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Abstract

In the past decade, rapid advances in distributed optical fiber sensing technologies have made it possible

to record various geophysical data (e.g., strain, temperature, and pressure) continuously in both time and 

space along the fiber, providing an unprecedented quantity and spatial density of data compared to 

traditional geophysical measurements as well as reducing data acquisition cost. To date no distributed 

fiber-based electromagnetic (EM) field sensing system has been implemented although EM sensing could 

have a broad range of applications to geophysical imaging and monitoring in borehole environments. The 

goal of this paper is to provide a theoretical feasibility study regarding the design and use of an EM 

sensing optical fiber for geophysical applications. First, we present the sensitivity analysis of a 

‘hypothetical’ optical fiber coated with polyvinylidene fluoride (PVDF), a polymer that provides 

relatively high piezoelectric properties, yet unlike ceramics, is flexible. Using a two-dimensional (2D) 

EM modeling algorithm, we simulate the earth electric-field -to-fiber-strain transfer function and estimate 

the theoretical sensitivity of the optical fiber to electric fields. Given state of the art distributed acoustic 

sensing strain sensitivities in the pico-meters (pm) strain range, our numerical modeling analysis suggests 

that a perfectly coupled PVDF coated optical fiber can measure electric field values in the mV/m to V/m 

amplitude range. We then apply a cylindrically symmetric modeling algorithm to simulate numerical 

models demonstrating the applicability of such a fiber in an oilfield environment. Scenarios investigated 

employ an electric field source and suggest that the measurements can be used to distinguish the oil 

versus water ratio with a fiber mounted inside a producing oil well, as well as distinguishing between 

brine and hydrocarbon filled reservoir zones with a fiber located outside of the casing. 

Data Availability Statements:

Data associated with this research are available and can be obtained by contacting the corresponding 

author.
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Introduction

In the past decade, the geophysics community has seen a surge in the use of optical fibers sensing 

technologies as distributed sensors (Henderson et al., 2009; Ranjan and McColpin, 2013; Read et al., 

2014; Dou et al., 2017; Martin et al., 2018; Karrenbach et al., 2019) for various types of measurements. 

The optical fiber operates as a distributed sensor using an interrogator that sends pulses of laser light 

through the fiber and records backscattered signals that are produced by either naturally occurring or man-

made imperfections in the fiber. For example, an optical fiber can be used as distributed pressure and 

temperature sensing tools in near-surface and borehole environments. Distributed acoustic sensing (DAS) 

has been widely adapted in seismic monitoring at oil/gas fields as well as geological CO2 sequestration 

sites (e.g., Harris et al, 2017 and Correa et al., 2019). Multiple optical fibers for different purposes are 

often engineered into a single cable that is permanently emplaced on the inner and/or outer surface of a 

well casing which provides continuous measurements of various formation properties.  

The primary benefits of optical fiber sensing over conventional geophysical instruments include 

continuous distributed measurements in both time and space, a compact size that provides minimal 

problems when installed inside or outside a casing, and fast data acquisition at low cost and strong 

durability in harsh downhole environments (Daley et al., 2013). In contrast, one major drawback of the 

optical fiber sensing is that its signal-to-noise ratio (SNR) is often lower than that of conventional 

geophysical sensors. However, the optical fiber offers several orders of magnitude higher sensor density 

than the conventional pointwise sensors and continuous measurement capabilities, and thus spatial 

averaging and stacking may be able to provide for a better SNR. In terms of temporal stacking, we know 

that random noise will be reduced by (n)-1/2 where n is the number of stacks in time. We assume the same 

type of noise reduction will be provided via spatial averaging, that is (l)-1/2 where l is the length of the 

fiber over which the averaging is conducted, though this will only be verifiable once a prototype fiber 
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measurement system is available for testing. In addition, the data quality of optical fiber sensing continues

improving as material sciences and interrogator designs are evolving. For example, Costa et al. (2019) 

reports pico-meters (pm) strain sensitivity using a DAS system, and there has been suggestion within the 

industry of near femto-strain sensitivity being available soon.

To date, most geophysical measurements involving a fiber sensing system have involved thermal-

mechanical measurements as the fiber measurement systems are fundamentally sensitive to changes in 

length along the fiber.  It would also be useful if fibers could make electromagnetic (EM) field 

measurements sensitive to variations in electrical resistivity, a property important for oil field 

applications. Because EM measurements are highly sensitive to pore fluid types and saturation, the EM 

optical fiber can have a broad range of applications for geophysical imaging and monitoring, especially in

borehole environments where conventional borehole EM surveys require expensive well intervention and 

thus are commissioned intermittently (e.g., Hoversten et al., 2001; MacLennan et al., 2014; Um et al., 

2020). In contrast, an optical fiber can be permanently deployed with casing or tubing without a multitude

of wires running to the surface, nor would it require downhole electronics that can rapidly degrade in 

harsh reservoir environments. As will be shown later in this paper that EM field measurements can be 

employed to characterize multiple fluid phases inside the casing, as well as monitor brine versus 

hydrocarbon filled production and fracture zones. Thus, a fiber measurement system could have 

tremendous value to oil field operators. Further, depending on the sensitivity, an appropriately engineered 

fiber may also be able to measure streaming potential, providing information about flow rates for 

production optimization.

While a number of fiber-deployed technologies have been proposed for EM applications (Krohn et al., 

2014), including the use of rigid piezoceramics coupled to fiber-Bragg gratings, no commercial 

implementation to date fully leverages the distributed nature of optical fiber sensing approaches. We also 

notice that EM optical fibers for borehole applications require different coating materials because of 
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extreme temperature and pressure conditions in borehole environments. Basic research for developing 

EM fibers for geophysical applications is currently being conducted in U.S. national laboratories, the 

energy industry and academia. New materials and manufacturing techniques for optical fibers are also 

rapidly evolving. Accordingly, the goal of this paper is to provide the reader with 1) a theoretical 

approach to determine a threshold of EM fields (i.e., the sensitivity) to be measured with a given optical 

fiber design and 2) a set of borehole EM modeling examples where EM optical fibers can play important 

roles in sensing fluid and fractures. This work will hopefully serve as a guideline for ongoing and future 

research on designing an EM-sensing optical fiber for geophysical applications.   

The remainder of this paper is organized as follows. First, we calculate an electric-field earth-to-fiber 

transfer function and analyze the theoretical sensitivity of an optical fiber to electric fields in borehole 

environments. Based on this analysis, we simulate a series of resistivity models that feature hypothetical 

fiber electric field measurements inside or outside of steel casing and examine the sensitivity required for 

sensing fluid and fracture zones in borehole environments. 

Note that we have not included a similar analysis for magnetic field sources and associated fiber 

measurements. During preliminary modeling studies where we simulated magnetic field responses 

generated by a magnetic dipole source centered on the casing axis, we found the measurements were 

dominated by EM induction in the highly conductive and magnetically permeable casing with no 

information provided about fluid and fractures. This was especially true in the presence of magnetic 

permeability variations in the casing. Though the use of a galvanic magnetometric resistivity (MMR) type

of measurement involving a DC or very low frequency electric source would minimize EM induction in 

the conductive casing, the resulting magnetic fields would still be susceptible casing-generated 

perturbations caused by magnetic-induction effects due to permeability variations in the steel lining. This 

coupled with the fact that adding an analysis of a magnetostrictive material coated fiber would likely 

double the length of this paper, we have chosen to defer this as a future topic of research.

5



Numerical Sensitivity Analysis for Electric Field Measurement using PVDF Coated Optical Fiber

The first step in our analysis was to determine what piezoelectric material to simulate as an optical fiber 

coating for numerical modeling purposes. Table 1 shows a range of piezoelectric constants for four 

common materials exhibiting high piezoelectric properties. Here d33 and d31 represent the piezoelectric 

strain constants that relate the amount of strain in the material that is produced by an electric field of 1 V/

m applied across the material. Component d33 represents strain generated in the same direction as the 

electric field, while d31 generates strain generated in the material in a direction perpendicular to the 

applied electric field. 

The first three materials  listed in the table are ceramic compounds that have piezoelectric strain 

constants which are generally much higher than that of the fourth compound, PVDF, which is a polymer 

material. Thus, one might assume that the high piezoelectric constants of these ceramic compounds 

makes them optimal for electric field sensing fiber coatings. However, during emplacement either on the 

inside or outside of the casing, flexibility of the fiber is essential such that it can be spooled off of a 

storage reel and can bend during the installation process (Jonathan Ajo-franklin, personal 

communication). The three ceramic compounds listed in Table 1 are known to be extremely brittle, which

would likely lead to a ceramic coating fracturing and separating from the fiber during the installation 

process. In addition, it is conceptually easier to conceive of wrapping a PVDF tape around the fiber to 

provide the coating than it is to adhere a thin layer of ceramic to the outside. Because of these perceived 

advantages in manufacturing and installing a piezoelectric-coated fiber, we have chosen PVDF as the 

theoretical coating for our numerical simulations.  However, we also acknowledge that the field of coated 
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and doped optical fibers is a rapidly evolving area of research and engineering, and thus it may become 

feasible in the near future to use the stronger piezoelectric ceramics in the fiber coating. For example, 

Quintero et al. (2010) discuss a method of coating a fiber with Terfenol-D impregnated epoxy to produce 

a magnetostrictive coated fiber that measures magnetic fields. It is possible that this type of application 

could allow for the use of a PZT doped coating that would produce higher strain sensitivity than the 

PVDF coating assumed here. Thus, the theoretical noise-level estimates that we discuss below can be 

interpreted as a lower bound on fiber sensitivity given existing technology, and that rapid technological 

evolution and experimentation might soon produce a coated fiber with an order of magnitude or more 

sensitivity.

Our theoretical estimation of the sensitivity and noise levels of an electric field measurement using a 

PVDF wrapped fiber DAS measurement involves a two-step process. The first step involves numerical 

simulation of the interaction between a PVDF coated fiber and a uniform electric field that is normal to 

the axis of the fiber. We have chosen to examine the d31 sensitivity of a system as in current oil field 

applications the optical fibers are installed on the inside or outside of the casing walls. Electric fields 

generated by an axially aligned electric dipole source will produce fields inside and outside the casing 

surfaces that are largely orthogonal to the walls. Thus, we assume that the PVDF can be ‘poled’ to 

maximize the d31 piezoelectric constant while minimizing the d33 effect.  This poling step involves placing

the material in a strong electric field such that the piezoelectric domains/crystals line up in the appropriate

manner. The second step in the theoretical sensitivity study is  to convert the calculated electric field in 

the PVDF to an induced strain parallel to the axis of the fiber via the piezoelectric coefficient, and 

estimating an electric field noise floor using the recent 10-12 DAS strain sensitivity floor reported in Costa 

et al. (2019). To complete the first step, we assume the fiber is infinite in length so that the electric field in

the cross section of the wire can be computed with a 2D formulation for the transverse magnetic (TM) 

mode of a downward traveling plane wave. The use of the plane-wave solution at the frequencies of 
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interest dictates that the electric field will be essentially uniform across the domain containing the fiber, 

except right near the fiber boundaries.

We initially tried using the MARE2DEM finite element solver (Key & Ovall, 2011), since its 

unstructured adaptive triangular meshing is suitable for accurate representation of the cylindrical fiber. 

However, we discovered that the extremely low fiber conductivity and its small diameter give rise to 

spurious results due to numerical precision limitations. In hindsight, this problem seems obvious. 

MARE2DEM solves for the strike-parallel TM mode magnetic field at the finite element nodes and 

subsequently estimates the electric field using the numerical gradient in the magnetic field via Ampere’s 

law, a well-proven approach that works well for the much larger spatial scales and conductivities that are 

typical of finite element models for geophysical imaging. However, the low fiber conductivity produces 

exceedingly small magnetic field gradients inside the fiber; these small gradients, coupled with the 

unusually small finite elements inside 0.25 mm diameter fiber, result in numerical magnetic field values at

the finite element nodes that are nearly identical when represented using double precision numbers in 

MARE2DEM (for example, given 15 digits of precision, in many cases studied here only the last digit 

varies). Thus, the magnetic field gradient, and hence the electric field, cannot be determined accurately 

with this approach. Further, this small gradient problem is even more acute with mesh refinement. 

To overcome this limitation, we modified the 2.5D tangential edge-vector finite element formulation 

presented in Frafjord et al. (2015) to solve for the TM mode electric field directly via the electric field 

Helmholtz equation. Specifically, we used a 2D version of the coupled Lagrange multiplier system 

presented in Demkowicz & Vardapetyan (1998). Their variational formulation introduces a dummy 

variable to explicitly enforce control on the electric field gradients via the current continuity equation. 

This approach is critical for obtaining reliable electric fields inside the fiber, where the low conductivity 

can give rise to spurious gradients that lie in the null space of the curl operator in the Helmholtz equation. 

In our implementation, we applied a Dirichlet boundary condition for a vertically incident plane wave 
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along the model sides. This approach proved highly stable for all frequencies and conductivities in the 

sensitivity modeling described below.

 The model we are using for these calculations is shown in Figure 1. The boundaries for the model are 

at ± 10m in x and z which is 20,000 times greater than the region under investigation and therefore is far 

enough away from the area of interest to avoid boundary effects and reflections. For the glass core we 

used values for vitreous silica glass with an electrical conductivity (s) of 10-17 S/m at 25oC and relative 

dielectric constant (ϵr) of 4 measured at 20oC and 1MHz (Varshneya, 2020). For the PVDF we employ a 

relative dielectric constant of 6.8 (Bernard, et al., 2017) and a conductivity of 10-12 S/m as provided by 

http://www.goodfellow.com/E/Polyvinylidenefluoride.html. Note that Goodfellow data sheet provides a 

relative dielectric constant value of 8.4, while Sensors (2008) provide ranges between 7 and 13. Because 

of the detail provided by Bernard et al. (2017) in describing how they measured the dielectric constant, 

we have chosen to go with the value of 6.8 that they provide.

We include the dielectric properties of the model in Figure 1 within the finite element code by using  

complex conductivity whereby the dielectric constant multiplied by the radial frequency (w) is included 

as the imaginary component of the electrical conductivity according to

σ =σ r−iωϵr ϵ0 ,  (1)

where σ r  is the real conductivity and ϵ0 is the permittivity of free space. The complex conductivity 

values for the fiber’s glass core and PVDF coating calculated in this manner are provided in Table 2 for a 

range of frequencies. These relatively low frequencies are typically considered well into the quasi-static 

limit  where displacement currents can be safely neglected, yet this table shows that the imaginary 

conductivity dominates the magnitude of the PVDF coating’s complex conductivity at frequencies of 0.1 

Hz and higher. Thus, it is critical that our simulation accounts for displacement currents inside the fiber 

by using complex conductivity. Conversely, in the electrically conductive geologic material surrounding 
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the fiber, displacement currents are negligible since conductivity is essentially real valued as

ωϵrϵ0 ≪ σ r.

In Figure 2 we plot the electric field amplitude from the center of the fiber outward along a profile 

extending along the x axis for different frequencies assuming a background conductivity of 1S/m. The 

values in the blue shaded region designate the electric field strength within the PVDF coating while the 

values in the grey shaded region are those within the glass fiber core. The remaining values in the white 

section of the plot represent the field strength in the conductive earth as a function of distance away for 

the center of the fiber. Note that the field outside of the fiber has a value of unity away from the fiber and 

decreases slightly as the position approaches the PVDF boundary. The 1V/m amplitude away from the 

core represents the electric field value that we are attempting to measure using the coupled fiber optic 

DAS system. 

The results in Figure 2 used a formation conductivity of 1 S/m and a frequency of 1Hz.  We have found 

that the behavior of the normal electric field is consistent for formation conductivities down to   10-6 S/m 

as well as within the frequency range of interest (0.01 Hz up to 1KHz). This behavior being independent 

of frequency and background properties indicates that there is no induction occurring in the fiber due to 

its low conductivities and very small diameter.  Rather, the discontinuous electric field response arises 

from surface charges that are generated by normal component of current being continuous across the 

boundaries. Pages 148 to 150 and 162 to 167 in Ward and Hohmann (1988) provide a through discussion 

of the EM boundary conditions and how continuity of normal current across a boundary produces a 

surface charge. We also found that as the formation conductivity is reduced such that it approaches that of

the PVDF coating, the discontinuity in electric field across the formation – PVDF boundary becomes less 

pronounced. This indicates that for the formation resistivities and frequency range of interest, the charge 

distribution, and thus jump in electric field, is saturated in terms of the magnitude of the response. 
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Now that we have established the behavior if the electric field within the PVDF coated fiber as a 

function of both frequency and conductivity of the medium that the fiber is embedded in, we can convert 

electric field strength perpendicular to the fiber to strain along the axis through the transverse 

piezoelectric strain constant, d31 which has units of strain/electric field (m/V). A review of the literature 

has yielded measured d31 values for PVDF as low as 4x10-12 m/V (Bernard et al., 2017) and as high as 

23x10-12m/V (Sensors, 2008). Note that the following calculations we assume a perfect bond between the 

PVDF and glass fiber core. That is, we assume that there is no slippage along that internal surface. In 

addition, these simplified calculations assume a uniform strain applied to the fiber by the PVDF which 

assumes the electric field normal to the surface of the fiber is uniform with the angle from the x axis. This 

is obviously not the case for the plane wave EM simulations employed here. Thus, these calculations only

serve as a rough estimate of the piezoelectric coupling, and experimental manufacturing and testing of a 

PVDF wrapped fiber will be required as the next step to prove the sensitivity and noise floor of the 

methodology.

Multiplying the above piezoelectric strain constants by an approximate average of the electric field 

within the PVDF coating of 1.6 V/m yields a low value of 6.4 pm for the lower value and 37 pm for the 

higher strain constant.  Thus, for the frequency range and formation conductivities of interest, an electric 

field of magnitude 1V/m within the formation will produce these values of strain within the fiber. Using 

these values of strain, we can estimate the electric field noise floor of our perfectly coupled DAS 

measurement system assuming pm strain sensitivity. This indicates that for the lower PVDF piezoelectric 

strain constant the noise floor would be 160 mV/m, while for the higher strain constant a theoretical noise 

floor of 27 mV/m results. We will use this last value as a best-case scenario for the geophysical 

monitoring examples analyzed in the remainder of this paper.

Numerical Modeling Analysis of EM Fiber Optic Sensing in Borehole Environments
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In the following, we present a series of numerical modeling examples that assume an electric field 

measurement optical fiber is installed either on the inner or outer surface of a steel-cased well. A vertical 

electric dipole source is placed inside the well or one end point of the source is connected to the casing 

bottom and the other to the surface. We explore the sensitivity of the electric-field optical-fiber sensing to 

features of interest to petroleum reservoir engineers including fluid, formation and fracture zone 

resistivity.

In general, it is considered challenging to simulate electric dipole responses inside a 3D arbitrarily-

oriented steel-cased well due to 1) extreme conductivity contrasts between steel casing and formation and 

2) the excessive use of fine meshes required for accurately discretizing the circular casing (Commer et al.,

2015; Um et al., 2020).  To facilitate our modeling work, we employ SimPEG (Heagy and Oldenburg, 

2019). Using 2D cylindrically-symmetric meshes, SimPEG discretizes and simulates a vertical steel-cased

well at a small computational cost, enabling us to rapidly model and evaluate EM fiber configurations in a

borehole environment. For details, the reader is referred to the paper mentioned above.

The first model (Figure 3(a)) describes a uniform half space with a vertical steel-cased well. The steel 

casing is 5x106 S/m. Its outer diameter and thickness are 0.2m and 0.01m, respectively. In this example, 

we set the relative magnetic permeability (μr) of the casing to 1 (e.g., chromium casing) before we 

consider a magnetically permeable steel casing later. We employ three different background conductivity 

values: 1, 0.1 and 0.03 S/m. In reality the formation outside the casing will be different than that of the 

fluid inside the casing with the differences being dependent on the geology of the formation containing 

the well and the oil-gas-water ratio of fluids being produced. Because of the dependence on local 

properties, for simplicity here as shown in Figure 3(a), the electrical conductivity inside and outside the 

casing is the same. In this example we use a 1Hz unit electric dipole source and measure the electric 

fields. As discussed earlier, we use a best case noise floor of  0.027 V/m per unit source moment.
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Figure 3(b) and 3(c) show the amplitude of the normally incident electric fields (Ex) on the inner and 

outer surface of the steel casing, respectively. Figure 3(c) implies that the fiber outside of the casing 

would not be able to distinguish between the three different background conductivities as the rate of 

horizontal leakage current off the cased well is nearly identical for the three different background 

resistivities. In addition, the signal is well below the noise floor of the measurement. In contrast, a fiber 

measurement on the inside the casing wall clearly senses the resistivity difference of the fluids though due

to the sensitivity limit (i.e. the noise floor), the electric fields are measurable only very near to the source. 

Note that due to a rapid decrease in signal away from the source, the region of the measurable electric 

fields will only marginally expand if the source moment is increased. For example, increasing the source 

moment/current by a factor of 100 will only increase the distance away from the source that the signal is 

measurable by approximately 0.2m.  It is also noteworthy in Figure 3(b) that the electric fields become 

nearly constant beyond z=-8.5m as the steel-cased well plays a role as a (leaky) wave guide. 

The second model involves simulation of a carbon-steel cased well of which the relative magnetic 

permeability can range from a 10 to 200 or 300. All modeling parameters used in the previous examples 

are kept the same except that the relative permeability increases from 1 to 100. Figure 4 shows the 

resulting electric field profiles. Compared to Figures 3(b) and 3(c), the amplitude of the electric fields 

slightly decreases due to the permeability increasing the EM attenuation, but the overall region of the 

measurable electric fields remains the same at the given frequency. This suggests that low-frequency 

electric-field measurements are not impacted by the permeability of the casing. 

Next, we examine how sensitive the electric field measurement will be to changes in the properties of 

fluids along the well. In a horizontal oil well with multiple stages of production along the wellbore, 

different ratios of oil, gas and water can be produced from different production zones thus providing 

different production fluid composition along the well. One topic of interest to a production engineer is 

how the oil water ratio changes along the well as the engineer may want to mitigate production in high 
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water bearing zones and focus the production in high oil and gas producing zones. Because oil and gas are

electrically resistive while most oil-field water is electrically conductive, EM measurements will be 

sensitive to the oil/water/gas ratio. Therefore, by measuring the electric fields continuously along the well 

while the source is moved along the wellbore, an electric field fiber measurement system has the potential

to identify the locations where ratios of the aforementioned fluid types change, thus aiding in production 

and injection optimization. 

Figures 5(a) and 6(a) show a ‘plug’ of an electrically-resistive fluid inside the well confined between 

two sections of conductive fluid. We consider three different electrical conductivity values for the 

resistive fluid plug: 0.2, 0.1 and 0.05 S/m, representing progressively higher oil saturation. In these two 

examples the fiber is assumed to be deployed on the inner surface of the well. We also consider two 

different source positions: one at the center of the resistive fluid plug (Figure 5(a)) and the other at the 

contact between the conductive and resistive fluids (Figure 6(a)). The resulting electric field profiles are 

shown in Figures 5(b) and 6(b). Although the electric field amplitudes clearly differentiate different 

resistive fluids as well as identify the contact between resistive and conductive fluids, due to the noise 

floor of the measurements as estimated in the last section, the electric fields would be measurable only 

very near the electric dipole source. 

To this point we have shown that assuming the estimated noise floor, the fiber can characterize fluid 

properties inside the well if the dipole source can be pulled through the well and accurately positioned 

within the well. Next, we investigate the sensitivity of an electric field measurement outside of the well 

and examine if the measurements are sensitive enough to resistivity changes in the formation outside of 

the well as an indicator of oil versus water saturated zones (Figure 7(a)). The oil/gas saturated zone is set 

to 0.01 S/m, and we consider three different background conductivity values: 1, 0.3 and 0.03 S/m. The 

electric dipole source is excited at the boundary of the resistive zone. Previously we determined from 

Figures 3(c) and 5(b) that this type of measurement cannot distinguish the resistivity of a uniform 
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background. However as shown in Figure 7(b), the resulting electric field profiles for the heterogenous 

background clearly differentiate changes in formation resistivity along the well although the signal is well

below the theoretical noise floor derived in the last section. Thus, although the measurement appears to 

have the necessary sensitivity to the resistivity change, it would be impossible to measure in practice 

unless the source moment is increased by several orders of magnitude. 

In our final example, we directly energize a steel-cased well using an electric pole source. This type of 

electric source configuration has been successfully demonstrated in oil field environments (Marsala et al., 

2014; MacLennan et al., 2016; Um et al., 2019). One end of the wire is connected to the casing bottom 

via a metal centralizer attached to standard oil field logging cable, and the other end is grounded at the 

surface. Because of the large contrast in electrical conductivity between the casing and formation, the 

currents preferentially flow along the casing and leak off dominantly in the horizontal direction (Heagy 

and Oldenburg, 2019).  As in the previous example we assume an electric field fiber optic measurement 

cable is installed on the outside of the well. This source configuration provides an advantage over a dipole

borehole electric source used in the previous examples in that the length of wire between the bottom of 

the well and the second grounding point on the earth’s surface substantially increases the source moment. 

The test model (Figure 8(a)) has a 0.01 S/m background half space and multiple 10m thick conductive 

fractured zones of which conductivity values range from 0.033 to 1 S/m. In this example we assume 10 

Amperes of electric current runs along an insulated wire in the center of a 1km long cased well.  This 

amount of current is practical as (Marsala et al., 2014) report being able to inject 20 Amperes using the 

same source configuration. Note that this magnitude of source current implies that predicted fiber optic 

measurement SNR for a unit magnitude current will be 2.7x10-3 V/m, that is, a factor of 10 better than 

used previously in this study. To connect the dipole source to the bottom casing in the 2D cylindrical 

coordinate system, we place a thin metallic disk at the bottom of the well whose thickness and 

conductivity are the same as those of the casing. 
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Figure 8(b) shows the resulting electric field profiles with and without the conductive layers. In contrast

to the background model, the electric field response to the multi-layer model shows distinct slope changes

at the conductive layer boundaries, though it also indicates that the higher conductivity water filled zones 

allow the current to leak off of the casing at a much more rapid rate than if the formation is a uniform 0.01

S/m formation. Also note that this reduction in signal amplitude with the water filled zone results in the 

signal above -950m depth being below the hypothetical noise level. In any event, the modeling results 

suggest that this bottom source configuration along with a permanently-deployed optical fiber can 

continuously monitor formation properties in time and space without cumbersome and costly well 

intervention other than the bottom-hole electrode being installed. 

Conclusions

We have presented a sensitivity analysis for distributed electric field measurements using a hypothetical

PVDF coated optical fiber sensor in borehole environments. The sensitivity and SNR of the hypothetical 

system has been estimated by simulating an electric-field earth-to-fiber transfer function based on EM and

piezoelectric properties of glass and PVDF coating materials. Although PVDF has a relatively low 

piezoelectric strain and stress constants when compared with other materials, our modeling analysis 

suggests that the PVDF coated fiber can measure mV/m to V/m scale amplitudes of electric fields in 

oilfield reservoir conditions. Our analysis also shows that the sensitivity is not a function of either the EM

source frequency nor the electrical conductivity of earth materials/fluid surrounding the fiber.

Based on the sensitivity limit and predicted SNR, we have simulated a series of borehole resistivity 

models where a hypothetical fiber is deployed either inside or outside of steel casing. These studies have 

shown that when coupled with an electric current source the engineered fiber can sense the distribution of 

multiple fluid phases inside the casing as well as distinguish between brine and hydrocarbon filled 

production and fracture zones. We think that the well bottom source configuration along with a 
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permanently-deployed fiber is promising because this setup can continuously monitor oil/gas production 

without expensive well intervention. 

Although no optical fiber for distributed electric-field sensing has been developed for borehole 

applications until now, the sensitivity analysis approach and subsequent numerical modeling examples 

shown here are encouraging. However, we reiterate the limitations of our theoretical study. We have 

assumed perfect fiber engineering (perfect ‘poling’ of the PVDF, perfect adhesion of the PVDF to the 

fiber, etc.) and also very advanced laser interrogators with pm strain sensitivity. The construction of an 

electric field fiber measurement system may also reveal additional problems and engineering challenges 

that we have not foreseen in this study, potentially leading to higher noise levels than our predictions. At 

the same time, we hope that this paper will serve as a useful reference for evaluating the sensitivity of a 

new optical fiber design and applying it to borehole EM problems.      
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Table Captions

Table 1. The range of piezoelectric constants for four materials exhibiting high piezoelectric properties. 

The table provides their chemical composition and acronym, whether they are ceramic or a polymer, and 

high and low values of piezoelectric constants as found in the literature. d33 represents a piezoelectric 

structure that produces a strain in the same direction as the applied electric field, while d31 designates a 

material that will produce strain in the direction perpendicular to the applied electric field. Full journal 

citations are provided in the references section.

1 Morgan Electroceramics Co., Ltd (http://www.morganelectroceramics.com); 2Uchino (2009); 3 CTS Co., 
https://www.ctscorp.com/; 4Takao et al. (2006); 5 Hao et al. (2012); 6 Shibata et al. (2011), 7Egerton and Dillon (1959); 8 Zgonik et
al. (1994); 9 Berlincourt and Jaffe (1958); 10 Cook et al. (1963); 11 Sessler (1981); 12 Ren et al. (2017); 13 Sensors (2008); 14 Bernard
et al. (2017). 

Table 2. Complex conductivity for the glass fiber core, PVDF coating and background sediments as a 

function of frequency

Figure Captions

Figure 1. Electromagnetic properties model used to simulate the electromagnetic response of a PVDF 

coated glass fiber in an otherwise homogenous medium. 

Figure 2. Electric field amplitude normal to the fiber boundary as a function of distance from the center 

of the glass core. The grey shaded region represents positions inside the glass core, light blue represents 

positions within the PVDF coating, and the white region is outside of the fiber. 
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Figure 3. (a)A cross-sectional view of a vertical steel-cased well in a uniform half space. The 

red arrow indicates the position of an electric dipole source. (b) The horizontal electric fields on 

the inner surface of the cased well as a function of distance away from the center of an electric 

dipole source. The green dashed horizontal line indicates the estimated noise floor of the 

hypothetical fiber optic based electric field measurement. (c) The horizontal electric fields on the 

outer surface of the steel-cased well. 

Figure 4. The electric fields on (a) the inner and (b) outer surface of the steel cased well with a 

relative magnetic permeability of 100. The green dashed horizontal line in (a) indicates the 

estimated noise floor of the hypothetical fiber optic based electric field measurement.

Figure 5. (a) Model showing a resistive fluid plug representing high oil saturated fluid in the 

well between z=-5 and -15m. (b) The electric fields normal to the inner surface of the well as a 

function of distance away from the center of a 1m long dipole source centered at -10m. The 

green dashed horizontal line indicates the estimated noise floor of the hypothetical fiber optic 

based electric field measurement.

Figure 6. (a) Model showing a resistive fluid plug representing high oil saturated fluid in the 

well between z=-10 and -20m. (b) The electric field profiles on the inner surface of the well. The 

green dashed horizontal line indicates the estimated noise floor of the hypothetical fiber optic 

based electric field measurement.

Figure 7. (a) Model showing a formation resistivity fluid discontinuity at z=-10m. (b) The 

electric field profiles on the outer surface of the well. 
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Figure 8. (a) A test model with multiple conductive fracture zones in an otherwise resistive 

medium. The red arrow indicates the electric wire source inside the casing. (b) The electric field 

profiles on the outer surface of the well with and without the fracture zones. The black dashed 

vertical lines indicate the fracture boundaries.
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