overburden to establish a TTE link by
appropriately choosing parameters such as operating frequency, antenna length, and
installation location. The model prediction compared with test data is shown in Figure 17 for
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vertical transmission at Location 1 and Location 2. The RX voltage ( VRx) was normalized
by the TX current (/x) to eliminate its effect for both model calculation and test data. The
apparent earth conductivity (o) was chosen to 0.2 S/m based on estimation of the electrical
property of the mine stratigraphy. For all other parameters such as overburden depth and
antenna length, the model calculation used the same value as what appeared in the test. At
both locations, the model results agree with test data more closely at high frequencies than at
lower frequencies. One explanation to the discrepancy between the model and test data at
lower frequencies (<100 Hz) is the signal distortion by the receiver digitizer at lower
frequencies. It is observed that in Figure 17, an optimal operating frequency exists in the
range of 20-500 Hz at Location 1 and in the range of 20-300 Hz at Location 2 for both
model prediction and test data. The figure also shows that the signal strength decreases
dramatically with operating frequency at Location 2. In other words, it suggests that lower
operating frequency should always be chosen at locations that have larger overburden depth.

5. Discussion and Conclusion

A three-dimensional model of the subsurface electric fields for electrode-based TTE
communication was developed and examined for various factors that will affect received
voltage at the RX. The analysis shows that increasing the electric field at the RX will
increase with TX/RX antenna length before reaching its limit. The relative orientation of the
TX and the RX (horizontal offset and intersection angle) can also change the electric field
distribution pattern, and therefore the signal reception at RX. The maximum £ field seen by
the RX is obtained when the RX is parallel to and right underneath the TX. When the RX is
horizontally offset away from the TX, however, rotating the RX so that TX and RX are
perpendicular to each other may enhance the signal reception. A null also exists when the
RX and TX are horizontally separated by a considerably large distance. An optimal
operating frequency may exist if the mine’s apparent earth conductivity is not considerably
low.

Field test was conducted for various configurations at a coal mine site using a NIOSH-
developed electrode-based TTE system. Signal was successfully transmitted across a
considerably large distance of >2134 m (7000 ft). As expected in the model analysis,
optimal operating frequency was observed during the test. The test also confirmed that the
transmission is reciprocal for electrode-based TTE communication. The model was then
compared with and validated by test data.

Finally, by understanding the controlling factors on the effect of the £ fields, engineers can
use the validated model to optimize system design through choices for the operating
frequency, installation location, transmitting current, TX/RX orientation angle, and TX/RX
offset to successfully establish and improve the performance of electrode-based TTE system
at a mine based on its geologic characteristics.
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and / is the modified Bessel functions of the first kind of order one, with the argument of (R

+ 2)yI2; K is the modified Bessel functions of the second kind of order one, with the

argument of (R-2) /2.
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Key Points

A three-dimensional model of the electric field distribution of electrode-based
TTE communication was developed

Optimal operating frequency found in both model predication and test data

Signal reciprocity between surface and underground in electrode-based TTE
communication was observed
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A 1tx B “x

Top view

P, y,z=h)

A current carrying cable situates at ground. It has a length of 2 / The observation point 2 (or
the RX) is located at z= -/ homogenous subsurface. The TX and RX have an orientation

angle 6.
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umssh—— )x
X

Figure 2.
Top view of TX/RX with parallel offset y4 in ydirection and coaxial offset xg in x direction.

The RX center is located at A xg, yo, 2= —4). The TX and RX are vertically separated with
distance /.
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Figure 3.
\Woltage at receiver changes with TX/RX coaxial distance (xp/) for various offsets yp. /1=

200m, L=20m, 0=0.1S/m, and /= 1A.
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Figure 4.
Top view of TX/RX with intersection angle 6. The RX center is located at A\x, yo, 2= —4).

The TX and RX are vertically separated with distance /.
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Figure 5.
\Woltage at receiver changes with TX/RX intersection angle (6) at various P locations. /1=

200m, L=20m, 0=0.1S/m, and /= 1A.
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Figure 6.
Ratio of x-component £ field to y~component £ field changing with Plocations. xg = yg, /1=

200m, L=20m, 0=0.1S/m, and /= 1A.
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Figure 7.

Horizontal £field (normalized) varies with mine overburden depth, 4, at different
frequencies. The other parameters used are x=0, y=0, o= 0.05S/m,and L =76 m.
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Figure 8.

Horizontal £field (normalized) varies with apparent earth conductivity at different
frequencies. The other parameters used are x=0, y=0, z=-/#=-100 m,and L =76 m.

Radlio Sci. Author manuscript; available in PMC 2017 August 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yan et al.

RX Voltage, dBV

-45 -35
- o ol
| K P | ,,/'/
. Ltx = 40m g =
i 1 Ltx = Lrx
-55 -+ e e -45
I Ltx = 20m 2
d St °
60 = 1 g0
S & Ltx = 10m =
65 + Z 55
// o<
70 / -60
-75 -65
-80 -+ t + t t -70 - : : ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
Lrx/h Ltx/h
(2) (b)
Figure 9.

RX voltage changes with (a) RX length (2Lrx) for different TX length (2Ltx) and (b) TX
length (2Ltx = 2Lrx). x=0, y=0, z=-h=-200 m, o= 0.05 S/m, and =300 Hz.
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Figure 10.

Underground horizontal £field (normalized) varies with operating frequency at different
apparent conductivities. x=0, y=0, and z=-A=-100 m.
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Figure 11.
Electrode-based TTE system (upper) and block diagram (lower).
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Figure 12.

Test locations—two underground and two surface.
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Figure 13.
(aand b) Underground and (c and d) surface electrode deployment with transceiver (TCVR).
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Received voltage at RX corresponds to various frequencies at different transmitting current
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V1 through V4, for (a) downlink from AG1 to UG1 and (b) uplink from UG1 to AG1 at
Location 1.
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Figure 15.

Received voltage at RX corresponds to various frequencies for downlink and uplink
transmission at Location 2.
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Figure 16.
Received voltage at RX corresponds to various frequencies for downlink and uplink between

AG1 and UG2.
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Figure 17.
Normalized RX voltage (Vrx/ITx) for model prediction (solid lines) and test data (dots) at

different locations. o= 0.2 S/m, antenna length 2 /=76m.
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Table 1

Earth Resistance Between Electrodes at Different Test Locations

Location AGl AG2 UGl UG2

Earth resistance (Q 1.8 35 2.0 7.0
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RX Voltage (Normalized by Transmitting Current /) for Uplink and Downlink Transmission at All Test

Table 2

Page 31

Conditions Link Between Frequency (Hz) Vrx/Fx, dBV Downlink Vrx/ frx, dBV Uplink Difference (%)

Link Between

Frequency (Hz) Vrx/ltx, dBV Downlink  Vgx/ltx, dBV Uplink  Difference (%)

AG1 and UG1

AG2 and UG2

AG1 and UG2

20
100
330

20
100
330
450
610

20
100
330

-81.4 -81.3 0.1
-74.6 -74.5 0.2
-74.3 -74.4 0.1
-91.6 -91.9 0.3
-90.5 -90.0 0.5
-97.1 -96.9 0.2
-100.2 -100.2 0.0
-105.2 -105.6 0.4
-111.4 -112.4 0.8
-110.1 -110.9 0.7
-120.9 -121.8 0.7
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