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Abstract—In-situ monitoring of oil reservoirs is crucial for
determining the sweet spot of oil and natural gas reserves.
Wireless sensor nodes are a promising technology to collect data
from oil reservoirs in real time, such nodes are not sufficient for
transmitting the required data within a power budget because
of limitations caused by the very small size of sensors and the
environment. To overcome limitations caused by harsh environ-
mental conditions and power constraints, this paper proposes an
accurate energy model framework of a linear oil sensor network
topology that gives feasible sensors’ transmission rates and sensor
network topology while always guarantees enough energy. Since
the magnetic induction communication channels is employed,
we first examine the non-flat MI fading channels to obtain the
accurate received signal qualities. Then, we design MI-based
modulation and error control coding schemes and evaluate the
energy consumption for MI transmissions to determine optimal
sensors’ transmissions rate and number of sensors while sensors’
packet error rate and energy constraints are satisfied at the same
time. we confirm the accuracy of our model via theoretical and
simulation evaluations.

I. INTRODUCTION

Unbridled growth in the developing world is increasing
global demand for energy. By 2050, oil is projected to
comprise over 50% of the total global energy consumption
[1]. However, the oil in reserves is diminishing at a rapid
pace. Further exacerbating the global energy crisis, the current
achievable oil recovery rate, which is the ratio of recoverable
oil to total oil in the reservoirs, is less than 60% despite the
use of state-of-the-art extraction technologies [2]. Hence, to
guarantee global energy security, we must increase the current
oil recovery factor. An increasing recovery factor requires
the optimal development of oil/gas fields and the optimal
management of the recovery process, both of which necessitate
real-time and high-resolution physical/ chemical information
such as pressure, temperature, and fluid type of the entire oil
reservoir. A more thorough understanding of such information
could help us significantly increase the recovery factor.

The remote monitoring system [3] and intra-wellbore moni-
toring systems [4] are not able to measure data deep inside oil
reservoirs, and no existing technology has been able to provide
real-time and in-situ monitoring of oil reservoirs [5]. However,
in-situ sensing techniques for collecting information through-
out reservoirs have drawn a great amount of attention from
industry and the research community. Currently, most efforts
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Fig. 1: The system architecture of the MI-based sensor network
inside oil reservoir

have been devoted to the development of small and compatible
sensors that can stand the severe oil reservoir environment [2].
Such wireless sensor nodes have been successfully injected
into oil reservoirs [6], as shown in figure 1, depicting a typical
oil reservoir environment with a hydraulic fracture. Oil is ex-
tracted from a wellbore drilled into underground oil reservoirs
at a depth of around 7,000 feet, and hydraulic fracturing is
used to make a thin crack inside the rock formation to access
more oil and natural gas. To deploy wireless sensor nodes
in fractures during the hydraulic fracturing process, we need
to address the research challenges of existing wireless sensor
networks (WSNs): extremely high path loss, infeasibility of
radiating wireless signals, and a prohibitively short system
lifetime [7].

To overcome the underground oil reservoirs challenges,
WSNs based on the magnetic induction (MI) technique was
proposed in [8]. Classical electromagnetic (EM) waves cannot
work properly in the underground oil reservoir environment.
This oil environment consist of crude oil, gas, soil and
rocks which are very significant material absorptions for EM
waves. Consequently, the path loss in such environment is
excessively high resulting in extremely short communication
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range, unreliable channel conditions, and large antenna sizes
which is very crucial element in underground sensor nodes.
In order to use very small antenna, the EM waves need
to radiate over a frequency of hundreds of GHz or several
THz. The propagation of such high frequency signals in the
oil reservoirs is very difficult [7]. The unreliable channel
brings design challenges for the EM-based sensor nodes and
networks to achieve both satisfying connectivity and energy
efficiency. These challenges prevent using EM-based WSNs
in the underground oil reservoirs.

Instead of using EM waves, the alternative solution is the
MI technique which enables wireless communication in the
underground oil reservoirs and deals with the underground
challenges. It transmits the data over the near magnetic field
of antennas resulting in achieving constant channel conditions
using small size antennas. These special characteristics prompt
the MI communication in underground oil reservoir environ-
ments. In our case, the sensor nodes use an MI coil antenna
to generate and receive wireless signals through magnetic
coupling. The near magnetic field generated by the MI coil
can efficiently penetrate a high-loss oil reservoir channel and
realize the wireless communication [9]. It should be noted
that the power issue is extremely critical for sensors in oil
reservoirs. The capacity of transmitting sensing data depends
on the harvested energy. Once the senors are injected into a
fracture, they cannot be replaced. Thus, we need to address and
analyze an accurate energy model to ensure sufficient power
to sensor nodes inside oil reservoirs and to enable real-time
monitoring by sensor networks.

In this paper, we first investigate MI channel models and
physical-layer communication functionalities. Then, we pro-
pose an accurate energy planning framework to facilitate self-
contained sensor networks in oil reservoirs. Specifically, this
framework gives feasible sensors’ transmission rates and sen-
sor network topology while always guarantees enough energy
for all sensors. To the best of our knowledge, this work is the
first to provide optimal energy planning in terms of sensors
density and data rates for wireless self-contained sensor net-
works in challenged oil reservoir environments. The remainder
of this paper is organized as follows. Section II introduces the
system model of sensor nodes in oil reservoirs, and section
IIT discusses the influence of magnetic-inductive channels
on communication functionality in oil reservoirs. Section IV
discusses optimal energy planning framework for wireless self-
contained sensor networks, and Section V provides numerical
results. Section VI summarizes the conclusions.

II. SYSTEM MODEL

In this section, we explain the system model for oil reser-
voirs wireless sensor network and the energy consumption
and harvesting model of the entire sensor network system.
Figure 1 illustrates the system architecture of the MI-based
sensor network, which has two layers:

1) Sensor nodes in the oil-fractured reservoir, which are

injected into the fracture during the hydraulic fracturing
process. Since the fracture is very thin, their positions are
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Fig. 2: The network topology of the MI-based sensor network
inside the oil fractured reservoirs

randomly distributed and linear inside the fracture. The
wireless sensor nodes have no power source, but they are
wirelessly charged by the radiation of the base station
inside the wellbore.

2) A base station, which consists of a large antenna at the
wellbore connected to an aboveground gateway.

A. Linear Network Topology in Oil Reservoirs

The oil reservoir’s fractures characteristics determines the
network topology. Fractures, which average 0.01 m wide and
1 m high, can reach up to 100 m long. Based on the fractures
characteristics, The positions of the sensors are random, static,
and linear inside the fracture. Thus, we assume a static linear
topology for the wireless sensor network inside the fracture as
illustrated in figure 2, which shows that energy is transferred
and harvested in a one-hop energy fashion while data are
transmitted in a multi-hop fashion. According to the system
architecture described previously, we propose a three-stage
operational structure as follows:

1) A one-hop radiative energy charging stage in which the
base station radiates energy into a fracture and commu-
nicates with the sensor nodes. The base station is located
at the wellbore and equipped with very high transmission
power antenna which allows the usage of MHz frequency
to radiate EM signals and transfer the energy through the
oil reservoir medium to the MI sensor nodes distributed
in the oil-fractured reservoir.

2) A multi-hop MI-communications stage in which the sen-
sor nodes utilize the MI communication mechanism to
transmit the sensed data to the nearest neighbor node,
and by consecutive relaying, the multi-hop transmission
route is used to transmit the data back to the base station.
The sensor nodes have no self-power source but harvest
energy from EM radiation by the base station. It should
noted that the sensor nodes will not operate until they
collect sufficient energy.

3) A backbone communications stage in which the base
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station receives the sensed data from the sensor nodes
in the fractures and then forwards the data through an
above-ground gateway.

B. Energy Consumption and Energy Harvesting for Wireless
Self-Contained Sensor Networks

The downlink energy charging operates in one-hope fashion
to charge the entire sensor network. Due to the very narrow
fracture, the size of sensor nodes is extremely small which
limits the battery capacity. Consequently, the small battery
cannot store enough power for the sensors to perform the com-
munication and sensing functionalities. Due to this limitation,
the battery is replaced by ultra-capacitor to store the harvested
energy for the sensor operations. Accordingly, it is very crucial
to obtain accurate energy charging and consumption model
since the capacity of transmitting sensed data depends on the
harvested energy. From the channel models obtained in [8],
the base station antenna generates an EM field in the MHz
frequency range to transfer energy and transmits data to the
sensor nodes in the fracture. The EM field will be influenced
by inhomogeneous environment, and various fluids, such as
crude oil and proppants inside the fracture. The main materials
outside of the fracture are soil and rock, as shown in Fig
1. As a result, the liquids and materials affect the path loss
of downlink channels accordingly. Hence, a balance between
transferred energy and consumed energy is mandatory in order
to enable the entire sensors network to perform all the sensing
activities and rely the data to the base station.

III. INFLUENCE OF MAGNETIC-INDUCTIVE CHANNELS ON
COMMUNICATION FUNCTIONALITY

To support reliable MI transmissions in underground, the
peculiarity of MI communication channels (i.e., non-flat fading
in frequency response) should be investigated in detail. In this
section, we first examine the non-flat MI fading channels to ob-
tain the accurate received signal qualities. Based on these, we
design MI-based modulation and error control coding schemes
and evaluate the energy consumption for MI transmissions.

A. Non-Flat Magnetic Inductive Fading Channels

As magnetic induction serves as a feasible solution for
underground communication [8], a careful examination for
its peculiar channel response is needed. First, as shown in
figure 3, coil antennas are used as the front-ends for MI
transmissions among sensors, and the near-magnetic field of
coils are employed to disseminate the information. Our pre-
vious work [8] shows that MI communication encounters less
channel variations than the EM waves, where the undesired
noise, mainly from the thermal vibration of circuit elements,
lets Additive White Gaussian Noise (AWGN) to be applicable
as an accurate assumption for the channel. Specifically, the
received MI signal can be formulated as

r(t) = s(t) * h(t) + n(t) (1)

where s(t) denotes the transmitted signals from a sensor
transmitter, h(¢) denotes the impulse response of the MI

LN, V.

Fig. 3: Front-ends and receiver architecture for MI communi-
cation.

channel, and n(t) is for environmental noise. Second, through
the matched filter design for MI receiver architecture, shown
in figure 3, the received MI symbols are calculated as

TkZ/O [S(t) * h(t)]fk(t)dt +/0 n(t)fk(t)dt

Ssp+ng, 1<k<n 2)

where nj is a Gaussian random variable with zero mean
and Ny/2 variance and fj, corresponds to the kth operating
frequency. It implies that the mean and variance of received
MI symbol 7y, are respectively

Efri] = s and 63k_ = 572% = %Ng. 3)

These values will be used to calculate the energy consumption
of MI transmissions in later sections. In addition, with the aid
of the transformer model for MI-based transceivers in general
underground settings from our previous study [10], we are able
to accurately characterize the channel response HMI(f) for
Ml-based transmissions in specific oil reservoirs.

Figure 4 shows the frequency response and 3-dB bandwidth
of MI channels in oil reservoirs. Specifically, through precise
parameter settings for oil reservoirs, the results indicate that
the transmission bandwidth of this MI system is still around
1 KHz (as similar to the case in general underground envi-
ronments in [10]) with 10 MHz operating frequency. The 1
KHz transmission bandwidth will be enough for the specific
applications of oil reservoir sensing and monitoring. Moreover,
in this bandwidth, the MI channel response lies non-flat,
which significantly affect the received signal qualities and the
designs of communication functionalities. In the following, we
consider this effect in modulation and error coding scheme.

B. Magnetic Inductive-Based Modulation and Error Control
Coding

Based on our previous study [10], complicated modulation
techniques cause more energy consumption and are not recom-



IEEE ICC 2017 Ad-Hoc and Sensor Networking Symposium

oy
N

|

(o))

(W)}
T

o
N
‘

3-dB line

N
Q
,

Received power [dBm]
&
[0}

o
o
‘

-70

9.98 9.99 10 10.01 10.02
Frequency [MHz]
Fig. 4: Frequency response HM(f) of MI channels in oil
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mended for energy-constraint underground sensor networks.
To this end, we select two simple but suitable modulation
schemes, BPSK and 16-QAM, for our specific application
of oil reservoirs. Moreover, due to the non-flat MI channel
response, we jointly consider the power spectral density (PSD)
of modulated signals and the channel response, when evaluat-
ing received signal strengths and bit error rates (BERs). The
details are given as follows.

Assume the rectangular shaping pulse is adopted for MI-
based transmissions. The PSD for PSK and QAM modulations
can be obtained as follows:

PSDpsi(f) = A2T,6%( sin(m f)Ts )2;

e “)

PSDgam(f) = AZT‘;éf(%)z,

where T denotes the symbol duration, A and 53 denotes
the magnitude and the variance of MI signals, respectively.
Let EMI and EM! be the received energy of one bit and
one symbol over MI channels, respectively. This implies that
EMI = EMI [10g, M for MQAM modulation. Hence, given
E, as the energy of transmitted signal s(t), we obtain the
received energy under modulation scheme x as

BW
. / PSD,(f)HM(f)df
E =F .

S - S

BW )
/ PSD,(f)df

This implies that in order to capture the non-flat fading effect,
the equivalent energy loss due to MI transmissions has more
complicated form (i.e., through the integration over the product
of signal PSD and channel response). Figure 5 shows a case
study for 16-QAM modulated MI signals. The results indicate
that as the feasible transmission bandwidth is small (i.e.,
around 1 KHz) for MI communication, the signal PSD can
be seen as a constant in this bandwidth, which will be true for
most of widely-used modulation schemes. Hence, the energy
calculation in Eq. (5) will be greatly simplified. Finally, with
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Fig. 5: Frequency response H™!(f) of MI channels and the
PSD of the 16-QAM modulated MI signal.

above accomplishments, we can obtain the BER for BPSK and
MQAM modulated MI signals, respectively, as

-~ 2EMT
é'PSK ~ Q < J\?O ) ;

We further consider the MlI-based channel coding as
follows. Specifically, automatic repeat request (ARQ) re-
quires timeouts and acknowledgements, which are great over-
heads for energy-limited underground sensor networks. Hence,
we select forward error correction (FEC) to enhance link
transmission reliability. In particular, multilevel cyclic BCH
(Bose, Ray-Chaudhuri, Hocquenghem) codes are preferred,
because of its energy-efficiency as compared to convolutional
codes [11]. To this end, we adopt BCH codes BCH (n, k,t)
with rate R¢ = k/n in our work, where n denotes the
block length, k denotes the payload length, and ¢ denotes the
correcting capability of bit error (i.e., ¢ < n). Specifically,
given the BER ¢ from Eq.(6) and L[bit] as the packet length,
the packet error rate (PER) ®; for the data transmissions

MI (6)
3logy, M Ey
M-1 No .
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between sensors x; and x;y; is obtained as

( ’; )55(1 —&)nIEL @)

n

Oi(d)=1-[1- >

j=t+1

where d; denotes the distance between sensors x; and ;1.
This PER can be further approximated as

va)~F13 (1 )ea-ar ®

i= N

As a result, to establish reliable MI communication, we
formulate the end-to-end (i.e., from a sensor to the BS in the
wellbore) PER constraint as follows: for sensor z;,7 € N with
1 hops to the BS in the linear topology,

1—(1—®;(d;))" < D%, 9)

where ®5%¢ is a given tolerable maximum end-to-end PER.
It implies the end-to-end PER should be no greater than the
given tolerable value. Upon this stage, we have completed
the study of non-flat fading effect in modulation and channel
coding designs.

Energy consumption for MI transmissions: Based on
the energy modeling in Eq. (5), we are able to characterize
sensors’ energy consumption from uplink data transmissions.
Specifically, the energy consumption per bit for sensor x;,7 €
N with MQAM can be modeled as follows:

Es
logy M

+ 2E¢te, (10)
where Eglec is from the required energy per bit by the trans-
mitter and receiver electronics (e.g., PLLs, bias current, etc.)
This will be incorporated in our energy planning framework
in Section IV.

IV. OPTIMAL ENERGY PLANNING FRAMEWORK FOR
WIRELESS SELF-CONTAINED SENSOR NETWORKS

In this section, based on the detailed examination of MI
channels and physical-layer communication functionality, we
propose an accurate energy planning framework to facilitate
self-contained sensor networks in oil reservoirs. Specifically,
this framework gives feasible sensors’ transmission rates and
sensor network topology while always guarantees enough
energy for all sensors. That is, we formulate the optimization
problem of optimal energy planning as follows:

[Optimal Energy Planning.]

N
max i (11a)
{Nih N ;
s.t. 1—(1—®(d;))" <@, Vie N;  (11b)

> XRSB! (d)) + 2E5'°) < Bf', Vi € Nllc)
j=1

where E" and \; denotes the harvested energy (from a stable
energy source of the BS) by and the transmission rate of sensor
x;, respectively. The objective function in Eq. (11a) gives the

total transmission rate for all N sensors. The constraint in Eq.
(11b) is from the consideration of reliable MI transmissions for
all sensors (i.e., applying Eq. (9) for all z;,7 € N.) Also, the
constraint in Eq. (11c) implies that the consumed energy due
to data transmissions by a sensor should be no greater than the
harvested energy by that sensor. Therefore, this optimization
problem will determine the optimal sensors’ transmissions rate
and the optimal number of sensors, while satisfy sensor’s PER
and energy constraints at the same time.

To characterize the energy harvesting (i.e., E! Vi € N)
from the BS in the wellbore, we adopt the recent results for
a energy transfer model in [12]. Specifically, given d as the
distance from the BS to a specific sensor, the corresponding
path loss for this downlink channel can be formulated as
A+ A2d2 e—Asd}

(12)

LDL(d)%—l()lg{ 7

N2w2u§l2r4k§sin20 N2w2u§l2r4k§sin20
where A; = RV o R and Ay = — SRR

are the parameters related to the environments (i.e., the frac-
ture) and coil antenna designs, and A5 = 2/ characterizes the
skin-depth effect for underground transmissions. The model
parameters are: kp is the wavenumber inside the fracture, ko
is the wavenumber outside the fracture, uo is the effective
permeability of the soil and rocks outside the fracture, w is the
angular frequency, ! is the length of the base station antenna,
R; is the input resistance of the base station antenna, d is
the distance between the base station and the oil mole. R,
is the resistance of the coil (antenna of oil mole), r is the
radius of the coil, IV is the number of turns of the coil,and 6
is the angle of the coil positions. The details can be found
in [12]. Moreover, with this path-loss formulation and the
linear network topology in figure 2, we formulate the harvest
energy by sensor z; as follows:

n

24+ (> d)? ),

i=1

El' =Tfn;PrxLpy (13)

where T and 7; denotes the charging time and the energy
conversion rate of sensor xz;, and Prx is the transmitted power
of the BS. As a result, the formulated energy planning problem
in Eq. (11) can be easily solved by commercial software
solvers through an exhaustive searching.

Working on the network planning problem of a large
number of sensors, system architect often does not require
precise values, but rough and meaning results for sensor’s
transmissions rate and network topology. Towards this, we
simplify the formulation in Eq. (11) with the consideration
of \j =\, d; =d, RY = R°,Vi € N as

max N
AN
N ee.
s.t. 1—(1-=®(d)" <74 (14a)

iINRC (EMI(d) + 2E¢'*) < B, Vi € N. (14b)

This problem then can be solved time-efficiently by the
proposed Algorithm 1.
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Algorithm 1: Fast Optimal Energy Planning.

1set N =1;
2 repeat
3 calculate
AN =min<y Bl /[iRC (B! (d) + 2E5€)]
4 set N =N +1;
5 until N > log; _gq)) (1 — 25);
6 N* = argmax; i\’ and \* = AN
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Fig. 6: Charging and consumed energies in self-contained
sensor networks.

V. NUMERICAL RESULTS

This section numerically evaluate the wireless energy charg-
ing model and the energy consumption model and points out
the effect of bite error rate and packet error rate. It also
shows packet error rates for 16QAM and BPSK modulation
techniques and for different BCH codes. We set the parameters
as follows. The transmission bandwidth is 1kHz, the packet

size is 100 bytes, and the operating frequency is 10 MHz.

-#-BPSK;No FEC

- - BPSK;BCH(63.57,1)
BPSK;BCH(63,39.4)

—0-BPSK;BCH(127,71.6)
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16-QAM;BCH(63,57,1)

-6-16-QAM;BCH(63,39,4)

——16-QAM;BCH(127,71.6)

1 0()‘
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Fig. 7: Packet error rate(PER) vs SNR (dB) for BPSK

and 16QAM modulation techniques and BCH(n,k,t) coding
schemes.
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Error Control Codings

0 I
No FEC

Fig. 8: Optimal transmission rate for BPSK and 16QAM
modulation techniques and BCH(n,k,t) coding schemes.

Figure 6a shows the minimum amount of transmission
power required to enable inter-sensor communication via the
MI channel in oil reservoirs. As the distance between the
two sensor nodes increases, the required transmission power
also increases dramatically as a result of the complicated
transmission medium. Figure 6b shows the harvested energy
as a function of the distance between the base station and the
sensor nodes in the oil fracture over charging time of 1 hour.
The wireless energy charging model shows the power received
by the sensor nodes overcoming the oil fracture conductivity
constraints. For example, at a 25 m distance from the base
station, the harvested energy is around -10 dBmJ, which is
enough to charge the ultra-low power MI-based sensor nodes.

Figure 7 shows PER versus SNR for 16QAM and BPSK
modulation techniques and for different BCH(n, k, t) codes
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and no FEC scheme.The transmission range is set to 2 m and
the packet length is set to 100 Bytes. The working temperature
is selected as 283 K. While BPSK achieves smaller BER for
any given SNR among modulation techniques, it brings the
best PER performance for every channel coding schemes. In
addition, while consuming more energy to perform, the power-
ful coding schemes (i.e., with high error correcting capability)
keep less PER for any given SNR. A trade-off exists between
energy consumption and transmission quality. Figure 8 shows
the optimal total transmissions rate of the entire network with
respect to different modulation and coding schemes. The total
charging time is set to 1 hour. The results implies that BPSK
can bring higher transmission rates than 16QAM, regardless of
channel coding schemes. Also, in average, 8 Kbps per sensor
can be achieved by the investigated modulation and coding.

VI. CONCLUSION

This paper proposed optimal energy planning of a linear oil
sensor network topology that ensures accurate energy model
that provides optimal sensors transmission rates and optimal
sensor network planning. We showed how the inhomogeneous
environment strongly affects the downlink and uplink channels
inside oil reservoirs. Since the magnetic induction communi-
cation channels is employed, we examined the non-flat fading
nature of MI communications to obtain the accurate received
signal qualities for reliable MI communications inside oil
reservoirs. Then, we designed MI-based modulation and error
control coding schemes and evaluated the energy consumption
for MI transmissions to determine optimal sensors’ transmis-
sions rate and number of sensors while sensors’ packet error
rate and energy constraints are satisfied at the same time.
We also evaluated the modulation and error control coding
to transmit data between nodes. We obtained the optimal
total transmissions rate of the entire network and number of
sensors while sensors PER and energy constraints are satisfied.
We confirmed the accuracy of our model via theoretical and
simulation evaluations.
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