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A telemetry drill string system consists of a string of wired drill pipes, and high-frequency signals pass the adjacent drill
pipes through inductive couplers. Such a system is used to upload downhole information at high data transmission rates
for measurements while drilling (MWD). Since the signal energy attenuates greatly in the system, many repeaters must be
provided to ensure signal transmission. A reduction in the signal transmission in a telemetry drill string can extend the
relay distance and improve the reliability of the transmission system. In this study, the transmission characteristic of the
rod of the wired drill pipe is studied using transmission line theory, and the transmission characteristic of the inductive
coupler is studied using high-frequency circuit theory. Using impedance matching between the transmission line of the
rod and the inductive coupler, external impedance compensation elements, including a capacitor and a resistor, are
recommended, and the electromagnetic parameters of the wired drill pipe are determined. Based on the determined
electromagnetic parameters, certain changes in the external impedance compensation capacitance and resistance can lead
to impedance mismatch between the transmission line and the inductive coupler. )is will generate a reflected signal at
the transmission line, and the vector superposes with the transmitted signal. )e terminal reflection coefficient of the
transmission line is controlled by increasing the compensation resistance value to enhance the signal amplitude, which
can compensate the transmission loss when passing through the inductive coupler to a certain extent. )us, the signal
transmission capability of the telemetry drill string can be improved, allowing for long-distance signal transmission or
drastically extending the relay distance, while maintaining a certain channel bandwidth.

1. Introduction

Measurement while drilling (MWD) is a modern drilling as-
sistant technology for real-time downhole information mea-
surement and transmission during the drilling process. MWD
technology transmits drilling engineering parameters (e.g.,
drilling hydraulic pressure, wellbore temperature, inclination
angle, azimuth angle, weight on bit, torque on bit, and bit
vibration) and formation parameters (e.g., formation resis-
tivity, rock porosity, and rock natural gamma ray) to the

surface in real time [1–3]. )e downhole information assists
drilling engineers operate the rig correctly and drive the bit drill
into oil and gas reservoir formations along corresponding
tracks in order to drill quickly [4, 5], safely [6–8], and efficiently
[9]. )e downhole data transmission rates using wireless
transmission technologies, including the mud pressure pulse
[10, 11], the formation electromagnetic wave [12, 13], and the
drill string sound wave [14–16], are very low (dozens of bit/s).
In 2003, Grant Prideco developed the IntelliServ network
system [17], a downhole data wired transmission system, using
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a drill pipe to transmit high-frequency electromagnetic signals,
and its data transmission rate can reach 2Mbit/s at a 2MHz
channel bandwidth (using quadrature phase-shift keying
modulation or QPSK modulation). In this system, the signal
transmission requires a large number of repeaters, and the relay
distance is the length of 30 drill pipes in a series. In laboratory
experiments, 80mV signal amplitude can be obtained at the
receiving end under a 6V voltage source of excitation. )is
means that the voltage signal transmission coefficient within
the relay distance is approximately 0.013 or − 18.8 db. In 2015,
the more reliable IntelliServ network system version 2 was
developed. )e reliability of the system was improved, and the
maintenance cost was reduced in this version; however, the
relay distance was still a 30-drill pipe length [18].

As Figure 1 shows, a telemetry drill string system consists
of multiple wired drill pipes in series, and multiple repeaters
are arranged to enable long-distance signal transmission.
)e length of the wired drill pipe is approximately 10.5m,
including a rod (the length of the rod is approximately
10.36m) and a helical box joint at each end of the rod
(approximately 0.14m in length) [16]. )e coaxial cable is
embedded in the rod and terminates at single-turn inductive
coils that are installed in annular magnetic grooves ma-
chined in the helical pin nose and helical box joint. )e
coaxial cable and coils form a closed loop to conduct the
electric current. As Figure 2 shows, when the drill pipes are
connected in series to form a drill string, two coils at the end
of the adjacent wired drill pipe form an inductive coupler
and transmit high-frequency voltage signals using electro-
magnetic induction.

Because the high-frequency signal is seriously attenuated
when passing through the telemetry drill string channel,
active repeaters must be located approximately every 315m
for signal reception, amplification, and forwarding [19].
Hence, more than 10 repeaters are needed for more than
3,000m of conventional well depth, which increases the cost
of the information telemetry system and reduces the reli-
ability of signal transmission. Because the voltage trans-
mission coefficient of the inductive coupler has a great
influence on the transmission characteristics of the channel,
current methods focus on reducing the signal energy loss of
the inductive coupler to increase its voltage transmission
coefficient in order to improve the signal transmission ca-
pability of the telemetry drill string. One such method in-
volves reducing the eddy current loss by selecting the
magnetic material of the inductive coupler and cutting the
material into sections [20]. Another involves reducing the
surface roughness of the ferrite material using a smooth
processing treatment to narrow the internal spacing of the
inductive couplers to reduce magnetic flux leakage [21].
Since the rod coaxial cable and the coupled coil form a series
network, impedance matching between the coaxial cable and
the inductor coupler at high frequency has a great influence
on the signal transmission. However, none of the studies
mentioned above considered this question, resulting in
limited improvements to the signal transmission capability
of the telemetry drill string channel.

)e signal transmission ability of the telemetry drill
string is reflected in the bandwidth of the channel and the

voltage transmission coefficient of the channel. )e broader
the bandwidth, the higher the transmission rate of the signal.
A higher voltage transmission coefficient shortens the relay
distance and reduces the number of repeaters required in the
channel. When the signal frequency is greater than 10MHz
in the coaxial cables embedded in the rod of the wired drill
pipes, the signal wavelength is close to the length of the rod,
so the coaxial cable should be abstracted as a transmission
line with distributed parameters, while the inductive coupler
is the load of the transmission line. When multiple wired
drill pipes are in series, the load of the drill pipe circuit is the
equivalent input impedance of the next drill pipe. Because
the electromagnetic parameters of the drill pipe have a great
influence on signal transmission, how to determine the
electromagnetic parameters of the wired drill pipe reason-
ably is the key to improving the channel transmission
characteristics. Based on transmission line theory and circuit
theory, this paper studies this problem and proposes a
method to improve the channel transmission characteristics
using an impedance matching analysis between the coaxial
cable and inductive couplers.

2. Channel Model and Analysis of the Channel
Transmission Characteristics

2.1. Determination of the Wired Drill Pipe Electromagnetic
Parameters according to theMaximumPower Transmission of
the Transmission Line. )e circuit’s structure and electro-
magnetic parameters influence its electrical signal trans-
mission characteristics. )e telemetry drill string channel is
formed by connecting wired drill pipes in a series. )e
coaxial cable in the rod of the wired drill pipe was analyzed
using the transmission line theory, and the inductive coupler
is the load of the transmission line of the rod. According to
transmission line theory, when the impedances of the
transmission line and the inductive coupler match, the
transmission line can realize the maximum power trans-
mission. )us, the determination of the electromagnetic
parameters of the wired drill pipe using impedancematching
between the transmission line and the inductive coupler can
theoretically obtain the best transmission of signal power on
the transmission line [22]. As shown in Figure 3, impedance
matching can be realized using impedance compensation
elements composed of a resistor and a capacitor in parallel at
the connection of the end of the transmission line and the
primary coil of the inductive coupler.

According to the circuit analysis, the mathematical
model of the electromagnetic parameters of the transmission
line and inductive coupler was established, and the elec-
tromagnetic parameters of the wired drill pipe were de-
termined using mathematical calculation. )e inductive
coupler is symmetrical; rm is the internal resistance of the
coil; L is the coil inductance; k is the coupling coefficient; the
mutual inductance is M � kL; R is the resistance per unit
length of the transmission line; G is the conductivity per unit
length of the transmission line; L is the inductance per unit
length of the transmission line; C is the capacitance per unit
length of the transmission line; l is the length of the rod of
the wired drill pipe; f is the design frequency; ω � 2πf is the
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angular frequency; Rc �
����
L/C


is the characteristic imped-

ance of the transmission line under high-frequency condi-
tions; and R2 andC2 are the resistance and capacitance of the
impedance compensation elements, respectively. In order to
realize the impedance matching of the transmission line and
inductive coupler, the parallel impedance formed by the
inductive coupler input impedance and the impedance
compensation elements should be equal to the characteristic
impedance of the transmission line. )us,

1
R2

�
1

jωdC2
+

1
Rin + jXin

+
1
Rc

, (1)

where Rin � rm + (ω2
cL2k2(Rc + rm)/(Rc + rm)2 + (ωdL)2)

and Xin � ωdL − (ω3
dL3k2/(Rc + rm)2 + (ωdL)2).

)e mathematical expressions of the resistance and
capacitance of the impedance compensation elements can be
obtained using equation (1):

R2 �
Rc R

2
in + X

2
in 

R
2
in + X

2
in  − RinRc

,

C2 �
Xin

ωd R
2
in + X

2
in 

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(2)

According to equation (2), when Rin � Rc/2, R2 reaches
its maximum value and consumes the minimum loss of
signal power. )erefore, the expression of the coil induc-
tance of the coupler can be obtained as follows:
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)e constraint condition for the coupling coefficient of
the inductive coupler is obtained using equation (3):
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< k≤ 1. (4)

As Figure 4 shows, the primary and secondary coils of
the inductive coupler are single-turn circular coils placed in
the annular high-frequency ferrite groove.

)e relative permeability of ferrite is
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Figure 1: Telemetry drill string system.
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Figure 3: Impedance matching between the transmission line at the rod body and the inductive coupler.
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where dc is the diameter of the coil, d1 is the inner diameter
of ferrite, and d2 is the outer diameter of ferrite.

)e resistance of the coil conductor is

rm �
4dcρ
d
2
0

, (6)

where R0 is the diameter of the coil conductor and ρ is the
conductivity of the coil conductor.

To obtain the value of the determined electromagnetic
parameters of the wired drill pipes, such as the characteristic
impedance of the coaxial cable, the resistance of the coil
conductor, the coil inductance, the coupling coefficient, the
relative permeability of ferrite, and the resistance and ca-
pacitance values of the impedance compensation elements,
the basic calculation parameters included the design fre-
quency, capacitance per unit length of the transmission line,
inductance per unit length of the transmission line, diameter
of the coil, inner and outer diameters of ferrite, diameter of
the coil conductor, and the conductivity of the coil
conductor.

2.2. Mathematical Model of the Channel Transfer Function.
)e transmission characteristic of the channel reflects the
transmission capability of all frequency components of the
signal. )e high-frequency electromagnetic signal trans-
mitted using a telemetry drill string is a frequency band
signal with a certain bandwidth. )e signal spectrum is
symmetrically distributed with the carrier frequency as the
center. )e signal bandwidth determines the transmission
rate of information. )erefore, the frequency characteristics
of the channel should meet the frequency distribution
characteristics of the signal.)e transmission function of the

channel of the telemetry drill string is the product of the
voltage transmission coefficients of the multiple wired drill
pipes, which are related to the electromagnetic parameters of
the channel, the frequency, and the number of wired drill
pipes. )e mathematical model of the channel of the voltage
transmission function can be established through the circuit
analysis of Figure 3.

)e voltage transmission coefficient of the i-th coaxial
cable can be established using transmission line theory:
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where Γi � (ZLi
′ − Rc)/(ZLi

′ + Rc) is the reflection coefficient
of the transmission line terminal; ZLi
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is the propagation con-
stant of the transmission line.

Owing to the wide frequency band of the signal, a fre-
quency component that does not meet the design frequency
will generate a reflected signal at the terminal of the
transmission line. )e reflected signal’s influence on the
transfer function is expressed using a terminal reflection
coefficient, which is defined as the vector ratio of the
transmitted signal and reflected signal [23]. )e reflection
coefficient is a vector function; its module value is the ratio of
the reflected signal amplitude to the transmitted signal
amplitude, and its phase is the phase difference between the
reflected signal and the transmitted signal.

)e voltage transmission coefficient of the i-th inductive
coupler is established on the basis of the high-frequency
transformer circuit analysis:
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)e voltage transmission coefficient of the i-th wired
drill pipe is the product of the transfer function between the
transmission line and the inductive coupler:

ηi(ω) � ηci(ω)ηdi(ω). (9)

)e channel consists of n wired drill pipes in series, and
its voltage transmission coefficient can be expressed as
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2.3. Transmission Characteristics’ Improvement. For a
channel of a certain length, its voltage transfer function can
be analyzed as the change in the voltage transmission

coefficient with frequency, the results of which are called the
frequency domain characteristics of the channel or the
transmission characteristics of the channel. Because the

d1 dc d2

Ferrite
Coil

Figure 4: Structure of primary and secondary side coils of the
inductive coupler.
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inductive coupler is a high-frequency transformer with a
turn ratio of 1 :1 and ferrite experiences magnetic field
leakage and an eddy current loss under high frequencies, the
voltage transmission coefficient of the inductive coupler is
typically less than one. If the voltage transmission coefficient
of the transmission line is one, the product of the voltage
transmission coefficient of the wired drill pipe will sharply
reduce the transmission capability of the channel. Owing to
the limited improvement in the voltage transmission coef-
ficient of the inductive coupler, a repeater was required to
continue the signal transmission after a short distance of
signal transmission. It can be seen from equation (10) that
the terminal reflection coefficient of the transmission line
will influence the frequency domain characteristics of the
channel. When the signal is reflected, the voltage of the
transmission line is the vector superposition of the trans-
mitted signal voltage and the reflected signal voltage.
According to the trigonometric calculation and analysis of
the signal vector, if the reflection coefficient phase is less than
120°, the vector superposition of the reflected signal voltage
and the transmitted signal voltage can enhance the signal
amplitude of the transmission line, which can improve the
voltage transmission coefficient of the transmission line.
)is will then compensate for the energy attenuation to a
certain extent when the signal passes through the inductive
coupler. When the voltage transmission coefficient of the
wired drill pipe is close to one, the signal transmission
characteristics of the channel are greatly improved. Similar
methods have been applied in other fields [24].

In summary, the first step of the method was to de-
termine the electromagnetic parameters of the wired drill
pipe based on impedance matching between the transmis-
sion line and the inductive coupler. Proper changes in the
capacitance and resistance of the impedance compensation
elements will lead to an impedance mismatch between the
transmission line and the inductive coupler, causing a re-
flected signal to be generated at the transmission line ter-
minal. If the phase value between the reflected signal and the
transmitted signal is less than 120° in a certain frequency
band, the channel will present a higher-voltage transmission
coefficient accompanying a certain frequency bandwidth,
thus realizing the long-distance transmission of high-fre-
quency broadband voltage signals.

3. Numerical Calculation and
Simulation Analysis

)e calculation conditions were as follows: design frequency
fd � 10MHz; length of the rod of the wired drill pipe
l � 10.36m; resistance per unit length of the transmission
line R � 0.0797Ω/m; capacitance per unit length of the
transmission line C � 6.435 × 10− 11 F/m; inductance per
unit length of the transmission line L � 3.798 × 10− 7 H/m;
conductivity per unit length of the transmission line
G � 1.351 × 10− 16 S/m; and characteristic impedance of the
transmission line Rc � 76.8Ω. )en, according to equation
(4), the coupling coefficient value was set at k� 0.8, and
according to equation (3), the coil inductance value was set
at L � 2.3 μH, and the diameter of the coil conductor was

d0 � 7.5 × 10− 4 m. According to equation (2), the resistance
value of the impedance matching compensation element was
R2 � 137Ω; the capacitance value of the impedance
matching compensation element was C2 � 171 pF; the inner
diameter of ferrite was d1 � 0.124m; the outer diameter of
ferrite was d2 � 0.146m; the diameter of the coil was
dc � 0.135m; and the conductivity of the coil conductor was
ρ � 1.75 × 10− 8Ωm. Finally, according to equation (6), the
resistance value of the coil was rm � 0.017Ω, and according
to equation (5), the relative permeability value of the ferrite
material was μr � 149.

3.1. Analysis of the Channel Transmission Characteristics

3.1.1. Influence of the Compensation Capacitance on the
Channel Transmission Characteristics. While maintaining
the value of the compensation resistance at R2 � 137Ω, the
value of the compensation capacitance was changed from
the impedance matching value to C2 � 80 pF and C2 �

350 pF.
According to equation (10), the voltage transmission

coefficient of the channel consisting of multiple wired drill
pipes under the influence of frequency was calculated.
Figure 5 shows the frequency characteristic curve of the
voltage transmission coefficient of the channel.

It can be seen from Figure 5 that changing the com-
pensation capacitance caused a great change in the char-
acteristics of the channel, but the passband of the channel
was not obviously changed. Although the shape of the first
passband in Figure 5(b) was better, the peak value of the
transmission coefficient in the passband decreased sharply
with an increase in the channel length, which is not suitable
for long-distance signal transmission, indicating that
changing the compensation capacitance will not produce
better channel characteristics.

3.1.2. Influence of the Compensation Resistance on the
Channel Transmission Characteristics. As the compensation
resistance is connected in parallel at the end of the drill pipe
transmission line, increasing the compensation resistance
can not only reduce the energy loss of the voltage signal due
to resistance but also change the impedance matching state
of the transmission line. While maintaining the compen-
sation capacitance at C2 � 171 pF, the value of the com-
pensation resistance was changed from the impedance
matching value to R2 � 500Ω and R2 � 1000Ω. According
to equation (10), the voltage transmission coefficient of the
channel consisting of multiple wired drill pipes under the
influence of frequency was calculated. Figure 6 shows the
frequency characteristic curve of the voltage transmission
coefficient of the channel.

Four observations can be made from Figure 6. First,
there are two passbands in the transmission characteristic
curve of the channel, and the bandwidths of these two
passbands are basically the same, but the symmetry of the
second passband is better than that of the first passband.)is
is much more suitable for a signal transmission channel.
Second, although the peak value of the voltage transmission
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coefficient in the passband obviously decreased with the
length of the channel, the passband width was basically
unchanged, which is conducive to the transmission of the
frequency band signal. )ird, when the channel is short, the
voltage transmission coefficient will have a large, periodic
zigzag fluctuation, which can be referred to as the distorted
characteristics of the channel. )is zigzag fluctuation is
caused by the change in the reflection coefficient of each
transmission line of the wired drill pipe with the frequency.
)is phenomenon of channel fluctuation can also be seen in
the acoustic transmission condition in the MWD [25]. )e
voltage transmission coefficient of each transmission line is
influenced by the frequency change to a different extent.

When the number of wired drill pipes is small, the difference
of this influence is prominent, which results in great fluc-
tuations of the frequency characteristic curve in the pass-
band. When the number of wired drill pipes is large, the
smoothing effect of the product of the voltage transmission
coefficient of each drill pipe makes the channel frequency
characteristic curve smooth. )e large zigzag fluctuation of
the voltage transmission coefficient in the passband will
cause serious distortion of signal transmission. To solve this
problem, when the number of wired drill pipes, n, is rela-
tively small, because the signal amplitude transmitted
through the channel is still large, the signal can pass through
a filter whose transfer function is H(ω) � η(ω, n)− 1. )e
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Figure 5: Influence of the compensation capacitance on the channel transmission characteristics. (a)C2 � 80 pF. (b)C2 � 350 pF.

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Frequency (MHz)

Vo
lta

ge
 tr

an
sm

iss
io

n 
co

ef
fic

ie
nt

10 wired drill pipes
20 wired drill pipes
30 wired drill pipes

0.0

0.2

0.1

0.3

0.4

0.5

(a)

0.0

0.2

0.4

0.6

0.8

1.0

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Frequency (MHz)

Vo
lta

ge
 tr

an
sm

iss
io

n 
co

ef
fic

ie
nt

10 wired drill pipes
20 wired drill pipes
30 wired drill pipes

(b)

Figure 6: )e influence of the compensation resistance on the channel transmission characteristics. (a)R2 � 500Ω. (b)R2 � 1000Ω.
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mathematical model of the voltage transfer function,
η(ω, n), in the channel of the number of wired drill pipes, n,
is used to compensate for the change in the signal frequency
component caused by the characteristic distortion of the
channel to theoretically eliminate the signal transmission
distortion caused by the channel characteristic distortion.
Fourth, when the number of drill pipes is the same, the peak
value of the voltage transmission coefficient of the passband
in Figure 6(b) is much higher than that of the corre-
sponding passband in Figure 6(a), indicating that the larger
deviation of the resistance value from the compensation
resistance value generates higher reflection voltage at the
terminal end of the transmission line. )is leads to a better
compensation result of the signal amplitude decrease when
passing the inductive coupler. )is means the transmission
capability of the channel can be effectively improved by
increasing the compensation resistance.

However, although the increase of R2 can improve the
voltage transmission coefficient in the passband to a certain
extent, R2 should be capped. )e numerical calculation
results showed that when under the same number of drill
pipes in series, compared with the channel frequency
characteristics when R2 � 1000Ω, if R2 � 1000Ω, with a
gradual increase in R2, the signal reflection at each rod
transmission line terminal in the channel gradually became
larger. In addition, the voltage transmission coefficient in the
two passbands of the channel all increased, but the in-
creasing trend gradually declined, and the bandwidth of both
passbands increased slightly. However, because of the strong
reflection of the signal voltage at each rod transmission line
terminal, the fluctuation amplitude of the voltage trans-
mission coefficient in the passband with frequency became
more severe, and the shape of the passband became worse. A
large fluctuation in the voltage transmission coefficient will
cause serious distortion of the signal transmission, and this
means the frequency characteristics of the channel will
become worse.When R2 reaches 1010 (nearly branch off), the
voltage transmission coefficient in the two passbands of the
channel only increased ten times, but the frequency char-
acteristics of the channel were seriously deteriorated due to
the sharp fluctuation of the voltage transmission coefficient
in the passband. )erefore, to ensure that the channel has
good frequency characteristics, the value of R2 should not be
greater than 1000Ω.

3.2. Analysis of the Reflection Coefficient Phase. According to
equation (7), the terminal reflection coefficient of the
transmission line can improve the signal voltage transmis-
sion coefficient of the transmission line under the condition
that the reflection coefficient phase is less than 120°, so as to
improve the voltage transmission capacity of the wired drill
pipe channel. It can be seen from Figure 6 that the center
frequency of the second passband is approximately
11.7MHz. At this frequency, the voltage transmission ca-
pacity of the i-th transmission line of the rod in the channel

is simulated, and the phase of the reflection coefficient at the
terminal of the transmission line is calculated. Figure 7 is the
circuit diagram of a two-series wired drill pipe, and the
circuit was simulated using EDA software (NI Multisim
14.0). In the diagram, the frequency of the signal source is
11.7MHz, the voltage amplitude of the signal source
V1 � 1V, R2 � 1000Ω, C2 � 171 pF, T1 and T2 are inductive
couplers, and W1 and W2 are the transmission lines of the
rod. As the resistance of impedance matching compensation
element R2 ≠ 137Ω, the transmission line terminals are in
different degrees of impedance mismatch. XMM1 is the
terminal voltage of the transmission line of the first rod,
XMM2 is the input voltage of the transmission line of the
second rod, and XMM3 is the terminal voltage of the
transmission line of the second rod. Based on simulation
results, the voltage transmission coefficient of the trans-
mission line of the first rod is |ηd1| � XMM1/V1 � 1.26, and
the voltage transmission coefficient of the transmission line
of the second rod is |ηd2| � (XMM3/XMM2) � 1.18. )us,
|ηd1| and |ηd2| are both greater than one, which shows that
the impedance mismatch of the transmission line terminal
generates the reflected signal voltage. )e superposition of
the reflected signal and the transmitted signal at the
transmission line terminal enhanced the amplitude of the
transmitted signal.)e reflection coefficient of the i-th wired
drill pipe can be calculated using Γi � (ZLi

′ − Rc)/(ZLi
′ + Rc).

)e voltage transmission coefficients of transmission lines of
each rod in the multi-combined wired drill pipe channel
were simulated using a circuit simulation, as shown in
Figure 7. Table 1 shows the simulation and calculation re-
sults of the voltage transmission coefficient of the trans-
mission line of the rod and the phase values of the reflection
coefficient at the terminal of the transmission line in a ten-
series wired drill pipe channel.

It can be seen from Table 1 that the phase values of the
reflection coefficient at each transmission line terminal are less
than 120°, and the voltage transmission coefficient of the
transmission line is greater than one, which indicates that the
circuit simulation results are consistent with the theoretical
analysis results. In addition, the reflected signal generated at each
transmission line terminal plays an important role in improving
the channel voltage transmission capacity. Figure 8 shows the
influence of frequency on the terminal reflection coefficient
phase of the transmission line of the last rod of the wired drill
pipes when C2 � 171 pF and R2 � 1000Ω.

It can be seen from Figure 8 that the phase values of the
reflection coefficient are less than 120° in the passband of the
transmission characteristics of the channel, which indicates
that the passband was formed by the enhancement of the
signal transmission due to the reflected voltage of the
transmission line. In addition, when the number of wired
drill pipes was small, the phase value of the reflection co-
efficient in the passband had a large amplitude of periodic
change corresponding to the strong periodic fluctuation of
the voltage transmission coefficient in the passband. )e
causes of channel distortion are then verified and explained.
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)e calculation results showed that the peak voltage
transfer coefficient of the channel composed of 66 drill pipes
was − 18.7 db, and the channel bandwidth was 2.1MHz when
using the second passband of Figure 6(b) as the channel
under the condition of C2 � 171 pF and R2 � 1000Ω. If the
data were modulated using the QPSK method with
11.7MHz as the carrier frequency, the data transmission rate
was 2.1Mbit/s, and the relay distance was approximately
693m. )e above calculation results showed that the relay
distance would be greatly extended with the same voltage
signal transmission coefficient and slightly higher data
transmission rate compared to the IntelliServ network
system of Grant Prideco Company [16]. )us, the relay
distance was much longer than the length of the channel
formed by 30 drill pipes. All the symbol significance is shown
in the Table 2.

Table 1: )e voltage transmission coefficient and terminal reflection coefficient phase of each transmission line of the rod in the channel.

)e i-th transmission line of the rod 1 2 3 4 5 6 7 8 9 10
Voltage transmission coefficient 1.33 1.14 1.24 1.27 1.17 1.33 1.14 1.32 1.15 1.29
Reflection coefficient phase(°) 28.8 84.4 17.6 69.4 11.6 56.8 13.8 46.4 25.2 38.2
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Figure 8: Influence of frequency on the reflection coefficient phase.
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Figure 7: Schematic diagram of the circuit simulation for the wired drill pipe channel.

Table 2: Symbol significance.

Symbol Meaning Value Unit
fd Design frequency 10 MHz
ωd Design angular frequency 20π rad/s

l
Length of the rod of the wired drill

pipe 10.36 m

C
∧ Capacitance per unit length of the

transmission line 6.435 × 10− 11 F/m

L
∧ Inductance per unit length of the

transmission line 3.798 × 10− 7 H/m

R
∧ Resistance per unit length of the

transmission line 0.0797 Ω/m

G
∧ Conductivity per unit length of

the transmission line 1.351 × 10− 16 S/m

Rc
Characteristic impedance of the

transmission line 76.8 Ω

k Coupling coefficient 0.8
L Coil inductance 2.3 μH

d0 Diameter of the coil conductor 7.5 × 10− 4 m

R2
Resistance of the impedance

matching compensation element 137 Ω

C2
Capacitance of the impedance
matching compensation element 171 pF

d1 Inner diameter of ferrite 0.124 m
d2 Outer diameter of ferrite 0.146 m
dc Diameter of the coil 0.135 m
rm Resistance of the coil 0.017 Ω

μr
Relative permeability of the ferrite

material 149

ρ Conductivity of the coil
conductor 1.75 × 10− 8 Ω · m

c
Propagation constant of the

transmission line

ηdi

Voltage transmission coefficient
of the i-th coaxial cable

ηci
Voltage transmission coefficient
of the i-th inductive coupler

ηi

Voltage transmission coefficient
of the i-th wired drill pipe

Γ Reflection coefficient of the
transmission line terminal
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4. Conclusion

(1) By considering the coaxial cable embedded in the rod
of the wired drill pipe as the transmission line with
the distributed parameters and the inductive coupler
as the transmission line load, the transmission
characteristic of the rod of the wired drill pipe was
studied using transmission line theory. )is theory
better reflects the influence of the channel on the
transmission of high-frequency signals.

(2) )e determination of the electromagnetic parame-
ters of the wired drill pipe was key to improving the
transmission capability of the channel. Appropriate
impedance compensation elements were connected
in parallel at the terminal of the coaxial cable or the
input of the inductive coupler, and the electro-
magnetic parameters were determined according to
the impedance matching of the transmission line of
the rod and the inductive coupler, which provided a
basic condition for improving the transmission
characteristics of the channel by adjusting the pa-
rameters of the impedance compensating elements.

(3) On the basis of the determined electromagnetic
parameters of the wired drill pipe, the transmission
line was in an appropriate impedance mismatch by
increasing the resistance of the impedance com-
pensating elements. )e signal amplitude of the
transmission line was enhanced by the reflected
voltage generated by the impedance mismatch,
which greatly extended the relay distance
(Appendix).

Appendix

For the Single-Turn Coil

As Figure 9 shows the circumstances when the current on
the single-turn coil is I, the positive direction of the current is
the counterclockwise direction of the coil, and the radius of
the coil is r0. According to the right-hand helix rule, the
magnetic field direction of any point in the coil plane is
vertical and outward, which is marked as k

→
. According to

the Biot–Savart law, the magnetic induction at a distance r
from the center of the coil generated by the current unit on
the coil is

d B
→

�
μ0
4π

I dl × r′
→

(r′
→

)
3 . (A.1)

As dl � r0dφ,

d B
→

�
μ0
4π

·
Ir0 sin β dφ

r′
→

 
3 .

(A.2)

According to the mathematical theorem of a tri-
angle, sin β � cos α, r′/sinφ � r/sin α, and (r′)2 � r20 + r2−

2r0r cosφ. (A.2) can be derived as

B(r)
����→

�
μ0Ir0

4π

2π

0

���������������������

r
2
0 + r

2cos2 φ − 2r0r cosφ


����������������

r20 + r2 − 2r0r cosφ


 
3 dφ k

→
.

(A.3)

)en, the magnetic flux of the unit circle, ds, at the
distance, r, from the center of the coil can be expressed
as

Φ �  B
→
ds � 

r0

0
B
→

(r) · 2πrdr

�
μ0I0
2


r0

0

2π

0

���������������������

r
2
0 + r

2cos2 φ − 2r0r cosφ


����������������

r20 + r2 − 2r0r cosφ


 
3 rdrdφ.

(A.4)

So, the inductance of a single-turn coil is

L �
Φ
I

�
μ0I0
2


r0

0

2π

0

���������������������

r
2
0 + r

2cos2 φ − 2r0r cosφ


����������������

r20 + r2 − 2r0r cosφ


 
3 rdrdφ.

(A.5)

For the single-turn coil embedded in a ferrite
groove, as shown in Figure 4, the inductance can be
expressed as

L �
μ0Ic

4


d1/2( )

0

2π

0

������������������������

dc/2( 
2

+ r
2cos2 φ − dcr cosφ



��������������������

dc/2( 
2

+ r2 − dcr cosφ


 
3 rdrdφ

+
μdc

4


d2/2( )

d1/2( )

2π

0
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dc/2( 
2

+ r
2cos2 φ − dcr cosφ



��������������������

dc/2( 
2

+ r2 − dcr cosφ


 
3 rdrdφ.

(A.6)

Because the permeability of ferrite is much higher than
the permeability, thus

L �
μdc

4


d2/2( )

d1/2( )

2π

0

������������������������

dc/2( 
2

+ r
2cos2 φ − dcr cosφ



��������������������

dc/2( 
2

+ r2 − dcr cosφ


 
3 r dr dφ.

(A.7)

)erefore, the permeability of ferrite under the condition
of designed inductance can be designed as
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μ �
L

dc 
d2/2( )
d1/2( )


2π
0
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(A.8)

)e relative permeability is

μr �
L

4π × 10− 7
dc 

d2/2( )
d1/2( )


2π
0

����������������������

d
2
c + 4r
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 /
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(A.9)
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