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Chapter 1

1 Leaky Cable in Underground Communications

1.1 Introduction

Wireless and mobile communications in confined space environments, such as underground
mines and tunnels, tend to have a different philosophy from that of open space wireless
communications. Electromagnetic wave propagations in rough wall tunnels and caves are of
interest from both theoretical and practical viewpoints since demands for deploying reliable

wireless communication systems in such environments are increasing.

There are various methods available for providing radio frequency coverage in underground
environments. The most versatile and reliable system is the "Leaky Feeder" system. The leaky
feeder, also called “Radiating Cable”, functions both as a transmission line and as an antenna [1].
RF energy is simultaneously transmitted down the radiating cables and radiated from all points
into the surrounding space. Slots cut into the outer conductor of the coaxial cable allow controlled
levels of electromagnetic energy to be radiated both out of and into the cable. The amount of

radiation is quantified by the coupling loss.

Coupling loss is defined as the difference between the power transmitted into the cable and the
power received by a A/2-dipole antenna located at a distance of 2 m from the cable. The structure

of a typical leaky cable is shown in Figure 1-1, Leaky Cable Structure.

1- Cable Support
2- Outer Conductor
3- Insulation Foam
4- Inner Conductor
5- Radiating Slots
6- Cable Jacket

Figure 1-1, Leaky Cable Structure



The Leaky Feeder Technology (LFT) is a combination of leaky feeder cables and amplifiers.
Other components can be added, but the backbone of the system comprises of only these two
elements. It is necessary to compensate for the inherent loss of the signal and this is achieved by
the insertion of line amplifiers. Correct installation of the system ensures a consistent signal level

is maintained throughout the network, and hence throughout the mine [2].

1.2 The Challenges of Current Systems

Existing wireless mobile communication systems face many challenges in offering reliable
communications within the enclosed environments of underground mines. Some of these

challenges and difficulties are due to the nature of the confined spaces environments [3].

Underground mine galleries can be considered as complex transmission lines in which signals’
Reflections and Multi—Path channels affect the propagations and hence the performance and
reliability of the communication systems. In addition to these environmental challenges, the
existing underground infrastructures of the communication systems have limitations in providing
reliable and stable communication services in the confined spaces of the mines and tunnels. The
work of this thesis is mainly focused on analyzing, modeling and optimizing the designs of

communication systems based on the utilization of the leaky cable technology.

The quality of the radio communications may vary with the level variations of the signals
traveling through the cable. Variations in signal level can be caused by temperature variations
that change the longitudinal loss characteristics of the cable. The level variations can also be
caused by external noise generated by machinery in the mines. Underground mines are very
dynamic in the way they develop and grow. There are daily expansions in underground mines as
more cables and branches are added to the systems that require automatic methods of losses
compensations. Therefore, Automatic Gain Control (AGC) circuits where introduced in the leaky

feeder systems to compensate for the variations in the levels of RF signals.

Many Automatic Gain and Slope Control (AGC/ASC) algorithms and systems have been
developed to overcome the problems of level variations and slope corrections in the leaky feeder

systems; however, these approaches have not offered fully reliable system performance. The most



common approach in deploying AGC/ASC is by utilizing reference RF carriers normally referred
to as “pilots”. These reference pilots propagate throughout the entire system and are used by each

amplifier as a measuring tool to correct the gain and slope of the amplifier.

Challenges exist in deploying AGC /ASC functions in the current leaky cable systems. From
the system level point of view, the reliance on the reference pilots within the AGC/ASC circuits
creates major problems, especially for multi-branched large leaky cable systems. In these types of
systems, multiple reference pilot generators must be installed at the system head-end and at the
end of each branch in the system as shown in Figure 1-2. In the case of the upstream direction,
there are problems at the points of the system branching where the pilot carriers from each branch
superimpose. The accuracy of detecting the reference pilots will be affected by the
superimposition of mutable pilots. This, of course, will affect the operations of the AGC circuits

in the subsequent amplifiers and will result in unstable system operations.
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Figure 1-2, AGC Multiple Reference Pilots System

The other major problem in the existing systems is in the stability of the AGC circuits. Most
of the systems utilize AGC/ASC circuits based on closed loop gain topology. The AGC loop,
depicted in Figure 1-3 consists of a variable gain amplifier (VGA), a peak detector, and a loop
filter. The AGC loop is generally a nonlinear system, having a gain acquisition settling time that

is dependent on the input signal level [4].

















































































4.2 Typical System Layout

Normally, the leaky feeder system consists of the surface portion and the underground portion.
On the surface, the system head-end equipment is typically installed. This includes the radio

repeaters for all communication channels and any other system peripherals.

The underground portion of the system consists of the leaky cable network and bi-directional
amplifiers installed periodically at regular distances to act as repeaters boosting the RF signal in

both directions of the communication system (upstream and downstream directions).

Traditionally, leaky feeder systems had only voice and low speed data communications. In
these systems, two bands of communications were required to enable full-duplex voice and data
communications. Nowadays, the leaky feeder system can transport high speed data
communications by utilizing DOCSIS standards to deliver Ethernet connectivity based on the
Cable Modem Termination System (CMTS). Typically, there are four bands of amplifications in
each amplifier to compensate for the system losses. In the CMTS system, there are two bands
dedicated to providing full-duplex voice communication (upstream and downstream) and two
bands to provide the CMTS high speed data commutations in the upstream and downstream

directions. A typical layout for the leaky feeder communications system is shown in Figure 4-1.
The new AGC approach will be applied and demonstrated in the CMTS leaky cable system.

The same algorithm can be applied to any communication system that is based on Bi-Directional

cascaded amplifiers system.
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Figure 4-1, Leaky Feeder System Block Diagram

There are four distinct RF bands in the system. These bands are required to provide RF paths
for the voice and data communications. Table 4-1, System Frequency Plan, lists the four bands of
the system and their frequency ranges. The upstream and downstream orientations of the system

bands are shown in Figure 4-2, System Bands Orientations Layout.

Band No. Band Name Frequency, MHz.
1 Upstream Data 5-42 MHz
2 Downstream Voice 155-158 MHz
3 Upstream Voice 172-175 MHz
4 Downstream Data 220-232 MHz

Table 4-1, System Frequency Plan
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Figure 4-2, System Bands Orientations Layout

4.3 System Algorithms

The AGC/ASC algorithms are providing for two types of automatic controls, the Automatic Gain
Control (AGC) and Automatic Slope Control (ASC). The philosophy of the AGC algorithm is
based on having reference carrier pilots propagating through the leaky cable network in the
downstream directions. These reference carriers are utilized in adjusting the gain of the system

amplifiers in both directions. The general aspect of this mechanism is illustrated in Figure 4-3.

The levels of the pilots at each amplifier input stage are detected by the RF detector (or
receiver chip). The output of the RF detector is a DC voltage with values corresponding to the RF
levels of the detected signals. The detected levels are referred to as Received Signal Levels, RSL,
of the downstream pilots. The RSL for each downstream pilot will be stored in the amplifier’s

microcontroller memory. These values are used as input variables to the AGC/ASC algorithms.
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Figure 4-3, Downstream Digital AGC System Block Diagram

The algorithms have been designed to enable the amplifiers in the system to predict the losses.
The gains of all amplifiers are adjusted to compensate for the system losses before they even
occur. The problems of gain settling-time and system stability that usually exist in conventional
AGS systems will be much improved as the new approach has eliminated the need for the

feedback loop which is one of the essential parts in traditional analogue AGC circuits.

The algorithms are also providing for Automatic Slope Control (ASC) for the wide data bands
in the upstream and downstream directions of the system. In the downstream data direction, two
reference pilots are utilized to calculate the proper equalization value required to adjust the slope
in this band. For the upstream data band, the system slope can be estimated based on predictions.

The AGC and ASC algorithms and their system equations are explained in the following sections.

4.3.1 AGC Algorithm

The System Loss, L, of each section in the system consists of two components. The first
component is called the Cable Longitudinal Loss (CL), which is due to the loss of the leaky cable
itself. The amount of this component is, in fact, a function of frequency and cable length. The
second component of the system loss is called, the Insertion Loss, IL. This component is not
frequency dependent, and it is mainly caused by the insertion loss of miscellaneous active and
passive units installed on the system. The frequency response of these units is typically flat where

the attenuations are almost the same over the entire frequency spectrum. Example of these units
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are cable branch units (power dividers or splitters), and cable splice boxes for joining two

sections of cables.

Within the scheme of the AGC algorithm, it is very important to differentiate between these
two types of losses and to quantify their values in order to make the right decisions regarding the
gains adjustments in other amplification bands of the system. Both components of the system

loss will be calculated to ensure accurate gain compensations at each amplifier in the system.

The system loss in each cable section, L, , , can be calculated as the following:

Ln.m = CLn.m (xn * fm) + ILH' (4- I )
Where,

Lot The total system loss in one section of the cable, n, at frequency band m.

CL, .: The longitudinal cable loss in one section. These losses are function of cable

nm "

length, x, and the frequency, f,, for each frequency band.

IL : The total insertion loss of all units installed on one section, », of the system.
n: The number of cable sections in the system.
m: The band number in the system.

According to this algorithm, three reference carriers, also called pilots, are generated at the
system Head-End. These pilots can be referred to as Low-Pilot, PL, Midpoint Pilot, PM, and
High-Pilot, PH. The frequencies of these pilots are selected to be within the downstream voice

and data bands.

The PL propagates within the downstream voice band. The PM propagates at the lower end of
the downstream data band and the PH propagates at the upper end of the downstream data band.
A graphical representation of these reference pilots is shown in Figure 4-4, Graphical

Representations of the Reference Pilots.
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Figure 4-4, Graphical Representations of the Reference Pilots.

The amplitude of these pilots can be set at the system head-end to reference power level, PL,,

, PM, and PH,,, for the Low Pilot, Midpoint Pilot and High Pilot, respectively. The

frequencies of the reference pilots are as shown in Table 4-2, Pilots Frequencies.

Pilot Frequency (MHz)
Jo 157.325
Sou 219.5
Jou 232.5

Table 4-2, Pilots Frequencies

Only two pilots, PL and PH, are required for the AGC circuit. However, all three pilots are

required by the ASC circuit to adjust the system slopes.

For the AGC circuit operations, the two pilots, PL and PH, propagate through the cable and

hence losses occur. As previously mentioned, the losses are of two components, the cable

longitudinal loss and the insertion loss of units installed on the system. When these two carriers

arrive at the first amplifier, the RF detector at the input stage will detect (measure) the levels of
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these carriers. The measured levels, PL, and PH,(n=I, for the first amplifier in the system), will

be stored in the amplifier’s microcontroller memory.

Thus far, the actual total system loss of the first cable section, n = 1, for the downstream voice,
and the data bands can be calculated, for m = 2 and m = 4 respectively. The system loss is
essentially the difference in the pilots’ levels at the Head-End and the measured levels of these

pilots when they are detected (i.e. measured) at the amplifier’s input stage.

The system loss at PL frequency, f,, , is

L,,=PL —-PL (4-2)
And the system loss at PH frequency, f,,, is

L,,=PH,-PH, (4-3)

So far, only the total system loss of the first cable section has been measured. The values of

CL,, andIL, are yetto be determined. Let’s rewrite Equation 4-1 to define the total system

loss for any cable section, n, in downstream bands m= 2 and m= 4.

Ln,l = CLH"Z oz an (4_4)
L,=CL +IL (4-5)

It will be advantageous to define a relationship between the longitudinal losses of leaky cable
at the downstream frequency bands, m= 2 and m= 4. This relationship will help in defining the

loss of PL in terms of PH loss or vice versa. We can define the Downstream Cable Loss Ratio,

R

,,» to be the ratio between the cable losses at PL frequency (which represent the cable loss at

m=2) to those at PH frequency (which represent the cable loss at m= 4):

_ Cable Loss @ f,,
?" Cable Loss @ f,,
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CL,,

R. = 4-6
D CL,, (4-6)

Therefore,

CL,L2 =R, C)fl"‘4 (4-7)

Cable loss ratios for different frequencies and types of cables can be obtained from the cable
manufacturer and are also available in many reference manuals. A sweep test was conducted on
one type of leaky cable commonly used in underground communication systems. The result of

this test is shown in Figure 4-5, Leaky Cable Loss Chart.
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Figure 4-5, Leaky Cable Longitudinal Loss Chart

From this curve, R, was calculated to be R, =0.792. If different types of cable are used, the

value of R, should be adjusted accordingly.
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Substituting Equation (4-7) into (4-4) and rearranging the equation will arrive at:
L,=R, CLn,4 +1L,
IL,=L,,-R,CL,, (4-8)

n n,

Substituting Equation (4-8) into (4-5) and solving for CL, , results in:
Ln.d = CLn_4 + Ln.2 - RD CLr.-.:l
Lm-l = CL",:! (1 = R.’)) + Ln.2

Ln 4= Ln 2
. (4-9)

CL,, =
S

IL, can be calculated by substituting equation (4-9) into (4-5) as follows:
I, =L ,-CL,, (4-10)

The insertion loss, /L, at any section in the system is the same for all frequency bands.

The Longitudinal loss, CJ_',"_2 , of the cable section, #, in the voice downstream band, m= 2 , can

be easily calculated by using the Downstream Cable Loss Ratio defined in equation (4-7):
CLH,E = ‘RD CLHA

So far, both components of the system loss, the leaky cable longitudinal loss, CL, and
insertion loss, /L , have been determined for the system bands m= 2 and m= 4. Therefore, the
gains of these bands can be found and adjusted to compensate for the system losses incurred in

system section, n, previous to the amplifier.

Gy =1 (@11)

Now we can proceed in calculating the losses, yet to occur, in the upstream bands and predict the

required gains of the amplifiers in this direction.
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Equation (4-1) can be used to define the system loss in the upstream voice and data bands, m = 1

and m= 3 respectively:

+1T, (4-12)

n,l

Ln.! = C’1L
Ln,3 = CLM.J =+ [‘Ln (4' I 3)
Recall that the insertion loss component, /L, , was already determined during the calculations of

the downstream system losses.

Let’s define some reference points in the upstream voice and data bands. These points will be
used in calculating the predicted signals losses in these bands. A graphical representation of these

reference points is shown in Figure 4-6.

‘ Upstream Downstream  Upstream Downstream
Data band Voice Band Voice Band Data band

A A ( Aq ( 1\1 r_T

Figure 4-6 , Graphical Representations for the Reference Points

e/, represents the frequency of a reference point at the lower end of the upstream data band.

This point is not used in calculating the gain of the upstream data band. However, it is used

by the Automatic Slope Control algorithm as will be shown in the next section.

e f, represents the frequency of a reference point at the upper end of the upstream data band.

This point is used by the AGC algorithm in calculating the gain of the upstream data band.
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4.4 Algorithms’ Flowchart

Figure 4-8, shows the flowchart of the AGC/ASC algorithm. The steps of the algorithm are

explained below:

e Setting Variables: in this section of the flowchart, few variables are set, including the
reference levels of the pilots at the system head-end and some other important parameters
specific to the cable type used in the system.

e Data Input: in this section, the levels of the reference pilots at the input stages of the
amplifiers are detected and stored in the amplifier microcontroller memory

e Downstream Bands System Losses Calculations: in this section of the flowchart, the system

losses are calculated for the downstream frequency bands. These losses include the cable

longitudinal loss, CL, and system insertion loss, /L, for the downstream voice and data

bands.
e Upstream Bands System Losses Calculations: based on the downstream system losses

calculations, the losses in the upstream direction can be predicted. These losses include the

cable longitudinal loss, C'L and system insertion loss, /L, for the upstream voice and data

bands,

e System Gain: in this section of the flowchart, the gains of the four bands of the amplifiers are
calculated and stored in the memory.

e System Slope: in this section of the flowchart, the slopes of the data bands in the upstream
and downstream directions are calculated and stored in the memory.

e Data Outputs: the calculated and stored gain and slope values can be used to control the
variable attenuation and slope control circuits to adjust the gains and the slopes of the
amplifiers in the system.

e Repeat Function: this is a loop function to continuously repeat the AGC/ASC algorithm. As it
is not expected to have rapid varying losses in the system, the algorithm is not required to
repeat itself immediately after each cycle of gain and slope adjustments. The algorithm can
pause for a short time, Refresh Time (Tr), before the repetition of the algorithm cycle. This

will help reduce the power consumption of the amplifiers and increase system stability.
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4.5 Algorithms’ Simulations

The AGC/ASC algorithm was simulated using MATLAB simulation software. A typical leaky
cable system layout with 10 amplifiers was assumed for the purpose of the simulations, as shown

in Figure 4-9. The output results of the simulations are summarized in Table 4-4.

Data Branch 1
Repeater |

]
Tl
Repeater "

RF Com

Y

Pilots
Generators

Figure 4-9, Typical Leaky Feeder System Layout

To evaluate the simulation results, the following system operating conditions were considered in

the evaluations of the algorithms.

1. Amplifier’s Maximum Power Output.

Each of the four amplification bands of the amplifier has a maximum power output rating. A
wrong gain or slope decision might result in higher output levels that could potentially saturate
the amplifiers and generate unstable system behaviors. It is assumed that the maximum power
rating for the downstream voice band, m=2, is (+ 5.00 dBm). The maximum power rating for the
other three bands was assumed to be equal to (-10.00 dBm). The simulation analyses show

acceptable results for the maximum power outputs.
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2. Actual System Losses vs. Calculated Amplifier’s Gains
The calculated gain of the amplifier should match the actual system loss for each section. The

analyses have verified that the calculated gain is adequate to compensate for the system loss.

3. Actual Cable Tilt vs. Calculated Amplifier’s Slopes
The calculated slope should match the actual slope or title caused by the cable sections in the

system. The analyses have verified that the calculated equalizations are adequate to correct the

slopes in the system.

As per Figure 4-9, the AGC/ASC algorithms have aligned the system to produce the proper
gain and slope for each amplifier in both directions of the communication. After the amplifiers
are aligned by the algorithm, the actual RF traffics for the voice and data communication are
applied to propagate though the system. These RF carriers need not be confused with the

reference pilots used by the algorithms for the system gains and slopes alignments

For the downstream direction, the RF levels of the voice and data carrier start from the
surface Head-End. Therefore, simulation output table should be followed from the top to the
bottom. For the upstream direction, the RF levels of the voice and data carrier start from the end
of the system. Therefore, the simulation table should be followed from the bottom to the top. In

the simulation, the upstream RF carriers were injected at the output of amplifier # 8.
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Band Name DST Voice| DST Data |UST Voice| UST Data
B;nds Number 2 4 3 1
Head B Channel’s Level @ Head End, dBm 25.00 -10.00 -60.00 -49.98
Head-Ed Filtering Loss, dB -20.00 -10.00 -20 -10
Channel’s Level @ Head End, dBm 5.00 -20.00 -40.00 -30.98
Channel’s Tilt @ Head End, dB 0.00 G '. -0.01
Cable Length, m 300.00 | 300.00 | 300.00 | 300.00
Actual Cable Loss, dB -13.71 -17.31 -13.97 -7.11
n=01 Actual Insertion Loss in the Section, dB -3.50 -3.50 -3.50 -3.50
Actual Section System Loss, dB -17.21 -20.81 -17.47 -10.61
Actual Cable Tilt, dB -0.77 -4.37
Measured Channels Level @ Amplifier Input, dB -12.21 -40.81 -22.53 -29.37
Calculated Equalizer, dB 0.77 4.37
Amp - 01 [Calculated Gain, dB 17.21 20.81 17.47 10.62
Measured Level @ Amplifier Output, dBm 5.00 -20.00 -40.00 -39.99
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 -0.01
Cable Length, m 200.00 200.00 | 200.00 | 200.00
Actual Cable Loss, dB -9.14 -11.54 -9.31 -4.74
n=02 Actual Insertion Loss in the Section, dB -7.00 -7.00 -7.00 -7.00
Actual Section System Loss, dB -16.14 -18.54 -16.31 -11.74
Actual Cable Tilt, dB -0.51 -2.91
Measured Channels Level @ Amplifier Input, dB -11.14 -38.54 -23.69 -28.24
Calculated Equalizer, dB 0.51 291
Amp - 02 | Calculated Gain, dB 16.14 18.54 16.31 11.74
Measured Level @ Amplifier Output, dBm 5.00 -20.00 -40.00 -39.99
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 -0.01
Cable Length, m 280.00 | 280.00 | 280.00 | 280.00
Actual Cable Loss, dB -12.80 -16.16 -13.04 -6.64
n= Actual Insertion Loss in the Section, dB -3.50 -3.50 -3.50 -3.50
Actual Section System Loss, dB -16.30 -19.66 -16.54 -10.14
Actual Cable Tilt, dB -0.72 -4.08
Measured Channels Level @ Amplifier Input, dB -11.30 -39.66 -23.46 -29.85
Calculated Equalizer, dB 0.72 4.08
Amp - 03 | Calculated Gain, dB 16.30 19.66 16.54 10.14
Measured Level @ Amplifier Output, dBm 5.00 -20.00 -40.00 -39.99
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 -0.01

Table 4-4, Typical System Simulation Results

(Part 1 of 4)
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DST UST
Branch 1 [Band Name Voice |DST Data| Voice [UST Data
Bands Number 2 4 3 1
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -15.01 | -12.11 -6.17
n= Actual Insertion Loss in the Section, dB -3.50 -3.50 -3.50 -3.50
Actual Section System Loss, dB -15.38 | -18.51 -15.61 -9.67
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -10.38 | -38.51 -24.39 | -30.32
Calculated Equalizer, dB 0.67 3.79
Amp - 04 | Calculated Gain, dB 15.38 | 18.50 | 15.61 9.67
Measured Level @ Amplifier Output, dBm 5.00 -20.00 | -40.00 | -39.99
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 -0.01
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -15.01 | -12.11 -6.17
n=05 |Actual Insertion Loss in the Section, dB 0.00 0.00 0.00 0.00
Actual Section System Loss, dB -11.88 | -15.01 -12.11 -6.17
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -6.88 -35.01 -27.89 | -33.83
Calculated Equalizer, dB 0.67 3.79
Amp - 05 |Calculated Gain, dB 11.88 | 1500 | 1211 | 6.17
Measured Level @ Amplifier Output, dBm 5.00 -20.01 -40.00 | -39.99
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 0.00
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -15.01 | -12.11 -6.17
n=06 |Actual Insertion Loss in the Section, dB -3.50 -3.50 -3.50 -3.50
Actual Section System Loss, dB -15.38 | -18.51 | -15.61 -9.67
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -10.38 | -38.51 -24.39 | -30.33
Calculated Equalizer, dB 0.67 3.79
Amp - 06 | Calculated Gain, dB 15.38 | 18.50 | 15.61 9.67
Measured Level @ Amplifier Output, dBm 5.00 -20.01 -40.00 | -40.00
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 0.00

Table 4-4, Typical System Simulation Results (Part 2 of 4)
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Bianind L DST UST

(Continue) Band Name Voice |DST Data| Voice [UST Data
Bands Number 2 4 3 1
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -16.01 | -12.11 -6.17

n=07 Actual Insertion Loss in the Section, dB 0.00 0.00 0.00 0.00

Actual Section System Loss, dB -11.88 | -15.01 | -12.11 -6.17
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -6.88 -35.01 -27.89 | -33.83
Calculated Equalizer, dB 0.67 3.79

Amp - 07 | Calculated Gain, dB 11.88 | 1500 | 1211 | 6.17
Measured Level @ Amplifier Output, dBm 5.00 -20.01 -40.00 | -40.00
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 0.00
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -15.01 | -12.11 -6.17

n=08 [Actual Insertion Loss in the Section, dB 0.00 0.00 0.00 0.00

Actual Section System Loss, dB -11.88 | -15.01 -12.11 -6.17
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -6.88 -35.01 | -27.89 | -33.83
Calculated Equalizer, dB 0.67 3.79

Amp - 08 | Calculated Gain, dB 11.88 | 1500 | 1211 | 6.17
Measured Level @ Amplifier Output, dBm 5.00 -20.01 -40.00 | -40.00
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00 0.00

Table 4-4, Typical System Simulation Results (Part 3 of 4)
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DST UST
Branch 2 Pend Name Voice |DST Data| Voice |UST Data
[Bands Number 2 4 3 1
Cable Length, m 260.00 | 260.00 | 260.00 | 260.00
Actual Cable Loss, dB -11.88 | -15.01 | -12.11 -6.17
n=09 | Actual Insertion Loss in the Section, dB -3.50 -3.50 -3.50 -3.50
Actual Section System Loss, dB -15.38 | -18.51 | -15.61 -9.67
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -10.38 | -38.51
Calculated Equalizer, dB 0.67 3.79
Amp - 09 |Calculated Gain, dB 15.38 18.50 15.61 9.67
Measured Level @ Amplifier Output, dBm 5.00 -20.00
Measured Flatness (Tilt) @ Amplifier Output, dB 0.00
Cable Length, m 260.00 | 260.00 | 260.00 260
Actual Cable Loss, dB -11.88 -15.01 -12.11 |-6.16571
n=10 |Actual Insertion Loss in the Section, dB 0.00 0.00 0.00 0.00
Actual Section System Loss, dB -11.88 | -15.01 | -12.11 _-6. 17
Actual Cable Tilt, dB -0.67 -3.79
Measured Channels Level @ Amplifier Input, dB -6.88 -35.01
Calculated Equalizer, dB 0.67 3.79
Amp - 10 | Calculated Gain, dB 1188 | 15.00 | 1211 | 6.17
Measured Level @ Amplifier Output, dBm 5.00 -20.01
Measured Flatness (Tilt) @ Amplifier Qutput, dB 0.00

Table 4-4, Typical System Simulation Results (Part 4 of 4)
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Chapter 5

S System Performance under Error

5.1 Introduction

Errors in calculating and predicting the gains and slopes might occur within the scheme of the
proposed algorithm. There are many areas within the scheme where errors could be generated.
From the system level point of view, errors could accumulate in cascaded amplifier systems. The
accumulated errors could in some cases be of a significant magnitude that they would result in
producing intolerable operating conditions. Therefore, the analyses of the accumulated errors are
very important exercises that help in producing quantifiable figures required to evaluate the
affects of the errors on the performance of the system. The scale of the system (i.e. the number of

amplifiers in the system) will be an important contributing factor to the accumulation of errors.

This section highlights three distinct types of errors that could affect the accuracy of
calculating the gains and slopes of the amplifiers in the system. In general, these errors are of a
probabilistic nature. Therefore, the theories of Probability and Stochastic Processes will be used
in defining proper probability distributions of errors in the system. The analyses will help in

quantifying the magnitude of errors and estimate the accumulated effects of the errors on the

systems.

System simulations have been conducted in analyzing the effects of errors on typical system’s
operations. Based on these error analyses, suggested remedies and modifications have been
presented to help reduce the errors in the systems. Three types of errors were identified as factors
potentially affecting the accuracy of the algorithms in calculating and predicting the gains and

slopes of the amplifiers in the system.
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5.2 Pilot’s Levels Precision Errors (LPE):

At the inputs stages of the system amplifiers, the levels of the reference pilots are detected by the
RF detectors. These levels are expected to be stable at the points where they are measured to
provide stable and accurate inputs needed for the calculations of the system losses. However, this
is not the case. There might be some variations in the pilots” levels over a short period of time.
The variations in levels could be caused by instability in the operation of the RF generators
producing the pilots at the system head-end. The variations in the pilots’ levels could also be
caused by external noise generated by mining machineries or any other types of external noise
sources within the proximities of the leaky cable. As a result, the precision and accuracy of the

detected levels might include some errors.

The errors or variations in pilot levels are random in magnitude. They can be modeled with a
Normal (Gaussian) Distribution Function as shown in Figure 5-1. In probability theories and
statistics, the Normal or Gaussian distribution is a continuous distribution which describes data
clustering around a mean or average. The graph of the associated probability density function is

bell-shaped, with a peak at the mean.

P(x)
A

044 ~
/ %

02+ d

Figure 5-1, Gaussian Distribution Function for the variations in pilot levels

In our case, the average or the mean (u) of the Normal Distribution Function represents the
average level of the pilot (i.e. the average of PL, for example, when detecting the Low Pilot) .The
Standard Deviation (o) of the Normal Distribution Function is the variation in the pilot levels
away from the mean. In this algorithm, it is assumed that the first standard deviation (1) is 1.0

dB far from the mean.
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5.2.1 Pilot Levels Averaging Technique.

The Probability Density Function, PDF, for a normal distribution function is given by the formula

p(x) = MJ (5-1)

1
exp| —
o2 p[ 207

The Level-Averaging can be achieved by sampling the pilot levels over a period of time. The
number of samples per sampling time cycle (t =Ts) can be detected by the RF detectors. The
levels of these samples can then be stored in the memory of the microcontroller. The average

value of the samples can be computed by calculating the means ( x4 ) of the discrete Gaussian

function.
N

p= % p(x) (5-2)
i=1

Where N is the number of samples over one cycle of sampling time, Ts.

5.2.2 Calculating Pilots’ Mean Level

To calculate the mean, the probabilities of each random variable are required to be determined.

The following procedure can be used to calculate the means of the pilots’ levels.

1. Pilot Levels Sampling
N numbers of samples are obtained by sampling the received pilot signals over predefined
sampling period Ts. The values of the samples are stored in the memory as one dimensional

matrix, V(s). The sampling rate, Rs, can be defined as the ratio between the number of samples,

N, to the time period of one sampling cycle, Ts.

N
R, =— 5-3
S T, (5-3)

The sampling rate, Rs, is a very critical ratio in determining the accuracy of the averaging

technique. The accuracy increases with a greater number of samples taken per one sampling

cycle.
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2. Samples Levelisations (Quantization)
In this process, the samples are grouped or classified into a number of levels (quantization),
where samples’ values, V(s), are approximated to certain level, J(s). Assuming an accuracy of |

dB is acceptable, the quantization of the samples can be done with taking the integer of the

sampled values V(s)

J(s) = INT[V (s)] (5-4)
3. Defining random variables Xx,

The levels, J(s), can be considered as random variables, x, , with frequency of occurrences as
F(x,). The random variables can be listed in a table with their corresponding frequency of

occurrences F(x, ). This list defines the Probability Distribution Function (PDF) of the pilots’

levels.

4. Calculating the probabilities of the random variables, p(x,)

The probability of each random variable listed in step 3 can be calculated as follows:
xX)=—— 5-5)
p(x,) N (

5. Calculating the mean, (p) of the Gaussian function

The mean of the pilot levels can be calculated as follows:

N
p=x-p(x) (5-6)
i=1

Adequate precision of less than 1 dB can be obtained in detecting the levels of the reference
pilots. The Averaging Technique is explained in Figure 5-2, Reference Pilot Averaging

Technique Flowchart.

56



b~
5 Start
- L4
E}% Set .I\fltlnl.i.'l'
=3 For the number of Samples
35 |
- =
3 5
»
Y
Sampling
Ks)
Y

Data Input, Sampling and Levelisations

L evelisations

Jrs)

L 4

Store Samples Levels in the
Microcontroller’s Memaory

L4

Increment ( ounter
s=s+1

No

Yes

Calculating the average value ( mean)

v

Defining Random Variables

x(1)

¥

Calculating the Probabilities

P(x)= —a—

k4

Calculate the mean

=35, P(Q)

¥

Store Pilots Means (u)
in the Memory

End

C

End )

Figure 5-2, Reference Pil

ots Averaging- Technique Flowchart

57




The following example illustrates the steps for calculating the average (mean) of the PL level

when it is received and detected by the amplifier’s RF detector. Figure 5-3, shows the variations

in the PL level as it is detected by the RF detector. Assume the sampling rate of 10 samples/ sec

is used in the calculations.

PL(dBm)
A
]

8

T

t (sec)

Figure 5-3, A Typical Pilot Signal

Sampling; Figure 5-4, shows the received (detected) pilot levels sampled with a sampling rate
of 10 samples / sec.

Samples Quantization; The values of the samples have been approximated to the value of the
levels that they fall into, as shown in Table 5-1, Sample Quantization List.

Defining random variables x(7) ; the frequencies of each level are listed in Table 5-2, Random
Variable Frequency of Occurrences. This list defines the random variables of the Gaussian

distribution function.
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Figure 5-4, Pilot Sampling
Sample Number (s) Sample Value V(s) Levels Value J(s)

1 5.90 5.00
2 6.80 6.00
3 5.10 5.00
4 6.25 6.00
5 4.50 4.00
6 5.20 5.00
7 6.50 6.00
8 5.50 5.00
9 4.75 4.00
10 3.3 5.00

Table 5-1, Samples Quantization List
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T | 400 | 2 | o2

2 5.00 5 0.5
3 6.00 3 0.3

Table 5-2, Random Variable Frequency of Occurrences

e Calculating the Probabilities of the Random variables, p(x,); the probability of each random

variable can be calculated by using equation ( 5-5). For the first random variable, x(1)=4.00,

the probability is
2
x)=—=02
P(x) =15

The probabilities for the reset of the random variables can be calculated in a similar way as

shown in Table 5-2.

¢ Finding the mean, (p) of the Gaussian function: equation (4-6) can be used to find the mean

as follows:

#=4.00x0.2+5.00x0.5+6.00x0.4=5.1

The mean, p, represents the average value of the reference pilot level PL. (i.e. PL=5.1 dBm)

5.2.3 Averaging Technique Simulations

Utilizing MATLAB simulation software, the Level Averaging Technique was simulated to verify
its effectiveness in reducing the Pilots Levels Precision Errors, LPE. In this analysis, the pilot
signal is sampled 50 times over the sampling cycle of 100 units. Figure 5-5, Pilot Signal
Sampling Simulations, shows the hypothetical pilot signal and the samples taken for the signal.
Figure 5-6, Pilot Levels Histogram Simulations, shows the signal levels’ histograms and the PDF
for the variation in the received signal levels. It was concluded that an accuracy of less than 1 dB

can be obtained from this averaging technique.
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5.2.4 Ideal Number of Samples N

The precision of calculating the average ( 4 ) of the pilot levels generally improves by increasing
the number of the samples N within the sampling time cycle Ts. The increase in the number of
the samples also increases the calculation time needed by the microcontroller to obtain a result.

Therefore, it is important to obtain an ideal number of samples to satisfy the precision

requirements while not affecting the calculation speed.

Simulation analyses were conducted to evaluate the ideal number of sample vs. precisions in
averaging the pilot levels, as shown in Figure 5-7. In the simulations, the expected (true) value
of the pilot level at the input of the amplifier with no variations occurring was expected to be
0 dBm. However, errors occur with the variation in the pilot level. The averages of the detected
signal were analyzed vs. the number of samples used in the averaging technique. It was found that
the precision improves by increasing the number of samples, N. The simulations showed that the
precision reach a certain limit of improvements with increasing the number of samples. An ideal

number of samples could be determined. The simulation analysis shows an ideal number of N =

20 samples when the precision of the pilot level reached a limit of a little or no further
improvements.
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Figure 5-7, Number of Averaging Samples vs. Precision.
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5.3 Components Tolerance Errors (CTE):

The accumulations of components tolerance in electronics circuits can cause parts of the circuits
to operate outside their nominal operating range. This will, of course, affect the functionality and
the outputs of the algorithms. The levels of the reference pilots at the output of the downstream

amplifiers are required to be exactly the same as their levels at the Head-End. However, the CTE

can affect the accuracy of these levels.

The errors related to the tolerances of the circuits components can be controlled and reduced
to a good extent by properly calibrating the amplifiers during the manufacturing process.
However, the tolerances of some components might change after the installation of the system or
by the effects of temperature variations. These errors will result in imprecise reference pilots
levels leaving the amplifiers (i.e. not equal to the level of the pilots at the system head-end).

Mostly, these errors affect the operation of amplifiers in the downstream direction.

The Components Tolerance Errors factor ( E,.,,. ) can be defined as the percentage of errors in the

gains of the amplifiers caused by the Components Tolerance Errors (CTE).

EG,=G -(1+E.;;) (5-7)
Where,

EG, is the Errored-Gain of the amplifier.

G, is the Nominal (error free) gain of the amplifier.

is the Components Tolerance Errors factor (in + percentage figures)

The E,.,,. , can be either positive or negative. Positive E.,,. makes the gain of the amplifier
higher than the proper level of the error-free gain. Negative E ., makes the amplifier’s gain

lower than the error-free gain.
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For example if the expected nominal, error-free, gain of the downstream voice band, G, _is

15.00 dBand E.,,. is+2.5 %, then EG, can be calculated as follows:

EG, =15.00x(1+0.025)=15.375dB for positive £, or,
EG, =15.00x(1-0.025) =14.625 dB for negative £, ..

5.3.1 CTE Simulation Analysis

Obviously, CTE can affect the operation of the AGC/ASC algorithm and thereby generate

inaccurate gain and slope figures. To evaluate the effects of the CTE, simulation analyses were
conducted. In these analyses, the ( £,.,, ) was assumed to be a Discrete Uniform Random

Distribution Function of a maximum value of 5% (or + 2.5 %). The analyses were conducted on a

system with 100 cascaded amplifiers, as shown in Figure 5-8.

pata | |
Repeater | |
|
Voice 'E Amp | Amp | Amp Impedance
s e e e —— | :
| Repeater |3 01 02 03 Matching Load
w
o

s g r L=0 dB ' =08 \
IQ}/H— Ponﬂable

Pilots Radio
Generators

Figure 5-8, Multi-Cascaded Amplifiers Simulation Network.

For the downstream voice band (m=2), the voice carrier level leaving the system head-end
was assumed to be 0 dBm. When this carrier propagates through the first section of the system, it
will be attenuated by a factor equivalent to the losses of this section. Typically, the following

amplifier in the system will compensate for the losses with a gain of (G,=-L,). This way the
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signal level will be boosted to its level at the head-end. However, errors occur where the CTE

affects the operation of the AGC algorithm in calculating the downstream system gain.

Figure 5-9, Downstream Voice Band CTE Simulations, shows the output of the simulation

analyses of 100 amplifiers in cascaded configurations. The trace in green shows the output levels

of the downstream voice carrier with no error assumed by the CTE. The trace in red shows the

output levels of the downstream voice carrier with 5% of uniformly distributed random CTE error

affecting the gains of the system.
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Figure 5-9, Downstream Voice Band CTE Simulations
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Figure 5- 10, Downstream Data Band CTE Simulations, shows the output of the simulation

analyses for the downstream data carrier. The trace in green shows the output levels of the

downstream data carrier with no error assumed by the CTE. The trace in red shows the output

levels of the downstream data carrier with 5% of uniformly distributed random CTE error

affecting the system gains.
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Figure 5-10, Downstream Data Band CTE Simulations

In the previous simulation analyses for the CTE, we assumed uniformly distributed random
CTE error affecting the system gains. Alternatively, we could also assume a systematic fixed

percentage of errors equally affecting all the amplifiers in the system. Figure 5-11 shows the

simulation analysis for a system of 10 amplifiers when E ... = 5% in all amplifies. The

simulation shows very interesting results when the algorithm demonstrates a good self-healing

mechanism by stabilizing the gain errors to a minimal value as shown in Figure 5-11.
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Figure 5-11, Fixed CTE Simulations

5.3.2 CTE Corrections

All amplifiers in the systems will be properly calibrated and tested during the manufacturing
process. CTE is not expected to be more than + 2.5 %. However, to ensure higher levels of

precision, additional RF detectors can be added at the output stages of the downstream amplifiers.

The output RF detectors will feed the algorithm with two additional inputs (entries) for the
levels of downstream pilots at the outputs of the amplifiers. Based on these additional inputs, the
AGC algorithm will be informed about any deviations in amplifiers’ gains caused by CTE.
Therefore, the algorithm will adjust the gain of the downstream amplifiers to keep the output
levels of the pilots to their constant reference levels at the system head-end. This technique will
offer high precision in controlling the levels of the pilots to exactly match the levels at the head-
end (100% corrections). This technique is shown in Figure 5-12, Algorithm’s Errors Corrections

Block Diagram.
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A correction factor, Dm, is introduced to the algorithm to obtain the deviation factor of the

errored gain from the error free gain, as follows:

(5-8)

m

_|PL,-PL,, SJor m=2
~ |PH,-PH form=4

ol

By adding the correction factor to the amplifier’s Errored-Gain, the Corrected-Gain can be

determined as below:

CG, =EG, +D, (5-9)

Where,

CG, s the Corrected Gain. In the case of the CTE corrections, the corrected gain is only

m

applicable to the downstream bands (m= 2 and m= 4).

D is the gain Correction Factor

m

EG, s the Amplifier’s Errored- Gain of band m

m

P is the Low-Pilot level at the system Head-End (i.e. the reference level)

(@]

PH,, is the High-Pilot level at the system Head-End (i.e. the reference level)

2L

out

PH

ol

is the Low-Pilot level at the output stage of amplifier

is the High-Pilot level at the output stage of the amplifier

Simulation analyses for the CTE corrections technique on a system of 100 amplifiers were
conducted. The output results of these analyses are shown in Figure 5-13, Downstream Voice
Band CTE Corrections and Figure 5-14, Downstream Data Band CTE. The analyses have
demonstrated that the proposed correction technique is very effective in correcting errors caused

by CTE to almost 100 %.

The blue traces in the figures indicate the corrected voice and data signals at the amplifiers
output ports. The red traces show the output of the amplifiers with CTE components added as a
uniform distribution function with a maximum value of 5 %. The green trace (behind the blue

trace) is the original, error free, output levels. It is clear that the CTE has been corrected

completely.
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Figure 5-13, Downstream Voice Band CTE Corrections
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5.4 Gain Estimation Errors (GEE):

According to the AGC algorithm, calculating the gains of the amplifiers in the upstream bands is
totally achieved by predicting (estimating) the losses in the system section ahead of the amplifier.
These estimations are based on the inputs provided to the algorithm during the calculation of
system losses in the opposite downstream directions of the system. In the algorithm, there are few
pre-defined variables and parameters specific to the type of the leaky cable. These cable
parameters are very important variables in calculating the system gains and slopes, especially for
the upstream bands where there are no reference pilots used to measure the actual system losses.
It is very important for these parameters to be accurate and consistent all through the system.

These parameters are normally obtained from the data sheets of the cable.

Faulty cables or bad installation practices could cause the cable characteristics to change from
the predefined parameters. Therefore, errors occur in estimating the gains of the amplifiers. These

errors can be referred to as Gain Estimation Errors, GEE.

Gain Estimation Errors (GEE) can be defined as a percentage of errors in gain estimations of
the amplifiers in the upstream bands (band 1 and 3). These errors are not expected to be a
significant factor (about 5%). However, for bigger systems, with large a number of amplifiers, the
accumulation of these errors should be considered. GEE can be either positive or negative. A
positive percentage of GEE occurs where the estimated gain is higher than the nominal gain
required for the compensations of the upstream system losses. A negative percentage of GEE is
the case where the estimated gain is lower than the nominal gain required by the system for the

compensation of the upstream losses. GEE errors can be calculated as follows:

For m=1 and m=3

GE, =G, -(1+Egz;) (5-10)

Where,
EG, isthe Errored-Gain of the amplifier.

G, is the Nominal (error free) gain of band m amplifier.
E.,. isthe Gain Estimation Errors factor (in + percentage figures)
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5.4.1 GEE Simulation Analysis

Two important operating conditions must always be satisfied when analyzing the operation of the
AGC algorithm. The first condition is that the output of the amplifiers must not exceed their rated
maximum output power; otherwise the amplifiers might become saturated and produce unstable
system operations. The second operating condition is that the levels of the signals at the
amplifiers output should not be less than a specific value allowed by the receiver’s sensitivities;
otherwise, the received signals at the system head-end can not be detected. Low output levels
also result in a low Signal-to-Noise Ratio (SNR). The effects of the GEE was analyzed using
MATLAB system simulation software. The circuit of Figure 5-8, Multi-Cascaded Amplifiers

Simulation Network, was considered during the analyses.

Figure 5-15, Upstream Data Band GEE Simulations, shows the output results of analyzing the
effects of the GEE on estimating the gains of the upstream data bands. In these analyses, a
uniform randomly distributed error with a maximum value of 5% was assumed. For the system
to operate properly, the levels of the data signals at the outputs of amplifiers must be maintained
below (-10 dBm), which is the maximum output power of the amplifiers in this band. The other
operating condition is that the levels of the data signals must be higher than (- 40 dBm) at the

output of the amplifiers.

The simulation analyses of 100 amplifiers shows acceptable results in satisfying the operating
conditions of the system. In this simulation, the input signal level of the data carrier in the
upstream direction was assumed to be (-40 dBm) at the inputs of the last amplifier in the system.
Typically, the gain of the amplifiers in this case should be (8.3 dB) according to the algorithm
estimations. This means that the output of the amplifiers in this band should be (-31.7 dBm) when
no error was assumed. The trace in green in Figure 5-15, Upstream Data Band GEE Simulations,
shows the nominal (error free) amplifier’s output levels in the upstream data band. The trace in
red shows the output with 5% of GEE included. The simulations show acceptable results

satisfying the operating conditions of the system.
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Figure 5-15, Upstream Data Band GEE Simulations

Figure 5-16, Upstream Voice Band GEE Simulations, shows the results of simulating the
system in the upstream voice bands. The maximum output power of the amplifiers in these bands
is (-10 dBm); therefore, the output of the voice carriers in the upstream direction must be kept
below (-10 dBm). The minimum level at the amplifier’s output in these bands must be higher than
(-80 dBm). These parameters consider the receiver’s sensitivities and the losses of the filters at
the head-end and also the cable losses at the cable section immediately following the head-end.
These simulations assumed a single voice carrier of (-40 dBm) power input to the last amplifiers
in the system. The error free gain in this case is (16.3 dB). The output of the amplifier is (- 23.7
dBm) when no GEE was assumed. This is shown in Figure 5-16, Upstream Voice Band GEE
Simulations with green trace. The trace in red shows the output of the amplifiers when 5% of

randomly distributed GEE was introduced to the system. The simulation results show acceptable

system operating conditions.
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Figure 5-16, Upstream Voice Band GEE Simulations

5.4.2 GEE Errors Corrections

Although the GEE is not expected to be significant, the accumulation effect of these errors should
be seriously considered, especially for bigger systems (50 amplifiers or more). Therefore, some
measures to correct these errors are required. As a solution for this problem, a wide-band RF
detector can be added to the output of the upstream amplifiers as shown in Figure 5-12,
Algorithm’s Errors Corrections Block Diagram. These detectors will be able to measure the
envelope power of the upstream bands and feed these measurements as additional inputs to the
AGC algorithm. With these additional inputs, the algorithm will be able to adjust the estimated
gain of the upstream amplifier to maintain acceptable system operating conditions. A correction

factor, Dm, will be calculated by the algorithm to obtain the deviation factor of the errored-gain

from the error free gain, as follow:
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For the upstream data and voice bands, m=1 and m=3,

PMIN  —-POUT, Sfor POUT, < PMIN A
D, =<PMAX_ —-POUT, for POUT, > PMAX (5-11)
0 Otherwise

By adding this correction factor to the Errored — Gain of the amplifier, the Corrected Gain can be

determined.

CG,=EG,+D, (5-12)
Where,

cG, is the Corrected Gain of the amplifiers in band m.

D, is the gain Correction Factor

EG, is the Amplifier’s Errored- Gain of band m

POUT, is the envelope power at the output of the amplifier for band m.

PMAX is the maximum power outputs of the upstream amplifier of band m.

PMIN is the minimum acceptable power at the amplifier outputs to satisfy the receivers’

sensitivities.

This correction technique was analyzed by MATLAB simulations software. To illustrate the
GEE correction effects, more stringent and narrow dynamic ranges for the PMIN and PMAX
were assumed. For the upstream data band, m=1, the PMIN was assumed to be -32.5 dBm and
PMAX was assumed to -31.5 dBm. Of course, in reality the system will have much wider
dynamic range of operation (-10.00 dBm to -40 dBm). Figure 5-17, Upstream Data Band GEE
Corrections, shows the simulation results when applying the GEE correction technique to the
algorithm operation. The trace in green shows the error free levels of upstream data carrier at the
output of the amplifiers. The trace in red shows the errored levels of upstream data carrier when
5% of GEE was introduced. The corrections of these errored levels are shown in blue. Errored

levels are clipped to maintain the output levels within the required dynamic range and to meet the

operating conditions of the system.
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Figure 5-17, Upstream Data Band GEE Corrections

Figure 5-18, Upstream Voice Band GEE Corrections, shows the effect of the correction

technique on correcting GEE in the upstream voice bands. The blue trace shows the corrected

output levels. The corrected levels are maintained within the dynamic range of the system

operation. In this simulation, the dynamic ranges were reduced to better display the effects of the

correction technique. In reality, the system enjoys wider dynamic ranges of operation.
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Figure 5-18, Upstream Voice Band GEE Corrections

76



Chapter 6

6 Conclusions and Future Work

6.1 Conclusions

Theoretical analysis was conducted to evaluate and study the theories of the Automatic Gain and
Automatic Slope Control AGC/ASC circuits currently used in multi-cascade leaky feeder
systems, where a conventional closed loop circuit is used. It was concluded that the AGC loop
filter depends upon the type of signal modulation. If the input signals are amplitude-modulated,

the AGC circuit must not respond to changes in amplitude; otherwise, the AGC loop will distort

the modulated signals.

The analyses of the transient behavior of AGC amplifiers in cascade systems have
demonstrated that overshoot and ringing are evident at the output of amplifiers in the cascade. It
was also concluded that the magnitude of the overshoot is directly proportional to the number of

amplifiers in the system.

Based on predictions, a novel algorithm of controlling the gain and the slope in the leaky cable
system of underground mines was presented. It was concluded from the simulation analyses of
the algorithm that, when applied in a typical mine layout, the performance of the algorithm in

predicting the gain is very reliable for the operation of the system.

Error analyses for the developed AGC/ACS algorithm have considered three types of errors
that affect the operations of the algorithm. The first type of error in the algorithm is the “Pilots
Levels Precision Errors, LPE. It was concluded that a precision of less than | dB is achievable in

measuring the reference pilot level.

The second type of error that was analyzed is the Components Tolerances Errors (CTE). These
are the errors in calculating the gains and the slopes of the amplifiers due the tolerance of the
amplifier’s components. It was concluded that errors corrections up to 100% is possible by

adding RF detectors at the output stages of the amplifiers.
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The third type of error that was considered is the Gain Estimation Errors (GEE). These are the
errors in estimating the gain and slopes for upstream amplifiers bands. It was concluded from the
simulation analyses that the algorithm can ensure reliable predictions for the gain and slope of the
amplifiers in the cascade. The amplifiers in the system will be operating in acceptable dynamic

ranges of operation.

6.2 Future Works

Some of the suggested future works are listed below.

Algorithm Prototyping:

It will be advantageous for the developed algorithm to be practically translated into prototype
systems. This will help ensure the practicality of developing systems based on this algorithm. The
prototype amplifiers will be the next step in developing leaky feeder systems with AGC/ASC

functions, based on the presented algorithms.

Part Time AGC/ASC Algorithm:

Further research will be required to analyze the possibility of the part time use of the AGC/ASC
functions by the amplifiers. This will involve the frequency of AGC/ASC refresh rate. The
carriers of the reference pilots might not be required to be present in the system all the time.
Instead, the pilots will be available only when needed by the AGC/ASC circuits. This will help
maximize the channel capacity of the system and to reduce the power consumption of the

amplifiers when the AGC/ASC is on standby mode.

Failure Analysis:

Failure analysis can further investigate other scenarios that could affect the operation of the
AGC/ASC algorithm. One example of these failures is the case of hardware failure of the pilots’
generators at the system head-end. Provisioning for redundant generators could be considered in

this case. The algorithm can be further developed to react to such cases of failures.
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