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ABSTRACT 

BOREHOLE COMMUNICATION VIA DRILL STRINGS IN OIL WELLS 

by 

Ali Hamdan Alenezi 

The performance of multichannel and single channel accelerometers used as uphole 

communication receivers is studied. Using measured channels from the drill string testbed, 

it is shown that one tri-axial accelerometer can provide nearly uncorrelated signals when 

compared to two single channel accelerometers. Having uncorrelated signals at the uphole 

receiver provides a diversity which in turn can lead to an increase in the communication 

system performance. The use of a strain sensor as a receiver in borehole communication is 

proposed. Using measured channels from the drill string testbed, the performance of a 

strain receiver with a single-accelerometer receiver is compared. The results show that the 

strain receiver has better performance than the single accelerometer receiver, and is further 

demonstrated that the strain channel impulse response has a better structure than a single-

accelerometer channel impulse response. Furthermore, the multichannel reception using 

several receivers with the aim of improving communication system performance is studied. 

The combination of a strain sensor and a tri-axial accelerometer as a four-channel receiver 

is proposed. Given the complexity of studying the strain channel and the three acceleration 

channels analytically, experiments are conducted to obtain these channel impulse 

responses. The channel measurements show that these wireless channels are nearly 

uncorrelated and therefore can provide a diversity gain. This is further confirmed by the 

low bit error rates that this system provides. Comparison with single channel receivers 

shows the usefulness of the proposed system for wireless communication via drill strings. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

 

Hydrocarbon resources such as oil and gas are located several thousands of feet 

underground. Current civilization relies mainly on these hydrocarbon resources for the 

generation of electricity, transportation, and in the manufacture of numerous products. To 

extract the oil and gas one need to drill deep wells that go several thousands of feet 

underground with, during the drilling process, the drill bit penetrating different earth layers, 

as shown in Figure 1.1.  

The earth layers that are penetrated by the drill bit have different characteristics, 

and from these characteristics, the oil engineer can predict the proximity of hydrocarbon 

reservoirs as well as their types. Usually, there are several sensors placed close to drill bit 

to collect information such as temperature, humidity, pressure, resistivity, radiation, etc. 

The process of sending this information from downhole to the surface is called “telemetry”. 

If the information is sent during the process of drilling, it is called Logging While Drilling 

(LWD) because it is real-time communication, however, in cases where the drilling process 

is stopped to send the information to the surface, it is then called off-line telemetry. There 

are different telemetry methods that can be used to send information from downhole to the 

surface, including mud pulse telemetry, electromagnetic waves, wireline telemetry, and 

acoustic telemetry. During the drilling operation, there is a special kind of mud pumped 

through the drill string, the main role of which is to carry the cuttings of crushed formation 

from downhole to the surface through the hollow space between the drill string and the 

wall of the well. This mud is exploited to send the information that is collected by the 
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sensors to the surface by modulating it using a valve that controls the mud flow [1,2], as 

shown in Figure 1.2. 

 

 

 

Figure 1.1 Oil and gas reservoirs underground.  
Source: Hydrocarbons deposits. Reprinted from school of geosciences in University of Sydney, by P. Huston, 

retrieved April 12, 2017, from  

http://www.geosci.usyd.edu.au/users/prey/ACSGT/EReports/eR.2003/GroupD/Report2/web%20pages/hydroc

arbon_deposits.html. 

 

 

http://www.geosci.usyd.edu.au/users/prey/ACSGT/EReports/eR.2003/GroupD/Report2/web%20pages/hydrocarbon_deposits.html
http://www.geosci.usyd.edu.au/users/prey/ACSGT/EReports/eR.2003/GroupD/Report2/web%20pages/hydrocarbon_deposits.html
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Figure 1.2 Mud-pulse telemetry. 
Source: Mud pulse telemetry. Reprinted from Measurement While Drilling (MWD) and its Application in 

Directional Drilling in directional drilling technology website, Retrieved October 23, 2015, from  

http://directionaldrilling.blogspot.com/2011/07/21-measurement-while-drilling-mwd-and.html.  

 

Mud-pulse telemetry is real-time telemetry and does not interfere with the drilling 

operation; however, its data rate is very low at, in typical circumstances, 2-3 bits per 

second. The mud-pulse telemetry is the only commercial telemetry used in real-time 

communication during well drilling. Electromagnetic waves can offer a large bandwidth 

[3,4] although in borehole communication these are highly attenuated due to the formation 

http://directionaldrilling.blogspot.com/2011/07/21-measurement-while-drilling-mwd-and.html
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resistivity profile. Wireline telemetry is a form of off-line telemetry, where the driller needs 

to take the entire drill-string out of the well, and then load a pipe that contains multiple 

sensors using long cables. This pipe is connected with coaxial cable to establish a 

communication link from downhole to surface and this form of telemetry interferes with 

the drilling operation and has very high cost, including that associated with the time delay 

in the well drilling. Acoustic telemetry is a promising technique, which uses the drill string 

as a channel medium to send information. As such it does not interfere with the drilling 

operation and it offers a high data rate at several hundreds of bit per seconds. However, as 

a drill string is constructed from a series of pipes connected via tool joints, and due to 

mismatch between the pipes and tool joints, there are many forward and backward 

reflections of a transmitted acoustic signal, which result in a complex multipath channel.  

The idea of using acoustic waves for oil well communication through the drill string 

was first proposed by the Sun Oil Company in 1948 and they conducted field test 

experiments to measure the attenuation of acoustic waves that propagated through the drill 

string [5]. After that, several studies were performed on drill strings to discover the drill 

string channel characteristics [6,7,8]. The studies of the acoustic drill string channel 

characteristics concluded that, since the acoustic wave propagate in an inhomogeneous 

channel that has a periodic structure, the drill string channel impulse response is 

characterized by heavy reflections, as shown in Figure 1.3. On the other hand, the channel 

frequency response has periodic pass-bands and stop bands forming a comb-filtering-like 

pattern, also in Figure 1.3. 
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Figure 1.3 Drill string channel impulse and frequency responses generated from a channel 

model. 
Source: Drill string Channel impulse and frequency responses. Reprinted from [7]. 
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Based on the drill string channel structure, the use of an acoustic Orthogonal 

Frequency Division Multiplexing (OFDM) transmission scheme has been proposed in [9]. 

Different machines used around the well produce in-band high intensity noise, and by 

exploiting the upward and downward propagation modes of the acoustic wave through the 

drill string, a two-receiver noise cancelation method has been proposed in [10] to reduce 

the background noise effect during borehole communication. 

 

 

Figure 1.4 Up-going down-going wave propagation through drill string. 

�  

� 

�� 

 

 

 

 

 

�  
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 Pipe String Channel Model Using Wave Propagation Theory   

 

In wireless communication systems, the most important part over which we cannot have 

control, is the channel, which mainly determines the data capacity that we can convey from 

the transmitter to the receiver. The drill string consists of pipes that are connected with 

each other using threaded joints, as shown in Figure 1.4. The acoustic waves propagated 

through the drill string encounter scattering and attenuation due to the mismatch of 

impedance between the pipes and the tool joints, which results in heavy reflections at the 

receiver side. There are two kinds of waves that propagate  

 

 

 

Figure 1.5 Acoustic wave propagation through one pipe. 

 

 

through the drill string, up-going waves and down-going waves, as shown in Figure 1.4. 

Wave propagation theory can be used to model the acoustic wave propagation through 

different layers, and this method can be employed to model the drill string channel [11]. 

We can describe the wave propagation through the pipe shown in Figure 1.5 using the 

following matrix relation 

��  

′ �′ 

 � 
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where 

 

 

 

represents the wave propagation between the pipe ends and the following matrix represents 

the acoustic wave propagation between the tool joint ends 

 

 

 

where � is the time needed by an acoustic wave to travel between the two ends of one 

pipe, and   is the radian frequency. Also, using the same equation, we can describe the 

wave propagation through a tool joint, but instead of � we use � which is the time needed 

for an acoustic wave to travel between the two ends of the tool joint.  

Since the pipe and the tool joint have different diameters and thicknesses, the waves 

that transfer from the pipe to the tool joint will lose some power by reflection, due to the 

mismatched impedance and the rest will be transmitted through the tool joint. The same 

thing happens when the acoustic wave is incident from the tool joint to the pipe, as shown 

in Figure 1.6. The total sum of the transmitted wave and the reflected wave equal the 

incident wave, with the assumption that there is no power leakage at the junction. Let t

refer to the transmission coefficient and r refer to the reflection coefficient, where 1.t r 
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The reflection and transmission coefficients are evaluated numerically based on the 

parameters of the pipe and the tool joint [12]. The following matrix equation describes the 

acoustic wave propagation at the junction between the pipe and the tool joint 

 

 

where  

 

 

 

 

Figure 1.6 Acoustic wave propagation through the interface between pipe and tool joint. 
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represents the transformation matrix from the pipe to the tool joint. On the other hand, the 

matrix that describes the wave propagation at the junction from the tool joint to the pipe is 

 

 

 

Assume we have a drill string consisting of N  pipes and 1N   tool joints, by using 

matrix multiplication operation and the matrix equations above, we can model the acoustic 

wave propagation through the drill string as follows 

 

 

 

 

Equation (1.7) is a matrix, which contains four unknowns and two equations; and thus, we 

need to specify two further equations to be able to solve equation (1.7) for the unknown 

variables. We need to add two equations from the boundary conditions of the drill string. 

Assume an acoustic wave impulse transmitted through the drill string with amplitude oC

as shown in Figure 1.4, the up-going wave at the middle of the transmitter pipe, is given 

by 
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where or is the reflection coefficient from the drill string edge at the transmitter side, 0U

and oD are the up-going and down-going waves at the middle of the transmitter pipe. The 

second equation is derived from the drill string end at the receiver side as follows,  

 

 

 

where ��+  is the reflection coefficient from the drill string edge at the receiver side, � 

and �� are the up-going and down-going waves at the middle of the receiver pipe. After 

solving Eqs. (1.7-1.9), the received acoustic wave at middle of the receiver pipe of the drill 

string is the summation of the up-going and down-going waves  

 

 

 

 

The attenuation factor �−��  can be added to the propagation matrix in Eqs. (1.2,1.3) 

to model the acoustic wave attenuation when the wave propagates through the drill string. 

We use the same dimensions used in [7] for the pipes and tool-joints in the proposed drill 

string model, the drill string channel frequency and impulse responses of which are shown 

in Figure 1.7 and Figure 1.8, respectively. We have built a testbed pipe string that consists 

of four pipes and three tool joints, the dimensions of which are clarified in the next section. 

By comparing our measured channel with the drill string channel proposed in this section, 

we found that the proposed drill string channel model is an ideal model, whilst in a real 

drill string, the pipes and tool joint junctions are not perfectly stacked on each other and 

there may be tiny spaces that make the propagated acoustic wave behave differently from 

 
1

pj T

N N ND r e U
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our assumption. To model this effect in the measured channel would be very complicated. 

Also, because we will study the performance of a tri-axial accelerometer receiver and strain 

receiver in addition to the single accelerometer, modeling the channels of these receivers 

is even more complex and for this we resort to the measured pipe string channels. 

 

Figure 1.7 Channel frequency response of the drill-string model. 
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Figure 1.8 Channel impulse response of the model. 

 

 

 Dissertation Organization 

 

The rest of the dissertation is organized as follows: Chapter 2 provides an overview of the 

testbed components, and presents the processing stages needed to obtain the baseband 

measured channel. In Chapter 3, we investigate the use of the tri-axial accelerometer and 

compare it with the uni-accelerometer. In Chapter 4, we investigate the performance of the 

strain receiver and compare it with the performance of a uni-acceleormeter receiver. In 

Chapter 5, we study the channel characteristics of the strain and tri-axial accelerometer 

receivers and compare their performance as a multi-channel receiver with the single-

accelerometer receiver. Finally, Chapter 6 contains the discussion and conclusion. 
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CHAPTER 2 

 

PIPE STRING TESTBED 

 

 

 Testbed Design 

    

The main goal of this dissertation is to investigate the use of different kind of acoustic 

receiver in borehole communication using an acoustic wave. For this, we have built a 

testbed that consists of a transmitter unit, pipe-string, and receiver unit as shown in Figure 

2.1.  

 

 

Figure 2.1 Pipe string testbed. 
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The chirp signal is first generated using a laptop and then fed into an amplifier. 

Then, the amplified signal is fed into the acoustic transmitter. The acoustic transmitter is 

mounted on one edge of the pipe string, and the acoustic signal that is generated by the 

acoustic transmitter is propagated through the pipe string that is constructed from four pipes 

and three tool joints. At the other end of the pipe string, several receivers are mounted on 

the pipe. The receivers generate analog voltage signals according to the received acoustic 

signal, and the analog received signal is fed into the Analog-to-Digital (A/D) device. The 

output samples of the A/D device are fed into another PC to be cross-correlated with the 

transmitted chirp signal in order to produce the measured channel impulse response. In the 

following, the main components of the testbed are presented in detail. 

 

 

 Transmitter Unit 

 

Matlab Software was used as the platform to write the code that generates a linear 

modulation frequency chirp signal. A Dell laptop was used to host the Matlab software and 

was connected to the Analog-to-Digital Converter (ADC) through the Universal Serial Bus 

(USB) port. The Linear Frequency Modulated (LFM) chirp signal was selected as the probe 

signal to estimate the pipe string channel impulse response, where the chirp signal can be 

generated in the time domain as follows, 

 

 

 

 

 

 

 

 ( ) cos(2 ( ) )cx t A f t t   ,      (2.1) 
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where ( )f t is the time varying frequency given by 

 

 

 

and  

 

 

is the rate of frequency increase over duration .T  1f and 0f are the boundaries of the 

measured channel bandwidth. Since the generated electrical chirp signal from the laptop 

is weak, due to the fact that the laptop has a certain limit on the highest output power 

from the speaker port, we use an amplifier to amplify the generated chirp signal. Figure 

2.2 and Figure 2.3 show pictures of the transmitter unit. 

 

 

Figure 2.2 Amplifier. 
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Figure 2.3 Acoustic transmitter. 

 

Figure 2.4 Pipe string constructed from four pipes and three tool joints. 
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 Pipe String 

 

The pipe string represents the medium that the acoustic waves propagate through and it is 

constructed from 4-inch steel pipes connected to each other using a threaded tool joint, as 

shown in Figure 2.4. To minimize the interface between the pipe string and the surface, the 

pipe string is positioned over jack stands, as shown in Figure 2.4. The acoustic transmitter 

is mounted on one end of the pipe string using a tool joint and a cap, and the receivers are 

mounted on the other end of the pipe string.  

 

 

 Receiver Unit 

 

The receiver unit consists of acoustic receivers, an ADC, and a PC.  

 

2.4.1 Acoustic Receivers 

 

In this dissertation, there are three acoustic receivers used in the pipe string channel 

measurements; a single accelerometer, a tri-axial accelerometer, and a strain sensors. The 

output of the receiver first goes through the signal conditioner device to prepare it for next 

processing stage. 

 

2.4.1.1   Single Accelerometer. The single accelerometer used in the pipe string 

channel measurements is an 352C33 model provided by PCB Piezotronics. The single 

accelerometer voltage sensitivity is 100 /mV g and it supports the frequency range 0.5 Hz

-10 .kHz  In addition, a wax was used to stick the single accelerometer onto the pipe string 

at the required location. Figure 2.5a shows the single accelerometer. 
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2.4.1.2   Tri-axial Accelerometer.   The tri-axial accelerometer measures the 

accelerations in three dimensions , , ,X Y Z  hence, we have three different communication 

channels. The tri-axial accelerometer is a 356B21 model provided by PCB Piezotronics. 

The tri-axial accelerometer voltage sensitivity is 10 /mV g and it supports the frequency 

range 0.5 Hz -10 kHz . The tri-axial accelerometer is also mounted on the pipe string using 

wax at the required location. Figure 2.5b shows a picture of the tri-axial accelerometer. 

 

2.4.1.3   Strain . The strain sensor measures the change of length with respect to the 

original length. The strain sensor used in the pipe string channel measurements is a 740B02 

model provided by PCB Piezotronics. The strain sensor voltage sensitivity is 50 /mV 

and it supports the frequency range  0.5 100 .Hz kHz  Superglue is used to stich the strain 

sensor onto the pipe string at the required location. A picture of the strain sensor is shown 

in Figure 2.5c. 

 

2.4.2 Analog-to-Digital Convertor  

 

The analog to digital device samples and digitizes the analog signal coming from the signal 

conditioner and passes those samples to the PC. The ADC used is an MC USB-1608FS-

Plus card provided by Measurement Computing. This card has a maximum sampling rate 

of 100,000 / secsamples and it uses 16  bits to digitize the samples. The card is connected 

to the PC using a USB cable. In the pipe string channel measurements, the received signal 

is sampled at 40 / sec.ksamples  The ADC device is shown in Figure 2.6.  
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Figure 2.5  a) Single accelerometer. b) Tri-axial accelerometer. c) Strain sensor. 
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2.4.3 Computer Hardware and Software 

 

MATLAB software was used to capture, save, display, and analyze the channel 

measurements. A DELL desktop computer was used to host the MATLAB software and 

connect the ADC through the USB port. This computer run on Windows 7, has 4 GB of 

RAM memory, and its processor is an Intel Core 2 Duo CPU that runs at 2.93 GHz. 

 

2.4.4 Signal Analysis  

 

The received signal is cross-correlated with the transmitted chirp signal to produce the 

channel impulse response. After the pipe string channel measurements are collected from 

the testbed,  there are two further stages before the measurements can be used in borehole 

communication performance analysis. First, we need to remove the background noise and 

second, we need to convert it to a complex baseband channel.  

 

Figure 2.6 Analog-to-Digital converter (ADC). 
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2.4.5 Noise Rejection  

 

In addition to the transmitted chirp signal, the acoustic receiver also receives additive noise 

due to thermal and background noise. To reduce the noise effect on the pipe string channel 

impulse response, we need to set a threshold level to reject the background noise. The 

channel impulse taps that have an amplitude of less than this threshold will be set to zero. 

Figure 2.7 shows the pipe string power delay profile with the noise threshold level. 

Figure 2.7 Set a threshold to reject the additive noise. 
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2.4.6 Complex Baseband Channel 

    

For the last step before use of the measured channel in the performance analysis, we convert 

the bandpass channel into a complex baseband channel. The resulting measured pipe string 

channel ( )h t from the testbed is the bandpass channel in the frequency domain for which 

all frequency components are located around a central frequency 
cf , as shown in Figure 

2.8, which shows a real signal in the time domain. 

Figure 2.8 Bandpass channel in frequency domain. 
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To convert the bandpass channel to a baseband channel, first, we determine the Hilbert 

transform of the bandpass channel ( ),h t  as follows 

 

 

 

 

where  the convolution operation. Then, the baseband channel is  

 

 

 

 

The resulting baseband channel is shown in Figure 2.9.  

Figure 2.9 Resulting baseband channel in frequency domain. 

 

 1
( ) ( )Hh t h t

t
   

     (2.4) 

 2
( ) [h(t) h ( )] cj f

BP Hh t t e
        (2.5) 
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CHAPTER 3 

A COMPARATIVE STUDY OF MULTICHANNEL AND SINGLE CHANNEL 

ACCELEROMETER SENSORS FOR COMMUNICATION IN OIL WELLS 

 

 

Signal reception using multichannel devices and multiple receivers is known to be a useful 

means to improve communication system performance in multipath environments [13]. 

However, in various propagation environments, such as acoustic channels [14] and radio 

frequency channels [15], there might be correlations between the multiple channels of a 

receiver which may affect the system performance. These possible correlations need to be 

well understood, before the deployment of a multichannel receiver. 

Single channel accelerometers have been widely used for signal reception in drill 

string communication systems. One can envision using more than one single channel 

accelerometer for multiple signal reception. Another alternative for multiple signal 

reception to use a multichannel accelerometer which measures and provides several 

different acceleration signals, as explained in the following section. The goal of this chapter 

is to study these two multi-reception schemes in the context of drill string communication 

systems in order to understand and compare possible levels of correlations between the 

channels. 

The technical challenge is due to the fact that, because of many back and forth 

signal reflections between tool joints throughout the drill string, analytical modeling and 

simulation of signal propagation in drill strings are complex tasks and involve partial 

differential equations with proper boundary conditions [12]. These become more 

complicated when there are multiple sensors and multichannel sensors, with possible 

correlations, which are the focus of this chapter. Therefore, as a plausible approach, we 



26 

 

resort to experiments to obtain a picture of the possible correlations among various 

acceleration signals in drill strings. 

In this chapter, we study the performance of multichannel and single channel 

accelerometers used as uphole communication receivers. Using experimental results from 

a drill string communication testbed, we show that one tri-axial accelerometer can provide 

nearly uncorrelated signals, compared to two single channel accelerometers. Having 

uncorrelated signals at the uphole receiver provides diversity, which in turn can result in 

an increase in the communication system’s performance. 

The rest of this chapter is organized as follows. In Section II various types of 

acceleration signals are introduced and equations for the received signals resulting from 

convolution of the transmitted signal with drill string channel impulse responses are 

provided. The experimental testbed is presented in Section III, whereas the drill string 

channel impulse response measurements are provided in Section IV. Section V discusses 

correlations among various types of measured channels and how they affect the system 

performance. Concluding remarks are given in Section VI. 

 

Figure 3.1 The drill string testbed, not drawn to scale. The transmitter (black rectangle) is 

on the   left, whereas accelerometers are mounted on the right, at the end of the last pipe. 

 

1.5 m 

Tx 
Rx 



27 

 

 Acceleration Signals Sensed by Accelerometers 

 

Let an acoustic transducer be placed on one end of a drill string, which generates the signal 

( )t by converting information from electric form to acoustic waves. These acoustic waves 

travel through the drill string, and are sensed by an accelerometer at the other end of the 

drill string. The accelerometer is a sensor that converts acoustic waves to electric signals. 

The multichannel sensor that we consider in this paper is a tri-axial accelerometer which 

measures accelerations of local vibrations at a single point in three orthogonal directions x, 

y, and z. Let ( )u t
x

, ( )yu t  and ( )zu t  be the time-varying local displacements due to 

vibrations at a single point at the end of the drill string, where the accelerometer is mounted. 

With acceleration as the second derivative of displacement with respect to time [12], the 

three acceleration signals can be written as 

 

 

 

 

The vector nature of the tri-axial sensor that measures the orthogonal components of 

acceleration resembles the vector sensor receiver in [18] which measures orthogonal 

particle velocity components. 

Let the three drill-string channel impulse responses, which correspond to the tri-

axial accelerometer receiver, be represented by ( ), ( )h t h t
x y

 and ( ).h t
z

 Upon transmitting 

the signal, ( ),t  the three received signals can be written as 

 

 

 2 2( ) ( ) /a t u t t
i i

   ,     , ,i x y z .                    
     (3.1) 
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where   stands for convolution and ( )in t  represents noise in the i-th channel. In the next 

section we present our drill string communication testbed, and then in Section 3.3 we show 

how the three channel impulse responses in equation (3.2) can be obtained from the 

acceleration measurements of the sensor given in equation (3.1). 

 

 

Figure 3.2 The transmit transducer mounted along the drill string testbed axis. 

 

 ( ) ( ) ( ) ( )i i ir t h t t n t   , , ,i x y z .                        (3.2) 
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 The Drill String Testbed 

 

The drill string testbed consists of four steel pipes connected via tool joints, as 

schematically shown in Figure 3.1. The length and diameter of each pipe are 60 and 4 

inches, respectively (about 1.5 m and 10 cm, respectively). The length of each tool joint is 

3.5 inches (about 9 cm). The transmitter is a magnetostrictive transducer that can generate 

vibrations of up to 20 kHz. The actual testbed and the transmitter are shown in Figure 3.2. 

In Figure 3.3, the mounted tri-axial accelerometer is shown on the receiver side. 

 

 

Figure 3.3 The tri-axial accelerometer mounted on the receiver side. 
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Figure 3.4 Drill string channel impulse responses measured by a tri-axial accelerometer. 

 

 Drill String Channel Impulse Responses 

 

To measure the drill string channel impulse responses sensed by the accelerometers, the 

drill string is excited by a linear frequency-modulated chirp signal of duration 1 sec. over 

the frequency range of 0.4 to 9.2 kHz. The chirp signal is generated by a computer, 

amplified by a power amplifier, and then applied to the transmit transducer. At the receiver 
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side, signals measured by the accelerometers are collected and sampled at a rate of 40 

ksamples/sec using a multichannel analog-to-digital converter and then fed into another 

computer. Cross-correlation of the received signals with the original chirp signal provides 

measurements of the channel impulse responses in the drill string. 

 

Figure 3.5 Drill string channel impulse responses measured by two single channel 

accelerometers. 

 

 

For the tri-axial accelerometer, the sensitivity per channel is   10 milliV/g, where 

g = 9.8 m/sec2 is the gravitational acceleration, whereas for the single channel 

accelerometer we have    100 milliV/g. To account for different sensor sensitivities, the 

readouts of the accelerometers, which are in milliV, are multiplied by the factor / ,g   
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which converts the units to m/sec2. The three channel impulse responses ( ), ( )x yh t h t and 

( )zh t  measured by the tri-axial accelerometer are shown in Figure 3.4. The channel 

impulse responses 1( )h t  and 2 ( )h t  measured by two adjacent single channel accelerometers 

are shown in Figure 3.5. 

 

3.4 Channel Correlations and System Performance 

 

In this section, we calculate channel impulse response correlations for two different 

receivers. Receiver A is a tri-axial accelerometer, whereas receiver B is composed of two 

single channel accelerometers. 

After converting real passband channel impulse responses to complex baseband 

equivalents, correlation magnitudes between the channels of the above two receivers are 

calculated and listed in Table 3.1. It appears that channels in the tri-axial accelerometer are 

nearly uncorrelated, whereas the two single channel accelerometers are highly correlated. 

This indicates that the multichannel accelerometer can serve as a better communication 

receiver compared to the two single channel accelerometers. 

To better understand how a high correlation level among channel impulse responses 

with complex multipath structures can affect communication system performance, one can 

look at the condition number and eigen spectrum of the matrix 
†

,H H  where H  is the 

entire system channel matrix and 
†
 stands for transpose conjugate. These metrics can be 

used to compare the performance of multichannel equalization in communication receivers 

utilizing different channels [16] [17]. In another chapter we use the bit error rate to compare 

the performance of the receivers utilizing different types of accelerometers. 
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Table 3.1 Measured Channel Correlation Magnitudes for Two Receivers: Receiver A is 

a Tri-axial Accelerometer, whereas Receiver B Consists of Two Single Channel 

Accelerometers.  
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Let H
i
, , , ,1, 2i x y z , be the i-th banded channel matrix whose dimension is 

( 1)K M K    [16] 

 

 

 

 

where M is the number of channel taps and K is the number of transmitted symbols. 

 (0)

(0)

( 1)

( 1)

H

h
i

h
i

i

h M
i

h M
i

 
 
 
 
 
 
 
 

 
 
  

                   

 

 

   (3.3) 

 



34 

 

Similarly to [16], the entire system channel matrices for the tri-axial accelerometer system, 

receiver A, and the system with two single channel accelerometers, receiver B, are given 

by 

 

 

 

 

The condition number of a matrix is the ratio of its largest singular value to the 

smallest singular value. A large condition number indicates that the channel matrix is 

nearly singular, which translates into more difficult and less effective equalization [16]. 

For 100K   transmitted symbols, condition numbers for 
†

H H
A A

 and 
†

H H
B B

 according 

to (3.4), calculated using Matlab, are 9.8×103 and 18.7×103, respectively. The smaller 

condition number for the tri-axial accelerometer system, receiver A, can be attributed to its 

nearly uncorrelated channels, as listed in Table 3.1. On the other hand, the high channel 

correlation in Table I for the system with two single channel accelerometers, receiver B, 

can be related to the larger condition number. Typically, a smaller condition number, such 

as system A’s, results in more effective equalization and a lower bit error rate [16]. 
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Figure 3.6  Normalized sorted eigenvalues of †
A A

H H  and †
B B

H H  for two receivers: receiver 

A is a tri-axial accelerometer, whereas receiver B consists of two single channel 

accelerometers. 

 

The better performance of the tri-axial accelerometer, system A, can also be viewed 

from another angle. In Figure 3.6 eigenvalues of 
†

H H
A A

 and 
†

H H
B B

 are plotted for the 

two systems A and B, respectively. Eigenvalues for each system are normalized such that 

the largest eigenvalue is 1. We observe that the eigenvalues of the tri-axial accelerometer 

receiver are greater than those of the receiver which consists of two single channel 

accelerometers. As discussed in [16], the performance of a system with larger eigenvalues 

is better due to its more effective equalization. This reflects the value of the tri-axial 
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receiver which benefits from co-located, yet nearly uncorrelated, channels as listed in Table 

3.1. 
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CHAPTER 4 

EXPERIMENTAL RESULTS ON ACOUSTIC COMMUNICATION THROUGH 

A DRILL STRINGS USING A STRAIN SENSOR RECEIVER 

 

 

The receiver sensor usually used in the experimental study of acoustic communication 

through a drill string is the acceleration sensor that measures the acceleration of the 

received acoustic wave [7], [22], and [23]. In this chapter, we investigate the performance 

of the strain receiver and compare its performance with the acceleration receiver 

experimentally. 

The chapter is organized as follows. First, we present the physical relation between 

the strain and the acceleration quantities, then we present the drill string testbed used for 

channel measurements. The performance analysis of the strain and acceleration receivers 

is presented in Section 4.2, and the channel dispersion parameters is given in Section 4.3. 

 

4.1 Drill String Channel Characteristics 

 

 

4.1.1 Definitions of Acceleration and Strain 

 

There are different acoustic sensors that can be used to receive the transmitted acoustic 

waves that propagate through a drill string. The accelerometer and strain sensor are two 

sensors that measure different quantities of the acoustic wave. Assume an acoustic 

displacement wave ( )u t propagating through a drill string, the accelerometer receiver 

measures the second derivative of the displacement wave with respect to time, as follows  
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Figure 4.1 The acoustic transmitter and the accelerometer and strain sensor on the drill string. 

 

 

For diversity purposes, we use a strain receiver that measures different acoustic 

quantities of the vibrated particles. The strain receiver measures the first derivative of the 

displacement wave with respect to the propagation axis,  

 

 

 2 2( ) ( ) /a t u t t                      
     (4.1) 

 

 ( ) ( ) /s t u t x                           (4.2) 
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where x  is the propagation axis. 

 

4.1.2 Drill String Testbed and Measurements  

 

The drill string consists of four pipes that are connected to each other by four tool joints, 

all of which are made from steel, and the pipe and tool-joint dimensions are clarified in 

Table 4.1. At one end of the drill string we placed an acoustic actuator such that the acoustic 

wave propagates longitudinally through the drill string and at the other end of the drill 

string we mounted the accelerometer and strain receivers beside each other, as shown in 

Figure 4.1. 

 

Table 4.1 The Drill String Components Characteristics. 

 Length Diameter Thickness 

Pipe 1.5 m 10 cm 0.5 cm 

Tool joint 9 cm 11 cm 0.5 cm 

 

To measure the channel impulse responses of the accelerometer and strain 

receivers, a linear frequency-modulated chirp signal with 1 sec duration over a frequency 

range of 0.4 to 9.2 kHz is transmitted through the dill string. The chirp signal is generated 

by a computer, amplified by a power amplifier, and then applied to the transmit transducer. 

At the receiver side, signals measured by the accelerometer and strain sensor are collected 
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and sampled at a rate 40 ksamples/sec using a multichannel analog-to-digital converter and 

then fed into another computer. Cross-correlation of the received signals with the original 

chirp signal provides measurements of the channel impulse responses in the drill string. 

The acceleration and strain sensors measure different physical quantities with 

different units, and in such scenarios, when different types of signals are used in a 

multichannel receiver they should be converted to the same unit [18].             

 

 

Figure 4.2 The channel impulse responses for the accelerometer and strain receivers. 
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The unit of acceleration is m/sec2, whereas strain, in (4.2), is dimensionless. 

However, since typically its value is much smaller than one, for convenience it is usually 

presented in the dimensionless μɛ unit, where 61 10μ   and ɛ refers to strain. 

Additionally, sensor sensitivities are not the same and have different units as well: the unit 

of accelerometer sensitivity 
a

  is milliV/g, where g = 9.8 m/sec2 is the gravitational 

acceleration, whereas the unit of strain sensor sensitivity 
s

  is milliV/μɛ. To unify these 

different units, we find it useful to convert strain to acceleration. Similarly to [22], consider 

a plane wave for the displacement signal along the pipe axis, i.e., ( ) exp( ( )),xu t j t kx   

where 
2 1,j     is the angular frequency and k is the wavenumber. With /k V  in 

nondispersive media, where V is the wave speed, substitution of ( )xu t  into (4.2) results in 

( ) ( / ) ( ).xs t j V u t   Using (4.1) we similarly obtain 2( ) ( ).x xa t u t   Putting these 

together yields ( ) ( ).xa t Vj s t   Therefore, a differentiator filter can be used to convert 

strain to acceleration [24]. 

 Upon taking the derivative of the readout of the strain sensor, which is in milliV, 

multiplying it by ,V  and then by the factor 610 / s
  we convert the strain unit to m/sec2 

as well. For sensor sensitivities we have a   100 milliV/g per channel and s  50 

milliV/μɛ. Figure 4.2 shows the accelerometer and strain impulse responses of the drill 

string channels. 
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 Strain and Accelerometer Measured Drill Channels Performance Comparison 

 

To compare the performance of the strain receiver with the accelerometer receiver, we 

looked at the eigen spectrum of the matrix †
H H , where H is the entire system channel 

matrix and † stands for transpose conjugate. 

 

 

Figure 4.3 Normalized sorted eigenvalues of †
H Hs s  and †

H Ha a  for two receivers: receiver 

s is the strain, whereas receiver a is the accelerometer. 
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Figure 4.4 Average bit error rate of two different receivers on the drill string channel. 

 

 

The banded channel matrix H with dimension ( 1)K M K   , 

 

 

 

 

where M is the number of the channel taps and K is the number of transmitted symbols, 

and a and s stand for acceleration channel and strain channel, respectively. The plot of the 
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eigenvalue of the strain matrix channel †
H Hs s and acceleration matrix channel †

H Ha a are 

shown in Figure 4.3. The eigenvalues are normalized such that the largest eigenvalue is 1. 

The matrix channel with the larger eigenvalue will have better performance due to its more 

effective equalization. This reflects the superiority of the strain receiver over the 

acceleration receiver. 

We also investigate the performance of strain and the acceleration receivers in 

terms of Bit Error Rate (BER). Figure 4.4 shows the performance of the strain and 

accelerometer receivers on the drill string channel. This superiority of performance of the 

strain channel over the acceleration channel can be explained in terms of the channel 

structure. Figure 4.2 shows the channel impulse responses of the acceleration and strain 

receivers respectively. We can notice that most of the strain channel power is focused on 

fewer taps compared with the acceleration channel power that is spread over a larger 

number of taps. 

 

 Channel Time Dispersion Parameters 

 

The root-mean-square (RMS) delay spread   is an important parameter for 

characterization of wireless channels and quantifies the spread of the arrival times of 

incoming waves from different paths [25]. It is defined by 

 

 

 

 

 

 _
2 2

                        
 

(4.4) 
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Figure 4.5 RMS delay spread of the strain and acceleration channels at different positions. 

 

where  is the mean access delay of the channel impulse response given as follows 
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Figure 4.5 shows the RMS delay spread of the strain and acceleration channels at 

different positions on the last pipe of the drill string. We can notice from Figure 4.5 that 

the strain channel have less RMS delay spread than the acceleration channel, which allows 

for a higher bit rate for the strain channel without inter-symbol interference. 
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CHAPTER 5 

ON MULTIPLE WIRELESS CHANNELS IN OIL WELL DRILL STRINGS 

 

 

A drill string is constructed from a series of pipes connected via tool joints. Due to the 

mismatch between the pipes and tool joints, there are many forward and backward 

reflections of the transmitted signal, which result in a complex multipath channel in the 

drill strings. Multichannel reception using several receivers is known to be an effective 

approach for improving communication system performance in multipath environments 

[13]. However, it is observed that in various environments, such as wireless acoustic 

channels [14] and wireless radio frequency channels [15], there might be correlations 

between multiple receivers that can affect the system performance. Our goal is to study 

multiple wireless channels in drill strings in order to understand possible levels of 

correlation between such channels. 

Due to many back and forth signal reflections from tool joints [12], the analysis of 

wave propagation in drill strings is complex and involves solving several partial differential 

equations, and superpositions of several wave modes expressed as functions of eigenvalues 

and eigenvectors and different wavenumbers [15]. This becomes further complicated when 

there are multiple sensors and channels with possible correlations, which approach is the 

focus of this chapter. Therefore, we resort to experiments to directly study the correlations 

between multiple wireless channels in drill strings. 

Here, we study multichannel reception using several receivers to improve 

communication system performance. We propose a strain sensor and a tri-axial 

accelerometer as a four-channel receiver. Given the complexity of studying the strain 
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channel and the three acceleration channels analytically, we conduct experiments to obtain 

these channels’ impulse responses. Our measurements show that these wireless channels 

are nearly uncorrelated and therefore can provide diversity gain. This is further confirmed 

by the low bit error rates that this system provides. Comparison with single channel 

receivers shows the benefits of the proposed system for wireless communications via drill 

strings. 

Section 5.1 introduces signals and channels, and the testbed and measurements are 

presented in Section 5.2. Sections 5.3 and 5.4 discuss measured channel correlations, 

followed by system performance analysis. 

 

 

 Definitions of Signals and Channels 

    

Consider an actuator placed on one end of the drill string, which transmits the signal ( ),t  

by converting it from electric form to acoustic waves. At the other end of the drill string 

we consider two different sensor types that receive propagated acoustic signals and convert 

them to electric signals. The first sensor is a tri-axial accelerometer which measures local 

vibrations’ accelerations in three orthogonal directions x, y, and z, whereas the second one 

is a strain sensor that measures the local fractional displacement due to the vibrations. More 

specifically, let ( ),xu t  ( ),yu t  and ( )zu t  be the time-varying local displacements due to 

vibrations at a certain point on a pipe where the accelerometer and strain sensor are 

mounted (see Figure 5.1, with the two sensors spaced by  ). The acceleration signals are 

second derivatives of the displacement signals 
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Additionally, the strain signal is the spatial derivative of the displacement signal 

along the axis of the strain sensor [12]. Since in Figure 5.1 the strain sensor is aligned with 

the pipe axis, which is in the x direction, we obtain 

 

Figure 5.1 Schematic of a tri-axial accelerometer and a strain sensor mounted on a pipe 

and spaced by δ, serving as the four-channel receiver. 

 

 

 

 

 2 2( ) ( ) /i ia t u t t   ,     , ,i x y z .                            (5.1) 

 ( ) ( ) /xs t u t x                                          (5.2) 
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Let the impulse responses of the four-channel receiver be represented by 

( ), ( ), ( ),x y zh t h t h t  and ( )sh t where the first three are for the tri-axial accelerometer and the 

last one represents the strain sensor. Upon transmitting the signal ( )t , the four received 

signals can be written as 

 

 

 

 

 

where   is for convolution and ( )in t  represents noise in the i-th channel. In the next 

section we show how these four channel impulse responses can be obtained from 

acceleration and strain measurements of the sensors given in equations (5.1) and (5.2). 

 

 

Figure 5.2 The drill string testbed, not drawn to scale. The transmitter Tx is on the left, 

whereas the two receive sensors are on the right. One receive sensor is fixed at the end of 

the last pipe, and the other sensor is placed at a variable distance δ = 0, 10, 20, 30, 40, and 

50 cm. 

 

 ( ) ( ) ( ) ( )i i ir t h t t n t   ,     , , , .i x y z s                      (5.3) 

Tx 

Receivers 

δ 1.5 m 
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 The Testbed and Channel Measurements 

  

The drill string testbed consists of four steel pipes connected via tool joints (Figure 5.2). 

The length and diameter of each pipe are 60 and 4 inches, respectively (about 1.5 m and 

10 cm, respectively). The length of each tool joint is 3.5 inches (about 9 cm). The 

transmitter is an actuator (Etrema’s model CU18A) that can supply vibrations up to 20 

kHz. Since acoustic waves can propagate in a drill string in different modes [12], here we 

consider two types of excitations, axial and radial, as shown in Figure 5.3a and Figure 5.3b, 

respectively, to study and compare their channel correlation properties. The receiver 

includes a tri-axial accelerometer (PCB’s model 356B21) and a strain sensor (PCB’s model 

740B02), as shown in Figure 5.3c. 

Channel Estimation Method: To estimate the channel impulse responses sensed by 

these two sensors, we probe the drill string by a one second linear frequency-modulated 

chirp signal over the frequency range of 0.4 to 9.2 kHz, with a slope of 8.8 kHz/sec., applied 

to a power amplifier followed by the actuator. At the receiver side, signals measured by 

the sensors are sampled at a rate of 40 ksamples/sec using a multichannel analog-to-digital 

converter and are then fed into a computer. Cross-correlation of the received signals with 

the chirp signal provides measurements of the channel impulse responses in the drill string 

[17]. 

The acceleration and strain signals measured by the sensors are different physical 

quantities with different units. In such scenarios, when different types of signals are used 

in a multichannel receiver, they should be converted to the same unit [18].             
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(a) 

 

(c) 

 

(b) 

 

 

 

The unit of acceleration is m/sec2, whereas strain in equation (5.2) is dimensionless. 

However, since typically its value is much smaller than one, for convenience, it is usually 

 

 

 

 

 

 

 

Figure 5.3 Transmitter and receivers on 

the drill string: (a) actuator mounted for 

axial excitation along the drill string axis, 

(b) actuator mounted for radial excitation 

perpendicular to the drill string axis, (c) 

tri-axial accelerometer (right) and strain 

sensor (left) mounted on the receiver side. 
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presented in the dimensionless μɛ unit, where 
61 10   and ɛ refers to strain. Additionally, 

sensor sensitivities are not the same and also have different units: the unit of accelerometer 

sensitivity a  is milliV/g, where g = 9.8 m/sec2 is the gravitational acceleration, whereas 

the unit of strain sensor sensitivity s  is milliV/μɛ. To unify these different units, we find 

it useful to convert strain to acceleration. Similarly to [12], consider a plane wave for the 

displacement signal along the pipe axis, i.e., ( ) exp( ( )),xu t j t kx   where 
2 1,j      is 

the angular frequency and k is the wavenumber. With /k V  in nondispersive media, 

where V is the wave speed, substitution of ( )xu t  into equation (5.2) results in 

( ) ( / ) ( ).xs t j V u t   Using equation (5.1) we similarly obtain 2( ) ( ).x xa t u t   Putting 

these together yields ( ) ( ).xa t Vj s t   Therefore, a differentiator filter can be used to 

convert strain to acceleration [12]. 

Overall, we multiply the readouts of the tri-axial accelerometer, which are in 

milliV, by the factor / ,ag   which converts the units to m/sec2. Upon taking the derivative 

of the readout of the strain sensor, which is in milliV, multiplying it by ,V  and then by 

the factor 610 / s
  we convert the strain unit to m/sec2 as well. For sensor sensitivities we 

have a   10 milliV/g per channel and s  50 milliV/μɛ. The four channel impulse 

responses ( ), ( ), ( )x y zh t h t h t  and ( )sh t obtained from the tri-axial accelerometer and strain 

sensor are shown in Figure 5.4. 
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Figure 5.4 Drill string impulse responses of the four-channel receiver measured by the tri-

axial accelerometer and the strain sensor. 

 

 

 

 Correlations Obtained from Measured Channels 

   

Strain and Acceleration Correlations: In Figure 5.5 measured correlation magnitudes 

between strain and acceleration channels, after conversion to complex baseband 

equivalents, are shown for axial excitation as a function of the spacing between the strain 

sensor and the tri-axial accelerometer. Overall, correlations between the strain and 

acceleration channels are small, and they decrease as the sensor spacing increases. More 

importantly, for δ = 0, where the two sensors are next to each other and therefore form a 

compact multichannel receiver, all correlations between the channels are below 0.3. To 
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understand the benefit of using the proposed strain sensor and tri-axial accelerometer 

system, we replace them by two single-channel accelerometers (PCB’s model 352C33) and 

measure their impulse response correlations. As shown in Figure 5.5, for small spacings, 

single-channel acceleration correlations are much higher than strain/tri-axial correlations. 

For δ = 0, they show a high average correlation of about 0.75. The impact of such a high 

correlation is analyzed in the next section. 

 

 

Figure 5.5 Measured correlation magnitudes (means plus/minus standard deviations) 

between strain and tri-axial acceleration channels versus sensor spacing δ, for axial 

excitation. As a reference, correlations between two δ-spaced single-channel accelerometers 

measured under the same setup are shown as well. 

 



56 

 

Figure 5.6 shows the measured correlation magnitudes between the strain and 

acceleration channels after conversion to complex baseband equivalents and for radial 

excitation. We note that for all sensor spacings, correlations remain very low, at less than 

0.2. Measured correlations between the impulse responses of two single-channel 

accelerometers are also shown in Figure 5.6 as a reference. We observe that, for small 

spacings, single-channel acceleration correlations are much higher than strain/tri-axial 

correlations. For δ = 0, they show a high correlation of about 0.65. Channel correlation 

impacts are analyzed in the next section. 

Given that the axial data sets of multiple measurements for various spacings in 

Figure 5.5 show small standard deviations, and since the testbed is time invariant, repeating 

experiments for Figure 5.6 will provide similar results with small variations. In addition, 

small changes in receiver correlations typically result in negligible changes in system 

performance due to the nonlinear relation between receiver correlation and bit error rate 

[13]. 

Acceleration Correlations: For axial excitation and six measurement sets over the 

0.5 m interval, average correlation magnitudes plus/minus standard deviations in the tri-

axial accelerometer for the acceleration channel pairs (x,y), (x,z), and (y,z) are 0.33 +/- 0.04, 

0.17 +/- 0.06 and 0.12 +/- 0.03, respectively. For radial excitation, these correlation 

statistics are 0.12 +/- 0.02, 0.08 +/- 0.03 and 0.1 +/- 0.02, respectively. All of these 

correlations appear to be small. 
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Figure 5.6 Measured correlation magnitudes between strain and tri-axial acceleration 

channels versus the sensor spacing δ, for radial excitation. As a reference, correlations 

between two δ-spaced single-channel accelerometers measured under the same setup are 

shown as well. 

 

 

 

 Performance Analysis Using Measured Channels 

 

System Equations: Here we study the performance of the proposed four-channel receiver 

composed of a tri-axial accelerometer and a strain sensor, as well as the possible impacts 

of channel correlations. The complex baseband equivalent of equation (5.3) is given by 

( ) ( ) ( ) ( ),i i ir t h t t n t    , , , .i x y z s  Using this, the received signals for a block system 

model [19] can be written as 
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Here 0 1[ ... ]Γ T

K    is a block of K transmitted symbols and T stands for transpose. With 

M the number of channel taps and , , , ,i x y z s  where [ (0)... ( 2)]R
T

i i ir r K M    and 

[ (0)... ( 2)]N
T

i i in n K M    are the i-th received signal and noise vectors, respectively. 

Also Hi  is the i-th banded channel convolution matrix whose dimension is 

( 1)K M K    

 

 

 

 

The Receiver: With perfect channel knowledge at the receiver, and where elements 

of equation (5.5) are the measured channels from Section 5.2, the minimum variance 

unbiased estimate of the vector Γ is [17]  
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where H
  is the pseudo inverse and H  is the transpose conjugate. Covariance of the 

symbol estimation error vector Γ̂ Γ  yields [17] 

 

 

 

 

where E is the mathematical expectation and 2  stands for the power of the additive 

complex Gaussian noise. To study the performance of the proposed system, consider that 

K equi-probable binary phase shift keying (BPSK) symbols are transmitted, i.e., 1,    

1,..., .K   The average bit error rate (BER) of the receiver in equation (5.6) over K 

symbols can be written as [19] [20] 

 

 

 

 

where w  is the  -th diagonal element of W in equation (5.7) and 

1/2 2
( ) (2 ) exp( / 2) .Q d       

BER Results: Figure 5.7 shows the average BER of the four-channel receiver 

composed of a tri-axial accelerometer and a strain sensor, computed using equations (5.7) 

and (5.8), and the measured channel impulse responses with axial excitation and 200K 

. Compared to the average BER of a benchmark system whose receiver is a single-channel 

accelerometer, also shown in Figure 5.7, the proposed system exhibits a significant 

performance improvement. To understand the benefit of using the proposed strain sensor 

 2 1ˆ ˆ[( )( ) ] ( )W Γ Γ Γ Γ H HH HE                                  (5.7) 
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and tri-axial accelerometer system, we replace them by two single-channel accelerometers 

and compute the average BER of this system using equations (5.7) and (5.8), where 

1 2[ ]H H H
T T T  contains banded channel convolution matrices measured by the two single-

channel accelerometers. As shown in Figure 5.7, this average BER is approximately the 

same as the average BER of the benchmark system whose receiver is a single-channel 

accelerometer. This nearly similar BER can be attributed to the high correlation between 

the two single-channel accelerometers, i.e., 0.75, as discussed in the previous section. This 

implies almost no diversity gain. On the other hand, all correlations between all channels 

of the strain/tri-axial receiver are small, at below 0.33, according to the previous section. 

This indicates a high diversity gain that can explain the low BER in Figure 5.7. 

Channel Estimation Error: In practice, the assumed perfect channel knowledge is 

not available and the channel should be estimated at the receiver. The estimated channel 

matrix can be written as Ĥ H E   [21], where E is estimation error matrix whose non-

zero elements are unit-variance complex Gaussians, and   specifies channel estimation 

accuracy ( 0  means perfect channel estimate). The resulting symbol vector estimate is 

ˆ ˆ .Γ H R  For fairly accurate channel estimates, 1,  we similarly to [21] use a Taylor 

expansion ˆ ( ) ,H H E H H EH          which results in 

ˆ .Γ Γ H N H EΓ H EH N         Comparing with equation (5.6), we observe that 

imperfect channel knowledge, 0,  introduces additional noise-like terms. To see how 

this affects the system performance, the average BER of the four-channel receiver is shown 

in Figure 5.7 for 0.05, 0.1, 0.15,  which measurements are obtained by perturbing the 

measured channels in H via ˆ ,H H E   and then counting the number of differences 
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between the transmitted symbol vector Γ  and its estimate ˆ .Γ  We observe that imperfect 

channel knowledge causes some performance loss. For example, for BER of 0.02 and 

0.15,  there is a 3 dB Signal-to-Noise Ratio (SNR)loss in Figure 5.7. 

 

 

Figure 5.7 Average bit error rate of three different receivers on the drill string: one single-

channel accelerometer (green), two single-channel accelerometers (red), and a strain sensor 

together with a tri-axial accelerometer (black). 
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CHAPTER 6 

CONCLUSION 

 

 

In this dissertation, we investigate the use of a strain receiver and a multi-channel receiver 

in application to acoustic borehole communication based on experimental results. 

Transmission of information about the circumstances around the drill bit is critical in oil 

well drilling operation. The commercial telemetry used today in borehole communication 

during the drilling of oil wells is the mud-pulse method. This method makes use of the mud 

that is used to carry formation cuttings from downhole to surface to sends information 

using a valve that controls the mud flow rate. However, this method can provide only a low 

data transmission rate that for a typical situation is less than 10 bits per second. Acoustic 

communication is a promising method for borehole communication, where the acoustic 

waves propagate through the drill string. The main problem of this method is the huge 

reflections due to the mismatch between the pipes and tool joints. 

Two types of receivers for communication via drill strings in oil wells are studied. 

The first one is a tri-axial multichannel accelerometer which measures acceleration signals 

in three orthogonal dimensions, whereas the second is composed of two single channel 

accelerometers. Analysis of the measured channel impulse responses collected from our 

drill string testbed, and presented in this dissertation, reveals that the tri-axial acceleration 

channels are nearly uncorrelated, whereas the single channel accelerometers are highly 

correlated. This indicates that the tri-axial receiver is capable of providing diversity gain 

and therefore better performance by relying on its orthogonal channels. This is further 

demonstrated in the dissertation by looking at the multichannel eigen spectrum, which 
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shows the value of the tri-axial receiver. 

We also investigate the performance of a strain receiver and compare this with an 

accelerometer receiver. The strain channel shows better performance in terms of 

normalized eigenvalue compared with the acceleration channel for use in borehole 

communication systems. In addition, the strain channel also has superior performance in 

term of bit error when compared to the acceleration channel. In terms of channel 

characteristics, the delay spread of the strain channel is almost half the delay spread of the 

acceleration channel. 

A multichannel receiver for wireless communication through drill strings is 

introduced. The channels in the system are strain together with three acceleration channels. 

Using measured channel impulse responses, it is shown that these channels are nearly 

uncorrelated, so that the multichannel receiver can provide diversity gain. This is 

demonstrated by a system performance analysis, which shows small bit error rates 

compared to single-channel receivers or receivers with highly correlated channels. 
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