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Abstract: High-speed communication has been a major concern in the oil and gas field for downhole data
acquisition, transmission and exploration. This has necessitated this investigation of the promising license-free
broadband visible light spectrum for improved communication reliability in the oil and gas field. A Visible Light
Communication (VLC) Multiple Input Multiple Output (MIMO) communication link is proposed as the drill pipe
wireless communication link. The proposed model was seen to perform more optimally using the maximum
likelihood detection technique in comparison with zero forcing at reduced bit error rates and improved throughput
relative to increasing values of the Signal to Noise Ratio (SNR). Although this investigation proposes a novel
design of the wireless drill pipe, its adoption will greatly reduce exploration time thereby increasing the return on
investment as data transmission speed increases.

Keywords: Electromagnetic telemetry, MIMO, mud pulse telemetry, Visible Light Communication, wired drill
pipe

1. Introduction

The oil and gas industry have been a global source of revenue generation for quite some time and as such requires
new innovative trends in maintaining its industrial processes among many other industry-based concerns. A major
industry and academic research concern have been geared towards providing a more efficient communication
mechanism between down-holes and surface equipment’s for optimum production efficiency as well as improving oil
well performance [1]. While long range communication mediums have been adapted for downhole communication
especially in restricted areas, reliable high-speed communication mechanism for data acquisition, transmission and
processing still remains a research problem. Communication techniques ranging from wired technologies to wireless
techniques have been deployed invariably in the oil and gas industry encumbered by diverse merits and challenges.
Attainment of efficient communication system cannot be overemphasized in the oil and gas industry with the advent of
smart wells and the prevalent Internet of Things ideologies which is envisioned to interconnect everything over the
Internet. This will definitely require high speed data driving technology for which other industrial processes such as
drilling, monitoring, data transmission and management will thrive.

The evolution of the economic global market-place is gradually altering the way in which we carry out intended
practices with the idea of having an eventual smart and converged ecosystem. This has also influenced the industry as
processes are now becoming smarter with the development of smart wells. The communication channel between
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downhole and surface equipment’s more than ever before now requires new and reliable wireless real time monitoring
systems. A new innovative high-speed communication field — visible light communication system is proposed in this
research undertaking. It is intended that high data rate technique suitable for diverse oil and gas communication using
visible light spectrum be modeled and deployed for reliable and performance driven oil and gas industrial processes [2].

According to [3], diverse techniques have been researched, validated and deployed for communication with
downhole tools in time past. Concerns have been on the average data transmission speed within the communication
link. Some of the techniques used for communicating with downhole equipment’s are mud pulse telemetry being about
the most commonly used [4], electromagnetic telemetry [5] and wired drill pipe telemetry [6]. Using diverse forms of
mud telemetry, the average data transmission rate obtainable is about 5 to 10bps. With electromagnetic telemetry, data
rates up to 100bps have been achieved while wired drill pipes have recorded up to 57Mbps [7]. Following directly from
the evolving and emerging technologies, is the need to transmit at much higher data rates. Despite the progress made in
this research area, overall performance is still adjudged by the time difference in receiving and processing downhole
related data. The problem this research intends to address is to investigate and proffer solution to the data rate challenge
such that techniques for data transmission up to 1Gbps is achieved for communication in the oil and gas field thereby
optimizing overall performance.

1.1 Related Work

The oil and gas field has been in demand of techniques for reliable permanent real time monitoring and control
infrastructure of oil wells for reliable production in the sector. Diverse techniques for communication have been
investigated and deployed ranging from wired architectures, to sensor, wireless sensor infrastructure and wireless
communication deployments. The challenges and merits of differing communication systems have provided the need
for continuous improvement in view of productivity in the sector. Deployed monitoring systems transmitting data to
surface equipment’s among other downhole tools using optical fiber or electrical cables interfacing with surface data
acquisition, transmission and processing devices have been well validated in the literatures [8, 9]. Reservoir monitoring
and control remains a critical metric for efficient optimization and development of oil and gas reservoirs and as such
wireless communication technique can be used to resolve wired communication challenges such as installation rigors,
cost and maintenance [10].

Wireless communication has become the mainstay for global integration across diverse metrics of technology,
economies, governance and institutions to mention a few. With a quick overview of the existing wireless
communication infrastructure, earliest wireless technologies could achieve 2.4kbps data rate [11] in comparison with
the existing wireless communication technology model with the data rate of 30Mbps [12]. In view of the increasing
growth rate of the present data hungry society, data rate revolution is envisaged to achieve at least 1Gbps [13] which
will completely alter the communication pathway in increasing communication efficiency by well over 3,000%. This
will not only improve the performance metric in the oil and gas industry but will absolutely transform the nation as
much more could be achieved in less time.

The increasing demand for oil and gas produce has led to advancements in oil and gas exploration in attempts to
increase production efficiency. Common connections and interactions between oil well, sensors and other control
devices utilizes optical fiber cables and hydraulically operated well valves to collate measurements from oil wells in
view of optimizing production efficiency. Despite the sensor based optical fiber deployment and high temperature and
pressure electronic devices, a reliable wireless telemetry technique that can be deployed permanently over the life time
of the well is still an open research area [14]. Moving forward from wired to wireless technologies, the basic state of
the art wireless technologies deployed for wireless downhole communication are pressure-wave telemetry and
electromagnetic telemetry [14, 15, 16]. In pressure-wave telemetry, pressures pulses are made to propagate through the
drilling or production fluid while in electromagnetic telemetry, well castings or drill strings are employed as the
transmission medium through which electromagnetic waves can propagate to the surface. The basic limitations of these
existing wireless systems remain low data rates, high attenuation and low reliability of the telemetry channel. As efforts
are being made towards achieving high data rates over the entire downhole infrastructure within the wireless
framework, this research is intended to achieve high data rates over surface device communication within the downhole
domain.

In order to make the ecosystem a more amiable place with effective and efficient communication infrastructure for
seamless integration, this research undertaking is therefore dosed with the motive of proposing a possible solution for
high data rate integration within the oil and gas field. The actualization of a high-speed two-way communication
system capable of improving the transmission data rate between drilling, evaluation service providers and surface
equipment’s will enable the instantaneous and immediate real time availability of evaluation and drilling data. This will
increase safety as continuous downhole pressure, high rate drilling string energy transmission data monitoring will be
achieved with improved efficiency, reliability and productivity as processing time will reduce drastically.
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2. Design Method

In order to achieve high throughput/data rates, single carrier schemes in time past were not able to mitigate the
frequency selective related issues of the transmission process [17, 18, 19] from the highly dispersive and multipath
driven wireless channel. This made multicarrier schemes such as the Orthogonal Frequency Division Multiplexing
(OFDM) and Multiple Input Multiple Output (MIMO) techniques ideal for mitigating frequency selectivity [20, 21]
while improving transmission data rate through the use of equalizers [22] and spatial diversity techniques [23].
Alternatively, the multiple links in the MIMO configuration could be separately modulated digitally to achieve the
multicarrier equivalent of the OFDM scheme due to hardware support and design complexity of the OFDM scheme for
real-time applications. In the work of [24], a single carrier single channel VLC model was proposed for wireless gas
pipelines using different constellations of pulse amplitude modulation (PAM) scheme. In recent past, single carrier with
frequency domain equalization (SC-FDE) has been investigated to have similar properties with OFDM as it eliminates
the high peak-to-average power ratio (PAPR) associated with OFDM [25, 26]. To adapt these techniques to the visible
light spectrum for improved data rates, a multichannel VLC MIMO-based technique using space division multiplexing
has been adopted [27, 28]. The system modeling was achieved using the setup shown in Fig. 1. The setup consists of
both hardware and software interface such that a novel signal conditioning module is prototyped for high data rate.
Since the drill pipe consist of devices used for sensing physical quantities, the custom protocol and multichannel
MIMO module is used to process, transform, modulate and map the analog quantities into the required digital format
for spatial multiplexing. The digital-to-analog converter (DAC) is then used to obtain the analog equivalent of the
digital data whose voltage levels are converted to the required output current using the transconductance amplifier
(TCA). The output current is used to drive the light emitting diode (LED) for signal transmission. At the receiving end,
the emitted photons are directly detected by the photodiode (PD) which converts the photon energy to current. The
transimpedance amplifier then acts as the current-to-voltage converter with its output fed into the analog-to-digital
converter (ADC) for further processing, demapping and data recovery using the custom protocol multichannel MIMO
module. In this work, a 15x15 MIMO configuration is deployed using 15 LEDs and 15 PDs vk =12,---15

respectively.

TX, RX;

DAC . TCA ‘ LED PD .| TIA .| ADC
Custom Custom
Protocol * Protocol

Multichannel Multichannel

MIMO MIMO
DAC . TCA ‘ LED PD ‘| TIA »I ADC

TX,, RX,

Optical Filter
Fig. 1 - Visible Light Spectrum data rate prototyping system

Fig. 2 depicts a typical multichannel VLC MIMO drill pipe model where ¢ is the separation distance between
trx

the VLC-MIMO transceivers installed across the drill pipe widthd , over the wireless drill pipe of IengthdI . The
w

transceiver setup is replicated after traversing the distance ¢ so as to prevent attenuation of the communication
trx

coverage. The transceiver units therefore act as signal repeaters along the drill pipe length. The broadband wireless
communication link provided by the VLC-MIMO link provides the interface for high data rate interaction between the
sensor network, bottom-hole assembly (BHA) and the surface equipment for efficient logging while drilling (LWD),
measurement while drilling (MWD) and other performance checks.
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Fig. 2 - VLC MIMO drill pipe model

The channel model of the VLC-MIMO link follows directly from a cross section of Fig. 2 shown in Fig. 3. The
multiple LEDs and PDs form the VLC-MIMO transceiver link.

=
=

Fig. 3 - A typical in-pipe multichannel VLC MIMO configuration

Considering the multipath channel formed by the multiple LEDs and PDs, the channel performance can be

improved by the spatial diversity formed by the multiple links denoted as1,2,...,k . The channel model of the kth link
is given by:

yk = hk Xk + nk Q)

where x, is the kI transmitted signal, Yi is the k™ received signal, h, is the fading coefficient of the k™ Jink and

k k

nk is the noise in the kth link.

The received signal at the kM PD receiver becomes YpYor Y - In order to detect the transmitted signals, the

received signals are linearly combined by weighting the individual received signal such that:

by, +b. b, 2

1y1+ 2y2+...+ kyk @
* - - * - - *

where bk is the conjugate of bk and bk yk is yk weighted by bk

From the foregoing, (2) is of the form:

"

* * * y _H_

[bl by - bk] Fl=b v ©)
Yy

_ H
where b is the vector describing the weight whose Hermitian transpose is p

H- _
The linear combination of the received signal | y is referred to as beamforming where b is the beamforming
vector.
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In relation to (1), the beamformer output becomes

"H_ H_- _H-
b Y=b MX+p n 4)

H_ H-
where |y hx is the signal componentand i, n is the noise component

The estimation of the signal to noise ratio (SNR) follows directly from (4) which enable the selection of the

beamformer b that will maximize the SNR in the design process. While beamforming contributes in making the
communication link more robust, the spatial diversity (multiple transmit LEDs and multiple receive PDs) boost the
achievable data rate of the VLC system. To estimate the SNR, the received signal power is given as the product of the
transmitted power and the channel gain:

X )

where

2
‘ is the channel gain which accounts for the signal path loss.

h
k

Comparing (4) and (5), the signal power becomes

_HJ?
p =|b hl x (6)
r
The received noise power is given as the expectation of the noise component. It is the same as the noise variance
given as:
2 2
r k k
Comparing (4) and (7) yields:
HJ?
n =Ejlp n ®)
r

Since the magnitude of a quantity is the same as the product of the quantity and its conjugate, (8) becomes:

A

_ H_
n = E(nn b] (10)
r
_H_ (-_H
n =p bE(nn J (11)
r
Since the expectation of the noise component is the same as the noise variance, combining (7) and (11) yields:
_H- 2
n =p bO'k (12)

r

H_
Note that ; b is the beamforming component and it is the same as the sum of the beamforming vector of the
individual link for all the links1.2,...,k . It is the magnitude of the beamformer and it implies the square of the
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beamforming component

2
‘ . Hence, the summation of the magnitude is the same as the norm of the vector whose

b
k
squared value is the same as the length squared of the vector given as:
— 2
= 13)
The noise power of (12) follows directly from (13) and it defines the noise power at the beamformer’s output as:

nr= bO'k O'k”b” (14)

Hence, the SNR derives directly from (6) and (14) as the ratio of the received signal and noise powers:

H_2

b h x

SNR = (15)

H_
b bO'n
For reliable signal detection, the effects of zero forcing (ZF) and maximum likelihood (ML) detection techniques
[2] were compared for the VLC MIMO system. ZF detects and nullifies interfering signals by imposing a weight whose

effect is to invert the effect of the multipath channel such that:

XZF =X+ nZF (16)
where XZF is the detected signal, x is the desired signal, ﬁZF is the product of the ZF imposed weight bZF and
channel noise n given by [29]:

YHn—b 17
zF (h h) n=bze" (17)

where h is the Hermitian transpose of the channel gain.

ML estimates the received signal by computing the Euclidean distance between the received signal vector and the
product of the interfering signal vectors and the channel gain. The preferred signal is the one with the minimum
distance. For a given signal constellation y and k number of transmit antennas, the estimated transmitted signal vector
using ML is given by [30]:

R . 2
R\ = min||y — hx| (18)

Xey

3. Results

The BER and throughput performances relative to the detection techniques are shown in Fig. 4 and 5 respectively.
Fig. 4 compares the error performance of ZF and ML of the VLC-MIMO link. The ML detection is seen to outperform
the ZF technique with lower bit error rates at increasing SNR. At 25dB, ZF and ML achieved BER of 0.014 and

1x10_4 respectively. The throughput performance further showed the superiority of the VLC-MIMO based
configuration with an average throughput of 1.38Gbps and 640Mbps using ML and ZF detection techniques
respectively. At increasing SNR values, the throughput performance is seen to measure up to 1Gpbs at 35dB using ZF
detection while ML was seen to achieve about 3Gbps which further typifies an improvement in transmission speed.
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Bit Error Rate Performance of the VLC-MIMO System

| |—=—Zero Forcing
| |—=—Maximum Likelihood
10 '
0 5 10 15 20 25 30 35
SNR (dB)
Fig. 4 - BER performance comparison of the VLC-MIMO system

4Throughput Performance of the VLC-MIMO System
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Fig. 5 - Throughput performance comparison of the VLC-MIMO system

Average Throughput (Mbps)

4. Conclusion

High-speed wireless drill pipe technology has been proposed using spatially multiplexed visible light
communication MIMO technique. Throughput up to 3Gbps and 1Gbps were achieved using maximum likelihood and
zero forcing detection technique at 35dB respectively. This model could be adopted in the design of high performance
wireless drill pipes for downhole exploration in the oil and gas field as the transmitting and receiving nodes are
replaced by multiple light emitting diodes and photodetectors respectively.

Acknowledgement

The authors gratefully acknowledge the sponsorship of this project by the Petroleum Technology Development
Fund (PTDF) under the grant award number P4567720076521527 in view of developing optical wireless transceivers
for downhole exploration.

52



Ibhaze et al., J. Sci and Tech Vol. 12 No. 2 (2020) p. 46-54

References

[1] Augustus E. Ibhaze, Patience E Orukpe, and Frederick O Edeko, (2020). Li-Fi Prospect in Internet of Things
Network, in FICC2000, Advances in Information and Communication, K. Arai et al., Ed. Cham, Switzerland:
Springer Nature, 1129, ch. 21, pp. 272 - 280.

[2] Augustus Ehiremen Ibhaze, Patience Ebehiremen Orukpe, and Frederick Obataimen Edeko, (2020). High
Capacity Data Rate System: Review of Visible Light Communications Technology, Journal of Electronic Science
and Technology, https://doi.org/10.1016/j.jnlest.2020.100055.

[3] Saleh M Mwachaka, Aiping Wu, and Qingging Fu, (2018). A review of mud pulse telemetry signal impairments
modeling and suppression methods, Journal of Petroleum Exploration and Production Technology, 9, pp. 779-
792.

[4] Mouhammed Jandal Berro and Matthias Reich, (2019). Laboratory investigations of a hybrid mud pulse telemetry
(HMPT) — A new approach for speeding up the transmitting of MWD/LWD data in deep boreholes, Journal of
Petroleum Science and Engineering, 183, p. 106374.

[5] Shubin Zeng, Dawei Li, Donald R Wilton, and Jiefu Chen, (2018). electromagnetic telemetry in deviated and
horizontal drilling, Journal of Petroleum Science and Engineering, 166, pp. 242 — 248.

[6] Dan Sui, Olha Sukhoboka, and Bernt Sigve Aadngy, (2017). Improvement of Wired Drill Pipe Data Quality via
Data Validation and Reconciliation, International Journal of Automation and Computing, pp. 1 - 12.

[7] Stephen T Edwards et al., (2013). A Summary of Wired Drill Pipe Field Trials And Deployment In Bp, in
SPE/IADC Drilling Conference, Amsterdam, The Netherlands, pp. SPE-163560-MS.

[8] Robert Cannon and Fred Aminzadeh, (2013). Distributed Acoustic Sensing: State of the Art, Society of Petroleum
Engineers, p. SPE 163688.

[9] Eisler B and Lanan G, (2012). Fiber Optic Leak Detection Systems for Subsea Pipelines, in Offshore Technology
Conference, Houston, Texas.

[10] Muhammad Arsalan, Talha J. Ahmad, Mohamed N Noui-Mehidi, and Saudi Aramco, (2014). Review of
Downhole Wireless Communication Techniques, Society of Petroleum Engineers, pp. SPE-171706-MS.

[11] Bernard J. T Mallinder, (1988). Specification Methodology applied to the GSM system Applied to the GSM
System, IEEE 8th European Conference on Electrotechnics, Conference Proceedings on Area Communication,
pp. 458 - 461.

[12] Chen Shanzhi, Sun Shachui, Wang Yinmin, Xiao Guojun, and Rakesh Tamrakar, (2015). A Comprehensive
Survey of TDD-Based Mobile Communication Systems from TD-SCDMA 3G to TDLTE (A) 4G and 5G
directions, IEEE China Communications, 12(2), pp. 40 - 60.

[13] Shanzhi Chen and Jian Zhao, (2014). The requirements, challenges, and technologies for 5G of terrestrial mobile
telecommunication, IEEE Communications Magazine, 52(5), pp. 36 - 43.

[14] Nicholas G. Franconi, Andrew P. Bunger, Ervin Sejdic, and Marlin H. Mickle, (2014). Wireless Communication
in Oil and Gas Wells, Energy Technology - Wiley Online Library, 2, pp. 996 - 1005.

[15] Poh Kheong Vong, D. Rodger, and A. Marshall, (2005). Modeling an electromagnetic telemetry system for signal
transmission in oil fields,"” IEEE Transactions on Magnetics, 41(5), pp. 2008 - 2011.

[16] Qiuzhao Dong, German Cortes, Marc Lahitte, Darwin Luna, and Jiefu Chen, (2016). A novel downhole antenna
for measurement-while-drilling electromagnetic telemetry, 2016 Progress in Electromagnetic Research
Symposium (PIERS), pp. 3358 - 3358.

[17] Suneel Kumar, Prabha Tomar, and Aasheesh Shukla, (2015). Effectiveness of OFDM with Antenna Diversity,
IEEE International Conference on Communication, Control and Intelligent Systems, pp. 172 - 175.

[18] Augustus E. Ibhaze, Frederick O. Edeko and Patience E. Orukpe, (2020). A Signal Amplification-based
Transceiver for Visible Light Communication, Journal of Engineering, 11(26), pp. 123 - 132.

[19] Augustus E. Ibhaze, Patience E. Orukpe, and Frederick O. Edeko, (2020). A Simplified Approach for Single
Carrier Visible Light Communication Transceiver using off-the-shelf Components, International Journal of
Applied Research and Smart Technology (ARSTech), In Press.

[20] Thanh Hai Vo, Shinya Kumagai, Tatsunori Obara, and Fumiyuki Adachi, (2013). Analog Single-Carrier
Transmission with frequency-domain Equalization, IEEE 9th Asian-Pacific Conference on Communication, pp.
698 - 702.

[21] Sudershan Mukherjee and Saif Khan Mohammed, (2016). Impact of Frequency Selectivity on the Information
Rate Performance of CFO Impaired Single-Carrier Massive MU-MIMO uplink, IEEE Wireless Communication
Letters, pp. 1-4.

[22] H. Sari, G. Karam, and I. Jeanclaud, (1994). Frequency-domain equalization of mobile radio and terrestial
broadcast channels, IEEE GLOBECOM, 1, pp. 1-5.

[23] Dirk Slock, (2008). Diversity-Multiplexing Tradeoff simplified Receivers for frequency-selective MIMO
Channels, IEEE 16th European Signal Processing Conference, pp. 1-5.

[24] Farshad Miramirkhani, Murat Uysal, Omer Narmanlioglu, Mohamed Abdallah, and Khalid Qarage, (2018).
Visible Light Channel Modeling for Gas Pipelines, IEEE Photonic Journal, 10(2), p. 7903110.

53



Ibhaze et al., J. of Sci. and Tech Vol. 12 No. 2 (2020) p. 46-54

[25] David Falconer, Sirikiat Lek Ariyavisitakul, Anader Benyamin-Seeyar, and Brian Eidson, (2002). Frequency
domain equalization for single-carrier broadband wireless systems, IEEE Communications Magazine, 40(4), pp.
58 - 66.

[26] Hikmet Sari, Georges Karam, and Isabelle Jeanclaude, (1995). Transmission techniques for digital terrestrial TV
broadcasting, IEEE Communications Magazine, 33(2), pp. 100 - 109.

[27] S.H. Han and J.H. Lee, (2005). An overview of peak-to-average power ratio reduction technique for multicarrier
transmission, IEEE Wireless Communication, 12(2), pp. 56-65.

[28] Meena Dasan, Fredy Francis, Kundil T Sarath, Elambilayi Dipin, and Talabattula Srinivas, (2019). Optically
Multiplexed Systems: Wavelength Division Multiplexing: IntechOpen.

[29] Yong Soo Cho, Jaekwon Kim, Won Young Yang, and Chung G Kang, (2010). MIMO-OFDM Wireless
Communications with Matlab. Singapore: John Wiley & Sons (Asia) Pte Ltd.

[30] Z C Wang, Q Wang, W Huang, and Z Y Xu, (2017). Visible Light Communications: Modulation and Signal
Processing. New Jersey: John Wiley & Sons.

54



