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Abstract: Due to the complex downhole environment in oil and gas wells, electromagnetic wave wireless transmission suffers 
from high attenuation, multipath interference, and low signal-to-noise ratio, making long-distance and reliable communication 
difficult. To address these challenges, a composite modulation method combining Differential Phase Shift Keying (DPSK) and 
Forward Error Correction (FEC) is proposed. A downhole channel model incorporating path loss, multipath effects, and noise 
interference was established, and a transmitting–receiving hardware system was designed. Signal transmission characteristics in 
different media were experimentally investigated to analyze electromagnetic signal propagation behavior. The encoding and 
decoding performance of the DPSK–FEC scheme was evaluated through MATLAB simulations, focusing on the phase 
disturbance resistance of DPSK and the error correction capability of FEC. The coding parameters were further optimized to 
match downhole channel characteristics. The non-coherent demodulation mechanism of DPSK provides robustness against phase 
noise and frequency drift, while FEC introduces redundancy to detect and correct transmission errors, significantly improving 
system reliability. Experimental results show that the proposed system can operate stably at a depth of 1000 m and an 
environmental temperature of 75°C, enabling reliable bidirectional transmission of downhole data over long distances. 

Keywords: Differential Phase Shift Keying (DPSK); Forward Error Correction Coding (FEC); Electromagnetic Wave 
Transmission; MATLAB Simulation. 

 

1. Introduction 
As oil and gas exploration and development extend to 

deeper, unconventional, and complex formations [1], the 
demand for real-time data transmission in downhole 
environments is becoming increasingly urgent [2]. During the 
testing, exploration, and extraction operations of oil wells, it 
is essential to obtain real-time key information such as 
temperature, pressure, and location of the downhole 
environment [3]. Traditional downhole wired communication 
technologies face issues such as high deployment costs, 
limited channel capacity, and weak anti-interference 
capabilities[4], making it difficult to meet the high-reliability 
communication requirements under complex geological 
conditions.In non-continuous, gas-phase dominated 
conditions such as gas injection, fracturing, and gas 
production, acoustic wave transmission and mud pulse 
transmission are hindered by the discontinuity of the medium, 
leading to ineffective signal transmission [5]. 
Electromagnetic wave wireless transmission, with its strong 
resistance to gas interference, has become a core 
technological direction for information acquisition in 
unconventional oil and gas development scenarios. 

Downhole wireless communication systems primarily rely 
on mud pulse transmission. This technique encodes 
information by generating pressure pulses through variations 
in mud flow rate and requires a continuous and homogeneous 
liquid medium as the signal carrier. However, under 
conditions such as gas injection wells, hydraulic fracturing, 
and gas production, the discontinuity of the wellbore medium 
and the presence of gas-dominated flow may cause mud pulse 
transmission to become ineffective.Acoustic communication 

relies on the propagation of elastic vibrations within the 
medium to transmit energy and information, making it highly 
dependent on the continuity, homogeneity, and phase 
composition of the medium. The propagation efficiency of 
acoustic waves is therefore closely related to the acoustic 
impedance and continuity of the medium. When phase 
interfaces (gas–liquid, gas–solid, or liquid–solid) exist within 
the medium, acoustic waves undergo reflection, refraction, 
and scattering at these interfaces. As a result, rapid energy 
attenuation occurs, preventing the effective transmission of 
data. 

Due to their strong penetration capability in non-ideal 
media[6] and relatively low path loss, low-frequency 
electromagnetic waves (typically in the frequency range of 1 
kHz–1 MHz) are considered a key technological approach for 
addressing the bottleneck of wireless communication in 
enclosed environments such as deep wells and tunnels[7]. 
However, in downhole environments, significant multipath 
effects and complex noise interference[8] often lead to limited 
interference resistance and low communication efficiency, 
which remain the primary challenges for low-frequency 
electromagnetic wave communication systems[9].To improve 
interference resistance and transmission performance, 
existing studies have adopted various techniques, including 
adaptive modulation[10], channel coding optimization[11], 
and multipath suppression methods[12]. For example, an 
adaptive bandwidth allocation strategy for low-frequency 
signals based on orthogonal frequency division multiplexing 
(OFDM) suppresses multipath interference by dynamically 
adjusting the subcarrier spacing[13]. In addition, some 
researchers have employed deep reinforcement learning to 
optimize the iterative decoding algorithm of low-density 
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parity-check (LDPC) codes, thereby improving coding gain 
under low signal-to-noise ratio conditions[14]. The EU 
“DEEP-COMS” project utilizes the low-complexity decoding 
characteristics of Polar codes to adapt to non-stationary 
downhole channels[15]. Furthermore, a research team at MIT 
developed a multipath channel estimation method based on 
compressed sensing, which combines sparse signal 
processing techniques to reduce noise 
interference[16].Nevertheless, existing technologies still face 
significant challenges in balancing coding redundancy and 
transmission efficiency under low-frequency narrowband 
resource constraints. In addition, the time-varying 
characteristics of electromagnetic noise may lead to 
fluctuations in decoding performance, further limiting system 
reliability[17]. 

Differential Phase Shift Keying (DPSK) is a non-coherent 
digital modulation technique that transmits information 
through phase differences between adjacent symbols[18]. By 
eliminating the need for carrier phase synchronization, DPSK 
effectively avoids the influence of carrier synchronization 
errors on demodulation performance, making it particularly 
suitable for low-frequency channels with significant 
multipath effects[19].However, during downhole 
transmission, electromagnetic signals are highly susceptible 
to interference caused by formation absorption, 
electromechanical equipment noise, and random reflections, 
which may lead to a significant increase in the bit error rate 
(BER). Under such conditions, optimization of modulation 
techniques alone is insufficient to satisfy the high-reliability 
requirements of downhole communication systems. 
Therefore, the integration of Forward Error Correction (FEC) 
technology, which introduces redundant information to detect 
and correct transmission errors, has become an effective 
approach to improving system robustness[20]. Furthermore, 
the combination of DPSK and FEC can enhance spectral 
efficiency to a certain extent, enabling low-frequency 
electromagnetic wave communication systems to achieve 
reliable and efficient data transmission even under limited 
spectral resources[20]. 

This study integrates Differential Phase Shift Keying 
(DPSK) with Forward Error Correction (FEC) to develop a 
new downhole channel model. A novel electromagnetic 
transmission hardware system is designed, and transmission 
experiments are conducted in various media to evaluate signal 
propagation characteristics. In addition, a downhole long-

distance additive white Gaussian noise (AWGN) environment 
is constructed for system simulation. Signal transmission 
parameters are configured, and the received signal waveforms 
are obtained for performance analysis. 

2. DPSK + FEC Modulated 
Electromagnetic Wave Wireless 
Transmission Model 

2.1. Downhole Electromagnetic Wave 
Transmission Attenuation Model 

In oil and gas wells, the downhole environment typically 
consists of closed or semi-closed structures such as circular 
wellbores and tunnels. Electromagnetic waves propagate 
along the wellbore in a waveguide-like mode, governed by 
the principles of electromagnetic induction and wave 
propagation described by Maxwell’s equations. To simplify 
the analysis, it is assumed that no free charges or conduction 
currents exist within the wellbore, and therefore the region 
can be considered source-free. Based on circular waveguide 
theory and the fundamental laws of electromagnetic fields, 
Maxwell’s equations can be expressed in cylindrical 
coordinates, as shown in Equation (1). 
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Where ∇ denotes the Hamiltonian operator (m⁻¹); H is the 
magnetic field intensity (A/m); D is the electric flux density 
(C/m²); E is the electric field intensity (V/m); ε is the 
permittivity (F/m); and μ is the permeability (H/m). 

In the downhole working environment, long-term 
operation and long-distance information transmission must be 
ensured. Under axisymmetric coordinates, Maxwell’s 
equations can be simplified to the TE mode (in which the 
magnetic field has only the φ component, while the electric 
field has r and z components). The core iterative equations 
after FDTD discretization are shown in Equations (2) and (3). 
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Where εr is the relative permittivity of the medium (F/m); ε0   is the permittivity of free space(F/m); μ0  is the 



 

118 

permeability of free space (H/m);△r, △z, and △t represent 
the spatial grid steps and the time step, which must satisfy the 
CFL stability condition.  

In an axisymmetric space, the TE mode (dominated by Hφ, 
with coupling between 𝐸ᵣ  and 𝐸௭

௡ ) can more accurately 
characterize the electromagnetic propagation characteristics 
of circular downhole wellbores compared with other modes. 
The TE mode has no lower cutoff frequency under 
axisymmetric constraints, making it more suitable for low-
frequency, long-distance signal transmission in downhole 
environments.When the downhole temperature, pressure, and 
transmission distance are assumed to remain constant, the 
primary factors affecting electromagnetic wave propagation 
include multipath effects, noise interference, and metal 
shielding.Multipath effects arise from strong reflections, 
refractions, and scattering of electromagnetic waves caused 
by the wellbore inner wall, downhole equipment, and 
surrounding geological formations. Consequently, signals 
transmitted from the transmitter do not propagate along a 
single path but reach the receiver through multiple 
propagation paths. Due to differences in propagation delay 
and phase, these multipath components may combine 
constructively or destructively, resulting in signal distortion 
and intersymbol interference (ISI). 
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Equation (5) represents the impulse response of the 
multipath channel in the time domain, while Equation (6) 
describes the downhole multipath model. Where: r(t) is the 
time-domain signal at the receiver; L is the number of 
multipath components; 𝛼௜ሺ𝑡ሻ is the time-varying attenuation 
factor of the 𝑖-th path; s(t) is the original signal transmitted by 
the transmitter; 𝜏௜ is the time-varying propagation delay of 
the 𝑖-th path; 𝜙௜ሺ𝑡ሻ is the time-varying phase shift of the 𝑖-th 
path; and n(t) is the superimposed noise signal. 

Noise interference mainly includes natural noise and man-
made noise. These noise sources exhibit characteristics such 
as wide bandwidth, non-stationarity, and strong coupling. 
They further superimpose on the transmitted signal, reducing 
the signal-to-noise ratio and increasing transmission bit errors. 
The receiver captures the propagated electromagnetic wave 
signal through an antenna and recovers the original baseband 
information through the demodulation process, thereby 
enabling wireless information transmission. 
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Where: nሺtሻ is the total downhole noise (V); nAWGN is the 

Gaussian white noise (V); nImp  is the impulsive noise (V); 
nEMI  is the electromagnetic interference noise (V); ε(t)  is 
other random noise (V); N(0,σ2

AWGN)  is the noise spectral 
power (W); K is the number of pulses within the observation 
time; Ak  is the amplitude of the 𝑘-th pulse (following a 
Gaussian distribution); PEMI  is the average power of 
electromagnetic interference (W); g(t)  is the time-varying 
amplitude factor (dimensionless); and fEMI  is the center 
frequency of the interference signal (Hz). 

The influence of metallic shielding on electromagnetic 
wave transmission is mainly manifested in three aspects: 
reflection, absorption, and multiple reflections. When an 
electromagnetic wave is incident from air (or an insulating 
medium) onto a metal surface, the high electrical conductivity 
of the metal results in an intrinsic wave impedance much 
lower than that of air. Consequently, most of the incident 
electromagnetic energy is reflected at the metal surface. The 
portion of the electromagnetic wave that penetrates the metal 
induces strong eddy currents, which convert electromagnetic 
energy into heat and dissipate it within the material. As 
electromagnetic waves propagate within the metal, their 
amplitude attenuates exponentially, and the attenuation rate is 
primarily determined by the skin depth. The smaller the skin 
depth, the greater the absorption loss. 
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Where: δ is the skin depth (m); μ is the permeability (H/m); 
σ is the electrical conductivity (S/m); d is the thickness of the 
shielding material (cm); R is the reflection loss (dB); A is the 
absorption loss (dB). 

Based on Maxwell’s equations and circular waveguide 
theory, and incorporating the effects of multipath propagation, 
noise interference, and metallic shielding in the downhole 
environment, a downhole electromagnetic wave transmission 
attenuation model is established. In this model, the 
transmitted signal propagates along the waveguide in a 
specific propagation mode while experiencing inherent losses 
caused by the waveguide walls and the surrounding medium. 
During propagation, the signal produces multipath 
components when encountering structural discontinuities, 
and each component exhibits different attenuation and 
propagation delay characteristics. When the signal passes 
through a metal barrier, such as during transmission from 
inside the drill pipe to the surrounding formation, significant 
attenuation occurs according to the metal shielding 
attenuation model.Ultimately, the severely attenuated signal 
is superimposed with strong downhole background noise and 
impulsive noise before reaching the receiver. 
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Where: Hwaveguide(f)  is the frequency-domain transfer 
function derived from circular waveguide theory, which 
determines the attenuation and phase of the dominant 
propagation mode; Hmultipath(f) is the frequency response of 

the time-varying multipath channel generated by the 
multipath model;  exp[−ashield(f)∙l  is the additional shielding 
attenuation factor corresponding to the cumulative metal 
thickness penetrated; and N(f,t) is the frequency-domain 
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representation of the additive noise. 

2.2. DPSK + FEC Modulation and 
Demodulation Signal Model 

The transmitted electromagnetic wave signal is modulated 
using a combination of DPSK (Differential Phase Shift 
Keying) and FEC (Forward Error Correction). The original 
baseband data are encoded according to the FEC coding rules 

by inserting additional redundant parity bits into the original 
bit sequence, generating a coded bitstream containing 
information that is then fed into DPSK modulation. The input 
binary bitstream is treated as an absolute code and is 
converted into a relative code sequence representing phase 
changes through a differential encoder, thereby generating the 
final DPSK signal. The specific modulation and 
demodulation processes are illustrated in Fig 1. 

 

 
Fig 1. Signal flow diagram of DPSK + FEC modulation and demodulation 

 
Data encoding and decoding are performed using 

convolutional codes and the Viterbi algorithm. In this study, a 
convolutional code with a constraint length of 7 (constraint 
length = shift register order + 1, namely a six-stage shift 
register𝐷଴~𝐷଺ )is adopted. The generator polynomials are  
𝐺ଵ ൌ 171  (octal) and 𝐺ଶ ൌ 133  (octal). In the encoder 
structure (constraint length K=7 ), the input data pass through 
a six-stage shift register(𝐷଴~𝐷଺), generating two output bits 
c1 and c2: 
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The first output c1 corresponds to G1=171 (octal) (binary: 
1111001), where '1' corresponds to taps at D6 , D4 , D3 , D1 
and D0. The second output c2 corresponds to G2=133(octal) 
(binary: 1011011), where '1' corresponds to taps at D6, D4, 
D3 , D1  and D0 . The state of the convolutional code is 
defined by the contents of the shift register. When the 
constraint length K=7, the number of states is 2K−1=64(a 6-
bit register). The state representation is given as 
S=(di−1,di−2,...,di−6) , resulting in a total of 64 possible 
combinations (ranging from 000000 to 111111). According to 
the state transition rule, each state transitions to a new state 
based on the input bit (0 or 1) and produces the corresponding 
output. The state transition relationships are shown in Table 1. 

 
Table 1. Schematic diagram of transfer rule status 
Current 

state(di−1,di−2,...,di−6) 
Input di 

New state 
(di,...,di−5) 

Outputc1c2 

000000 0 000000 00 

000000 1 100000 11 
100000 0 010000 10 
100000 1 110000 01 

... ... ... ... 

 
The encoded bitstream 𝑏௡ ∈ ሼ0,1ሽ  is input into the 

differential encoding hardware modulator and converted into 
a relative code 𝑑௡ ∈ ሼ0,1ሽ through differential encoding. The 
phase variation of the relative code is expressed as shown in 

Equation (12). 
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Its time-domain expression is given as follows: 

( ) cos(2 ), ( 1)c ns t A f t n T t nT     (13)
 

Where: A represents the signal amplitude (V); fc 
represents the carrier frequency (Hz); T represents the symbol 
period (s); and ∅୬  represents the phase of the n-th symbol 
(dimensionless). 

Different signal waveforms can be obtained by setting 
different carrier frequencies. As the carrier frequency 
increases, the symbol period decreases, resulting in a denser 
signal waveform in the time domain and an increased number 
of transmitted symbols per unit time, which theoretically 
improves the data transmission rate, as shown in Equation 
(14). 
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After the electromagnetic wave signal is received, it is fed 
into the DPSK demodulator at the receiver. DPSK recovers 
the relative code by comparing the phase difference between 
adjacent symbols, and the bitstream containing redundant 
information is then obtained through inverse differential 
decoding. After low-pass filtering, the bitstream is sent to the 
FEC decoder, where the matching degree between the 
received sequence and all possible encoded sequences is 
calculated. The optimal path is selected and traced back for 
error correction, ultimately producing the error-free original 
bitstream. The demodulation principle is as follows: the 
current received symbol s୬ሺtሻ  is multiplied by the signal 
s୬ିଵሺt െ Tሻ  delayed by one symbol period T from the 
previous symbol to extract the phase difference information. 
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"Where: the high-frequency component is cosሺ4πfୡ െ
2πfୡT ൅ ∅୬ ൅ ∅୬ିଵሻ, with a frequency of 2fc, which does not 
carry phase difference information and must be completely 
removed by subsequent low-pass filtering. The low-
frequency component is cosሺ2πfୡT ൅ ∅୬ െ ∅୬ିଵሻ , which 
carries the phase difference information Δ∅୬ and serves as 
the key factor for subsequent decision-making. The frequency 
response Hሺfሻ  allows only the baseband frequency to pass 
while suppressing the high-frequency components. The 
corresponding time-domain impulse response hሺtሻ  is given 
as follows: 
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Where: Ts is the symbol period (s); and α is the roll-off 
factor (dimensionless). 

Finally, the low-frequency component is obtained as 
follows: 

2

( ) cos(2 )
2LPF c n

A
r t f T             (17)

 

In practical communication systems, the integer-cycle 
condition is usually satisfied, where the symbol period T is an 
integer multiple of the carrier period TC= 1

fc
ൗ (that is, T=kTC). 

Under this condition, the following relationship holds: 
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Under this condition, the decision variable depends only on 
the phase difference Δ∅୬  and is independent of the carrier 
frequency 𝑓௖ , thereby eliminating its interference with the 
decision process. Based on the filtered signal 𝑟௅௉ிሺ𝑡ሻ , the 
decision is made as follows: if the polarity of the product 
signal is positive, it is determined as '0'; if the polarity of the 
product signal is negative, it is determined as '1', as expressed 
in the following equation: 

If the polarity 𝑟௅௉ிሺ𝑡ሻ  is positive ，that is, cosሺΔ∅୬ሻ
൐ 0, it corresponds to Δ∅୬ ൌ 0 

If the polarity 𝑟௅௉ிሺ𝑡ሻ 𝑖𝑠 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 ，that is, cosሺΔ∅୬ሻ
൏ 0, it corresponds to Δ∅୬ ൌ π 
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Where: PMt(s)  is the path metric; prev(s) is the set of 
previous states that can transition to the current state s; the 
initial condition is PM0(s0)=0; dt(s) is the Hamming distance 
at the current time; SPt(s)  is the survivor path; μt  is the 
decoded output at time t (that is, the recovered original 
downhole baseband information); and bit(⋅ ) is the function 

that maps the state transition back to the input bit. 

3. Design and Performance Testing of 
the Wireless Transmission Device 

3.1. Design of a Wireless Transmission System 
Based on DPSK and FEC 

Faced with the high-temperature and high-pressure 
downhole environment, the DPSK + FEC scheme replaces 
complex analog hardware with algorithmic redundancy, 
eliminating the need for carrier recovery circuits; only a delay 
multiplier and a low-pass filter are required to perform phase 
difference detection. FEC adds redundant parity bits at the 
transmitter, allowing the receiver to automatically correct bit 
errors, thereby reducing the accuracy requirements for front-
end RF and analog hardware. In addition, FEC can tolerate a 
certain level of quantization error. Therefore, an ADC/DAC 
with improved temperature resistance and moderate precision 
is designed to reduce heat dissipation paths and lower power 
consumption. The downhole electromagnetic wireless 
transmission acquisition board is powered by a lithium battery 
with a rated output of 3.3 V, meeting the MCU’s operating 
voltage requirements. After a boost circuit, the voltage is 
increased to 5 V to meet the operating voltage requirements 
of downstream devices such as temperature sensors, pressure 
sensors, and antennas. The hardware system is shown in Fig 
2. 

 

 
Fig 2. System actual link diagram 

3.2. Performance Test Results 
In a temperature- and humidity-controlled indoor 

environment, the downhole electromagnetic wireless 
transmission system was tested to verify its functional 
reliability. A comprehensive analysis and verification were 
conducted from the perspectives of metal shielding and 
penetration through different media. The effects of various 
factors on electromagnetic wave transmission were evaluated 
to determine the optimal propagation conditions and metal 
shielding resistance performance. The experimental setup is 
shown in Fig 3. 
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(a) Transmission Test in Metal Sheath (b) Metal box shielding effect 

   
(c)sand transport exp (d)salt water transport exp (e)oil-water transfer exp 

Fig 3. Signal transmission experiment 
 

The test results show that the system maintains a stable 
transmission efficiency above 90% with fluctuations less than 
5% in low-attenuation media such as sand or oil-water 
mixtures. This verifies that the differential coding mechanism 
of DPSK can effectively suppress phase drift caused by 
multipath interference, while FEC compensates for bit errors 
resulting from medium attenuation and distortion. Even in 
high-attenuation media such as water, the transmission 
efficiency remains above 85%, significantly outperforming 
schemes without FEC, demonstrating the strong error-
correcting capability of FEC. 

Under metal-shielded conditions, the system also 
demonstrates strong adaptability. In carbon steel casings 
(partial shielding), the transmission efficiency remains 71.94% 
at a 3-meter separation, indicating that DPSK can tolerate 
phase drift and attenuation caused by metal, while FEC 
further corrects the associated bit errors. In a partially open 
metal box (weak shielding), the system maintains 6.94% 
efficiency with a 10° opening and only experiences 
interruption when fully enclosed, demonstrating its ability to 
sustain communication even under extreme shielding 
conditions. 

 
Table 2. Analysis of Signal Transmission Influenced by Transmission Medium 

Transmission results in soil medium 

Test group System efficiency 
1 94.72% 
2 91.67% 
3 96.12% 
4 92.22% 
5 89.72% 
6 94.17% 

Transmission results in water medium 

Test group System efficiency 
1 92.50% 
2 90.83% 
3 87.78% 
4 84.72% 
5 90.00% 
6 86.11% 

Transmission results in oil–water mixture 

Test group System efficiency 

1 93.35% 

2 91.82% 

3 92.33% 

4 90.46% 

5 88.57% 

6 85.67% 
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Table 3. Metal shielding effect test 
3.1m 7.32mm Transmission data through carbon steel casing 

Distance/m 1 1.5 2 2.5 3 
System efficiency 86.39% 83.33% 81.39% 76.67% 71.94% 

205*150*100mm Transmission data through metal box 
Opening size/° 180 60 40 20 10 0 

System efficiency 97.50% 46.94% 43.33% 24.44% 6.94% 0% 

 
Fig 4. Influence factor error rate curve 

 
The experiments validated that the designed transmission 

signal exhibits good penetration through various media. In 
addition, the data on medium attenuation and metal shielding 
obtained from the experiments were programmed into the 
transmission hardware. By dynamically adjusting parameters 
such as the DPSK + FEC coding rate and transmit power, a 
balance between transmission efficiency and reliability can be 
achieved, enabling the simulation of long-distance, multi-
medium transmission characteristics. 

4. Simulation of Downhole Industrial 
Signal Transmission 

The system’s transmitted electromagnetic wave signals 
were experimentally simulated under actual downhole 
operating conditions to observe the effects of factors such as 
downhole noise interference, formation media variations, 
temperature, and transmission distance on signal attenuation, 
waveform distortion, and bit error rate. These tests validated 
the adaptability and anti-interference capability of the DPSK 
+ FEC combined modulation technique in complex downhole 
environments. 

4.1. Simulation Testing of Downhole Noise 
Environment Interference 

After generating the baseband and DPSK signals in 
MATLAB, the signals were transmitted through a Gaussian 
white noise channel to simulate the downhole noise 
environment (Fig 5). The received signals were processed 
through low-pass filtering, sampling and decision-making, 
differential decoding, and FEC error correction to verify the 
recovery of the baseband information. 

 

 
(a) Baseband signal waveform 

 
(b)DPSK Signal waveform 

 
(c)Signal after passing through a Gaussian white noise channel 

 
(d)Signal after passing through the low-pass filter 

 
(e)Signal following a sampling decision 

 
(f)Decoded code waveform after differential encoding 

Fig 5. Noise simulation in mine 
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The noise energy of Gaussian white noise is uniformly 

distributed across the entire frequency band, and its 
instantaneous amplitude follows a zero-mean normal 
distribution, which is highly consistent with the broadband 
random interference characteristics caused by downhole 
multipath reflections and electromechanical equipment 
noise[21]. Its power spectral density and probability density 
function are given in Equation (21). The absence of a fixed 
bias aligns with the practical downhole electromagnetic 
interference scenario, which exhibits no directional trend. 
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Where: N0 is the single-sided power spectral density of the 
noise (W/Hz); x is the instantaneous value of the noise (V); 
σ2

n  is the noise variance (dimensionless) with a mean 
E[n(t)]=0. 

From the simulation waveforms, it can be clearly observed 

that the original baseband signal, after DPSK modulation, 
forms a phase-encoded carrier signal. After transmission 
through the Gaussian white noise channel, the signal exhibits 
noticeable amplitude fluctuations and superimposed noise, 
and a few bit errors remain after sampling and decision-
making. However, after FEC decoding and error correction, 
the final output waveform matches the original baseband 
signal level sequence perfectly, with no noticeable distortion 
or missing bits. This result demonstrates that FEC, by 
introducing redundant parity bits at the transmitter, can 
accurately detect and actively correct random bit errors 
caused by noise. Meanwhile, the noncoherent demodulation 
mechanism of DPSK eliminates the need for carrier 
synchronization and effectively avoids the impact of noise-
induced phase drift on demodulation. The combination of the 
two thus achieves dual interference resistance against 
downhole noise. 

4.2. Simulation of Electromagnetic Wave 
Transmission under Actual Downhole 
Conditions 

 

  
(a)Soil layer (b)fresh water layer 

  
(c)saline water layer (d)crude oil 

 
(e)metal pipe 

Fig 6. Effects of different media on transmission signal 
 

The base signal modulated with DPSK + FEC was 
generated in MATLAB. With fixed parameters such as carrier 

frequency, transmit power, and ambient temperature, 
transmission simulations were conducted through five typical 
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downhole media—soil, fresh water, saline water, crude oil, 
and metal pipes—to evaluate performance across four 
dimensions: signal attenuation, waveform distortion, bit error 
rate, and communication quality (Fig 6, Table 4). Additionally, 
the effects of temperature gradients and increased well depth 
on signal transmission were simulated to clarify the influence 
of environmental parameter variations (Fig 8 and 9). Finally, 
multiple temperature–distance combinations were tested to 
verify the system’s stable operational range under complex 
compound downhole conditions (Fig 10). 

Fig 6 shows the time-domain waveform variations of the 
DPSK + FEC modulated signal in five different media. 
Combined with the quantitative analysis in Table 4, the 
conductivity and permittivity of the media are identified as 
the key factors determining signal transmission performance. 
The transmission performance decreases in a stepwise 
manner with increasing medium conductivity, and the 
transmission characteristics of the different media exhibit a 
distinct layered pattern. 

 
Table 4. Transmission effects and performance differences of five media 

Medium type 
Degree of signal 

attenuation 
Degree of waveform 

distortion 
Expected bit error rate 

(BER) 
Transmission performance 

crude_oil Very weak Very light ≈10−5 Best 
soil Modearte Moderate ≈10−4 Better 

fresh_water Moderate Moderate ≈10−3 Normal 
seawater Relatively strong Relatively heavy ≈10−2 Relatively poor 

metal_pipe Very strong Very heavy ≈0.5 Worst 

 
Fig 7. Comparison of five media bit error rate 

 

As shown in the BER–SNR curves in Fig 7, it can be further 
verified that under the same SNR conditions, the BER in 
crude oil and soil media is significantly lower than that in 
fresh water and saline water, and the BER decreases more 
rapidly as the SNR increases. In contrast, the BER in the 
metal pipe remains approximately 0.5 and shows little 
variation with changes in SNR.These results indicate that the 
interference-resistance advantage of the DPSK–FEC 
combined modulation scheme can be effectively realized only 
in low- to medium-attenuation media. In high-attenuation 
media, system performance is mainly constrained by the 
electromagnetic properties of the medium itself, and only 
limited improvement can be achieved by further increasing 
the SNR. In metallic environments such as metal pipes, the 
proposed technique becomes ineffective due to strong 
reflections and eddy current losses occurring at the metal 
surface. 

 

 
Fig 8. The effect of different temperature on signal 

 
Fig 8 shows the received waveforms and amplitude variations of the DPSK + FEC modulated signal at different 
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temperatures. Downhole temperature increases with well 
depth, and temperature changes directly alter the permittivity 
and conductivity of the formation media. For every 50 °C 
increase in temperature, the medium’s conductivity rises by 
approximately 1–2 orders of magnitude, resulting in greater 
amplitude attenuation, increased phase drift, and more severe 
waveform distortion[22]. The calculations indicate that at 
25 °C (room temperature), the received signal amplitude is 
stable with no significant phase shift. When the temperature 
rises to 75 °C, the signal amplitude attenuates by 
approximately 20%, with minor fluctuations. At 125 °C, the 
signal amplitude attenuates by over 50%, phase drift becomes 
significant, and noticeable intersymbol interference appears. 
Additionally, increasing temperature transforms the 
downhole channel from a static to a time-varying channel; 
dynamic changes in the electromagnetic properties of the 
medium enhance the randomness of multipath effects, further 
increasing the bit error rate and adding complexity to 
demodulation and error correction. Nevertheless, even at 
125 °C, effective baseband signals can still be recovered 
through DPSK demodulation and FEC correction. These 
results demonstrate that the proposed method is adaptable to 
high-temperature downhole gradients and can maintain 
effective communication at temperatures below 125 °C. 

Fig 9 presents the characteristic curve of signal attenuation 
with increasing well depth. The attenuation of downhole low-
frequency electromagnetic signals rises exponentially with 
transmission distance. The additional shielding loss from 
metal casings causes the overall signal attenuation rate to be 
much higher than the attenuation caused by depth alone. 
Without metal casings, the signal amplitude attenuates by 
approximately 10 dB at 500 m, 25 dB at 1000 m, and 40 dB at 
1500 m. In the presence of metal casings, the signal 
attenuation at the same depth increases by an additional 10–
15 dB, and at 3000 m depth, the signal amplitude has decayed 
to the noise floor and is no longer detectable. The exponential 
signal decay with depth directly reduces the signal-to-noise 
ratio and causes the bit error rate to rise exponentially, 
significantly compressing the system’s effective 
communication range. To compensate for the attenuation due 
to depth and casing, measures such as increasing transmit 
power, improving receiver sensitivity, and optimizing coding 
rates are required to enhance the system’s anti-attenuation 
capability. 

 

 
Fig 9. depth-dependent attenuation characteristics 

 
Nine combined scenarios were set up with three 

temperatures (25 °C, 75 °C, 125 °C) and three transmission 

distances (500 m, 1000 m, 1500 m) to simulate the synergistic 
effects of downhole temperature and distance. The 
comprehensive performance of the DPSK + FEC combined 
modulation technique was evaluated, and the results are 
shown in Fig 10. The calculation results indicate that the 
system’s bit error rate (BER) increases significantly with 
rising temperature and transmission distance, with distance 
having a much greater impact on BER than temperature. The 
DPSK + FEC modulated signal demonstrates stable and 
reliable performance across multiple environments. The 
curves of different colors, representing different depths and 
temperatures, converge in the high SNR region, with the BER 
approaching a very low level. Despite downhole 
environmental variations—such as increased attenuation due 
to greater depth and changes in the medium’s electromagnetic 
properties caused by temperature fluctuations—the DPSK + 
FEC modulation can still reduce the BER to very low levels, 
demonstrating strong adaptability to complex downhole 
conditions characterized by high attenuation and variable 
temperature. The system can actively detect and correct 
transmission errors, maintaining a low BER even at relatively 
low SNR, thereby providing significant “error-correction 
gain”and reducing stringent requirements on transmit power 
or receiver sensitivity. In Fig 10, data transmission remains 
effective at a transmission distance of 1000 m and an ambient 
temperature of 125 ℃. 

5. Conclusion 
This study addresses key challenges in downhole 

electromagnetic wireless transmission, such as high 
attenuation, multipath interference, low signal-to-noise ratio, 
and dynamic variations in environmental parameters, by 
proposing a combined modulation method based on 
Differential Phase Shift Keying (DPSK) and Forward Error 
Correction (FEC). A downhole channel model incorporating 
path loss, multipath effects, noise interference, and metal 
shielding was established, and a corresponding hardware 
system was designed. Multi-dimensional simulation 
experiments were conducted to evaluate the transmission 
characteristics, performance metrics, and applicable range of 
the system under realistic downhole conditions. The main 
conclusions are as follows: 

(1) The DPSK + FEC downhole low-frequency 
electromagnetic wireless transmission system can achieve 
stable operation at transmission distances up to 1000 m and 
ambient temperatures up to 125 °C. When the received SNR 
is ≥15 dB, the system’s bit error rate (BER) can be stably 
reduced to below the required level, meeting the real-time 
transmission requirements for critical downhole parameters 
such as temperature, pressure, and position. Under 
conventional downhole conditions with transmission 
distances ≤500 m and temperatures ≤75 °C, a received SNR 
≥10 dB is sufficient to achieve high-reliability transmission 
with BER below the target threshold. 

(2) The system performance optimization focuses on four 
dimensions: transmitter parameters, coding strategy, 
hardware configuration, and signal preprocessing, with each 
optimization measure having clearly defined adjustment 
values and quantified performance improvements. For 
medium- to high-attenuation media (e.g., saline layers or 
highly mineralized water layers with conductivity of 50–
100 S/m), increasing the transmit power results in a 
synchronous increase in received SNR; specifically, for every 
5 dB increase in transmit power, the receiver SNR rises by 
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5 dB and the system BER decreases by one order of 
magnitude. For example, in a saline layer, increasing the 
transmit power from 10 dBm to 20 dBm reduces the BER 
from [value] to [value]. To reduce the FEC coding rate, the 

convolutional code rate was adjusted from 1/2 to 1/3, 
enhancing error-correction capability by 40%, which 
compensates for 10–15 dB signal loss due to medium 
attenuation and improves transmission efficiency by 10–15%. 

 

 

 

 

(a)25℃ (b)75℃ 

 
(c)125℃ 

Fig 10. Performance curve of signal bit error rate in different environments 
 

(3) For high-temperature downhole conditions (75 °C–
125 °C), lowering the DPSK carrier frequency can 
compensate for phase distortion caused by elevated 
temperatures, resulting in a 50% reduction in BER at the same 
temperature. When using ADC/DAC chips rated for 150 °C, 
compared to 75 °C-rated chips, hardware quantization errors 
under high temperature are reduced by 60%, and signal 
waveform distortion decreases by 40%. For metal-shielded or 
deep-well conditions (including carbon steel casings / well 
depths of 1000–1500 m), increasing the antenna gain from 
2 dBi to 5 dBi triples the received signal amplitude, 
compensating for the additional 10–15 dB attenuation caused 
by the casing. Optimizing the receiver sensitivity from 
−100 dBm to −110 dBm allows detection of weaker 
attenuated signals, extending the effective communication 
distance from 1000 m to 1500 m while maintaining BER 
below the target threshold. For high-noise wells (strong 
downhole electromechanical interference, SNR < 10 dB), 
adding a digital filtering stage can suppress over 90% of high-
frequency electromagnetic interference, improving the 
received SNR by 6–8 dB. By optimizing the FEC interleaving 
depth, increasing it from 256 to 512, the system’s resistance 
to pulse noise improves by 50%, reducing BER from 10ିଶ 
to below 10ିଷ. For wells with significant multipath effects 
(irregular wellbore/strong formation reflections), adjusting 
the DPSK symbol period from 1𝜇𝑠 to 2𝜇𝑠 enhances inter-
symbol interference suppression by 40%. Combined with 

multipath mitigation algorithms, BER caused by multipath 
propagation can be reduced by 60%. 
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